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A visible-light-induced nickel-catalyzed cross coupling of alkyl carboxylic acids with N-trifluoroethoxyphthalimide is described.

Under purple light irradiation, an a-hydroxytrifluoroethyl radical generated from a photoactive electron donor—acceptor complex

between Hantzsch ester and N-trifluoroethoxyphthalimide was subsequently engaged in a nickel-catalyzed coupling reaction with in

situ-activated alkyl carboxylic acids. This convenient protocol does not require photocatalysts and metal reductants, providing a

straightforward and efficient access to trifluoromethyl alkyl acyloins in good yields with broad substrate compatibility. The com-

plex bioactive molecules were also compatible with this catalytic system to afford the corresponding products.

Introduction

Acyloins (also known as a-hydroxy ketones) are widely found
as structural motif in natural products [1-7] and bioactive mole-
cules [8-11] (Figure 1). They can also be used as building
blocks in organic synthesis [12-14], involved in numerous
transformations to other important functional groups such as

dicarbonyls [15], diols [16], amino ketones [17] and so on.

Recently, the introduction of a trifluoromethyl group into
organic molecules has received great attention due to their wide
applicability in medicinal [18,19] and materials [20,21] chem-

istry. The toxicological experiments showed that trifluoro-
methyl acyloins can selectively induce apoptosis in human oral
cancer cells [22,23] and have therefore attracted much more
attention. However, trifluoromethyl acyloins were not widely
used due to the challenge associated with their synthesis.

Certain progress has been made in the synthesis of trifluoro-

methyl aromatic acyloins. Maekawa’s group [24] developed a

tandem reaction of the reductive coupling between arylalde-
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Figure 1: Selected natural products and pharmaceuticals bearing
acyloins.

hydes and ethyl trifluoroacetate in the presence of magnesium
and chlorotrimethylsilane, followed by desilylation to produce
the trifluoromethyl aromatic acyloins (Scheme 1a). Anand’s
group [25] demonstrated that a NHC-catalyzed selective acyloin
condensation between aromatic aldehydes and trifluoroacetalde-
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hyde ethyl hemiacetal afforded the analogous products
(Scheme 1b). In comparison, the synthesis of trifluoromethyl
aliphatic acyloins is still challenging, and to the best of our
knowledge, only Kawase's group [26] reported the preparation
of such compounds starting from a-hydroxy acids or a-amino
acids in the presence of trifluoroacetic anhydride and pyridine
with very limited substrate scope (Scheme 1c). Therefore, the
development of a more general and practical method for the
synthesis of trifluoromethyl aliphatic acyloins is highly desir-
able.

Carboxylic acids are widely used in organic reactions because
they are chemically stable, less toxic, and commercially avail-
able in a large structural variety [27-30]. The nickel-catalyzed
direct conversion of carboxylic acids to ketones is an important
chemical transformation [31-38]. However, to the best of our
knowledge, this protocol has not been used for the synthesis of
fluoroalkylated ketones so far. Very recently, we have de-
veloped a visible-light-induced nickel-catalyzed coupling of
aryl bromides with an a-hydroxytrifluoroethyl radical for the
synthesis of trifluoromethyl aryl alcohols [39]. Encouraged by
this work, we envisioned that the nickel-catalyzed coupling of
carboxylic acids-derived acyl electrophiles with an a-hydroxy-
trifluoroethyl radical might be feasible. Herein, we disclose a
visible-light-induced nickel-catalyzed cross-coupling of alkyl

a) tandem reactions of reductive trifluoroacetylation and desilylation

(0]
o] o) Mg TMSQ  CFs n-BuyNF CF
+ Ar OEt Ar)J\( 3
Ar)J\H F3CJ\OEt TMSCI H  OTMS THF I
b) NHC-catalyzed intermolecular cross acyloin condensation
e i
j\ ) ﬂﬁ N\/N—Ph (10 mol %) Ar)J\/CB’
Ar H F3sC~ "OEt OH
c) traditional synthesis for a-trifluoromethylated alkyl acyloins
0 (] (0]
R3 Bz
OH N
1J\ or 2J\ Fac)J\O)J\CFs R1K/CF3 or RZH\(CF?’
RT "CO-H R "COMH pyridine OH OH

(R" =Bn, CgHy3; RZ = Bn; R3 = alkyl)
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d) this work: nickel-catalyzed radical coupling of carboxylic acids
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Scheme 1: Strategies for the synthesis of a-trifluoromethyl acyloins.
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carboxylic acids with N-trifluoroethoxyphthalimide to deliver
trifluoromethyl aliphatic acyloins under mild conditions
(Scheme 1d). Furthermore, this platform bypasses the need for
exogenous photocatalysts, providing a direct and robust access
to trifluoromethyl aliphatic acyloins.

Results and Discussion

Initially, we commenced our exploration by choosing 4-phenyl-
butyric acid (1a) as the model substrate to react with N-tri-
fluoroethoxyphthalimide (2, Table 1). On basis of the previ-
ously reported elegant strategies on direct conversion of in situ-
activated carboxylic acids for ketone synthesis [27,35,38], we
chose dimethyl dicarbonate (DMDC, A1) as the activating
reagent. To our delight, the reaction of 1a and 2 in the presence
of NiBr;(dtbbpy) (10 mol %), Hantzsch ester (HE) and A1 in
DMACc under the irradiation of purple LEDs afforded the
desired coupling product 3a in 50% yield (Table 1, entry 1).
Further screening of other activators (Table 1, entries 2-5) indi-
cated that pivalic anhydride (A3) was optimal, delivering 3a in

Table 1: Optimization of the reaction conditions.?
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56% yield. The yield of 3a was increased to 74% when
3.0 equiv of HyO were added to the reaction mixture [40]
(Table 1, entry 6), but the addition of more water did not
improve the reaction efficiency further (Table 1, entry 7). The
structure of nickel catalysts played a significant role in the reac-
tion efficiency. Switching the Ni catalyst to NiCl,(dtbbpy),
NiBr;(bpy), NiBry(phen) or other nickel salts led to compa-
rable or dramatically decreased yields (Table 1, entries 8§—12).
Other polar non-protonic solvents such as NMP and DMF led to
diminished yields (Table 1, entries 13 and 14).

Having identified the optimal reaction conditions, we sought to
evaluate the substrate scope of this photoinduced nickel-cata-
lyzed cross coupling reaction. As illustrated in Scheme 2, a
broad array of aliphatic carboxylic acids reacted smoothly in
this protocol, providing the corresponding trifluoromethyl ali-
phatic acyloins in moderate to excellent yields. This mild reac-
tion showed a good tolerance of a diverse range of functional
groups, including methoxy (3b), methyl (3¢), chloro (3d.i),

0O
. o}
(0] CF. Nisalts (10 mol %)
Ph\/\)J\OH + N—o/_ ’ activator Ph\/\)H/OH
HE (1.5 equiv) CF,
1a ) 2 purple LED 3a
(1.5 equiv) solvent
__________________________________________________ S
activating agent 0 o

o
o

A1 (R = Me); t—Bu)J\OJ\t—Bu s

A2 (R = t-Bu) A3 A4 A5
entry Ni salt (ligand) activator solvent yield (%)P
1 NiBra(dtbbpy) A1l DMAc 50
2 NiBra(dtbbpy) A2 DMAc 0
3 NiBro(dtbbpy) A3 DMAc 56
4 NiBra(dtbbpy) A4 DMAc 0
5 NiBro(dtbbpy) A5 DMAc 0
6° NiBro(dtbbpy) A3 DMAc 74
7d NiBro(dtbbpy) A3 DMAc 68
8¢ NiCly(dtbbpy) A3 DMAc 37
9 NiBra(bpy) A3 DMAc 67
10¢ NiBro(phen) A3 DMAc 8
11¢ NiBrodiglyme/4,4-dCOsMe-bpy A3 DMAc 61
12¢ NiBrodiglyme/4,4-dMeO-bpy A3 DMAc 65
13¢ NiBro(dtbbpy) A3 NMP 53
14° NiBra(dtbbpy) A3 DMF trace

@Reaction conditions: 1a (0.1 mmol), 2

(0.15 mmol), Ni catalyst (0.01 mmol), Hantzsch ester (0.15 mmol), solvent (1.0 mL), activator (0.15 mmol),

purple LEDs, 7 h. PYields determined by 'F NMR spectroscopy using trifluoromethoxybenzene as an internal standard. Adding 3.0 equiv H,0.

dAdding 10.0 equiv HyO.
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NiBr,(dtbbpy) (10 mol %) o
Piv,0 (1.5 equiv) )H/OH
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R
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Scheme 2: Substrate scope. Standard conditions: a solution of alkyl carboxylic acid 1 (0.4 mmol), 2 (0.6 mmol), NiBrx(dtbbpy) (0.04 mmol), Hantzsch
ester (0.6 mmol), PivoO (0.6 mmol) and HoO (1.2 mmol) in DMAc (4.0 mL) was irradiated by purple LEDs for 7 h. Isolated yields are presented. 8The

reaction was performed in a 1.0 mmol scale.

fluoro (3f,g), and ethers (3i,1,p). Notably, aryl bromide (3e) was
also tolerated in this protocol, probably due to the higher reac-
tivity of the mixed anhydride formed between carboxylic acid
and pivalic anhydride than aryl bromide. The halides provided
versatile synthetic handles for further transformations. Sub-
strates bearing thiophene (3k) furan (3j) and other heterocycle
(31,m) moieties were also applicable to this reaction. This
protocol allowed for the coupling of not only primary
carboxylic acids but also secondary carboxylic acids (3n-s).
We were pleased to find that cyclic carboxylic acids, including

strained 3- and 4-membered rings, participated in this transfor-

mation and delivered the corresponding products in good yields.
It should be mentioned that aromatic and more sterically
hindered tertiary carboxylic acids were unfortunately not com-
patible with the reaction conditions. The structures of products
3a and 3s were unambiguously confirmed by single-crystal
X-ray diffraction. Notably, the reaction of 1a could be easily
scaled up to 1.0 mmol scale, affording 3a in a slightly lower
yield. To further demonstrate the amenability toward pharma-
ceutically active molecules, chloroambucil (1t) and dehydro-
cholic acid (1u) were successfully subjected to the reaction

conditions, delivering the desired products in moderate yields.
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However, the analogous reaction with N-difluoroethoxyphthal-
imide as the fluoroalkylating reagent failed to afford the desired
product.

According to our previous work [39] and literature precedent
[27,35,38], a possible mechanism is proposed in Figure 2.
The interaction between 2 and HE generates an electron
donor—acceptor (EDA) complex A, which undergoes a light-in-
duced charge transfer event to give trifluoroethoxyl radical B,
followed by a 1,2-hydrogen atom transfer (HAT), producing the
stable radical C. For the nickel cycle, it is initiated by oxidative
addition of Ni(0) catalyst E to acyl electrophile D formed in situ
from carboxylic acid 1 with pivalic anhydride as activator to
afford Ni(Il) intermediate F. Subsequently, trapping of the alkyl
radical C generates high-valent Ni(IIl) intermediate G, which
undergoes facile reductive elimination to furnish the final cou-
pling product 3 and Ni(I) intermediate H. The single-electron
transfer (SET) reduction of intermediate H (Ered(NiI/NiO) =
—1.17 V vs SCE [41]) by photoexcited HE* (Ered(HE*/HE'+) =
—2.28 V vs SCE [42]) regenerates the active Ni(0) species E

and closes the catalytic cycle.

Conclusion
In conclusion, we have demonstrated a visible-light-induced
nickel-catalyzed radical cross coupling of readily available alkyl

Beilstein J. Org. Chem. 2023, 19, 1372-1378.

carboxylic acids with N-trifluoroethoxyphthalimide. The
present study provides a mild and efficient method for the prep-
aration of trifluoromethyl alkyl acyloins in moderate to high
yields and with good functional group compatibility. Further
studies on expansion of the reaction scope and development of
related enantioselective photoinduced nickel-catalyzed radical
cross-coupling reactions are currently underway in our laborato-

ry.

Experimental

General procedure for the visible-light-induced nickel-
catalyzed cross coupling of alkyl carboxylic acids with N-tri-
fluoroethoxyphthalimide: In the glove box with nitrogen at-
mosphere, to an 8 mL vial equipped with a magnetic stir bar,
NiBr,(dtbbpy) (19.6 mg, 0.04 mmol, 10 mol %), alkyl
carboxylic acid 1 (0.4 mmol, 1.0 equiv), N-trifluoroethoxy-
phthalimide (2, 147.1 mg, 0.6 mmol, 1.5 equiv), Hantzsch ester
(152.0 mg, 0.6 mmol, 1.5 equiv), and anhydrous N,N-dimethyl-
acetamide (4.0 mL) were added. The vial was then re-capped
and taken out of the glove box, and Piv,0 (111.8 mg, 0.6 mmol,
1.5 equiv) and H,O (21.6 mg, 1.2 mmol, 3.0 equiv) were added.
The vial was sealed and the reaction mixture was then stirred
under irradiation by purple LEDs (Ajpax = 399 nm) for 7 h. After
the reaction was complete, the reaction mixture was poured into
water and extracted with EtOAc. The combined organic phase

O EDA complex G-
CF3 By * O iopar  OH
. 2-
N-O + HE — : :: CF —EE'—»
C: N—O/_ 8 CF3 &CF:;
o 2 o) A B c
___________________________________________ /_______________ - - -z \
O O | O o |
Piv,0 | !
O)kOH OJ\OPiv | EO | OEt,
1 D I :
| N |
L | H |
OPiV oxidative ( SNio o HE _____ /
Lo addition -1
Ni 0] A
i E HE*
OH F
CF, .
radical I
c capture "
HE* <—— HE
OlPiCF3OH .
"l o C “Nil-OPiv
Pl e
L L H 0
reductive
G eliminaM O&OH
CF3

Figure 2: Proposed reaction mechanism.
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Here, we report the first transition-metal-free defluorinative cycloaddition of gem-difluoroalkenes with organic azides in morpho-

line as a solvent to construct fully decorated morpholine-substituted 1,2,3-triazoles. Mechanistic studies revealed the formation of

an addition—elimination intermediate of morpholine and gem-difluoroalkenes prior to the triazolization reaction via two plausible

pathways. Attractive elements include the regioselective and straightforward direct synthesis of fully substituted 1,2,3-triazoles,

which are otherwise difficult to access, from readily available starting materials.

Introduction

gem-Difluoroalkenes and their synthetic preparations soared in
the last decade, driven by the high demand for carbonyl mimics
in medicinal chemistry and drug discovery [1]. Although a wide
array of functionalization strategies for gem-difluoroalkenes are
available [2,3], only a couple of cycloaddition reactions has
been reported [4]. For example, [3 + 2] dipolar cycloadditions
to form saturated difluoroisoxazolidines [5,6] and difluoro-
pyrrolidines [7] and [4 + 2] cycloaddition reactions with gem-
difluoro-1,3-dienes [8]. The overall landscape of cycloaddition
or addition—elimination reactions with 1,3-dipoles and gem-
difluoroalkenes is largely unexplored and the only report of a
cycloaddition is with 2-fluoroindolizines (Figure 1A) via a

B-fluoride elimination in an SNV (nucleophilic vinylic substitu-

tion)-like transformation [9]. Nucleophilic addition reactions
with azoles and amines (Figure 1B) are also well-precedented
[10]. Herein, we address a critical gap in the literature and
report the discovery of a cycloaddition of gem-difluoroalkenes
and organic azides mediated by a base and with morpholine as a
solvent. The cycloaddition adducts, 1,4,5-trisubstituted-1,2,3-
triazoles, with a pendant morpholine at the C-4 position are
formed with complete regiocontrol via f-fluoride elimination in

an SyV-like transformation (Figure 1C).
1,2,3-Triazoles are a privileged scaffold in medicinal chemistry

with a myriad of pharmacological activities against cancer
[11,12], inflammation [13], bacterial [14,15], and viral infec-
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Figure 1: Functionalization of gem-difluoroalkenes with 1,3-dipoles and N-nucleophiles.

tions [16]. Hence, new ways to rapidly and efficiently access
1,2,3-triazole heterocyclic motifs are still in demand. However,
methods for the direct synthesis of 1,4,5-trisubstituted-1,2,3-tri-
azoles are limited [17]. This is highly desirable since the selec-
tive introduction of substituents at three different positions on
the 1,2,3-triazole ring can augment the features of the molecule.
Triazoles are also found in many biologically important mole-
cules and functionalized materials [11-16]. 1,4,5-Trisubstituted-
1,2,3-triazoles are typically accessed in two ways: (1) direct
synthesis using metal or metal-free catalysis and (2) post-func-
tionalization of disubstituted-1,2,3-triazoles [17,18]. The direct
synthesis of fully substituted triazoles entails either metal-free
carbonyl-based [19-21] or metal-mediated and strain-promoted
[22] azide—alkyne cycloaddition reactions [17,23,24]; however,
most of these strategies use high temperatures [21,25]. Herein,
we report the discovery of a novel, one-step regioselective
method under mild conditions to obtain 1,4,5-trisubstituted-
1,2,3-triazoles from gem-difluoroalkenes, organic azides, and
morpholine.

Terminal gem-difluoroalkenes exhibit unique reactivity toward
nucleophiles. The two o-withdrawing fluorine atoms at the
a-position and the strong polar nature of the double bond make
gem-difluoroalkenes susceptible to a nucleophilic attack that is
followed by a B-fluoride elimination, resulting in an SNV-like
transformation [26]. We previously reported that a-fluoronitro-
alkenes could be effectively used as surrogates of a-fluoro-

alkynes in cycloaddition reactions with organic azides to

construct 4-fluoro-1,5-disubstituted 1,2,3-triazoles regioselec-
tively [27]. This two-step process involves an attack of the
organic azide nucleophile to the B-position of a-fluoronitro-
alkenes. The polarity of gem-difluoroalkenes is reversed in
comparison to a-fluoronitroalkenes since the nucleophile
attacks at the a-position of the gem-difluoroalkenes. A cycload-
dition reaction between organic azides and gem-difluoro-
alkenes in the presence of morpholine generates 1,5-disubsti-
tuted-1,2,3-triazoles with a pendant C-4 morpholine moiety.
The regioselectivity of the triazole formation is dictated by
morpholine preferentially making the first nucleophilic attack
over azide at the a-position of gem-difluoroalkenes that subse-
quently undergoes a cycloaddition reaction.

Results and Discussion

While investigating 1,3-dipolar cycloaddition reactions be-
tween organic azides and gem-difluoroalkenes to obtain the
4-fluoro-1,4-disubstituted 1,2,3-triazole regioisomers, we ob-
served an interesting reactivity while screening different bases.
In our optimization, we discovered, when morpholine was used
in excess as a base, it generated fully substituted 1,2,3-triazole
cycloaddition products with morpholine at the C-4 position
instead of forming 5-fluorotriazoles. The fully substituted 1,2,3-
triazoles are typically generated via an azide—alkyne cycloaddi-
tion or a multicomponent reaction between carbonyls and azides
[17]. a-Trifluoromethyl (a-CF3) carbonyls were recently
utilized to generate NH-1,2,3-triazoles and fully substituted

1,2,3-triazoles [28,29]. However, there are no reports of a
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formal [3 + 2] cycloaddition reaction utilizing gem-difluoro-
alkenes, which inherently exhibit attenuated activity compared
to the activated a-CF3 carbonyls. This report provides a highly
regioselective and novel way to access C-4-morpholine-functio-
nalized fully decorated 1,2,3-triazoles from gem-difluoro-
alkenes and organic azides without the requirement of alkynes
or late-stage modifications.

Our initial investigations led us to identify that adding morpho-
line as a solvent (0.34-0.4 M) in a reaction with 1-(2,2-difluoro-
ethenyl)-4-methylbenzene (1 equiv) and phenyl azide
(1.5 equiv) results in the formation of morpholine-substituted
triazole 3’a (entry 1, Table 1), in 21% yield, using
NiCl,(PCy3), as a catalyst and K3PO4 as a base. A methyl

Table 1: Optimization of reaction conditions.2

Beilstein J. Org. Chem. 2023, 19, 1545-1554.

handle on the gem-difluoroalkene 1 was used to aid in 'H NMR
analysis. The gem-difluoroalkenes were synthesized in one step
using sodium 2-chloro-2,2-difluoroacetate and triphenylphos-
phine in DMF at 100 °C for 5 h [30].

We hypothesized that electron-withdrawing p-cyanophenyl
azide 2b, would be better suited for optimizing the reaction
conditions compared to the unsubstituted phenyl azide 2a.
Taking a clue from the literature, we looked at transition metals
that facilitate defluorinative processes in gem-difluoroalkenes.
NiCl,(PCy3), and NiCly(dppp), were chosen for our initial in-
vestigations since they have been used in both the defluorina-
tion of gem-difluoroalkenes and the coordination with the
azides to promote [3 + 2] cycloaddition reactions [2,31,32].

Me\@\/’l . /©/R morphollne
= F N3 base catalyst
temp, time
1 R=H, 2a R=H, 3a
=CN, 2b =CN, 3a
entry R catalyst® + additive (equiv) base (equiv) T (°C) t (h) yield (%)°
1 Hd NiCly(PCys3)2 K3POy4 (2) 110 48 21
2 CN NiCly(PCys3)2 K3POy4 (2) 110 48 30
3 CN NiCly(dppp)2 K3POy4 (2) 110 48 54
4 CN NiCly(dppp)2 K3POy4 (2) 110 24 26
5 CN NiClx(dppp)2 + TMSCI (1) K3PO4 (2) 110 24 11
6 CN Cu(OAc), K3PO4 (2) 110 48 14
7 CN CuCl (0.15) K3PO4 (2) 110 48 11
8 CNe NiClx(dppp)2 NaH (1.2) 50 24 53
9 CNe NiClx(dppp)2 Cs,CO3 (2) 50 24 61
10 CNe NiCly(dppp)2 LiHMDS (0.4) 50 24 61
11 CN NiCly(dppp)2 LiHMDS (1) 50 24 28
12 CN - LiIHMDS (0.4) 50 48 31
13 CN - LiHMDS (0.4) 75 48 70
14 CN - LiIHMDS (0.2) 75 48 49
15 CN - LiIHMDS (0.7) 75 48 41
16 CN - LiHMDS (1) 75 48 36
17 CN - CsoCO3 (2) 75 48 61
18 CNd - KsPOy4 (2) 110 48 57
19 Hd - K3POy4 (2) 110 48 42
20 CN - LiIHMDS (0.4) 75 24 36
21 CN - - 75 48 20

aStandard reaction conditions: 1 equiv of gem-difluoroalkene 1 (0.14 mmol), 1.5 equiv of aryl azide 2a or 2b (0.21 mmol) 0.4 equiv of LIHMDS (1 M in
THF), and 0.3 mL morpholine (0.4 M) were mixed and heated at 75 °C. Changes in the molarity of morpholine did not affect the yield; 0.1 equiv of
catalyst used unless otherwise noted; Sisolated yield; 92 equiv of azides, 2a or 2b were used; ®azide was added in two portions: first portion at

t = 0 min and second portion at t = 6 h. For azide safety, please refer to Supporting Information File 1. The LiIHMDS reagent was acquired from

Thermo Scientific Chemicals as a 1 M solution in THF.
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Based on our hypothesis, we observed that p-cyanophenyl azide
(2b) gave a better yield (30%, Table 1, entry 2) compared to the
unsubstituted phenyl azide (2a, 21% yield, entry 1). Among the
nickel catalysts screened, NiCl,(dppp), gave a better yield
(Table 1, entry 2 vs entry 3). K3PO4 was used as a base since it
has been reported to facilitate the addition of azoles to gem-
difluoroalkenes (Figure 1B) [9,33]. An elevated temperature
(110 °C) was required along with 48 h reaction time (Table 1,
entry 3 vs entry 4) due to the sluggish nature of the reaction and
poor reactivity of the gem-difluoroalkenes. The decomposition
of azides at higher temperatures required the use of 2a or 2b in
excess. No significant difference in yields between 1.5 equiv
and 2 equiv of the aryl azide was observed.

Adding fluorophilic additives (TMSCI, Table 1, entry 5) or
using copper as other transition metal (CuCl or Cu(OAc),,
Table 1, entries 6 and 7) resulted in poor yields. Since the gem-
difluoroalkenes are volatile compounds and as we observed de-
composition of the azides at high temperatures resulting in
reduced yields, we wanted to monitor the temperature and time
course of this reaction. The time course study was carried out
via 19F NMR spectroscopy to monitor the consumption of the
gem-difluoro starting material 1, which was completely con-
sumed within 16 h (Figure 3). However, a 48 h time course
gave a superior yield (Table 1, entry 13 vs entry 20). We
hypothesize this might be due to the volatile nature of the gem-
difluoroalkene and its existence in the vapor phase over the
course of the reaction to facilitate reaction with the remainder of
the azide. With the information on the temperature and time in
hand, we next screened different bases (NaH, Cs,CO3, and
LiHMDS) with the NiCl,(dppp), catalyst, which resulted in
similar or improved yields up to 61% (Table 1, entries 8-10).
We accidentally added 0.4 equiv of LIHMDS (1 M in THF) in
the screening, which afforded the product with 61% yield
(Table 1, entry 10). When 1 equiv of LIHMDS was used under
otherwise identical conditions, we observed a lower yield of
28% (Table 1, entry 11). To determine the role of the catalyst,
we next ran the reaction without catalyst using 0.4 equiv of
LiHMDS at 50 °C, which afforded the product in 31% yield
(Table 1, entry 12). In order to ascertain whether a higher tem-
perature would improve the yield, we increased the temperature
of the reaction to 75 °C, which afforded the best results (70%,
Table 1, entry 13). When 0.2 equiv, 0.7 equiv, and 1 equiv of
LiHMDS was used, a lower product yield of 58%, 50%, and
36%, respectively, was observed (Table 1, entries 14—16). This
was surprising because there was no correlation between the
amount of LiHMDS used versus the yields of the product
formed.

Other bases, such as CspCO3 or K3POy, resulted in slightly
lower yields (Table 1, entries 17-19). Without any base or cata-

Beilstein J. Org. Chem. 2023, 19, 1545-1554.

lyst, the reaction yield was much lower (20%, Table 1, entry
21). A further screen of the concentration of the solvent
(morpholine) or molarity of the reaction did not improve the
yield (same or within 5%, see Supporting Information File 1,
Table S1). We believe that LIHMDS gave the best results
primarily because it is more miscible, resulting in a homoge-
nous reaction mixture. LiHMDS being a strong base
(pK, ~ 25.8) [34], facilitates the direct deprotonation of
morpholine as opposed to acting as a scavenger base. Due to the
significant difference in pK, values between the conjugate acids
of morpholine (pK, of the conjugate acid is 8.3) [35] and
LiHMDS, we posit that LIHMDS directly deprotonates morpho-
line. However, we cannot rule out that morpholine is acting as a
scavenger base since it is used in large excess (0.4 M, which is
equal to 30 equiv) compared to 0.4 equiv of LIHMDS and
would buffer LIHMDS. Inorganic solid bases gave slightly de-
creased yields compared to LIHMDS (Table 1, entries 17-19 vs
entry 13). Among the liquid bases that were screened, N,N-
diisopropylethylamine (pK, ~ 9) gave the product in 38% yield,
whereas NaHMDS afforded a 24% yield. Since LIHMDS gave
the best yield thus far, we wanted to examine if Li* ions play a
role in the reaction. When the reaction was carried out with a
different Li* source (LiCl, 0.1 equiv) with a weaker base
(Cs,CO3, pK, of the conjugate acid 10.3) [36], it afforded the
product in 29% yield, which is much poorer than under the pre-
viously optimized conditions (see Supporting Information
File 1, Table S1). This observation suggests that Li* ions act as
a bystander and do not play a role in the reaction.

The reaction under the optimized conditions resulted in the for-
mation of 4-(4-morpholino-5-(p-tolyl)-1H-1,2,3-triazole-1-
yl)benzonitrile (3a) in 70% yield from 1 equiv of 1-(2,2-di-
fluorovinyl)-4-methylbenzene and 1.5 equiv of 4-azidobenzo-
nitrile with morpholine as solvent (0.4 M) and 0.4 equiv
LiHMDS as a base at 75 °C for 48 h. The only byproducts ob-
served are anilines as a result of thermal decomposition of the
organic azides via reactive nitrene species. No other byproducts
were observed by TLC or crude 'H NMR. The volatility of the
gem-difluoroalkenes and the co-elution of the aniline byprod-
ucts during column chromatography with the desired products
affected the overall yield of the reaction. For a complete optimi-
zation list with all conditions that were screened, see Support-
ing Information File 1.

With the optimized conditions in hand, we started exploring the
substrate scope around the gem-difluoroalkene handle. As
shown in Figure 2, electron-donating groups in the para-posi-
tion, for instance, methyl (3a), tert-butyl (3b), and methoxy (3c¢)
were tolerated affording the products in 40-70% yields. Also
electron-withdrawing groups, such as cyano (3d) at the para-

position, were amenable to the reaction conditions affording the
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0.4 equiv of LIHMDS (1 M in THF), morpholine (0.34-0.4 M), 110 °C, 72 h.
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product in 52% yield. Bulky groups, such as naphthalene were
also suitable forming product 3e in 57% yield, highlighting the

functional group tolerability of this reaction.

Next, the scope of the reaction for aryl and benzyl azides was
examined. An array of para- and meta-substituted aryl azides
was amenable to the optimized conditions. The presence of
electron-withdrawing groups worked well affording the prod-
ucts with m-cyano (4a), 3,5-dimethoxy (4b), m-fluoro (4¢), and
p-chloro (4d) substitution in 39-58% yields. It has to be noted,
that CuSOy (1 equiv) was used as an additive for the synthesis
of product 4e containing a p-fluoro substituent which improved
the yield to 56%. Under regular optimized conditions without
CuSOy, product 4e was formed in only 22% yield. However,
CuSOy or any other Cu additives did not improve the yields
when a cyano group was present on the azide handle. In fact,
the use of CuSOy4 with the cyano group lowered the yield (31%,
see entry 12 in Table 1) which might be due to a coordination of
the copper catalyst with the cyano group hindering the triazole
formation [37]. The product 4f containing a 3,4,5-trimethoxy-

phenyl substituent was afforded in a moderate 36% yield.

Electron-donating groups on the aryl azide, such as biphenyl at
the para-position gave product 4g in 31% yield. A clear trend

Beilstein J. Org. Chem. 2023, 19, 1545-1554.

was observed: electron-withdrawing groups on the aryl azides
facilitated the reaction faster than electron-donating groups.
Similar trends were observed for benzyl azides; however, this
substituent was much less reactive compared to its aryl counter-
parts. It required a higher temperature of 110 °C and a longer
duration of the reaction (72 h). The product with an electron-
withdrawing group, such as trifluoromethyl (4h), was obtained
in 44% yield. When morpholine was replaced with piperidine
(5a) or seven-membered azepane (5b) as a solvent, a decreased
yield was observed (30-42%). The addition of piperidine offers
an advantage in expanding the substrate scope to medicinal
chemistry applications. In the reaction with piperidine, we ob-
served unreacted organic azide 2b by TLC and '"H NMR
analyses. Based on the 'H NMR analysis, 0.4 equiv of 2b had
reacted to form the product, 0.9 equiv of 2b had decomposed to
form aniline, and the remaining 0.2 equiv of 2b was unreacted.
Additionally, 30% of the aniline byproduct was also isolated,
which explains the modest yields of this reaction and the slug-
gish nature.

To investigate the mechanism of the current transformation, we
conducted a series of experiments including a time course of the
reaction using 'F NMR spectroscopy (Figure 3). We observed
addition—elimination intermediate of morpholine and gem-
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difluoroalkenes INT-1, (-99.9 ppm, d, J = 35.7 Hz) within
30 min of the reaction and a gradual consumption of the gem-
difluoroalkene 1 (-83.67 ppm, dd, J = 33.8, 26.4 Hz and
—85.78, dd, J = 33.8, 3.8 Hz) throughout the course of 8 h and
beyond. The Z-geometry of INT-1 was determined from its
3Jy_r coupling constant of 35.7 Hz in the 'H NMR with a
matching J value in the °F NMR. This is in agreement with
Cao’s report on the geometry of N-(a-fluorovinyl)azoles [33].
The configurations of the E- and Z-isomers were determined by
their 3Jy_p coupling constants in the 'H NMR spectra, circa
32.0 Hz for Z-isomers and 8.0 Hz for E-isomers [33]. A peak
was observed at —158.2 ppm in the '°F NMR spectrum after 2 h
of the reaction, which could be the fluoride salt of the dimor-
pholine adduct. This peak was also found when the reaction was
run in the absence of azide using optimized conditions (see Sup-
porting Information File 1, mechanistic study, section 8). How-
ever, its further characterization was not possible because it
disappeared upon workup. Finally, a 2D NOESY experiment
was utilized to confirm the regiochemistry of 4-(1-(4-fluoro-
phenyl)-5-(p-tolyl)-1H-1,2,3-triazol-4-yl)morpholine (4e),

ppm
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one of the fully decorated 1,2,3-triazoles (Figure 4). The peak
at 7.59 ppm (d, J = 8.1 Hz) in the 'H NMR spectrum corre-
sponding to the H; protons of the C-5-aryl substituent on the
1,2,3-triazole ring shows a cross-peak with the protons of
the C-4-morpholine unit (H, = 3.68-3.59 ppm, m and
Hy, = 2.94-2.86 ppm, m). This suggests they are adjacent in
space, thereby confirming the 1,5-disubstituted pattern on the
1,2,3-triazole ring with the morpholine moiety attached at the
C-4 position. The distance between the H; aryl proton and the
morpholine protons was determined to be 2.3 A (HyeH,),
2.6 A (HjoH,), and 4.5 A (H,<Hy), 4.7 A (H;oHy)) (see
Supporting Information File 1, regioisomer study, section 9, for
more details).

Based on these experiments and literature reports [28,33], we
propose a base-mediated nucleophilic addition—elimination of
morpholine to gem-difluoroalkene 1 affording INT-1, which
can generate product 3 via two routes (Figure 5). Route A
entails the formation of an aminoalkyne intermediate, INT-2,

which can participate in a [3 + 2] azide—alkyne cycloaddition to

0+ |

Figure 4: NOESY of 4e confirming the regiochemistry of the product.
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Figure 5: Proposed mechanism.

form the final product 3. Alternatively, vinylic azido amine
intermediate INT-3 can be formed via vinylic substitution of
INT-1 with an azide which can cyclize to form INT-4 that

subsequently aromatizes to afford product 3 (route B).

To demonstrate the applicability of this method, a scale-up reac-
tion was performed using 150 mg of the limiting reagent, which
is five times the usual reaction scale used in substrate scope
screening or optimization experiments (Figure 6). In this scale-
up experiment, we obtained the product with 57% yield , which
is slightly lower than 70% using 1-(2,2-difluorovinyl)-4-
methylbenzene (1, 154 mg, 1 mmol, 1 equiv), 4-azidobenzo-
nitrile (2b, 216 mg, 1.5 mmol, 1.5 equiv), and LiHMDS
(0.4 mL, 1 M in THF, 0.4 mmol, 0.4 equiv) in morpholine
(1.1 mL, 0.4 M) at 75 °C. The 4-azidobenzonitrile (2b) was
added in two portions of 0.75 equiv at ¢ = 0 min and the
remainder 0.75 equiv were added at # = 16 h. This addition
strategy aimed to mitigate the decomposition of 4-azidobenzo-
nitrile (2b) during the extended reaction duration. The progress
of the reaction was monitored via TLC, and starting material 1
was still observed at 48 h. The reaction ran for a total of 90 h

until all the starting materials were consumed and 195 mg

Beilstein J. Org. Chem. 2023, 19, 1545-1554.

-H >_(
cyclization /VK N Ar N
AT H N/\/ O
o) O
INT-4 3

(57%) of product 3a was obtained. This shows the synthetic
utility of this method; however, additional investigations into
process chemistry may be necessary to accommodate a larger
reaction scale.

Conclusion

In conclusion, we have shown for the first time a [3 + 2] cyclo-
addition of gem-difluoroalkenes with organic azides in morpho-
line as a solvent forming C-4-morpholine functionalized fully
decorated 1,2,3-triazoles with potential applications in pharma-
ceutical, biomedical, agrichemical, and materials sciences. This
study fills a critical gap in the literature as it is a transition-
metal-free and regioselective reaction that does not rely on car-
bonyl- or alkyne-based methods or late-stage modifications to
access 1,4,5-trisubstituted-1,2,3-triazoles. However, carbonyl
chemistry was utilized to synthesize the gem-difluoroalkene
starting material [30]. In fact, our findings offer a straightfor-
ward direct synthesis of fully substituted 1,2,3-triazoles, which
are otherwise difficult to access, from readily available starting
materials. 'F NMR studies indicate a mechanism involving an
addition—elimination intermediate of morpholine and gem-
difluoroalkenes that subsequently undergoes a [3 + 2] cycload-

o
N

3

M
+

ZE
1 2b

154 mg, 216 mg,
1 mmol, 1 equiv 1.5 mmol, 1.5 equiv

Figure 6: Scale-up experiment.

morpholine (1.1 mL, 0.4 M) N

LiIHMDS
(0.4 mL, 1 M in THF,
0.4 mmol, 0.4 equiv),
75°C,90 h

N
Me <\\>
(0]
3a

195 mg, 0.6 mmol, 57%
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Nitrogen-containing organofluorine derivatives, which are prepared using fluorinated building blocks, are among the most impor-

tant active fragments in various pharmaceutical and agrochemical products. This review focuses on the reactivity, synthesis, and ap-

plications of fluoromethylated hydrazones and acylhydrazones.

It summarizes recent methodologies that have been used for the

synthesis of various nitrogen-containing organofluorine compounds.

Introduction

The introduction of fluorine into pharmaceuticals, agrochemi-
cals, and materials can significantly enhance lipophilicity and
metabolic stability compared to nonfluorinated compounds
[1-5]. At present, about 300 drug molecules and over 400 pesti-
cides on the market contain at least one fluorine atom [6,7].
Therefore, the development of novel and effective synthetic
methodologies for the synthesis of organofluorine compounds

has become a major research focus.

The use of difluoromethylating and trifluoromethylating
reagents is a popular approach applied to prepare di/trifluoro-
methyl-containing molecules [8-18]. Also the reaction of

diverse di/trifluoromethyl-containing building blocks offers

another mainstream approach to introducing fluorine. Among
these, di/trifluorodiazoethane [19-22], trifluoromethyl aldimines
[23-25], trifluoroacetimidoyl halides [26], and fluoroalkyl
N-sulfonyl hydrazones [27] have emerged as powerful nitrogen-
containing fluorinated building blocks that have been used
to construct organofluorine derivatives. To the best of our
knowledge, the synthetic applications of fluoromethylated
hydrazones and acylhydrazones as useful building blocks,
has not yet been summarized. Hence, the present review high-
lights recent advancements enabling the synthesis of diverse
di/trifluoromethyl-containing molecules by using di/trifluoro-
methylated hydrazones, acylhydrazones, and their related com-

pounds.
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Review
Trifluoroacetaldehyde hydrazones

Hydrazones possess diverse biological and pharmacological
properties and have been employed in the treatment of several
diseases [28-30]. They have also been applied in the field of
materials science, especially for the synthesis of metal and
covalent organic frameworks, dyes, hole-transporting materials
and sensors, and in dynamic combinatorial chemistry [31], indi-
cating a wide applicability. Hydrazones can be regarded as elec-
trophilic and nucleophilic imine equivalents, and thus they
represent valuable and versatile building blocks in synthetic
chemistry [32-36].

Trifluoroacetaldehyde hydrazones can be regarded as an equiv-
alent of fluorine-containing azomethine imines in the presence
of Brgnsted acid. In their pioneering research, Tanaka et al. re-
ported the [3 + 2] cycloaddition reactions of trifluoroacetalde-
hyde hydrazones and glyoxals to give 4-hydroxy-3-trifluoro-
methylpyrazoles. The resultant pyrazoles containing a free
4-hydroxy group were easily converted to a variety of other de-

rivatives in good yields [37] (Scheme 1).

Later, Wu et al. described a diastereoselective 1,3-dipolar cyclo-
addition of trifluoroacetaldehyde hydrazones with a,p-ethenyl
ketones to obtain polysubstituted pyrazolidines and pyrazolines.
These reactions were carried out under two different sets of
conditions [38] (Scheme 2).

Beilstein J. Org. Chem. 2023, 19, 1741-1754.

Moreover, a chiral Brgnsted acid-catalyzed asymmetric 67 elec-
trocyclization of trifluoroacetaldehyde hydrazones for the syn-
thesis of enantiomerically enriched 3-trifluoromethyl-1,4-dihy-
dropyridazines was first developed by Rueping et al. [39]. The
strategy involves chiral ion pairs and provides a good basis and
scope for further extensions and explorations [39] (Scheme 3).

Based on the work by Wu et al. and extending their previous
work, Rueping and co-workers explored the effects of fluorine
in organocatalytic reactions. They developed an asymmetric
Brgnsted acid—Lewis base catalysis, for the synthesis of tri-
fluoromethylated dihydropyridazines under simple reaction
conditions and the chemistry displayed very good enantioselec-

tivities and high functional group tolerance (Scheme 4) [40].

Zhan et al. reported an efficient and highly selective method for
the synthesis of CF3-pyrazoles and CF3-1,6-dihydropyridazines
from readily available trifluoromethylated N-propargylic hydra-
zones. These reactions proceed through intermediate diazo-
allenes, and were conducted with catalytic PtCly [41] or AgOTf
[42] (Scheme 5).

Their study explored the effects of fluorine through reactions
with trifluoroacetaldehyde hydrazones. Jasiiski et al. demon-
strated that the CF3 group offered an appropriate electronic
balance through experimental spectral analysis and computa-

tional DFT methods, and the hydrazones could be readily used
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Scheme 1: Synthesis of trifluoromethylpyrazoles from trifluoroacetaldehyde hydrazones.
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Scheme 3: Asymmetric synthesis of 3-trifluoromethyl-1,4-dihydropyridazines reported by Rueping et al. [39].
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Scheme 4: Synthesis of 3-trifluoromethyl-1,4-dihydropyridazine with Bransted acid-assisted Lewis base catalysis.

to provide convenient access to azo tautomers under the acidic =~ methylamines with organometallic reagents to extend the asym-

conditions [43]. metric methodologies of trifluoroacetaldehyde hydrazones [44]
(Scheme 6).

The C=N motif within hydrazones gives them both electrophil-

ic and nucleophilic character. In 2005, Brigaud et al. developed El Kaim and Jia reported a Mannich-type reaction of trifluoro-

a highly stereoselective method for the synthesis of a-trifluoro-  acetaldehyde hydrazones with formaldehyde and aromatic alde-
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Scheme 5: Synthesis of CF3-pyrazoles and CF3-1,6-dihydropyridazines.
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Scheme 6: Asymmetric reactions of trifluoromethylimines with organometallic reagents.

hydes to obtain valuable starting materials for the generation of
other trifluoromethyl-substituted heterocycles. The study
demonstrated that the electron-withdrawing property of the tri-
fluoromethyl group is key to this coupling reaction [45]
(Scheme 7).

Trifluoromethylated hydrazonoyl halides

Hydrazonoyl halides, which offer a reactive 1,3-dipole, can
easily be transformed to nitrile imines in the presence of a base,
and they have shown to be useful building blocks for the syn-
thesis of heterocycles [46,47]. The resultant heterocycles bear-
ing a fluorine or fluorine-containing group have been used in a
broad array of pharmaceutical applications [48,49]. The use of
di/trifluoromethylated hydrazonoyl halides as building blocks
for the synthesis of di/trifluoromethylated organic molecules is

equally attractive and proven to be important.

Generally, the reaction of trifluoroacetaldehyde hydrazones
with N-chloro- and N-bromosuccinimide is used to prepare tri-
fluoromethylated hydrazonoyl halides (Scheme 8a), or alterna-
tively trichloroisocyanuric acid (TCCA) can be used as a chlo-
ride source for the preparation of these compounds [50]
(Scheme 8b).

As early as in 1982, the reactivity of trifluoromethylated hydra-
zonoyl halides in the presence of base has been systematically
studied by Tanaka et al. The trifluoromethylated hydrazonoyl
halides, as the precursors of trifluoroacetonitrile imine, are
highly versatile in that they react with olefins, acetylenes,
dimethyl fumarate, dimethyl maleate, B-diketones, p-keto esters,
bicyclic olefins, and potassium isothiocyanate and isocyanate
affording the corresponding trifluoromethyl-containing com-

pounds, generally with good yields [51-58] (Scheme 9).
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Scheme 7: Mannich-type reaction of trifluoroacetaldehyde hydrazones.
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Scheme 8: Synthesis of trifluoromethylated hydrazonoyl halides.

Thioketones, thiochalcones, and tertiary thioamides react as
C=S super dipolarophilic agents. Jasifiski et al. reported that
these thiocarbonyl compounds react with trifluoromethylated
hydrazonoyl halides to give trifluoromethylated 1,3,4-thia-
diazoles via regioselective [3 + 2] cycloadditions [59-63]
(Scheme 10a). Similarly, trifluoroacetonitrile imine reacted with
mercaptoacetaldehyde and mercaptocarboxylic acids to generate
fluorinated 1,3,4-thiadiazines with good yields via a [3 + 3]
annulation [64] (Scheme 10b).

Meanwhile, mercaptoacetaldehyde as a surrogate of acetylene
reacted with trifluoroacetonitrile imine to form 1-aryl-3-tri-

fluoromethylpyrazoles, followed by a series of cascade annula-

tion/dehydration/ring contraction reactions when treated with
p-TsCl1 [65] (Scheme 10b).

The chemistry of pyrazoles with a fluorine or a fluoroalkylated
group has attracted a significant level of attention, and many tri-
fluoromethylated pyrazoles have been used in medicinal prod-
ucts or in pesticides [66]. The [3 + 2] cycloaddition reactions
are considered among the most powerful tools for the synthesis
of versatile fluoroalkylated pyrazoles. Enol ethers, 1,4-naphtho-
quinones, o-trimethylsilylphenyl triflate and chalcones have all
been reacted with fluorinated nitrile imines to give a series
of fluoroalkylated pyrazoles by Jasinski’s team [67-72]
(Scheme 11a).
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Scheme 9: Early work of trifluoromethylated hydrazonoyl halides.
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Scheme 10: [3 + 2)/[3 + 3] Cycloadditions of trifluoromethylated hydrazonoyl halides.

Subsequently, Hu et al., Nie et al., and Ma et al. have all inde-
pendently reported practical methods, which extended the struc-
tural scope of such dipoles. This has allowed the synthesis of
trifluoromethylpyrazoles by a range of regioselective [3 + 2]
cycloadditions of trifluoroacetonitrile imines with electron-poor
olefins [73-76] (Scheme 11Db).

Moreover, the trifluoromethylated 1,2,4-triazoles were synthe-
sized with excellent regioselectivities in [3 + 2] cycloaddition
reactions of trifluoromethylated hydrazonoyl chlorides with
imidates, amidine and 1H-benzo|d]imidazole-2-thiols, all of
which were individually reported by Wang, Deng and Cai, re-
spectively [77-79] (Scheme 12a). Meanwhile, the Jasifiski
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Scheme 11: Substrate scope for [3 + 2] cycloadditions with trifluoroacetonitrile imines reported by Jasinski’s team and other groups.
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Scheme 12: Synthesis of trifluoromethylated 1,2,4-triazole and 1,2,4-triazine derivatives.

group turned their attention to the [3 + 3] cycloaddition of
o-amino esters and trifluoromethylated hydrazonoyl halides and
demonstrated the efficient synthesis of trifluoromethylated
1,2,4-triazine derivatives [80] (Scheme 12b).

Difluoromethylated compounds play an indispensable role in

drug discovery and design since the hydrogen atom can act as

lipophilic hydrogen-bond donor and act as a bioisostere for the
alcohol moiety [81-83]. Thus, many effective difluoromethyl-
ation strategies have been developed in recent years. Difluoro-
acetohydrazonoyl bromides were chosen as fluorinated build-
ing blocks for the synthesis of difluoromethylated pyrazole de-
rivatives by such [3 + 2] cycloaddition reactions [73,84,85]
(Scheme 13).
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Scheme 13: [3 + 2] Cycloadditions of difluoromethylated hydrazonoy! halides.

These studies therefore emphasize that fluoromethylated nitrile
imines are versatile building blocks for [3 + 2] and [3 + 3]
cycloaddition reactions and indicate their potential offering an
efficient approach to fluoroalkylated heterocycles in drug

design.

Trifluoromethylated acylhydrazonoes
Acylhydrazones are a well-established class of organic com-
pounds with the -CONH-N=CH- structure, and some variants
show potential pesticidal and pharmacological activities
[86,87]. Acylhydrazones can exist in either E or Z forms in
solution, and they can exhibit good optical properties for appli-
cations as photoswitches, in luminescence sensing, and as
metallo-assemblies [88,89]. In organic synthesis, acylhydra-
zones have served as stable imine equivalents to react with
various nucleophilic reagents [90].

In 2014, Heimgartner et al. first developed the condensation

reaction of a commercially available fluoral hemiacetal with

F3C OMe H
MeOH /k\ H R
+ -
o 75°C FsC N \C[)]/
s,
H

acylhydrazides to yield trifluoromethylated acylhydrazones, and
these fluorinated compounds underwent heterocyclization reac-
tions with mercaptoacetic acid and acetic anhydride leading to
trifluoromethylated 1,3-thiazolidin-4-ones and 3-acetyl-2,3-
dihydro-1,3,4-oxadiazoles, respectively. It was found that the
C=N reactivity of the trifluoromethylated acylhydrazones is
similar to that of other nitrogen-containing fluorinated building
blocks [91] (Scheme 14).

Inspired by previous accounts and this work [92,93], Hu et al.
explored 1,2- nucleophilic addition reactions of trifluoromethyl-
ated acylhydrazones with organometallic reagents for the syn-
thesis of trifluorinated homoallylic acylhydrazines [94-98],
trifluorinated o-methylene-y-lactams [99,100], and B-trifluoro-
methyl-B-acylhydrazonyl carbonyl compounds [101]
(Scheme 15).

Among these fluorinated products, the trifluoromethylated

homoallylic acylhydrazines were easily transformed to CF3-

9 o
Hs NcooH X Won  6oxamples
[ benzene SN 27-52% yield
reflux CFs
3
N-N 5 examples
(MeCO),0 ) ml
reflux R/QO)\CF3 34-82% vyield

Scheme 14: Preparation and early applications of trifluoromethylated acylhydrazones.
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Scheme 15: 1,2-Nucleophilic addition reactions of trifluoromethylated acylhydrazones.

substituted pyrazolines and 1,6-dihydropyridazines

cascade oxidation/cyclization with NXS or Cu(OAc),. Notably,

some of the resultant CF3-substituted 1,6-dihydropyrid

exhibited aggregation-induced emission [102,103] (Scheme 16).

via a  The hydrocyanation of acylhydrazones is an important method
for the preparation of a-hyrazino acids. Hu et al. reported a
azines Lewis acid-catalyzed hydrocyanation of trifluoromethylated

acylhydrazones, in which the product was the precursor for

O
O R
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.NH R* - R
HN N—N>\_ 40 |
O X=Cl,Brl ) examples
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Scheme 16: Cascade oxidation/cyclization reactions of trifluoromethylated homoallylic acylhydrazines.
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the preparation of chiral fluorinated amino acids [104]
(Scheme 17a).

Meanwhile, Hu et al. provided a novel and efficient process
for the synthesis of polysubstituted 3-trifluoromethyl-1,2,4-tria-
zolines and their derivatives via tandem 1,2-addition/cycliza-
tion reactions between trifluoromethyl acylhydrazones and
cyanamide [105] (Scheme 17b).

Afterwards, Hu et al. developed a method for the N-arylation
and N-alkylation of trifluoromethyl acylhydrazones with

Beilstein J. Org. Chem. 2023, 19, 1741-1754.

diaryliodonium salts and alkyl halides under basic conditions,
and expanded the synthetic method to N-substituted acylhydra-
zones [106,107] (Scheme 18).

In the early development of 1,3-dipolar cycloadditions of azo-
methine imines, the acyclic azomethine imines were unstable
and their in situ preparation required Brgnsted acid or thermal
activation [108-110]. Besides, pyrazolidine and pyrazoline com-
pounds are highly valuable hereocycles which are found in
many natural products and bioactive compounds. Among them,
CF3-substituted pyrazolidines have already been shown to be

TMSCN O%]/R OYR
a)  In(OT); (20 mol %) N HCl N
DCM, reflux )\ MeOH
FsC7 “CN reflux FsC” ~COOMe
OYR 21 examples R=Ph, 64%yield
N,NH up to 91% yield R = 0-MeCgHy, 52% yield
|
FSC)
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N=C-NH, YR R
b) | K2COs (2.5 equiv) HN‘N% NBS /I\[N%NH
2—NH 7 2
THF, rt F3C/kN 2 DCM, reflux F,c” N

24 examples

8 examples
73-97% yield

up to 98% yield

Scheme 17: Synthesis of trifluoromethylated cyanohydrazines and 3-trifluoromethyl-1,2,4-triazolines.
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Scheme 18: N-Arylation and N-alkylation of trifluoromethyl acylhydrazones.

O R
X
N

R O_R
j\; R'-X, X =C,Br, | IM@

K,CO3, TBAI
CHCN, rt

1750



highly bioactive [111-113]. Thus, Hu et al. chose trifluoro-
methyl acylhydrazones as 1,3-dipolar agents to react with
B-nitrostyrenes [114], maleates [115], cyclopentadiene [116]
and maleimides [117] for the synthesis of CF3-substituted pyra-
zolidine derivatives. These reactions were conducted under
basic conditions and in the presence of Cu(OTf), (Scheme 19a).

As an extension of their trifluoromethyl acylhydrazone synthe-
sis, Hu et al. reported that trifluoromethyl acylhydrazones react
with azomethine ylides [118] and ethyl isocyanoacetate [119] to
generate trifluoromethylated imidazolidines. They demon-

a) as 1,3-dipolars

Beilstein J. Org. Chem. 2023, 19, 1741-1754.

strated then that trifluoromethyl acylhydrazones act as dipo-
larophiles in the [3 + 2]-cycladditions (Scheme 19b).

Conclusion

Fluorine-containing molecules have attracted widespread atten-
tion as important components of agrochemicals, pharmaceuti-
cals, and advanced materials. Abundant and fruitful progress in
the applications of fluoromethylated hydrazones and acylhydra-
zones in recent years have been summarized and discussed. The
resultant fluorinated building blocks provided a facile and rapid
approach to directly construct valuable nitrogen-containing

0
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Scheme 19: [3 + 2]-Cycladditions of trifluoromethyl acylhydrazones.
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fluorinated compounds. Apart from the regular involvement of
addition and annulation reactions, the exploitation of more
in-depth applications of fluoromethylated hydrazones and acyl-
hydrazones to synthesize natural product analogues and fluori-
nated drugs is highly desirable. These methods should
encourage the introduction of these difluoromethylated
nitrogen-containing building blocks in future bioactives

discovery programs.
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An efficient multicomponent reaction of newly designed f-trifluoromethyl f-diazo esters, acetonitrile, and carboxylic acids via an

interrupted esterification process under copper-catalyzed conditions has been developed, which affords various unsymmetrical f-tri-

fluoromethyl N,N-diacyl-B-amino esters in good to excellent yields. The reaction features mild conditions, a wide scope of f-amino

esters and carboxylic acids, and also applicability to large-scale synthesis, thus providing an efficient way for the synthesis of f-tri-

fluoromethyl B-diacylamino esters. Furthermore, this reaction represents the first example of a Mumm rearrangement of p-trifluoro-

methyl B-diazo esters.

Introduction
The insertion of fluorine-containing components frequently
confers desirable physical and biological properties to organic

molecules, and the development of fluorine-containing drugs is

an important field of research [1-9]. It is estimated that 30% of

drugs and over 50% of agricultural chemicals contain at least

one fluorine atom, among which architectural motifs contain-
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ing fluorine and amino acid residues are a fast-growing seg-

ment of modern pharmaceuticals [10-13].

Fluoroalkyldiazo compounds belong to the most versatile and
valuable reagents in organic synthesis, as they can be used as
diazo intermediates or carbene precursors for the rapid con-
struction of complex molecules along with the introduction of
fluoroalkyl groups [14-16]. Although the reaction of trifluorodi-
azoethane [17-27] as well as a-diazo esters [28-30] have been
widely explored, f-trifluoromethyl -diazo esters have been less
investigated, mainly due to the instability of such structures.
Therefore, methods for the synthesis of B-trifluoromethyl
B-diazo esters and their applications in organic synthesis are

needed but remain challenging.

On the other hand, several interesting transformations of nitrile
ylides from diazo compounds have been developed in the past
years [31-38]. In particular, acylglycine esters could be easily
constructed with ester-containing diazo compounds as the
starting materials. For example, Wan and co-workers de-
veloped a cascade reaction of a-diazo esters, nitriles, and
carboxylic acids via the generation of nitrile ylides and Mumm
rearrangement affording unsymmetric diacyl a-amino acid
esters as products (Scheme 1a) [39]. In 2017, Zhang, Hu, and
co-workers developed a Cu-catalyzed reaction of CF3CHN,

with carboxylic acids and acetonitrile via a similar process to

previous work
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afford a series of N-trifluoroethylimides (Scheme 1b) [40,41].
Inspired by these elegant works [31-41] and based on our con-
tinuous interest in reactions of fluoroalkyldiazo compounds [42-
49], we sought to develop reactions of the unexplored B-tri-
fluoromethyl -diazo esters. We hypothesized that nitrile ylides,
in situ generated from nitriles and B-trifluoromethyl $-amino
esters, could also react with carboxylic acids to give nitriliums,
which then could undergo a Mumm rearrangement to provide
unsymmetrical B-trifluoromethyl diacyl-B-amino esters as prod-
ucts (Scheme 1c). Herein, we report our results on the design of
B-trifluoromethyl B-diazo esters and their application in a three-
component reaction with nitriles and carboxylic acids under
mild conditions. A variety of unnatural unsymmetrical B-tri-
fluoromethyl diacyl-B-amino esters were obtained in good
yields, which are useful synthetic scaffolds [50-52] but difficult
to obtain by other methods [53-57]. This work is the first
example of the reaction of B-trifluoromethyl B-diazo esters,
which enriches the studied content of fluoroalkyl diazo com-
pounds.

Results and Discussion

Due to the instability of B-carbonyl diazo compounds and the
occurrence of possible side reactions [58-61], screening of reac-
tion conditions to optimize this conversion and inhibit the oc-
currence of side reactions was carried out with benzyl 3-amino-

4,4, 4-trifluorobutanoate (1a) and benzoic acid (3a) as model

(a) Mumm rearrangement reaction of a-diazo esters

O

O
O 1
poine ¢ RN v Dl cuot, R O e
80 °C, 30 min
i (0] RS&O
(b) Mumm rearrangement reaction of CF3CHN,
X
O
CFsCHN,  + CHiCN + Cul. tBUONO k. c™N" R

AN

OH 60-100 °C, 20 h

(c) this work: Mumm rearrangement reaction of in situ-generated p-trifluoromethyl -diazo esters
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efficient way to p-trifluoromethyl diacyl-B-amino esters

Scheme 1: Mumm-type rearrangement of diazo compounds.
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substrates. The initial reaction of amine 1a and acid 3a in
acetonitrile in the presence of diazotization reagent fert-butyl
nitrite with Cul (10 mol %) as catalysts for 2.5 h at room
temperature proceeded to afford the desired unsymmetrical
B-trifluoromethyl diacyl-B-amino ester 4a in 54% yield
(Table 1, entry 1). The loading amount of catalyst Cul plays
a crucial role in the formation of the desired product 4a.
Increasing the loading amount of Cul, the yield could be
raised to 66% when 20 mol % of Cul was used as catalyst
(Table 1, entries 2 and 3). However, further increasing the
amount of the catalyst led to an obvious decrease in the yield of
product 4a (Table 1, entries 4 and 5). Variation on the reaction
temperature also afforded the corresponding product 4a but
failed to bring any improvement on the reaction outcome
(Table 1, entries 6 and 7). Further optimization of the reaction
conditions focused on the variation of the amounts of amine 1a
and fert-butyl nitrite (Table 1, entries 8-12). Considering the
instability of the diazo structure generated from amine la, we
increased the amount of amine la and ferz-butyl nitrite to
4 equivalents. Pleasingly, the yield of product 4a was further
increased to 74% (Table 1, entry 12). Furthermore, we opti-
mized the reaction time and found that shortening the reaction
time resulted in a decreased yield (Table 1, entry 13). Increas-
ing the reaction time to 3 h also did not lead to any better result
mainly due to the decomposition of product 4a (Table 1, entry
14).

Table 1: Optimization of reaction conditions.?
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With the optimized reaction conditions in hand, we next evalu-
ated the substrate scope by using a variety of structurally
diverse carboxylic acids 3 to react with B-trifluoromethyl
B-amino esters 1. As shown in Scheme 2, all the substituted
benzoic acids 3 tested were well tolerated in this reaction, and
the corresponding product 4 was successfully prepared at mod-
erate to excellent yields (4a—e, 4h—m, 31-86% yields). The
benzoic acids featuring a wide range of functional groups, in-
cluding alkyl (4a—e), halogen (4h-1), and phenyl (4m), were all
suitable substrates for this reaction. However, the benzoic acid
with ortho-substituent did not afford the expected product (4f)
mainly due to the steric hindrance effect. Notably, substrates
with electron-withdrawing groups (4h-1, 76-86% yields) provi-
ded better chemical yields in this reaction compared with those
containing electron-donating groups (4b—e, 31-84% yields). For
the case with a strong electron-donating group (methoxy, 3g)
only traces of 4g were produced. Besides benzoic acid, the cur-
rent Cu-catalyzed reaction was also applicable to other aromat-
ic acid substrates. Using 2-naphthoic and 1-naphthoic acid as
substrates, the corresponding products 4n and 40 were pro-
duced well with yields of 78% and 54%, respectively. Unfortu-
nately, the tested aliphatic acid, such as cyclohexanecarboxylic
acid, did not work in the system to produce the expected prod-
uct (4p). In addition, the B-trifluoromethyl p-amino benzyl ester
substrates 1 with different ester groups were tried to react with

benzoic acid (3a) to further extend the substrate range. To our

O CF3 COOH Q  CFs Q
T 00 s cnen cu,tguono A
BnO NH, N
: A
1a 2a 3a HsC 4aO

Entry 1a (equiv) Cul (mol %) £-BUONO (equiv) T(°C) Time (h) Yield (%)
1 2 10 2 rt 25 54
2 2 15 2 rt 25 57
3 2 20 2 rt 25 66
4 2 30 2 rt 25 32
5 2 40 2 rt 25 trace
6 2 20 2 0 25 20
7 2 20 2 60 25 38
8 2 20 1 rt 25 38
9 2 20 3 rt 25 41
10 1 20 2 rt 25 27
11 3 20 2 rt 25 43
12 4 20 4 rt 25 74
13 4 20 4 rt 1.5 43
14 4 20 4 rt 3 60

@Reaction conditions: amine 1a (0.4 mmol), benzoic acid 3a (0.1 mmol), Cul (20 mol %), t-BuONO (0.4 mmol) and CH3CN (2 mL) under nitrogen at-

mosphere. Plsolated yield based on acid 3a.

214



O CF;

_~_CO00
+ CH3CN + R2—
R1OMNH2 s Q/

Beilstein J. Org. Chem. 2024, 20, 212-219.

O CF3 O

H
cul tguono M

A L

Ny, rt, 2.5 h
HsC™ SO
1 2a 3 4
O CF; O O CF3 O O  CF;3 O
=
H3C/&O % H3C/&O HyC™ O

4a, 74% yield

BnOk)\
o

4b, 84% yield

O CF; O
AN
A

HsC” YO

4c, 70% yield
(0] CF; O

A

BnO
H3C/g0

HsC
4d, 37% yield 4e, 31% yield 4f, nr
PP A PP
BnO N ,& BnO
H3C/&o o~ HsC™ 0 F HaC™ ~0 cl
4g, trace 86% yield 4i, 76% yield
O CF; O CF3 O CF; O
ano” s M Jk@ M J B
H3C/g0 Z gy ch/&o

4j, 79% yield
O CF; O
BnO N | N

/gO Z Ph

4m, 39% yield

HiC

4k, 86% yield
O CF; O

e eve

4n, 78% yield

41, 78% yield

CF; O
)k/k J A
H3C’&o

40, 54% yield

O CF3 O CF3 O CF3 0
BnO N /@ J\/k \©/\o N)kPh
H3C/&O H3C/&O H3C/§O
4p, trace 4q, 70% yield 4r, 61% yield
O CF; O O CF; O O CF3 O
| X OMNJ\ /O/\ok)\ J\ BnO N ‘\©
B~ N Hae Y0 ci H3C/§O v/g o
4s, 71% yield 46% yield 4u, trace

Scheme 2: Substrate scope study of this Cu-catalyzed reaction.

delight, both the amines with electron-donating groups (4q and  also tried another nitrile substrate, such as cyclopropyl aceto-
4r) and electron-withdrawing groups (4s and 4t) could generate  nitrile, which yielded only very small amounts of the expected

the target products with moderate to good yields (46-71%). We  product (4u).
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To gain insight into the mechanism of this reaction, several
control experiments were performed. First, the reaction was
conducted under the optimized conditions without the addition
of Cul. The conversion of the starting substrates to the desired
product 4a was decreased and only 14% yield of 4a was ob-
tained (Scheme 3a). However, as shown in entry 1 of Table 1,
54% yield product 4a was produced by this reaction in the pres-
ence of 10 mol % Cul. These results demonstrate that copper
catalysis plays a crucial role in the generation of the desired
product 4a. Moreover, we performed this reaction without the
addition of zerz-butyl nitrite (Scheme 3b). The expected three-
component tandem reaction did not occur, and the target 4a was
not observed with almost all of the starting amine 1a remaining.
This result indicates the reaction proceeds through the diazo
intermediate.

According to the above experimental results and literature
reports [39-41,58,59], a possible mechanism for this Cu-cata-

(a) reaction without catalyst Cul
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lyzed reaction of B-trifluoromethyl f-amino esters was pro-
posed in Scheme 4. Initially, p-trifluoromethyl f-amino ester 1a
reacts with zerz-butyl nitrite to form trifluoromethylated p-car-
bonyl diazo intermediate A. Then, the diazo intermediate A
reacts with the copper catalyst generating the Cu-carbene inter-
mediate B, which undergoes nucleophilic attack by acetonitrile
to form the intermediate C. Subsequently, nucleophilic addition
of benzoic acid to intermediate C affords the acetimidic an-
hydride D with the release of Cul catalyst for the next catalytic
cycle. Finally, the acetimidic anhydride D undergoes a Mumm
rearrangement to furnish the desired B-trifluoromethyl diacyl-
amino ester 4a.

The final goal of this work is the examination of the scale-up
applicability of this three-component tandem reaction
(Scheme 5). To our delight, the reaction also proceeded
smoothly when the amount of f-trifluoromethyl f-amino ester
1a was increased ten-fold to 988.8 mg. The corresponding B-tri-

O CF, COOH i)c\% 9
PN + CHsCN + +BuONO BnO N
BnO NH, >
N, rt, 2.5 h PN
1a 2a 3a H3C O
4a, 14% yield
(b) reaction without addition of -BuONO
O CF COOH j\j\F3 9
M + CHs CN + Cul BnO N N
BnO NH, |
Ny, t, 2.5 h A L
1a 2a 3a HC" "0
4a, no reaction
Scheme 3: Control experiments.
t-BuONO
O CFs4 O CF; cul O CF;
BnO NH,  H* BnOMNZ BnOM[Cu]
1a B
COOH j\h
[Cu] CF3;O ©/ 070\ CF; O
CH3CN @M 3a & o 3
—_— N OBn f’ HsC” N OBn
HsC D
3 c
Cu'
Mumm O CF3 O
rearrangement BnOMNJ\Ph

Scheme 4: Proposed reaction mechanism.
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o CF COOH Q CFs O
M3 + GHON + ©/ Cul, +-BuONO BnOJ\)\N X
Bno NHz Ny, rt, 2.5 h N
»he HyC™ YO
1a 2a 3a 4a
988.8 mg 122.0 mg, 1.0 mmol 58% vyield

Scheme 5: Scale-up synthesis.

fluoromethyl diacylamino ester 4a was obtained in 58% chemi-
cal yield. This result indicates the wide synthesis utility of the
reactions reported in this work.

Conclusion

In summary, a series of new B-trifluoromethyl §-diazo esters
have been designed, which are applied for the first time in a
cascade reaction through an interrupted esterification with
nitrile ylides as the key intermediates under copper-catalysis
conditions. Varieties of unsymmetric trifluoromethyl diacyl
B-amino esters can be easily constructed with good chemical
yields. The reaction is conducted under mild conditions and
shows good applicability to different series of substrates, which
provides an efficient way for the preparation of unsymmetric
trifluoromethyl diacyl B-amino esters.

Experimental
General procedure for copper-catalyzed

multicomponent reaction of B-amino esters
Into a flask were added amines 1 (0.4 mmol), acids 3
(0.1 mmol), Cul (20 mol %), and CH3CN (2 mL). Then, the
mixture was stirred at room temperature under a nitrogen atmo-
sphere and ~-BuONO (0.4 mmol) was added dropwise. Stirring
was continued at room temperature for 2.5 h and the solvent
was removed in vacuum. Products 4 were purified on a TLC
plate of 20 cm x 20 cm using petroleum ether/ethyl acetate 7:1
(v/v) as eluent.

Supporting Information

Supporting Information File 1
Experimental details and spectral data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-21-S1.pdf]
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A series of 2,3-dihalo-1,1,1,4,4,4-hexafluorobutanes and 2-halo-1,1,1,4,4,4-hexafluorobut-2-enes were prepared from commercial-

ly available hydrofluoroolefins 1,1,1,4,4,4-hexafluorobut-2-enes and their IH, 19F and 13C chemical shifts measured. Some reac-

tions of synthesized 2-halo-1,1,1,4,4,4-hexafluorobut-2-enes have been investigated. A simple, one-pot procedure for the prepara-

tion of a new allene (1,1,4,4,4-pentafluorobuta-1,2-diene) and some of its transformations is presented.

Introduction

The first publication using (E)-1,1,1,4,4,4-hexafluorobut-2-ene
(1a) was published in the middle of the 20th century [1].
Despite this, the real opportunity to study the properties of
1,1,1,4,4,4-hexafluorobut-2-ene appeared only after (Z)-
1,1,1,4,4,4-hexafluorobut-2-ene (1b) began to be produced on
an industrial scale [2]. These hydrofluoroolefins belong to the
newest 4th generation of fluorocarbon refrigerants and are
promising compounds and starting materials. Due to this,

interest in the use of (E)- and (Z)-butenes 1a,b as synthons in

various organic transformations has recently grown significant-
ly. One of the new and budding directions in recent years is the
stereoselective olefin metathesis processes based on catalysis by
complexes of molybdenum, tungsten and ruthenium [3-5]. The
first publications have recently appeared that molybdenum
complexes can catalyze cross-metathesis of butene 1b. Wherein
various alkyl and aryl olefins, including those that contain
Lewis basic esters, carbamates and amines or a-branched

moieties, may be used in efficient and exceptionally Z-selective
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cross-metathesis reactions [6-8]. A few years ago, some publi-
cations devoted to the cleavage of the C—F bond in butenes 1a,b
have been presented in the literature. First, Crimmin et al. in-
vestigated the reaction of an aluminum(I) complex with fluoro-
alkenes. Unlike all the presented fluoroolefins, the reaction of
the Al(I) complex with (Z)-butene 1b did not allow isolating the
intermediate organoaluminum compound, but led to the elimi-
nation of two fluorine atoms with the formation of 1,1,4,4-tetra-
fluorobuta-1,3-diene [9]. It was also shown that the reactions of
the boron reagent (CAACMe)BH;Li(thf); with hydrofluo-
roolefins, including (2)-1,1,1,4,4,4-hexafluorobut-2-ene, results
in defluoroborylation to form the corresponding =CF, contain-
ing products [10]. In addition to complexes of aluminum and
boron, several magnesium and lithium silyl reagents were pre-
pared and proved to be good nucleophiles in reactions with (Z)-
1,1,1,4,4,4-hexafluorobut-2-ene, as a result of which the corre-
sponding defluorosilylation product was obtained [11]. In a
related study of the hydrosilylation reaction of olefins 1a,b, it
was shown that, depending on the catalyst used, platinum or
rhodium compounds, along with the products of the addition of
silane to the double bond, the elimination of the fluorine atom
occurs with the formation of the corresponding olefin [12].
Another area of application of olefins 1a,b is based on C=C
double bond addition reactions. As early as 1968, Atherton and
Fields showed that (Z)- and (E)-butenes 1a,b reacted with
diazotrifluoroethane to give 3,4,5-tris(trifluoromethyl)pyrazo-
line [13]. A few decades later, several new publications in this
direction appeared in the literature. In a Chemours’ patent, it
has been shown that the oxidation of (E)-butene 1a with sodi-
um hypochlorite in the presence of tetrabutylphosphonium bro-
mide leads to the formation of a bistrifluoromethyl containing
oxirane [14]. A related study has demonstrated that (E)-butene
1a reacts with potassium persulfate to form 4,5-bistrifluoro-
methyl)-1,3,2-dioxathiolane 2,2-dioxide [15]. In 2021 Petrov
published an article on the interaction of fluorinated olefins
with fluorinated thioketones. In this publication it was demon-
strated that 1,1,1,4,4,4-hexafluorobut-2-ene reacts with dithi-
etane, sulfur and KF with the formation of the corresponding
1,3-dithiole [16]. Also, a recent patent presents a method for the
preparation of 5,6-bis(trifluoromethyl)-1,2,4-triazine-3-
carboxylic acid ethyl ester starting from 1,1,1,4,4,4-hexafluoro-
but-2-ene and an oxalamide hydrazone [17].

In the present study, we investigated the reactions of commer-
cially available butenes 1a,b with halogens, as well as subse-

quent transformations of the resulting compounds.

Results and Discussion
In 1952 Haszeldine found that the reaction of bromine with (E)-
1,1,1,4,4,4-hexafluorobut-2-ene (1a) under UV irradiation leads

to the formation of 2,3-dibromo-1,1,1,4,4,4-hexafluorobutane
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(2) [1]. Subsequent dehydrobromination of compound 2 by
treatment with alcoholic potassium hydroxide formed a mixture
of isomers 2-bromo-1,1,1,4,4,4-hexafluorobut-2-ene (3a,b) with
a yield in two stages of 48%. It should be noted, that only
boiling points and elemental analysis data were given for the
obtained substances. Ten years later Knunyants and co-workers
also synthesized compound 2 and density, refractive index and
mass spectra were added to the already available data [18].
However, until now there was no information about the struc-
ture and spectral characteristics of the obtained compounds. We
have now synthesized these compounds, fully characterized
them, and studied some of their transformations.

We found that not only (E)-butene 1a but also (Z)-butene 1b
reacted with bromine in the same manner under the influence of
ultraviolet irradiation or sunlight with the formation of 2,3-
dibromo-1,1,1,4,4,4-hexafluorobutane (2) in 95% yield
(Scheme 1).

CF4
=
CF3 1 B, Br
1a — Br\H\CFs
/\CFS CF3
CF3 2
1b yield 95%

Scheme 1: Synthesis of 2,3-dibromo-1,1,1,4,4,4-hexafluorobutane (2).

The only difference was that under UV irradiation, the reaction
proceeded faster. In both cases, product 2 represented a mixture
of stereoisomers in 2:1 ratio. After isolation by distillation, 2,3-
dibromo-1,1,1,4,4,4-hexafluorobutane (2) was characterized by
IH, 19F, 13C NMR and mass spectra.

We studied the reaction of dibromoalkane 2 with various bases
such as DBU, Hiinig’s base (iPr,NEt), and potassium hydrox-
ide (Table 1).

In all cases, except the reaction in diglyme (Table 1, entry 5), a
mixture of (E)- and (Z)-2-bromo-1,1,1,4,4,4-hexafluorobut-2-
enes (3a,b) in a ratio of 2:1 was formed. The configuration of
the isomers was determined by the >Jggs coupling constant in
the 1F{H} NMR spectrum (ca. 0 Hz for (Z)-isomer and
ca. 11 Hz for (E)-isomer). The best results were obtained in
Et,O with Hiinig’s and DBU bases (Table 1, entries 2 and 3),
but unfortunately in these cases the product olefins could not be
separated from Et;O. Therefore, we decided to use high-boiling
diglyme instead of ether. The reaction of a butane 2 with one

equivalent of DBU (Table 1, entry 4) led to the same results as
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Table 1: The reaction of 2,3-dibromo-1,1,1,4,4,4-hexafluorobutane (2)
with bases.

Br Br CF3
B —_—
F%CFS — HBr /kcﬁ * %\Br
CF3 CF3 CF3
2 3a 3b

yield 89% (3a + 3b)

Entry Solvent  Base (equiv) Conditions  Conversion
(°C/h) (%)

1 Et,O iProNEt (1) 20/18 60

2 Et,O iProNEt (1) 20/18 95

3 Et,O DBU (1) 20/1 95

4 digyme  DBU (1) 20/18 60

5 digyme  DBU (2) 20/1 100

6 H-O KOH (1) 20/18 55

7 H-O KOH (1.3) 20/2 100

for the Hiinig’s base (Table 1, entry 1). The use of two equiva-
lents of DBU (Table 1, entry 6) led to the complete conversion
of the initial substrate, but the selectivity of the reaction was
significantly reduced in this case. The reaction mixture gave a
complex mixture, in which (E)-butene 3a was identified as a
major component. Product 3a was removed from bulk diglyme
in vacuum and after subsequent distillation it was isolated with
a yield of 23%. As the isolation of the 2-dehydrobromination
products from organic bases was complex, we focused our
attention on carrying out the reaction with KOH. The best result
was obtained by treatment of 1 equivalent of butane 2 with
1.3 equivalents of KOH in the presence of 5 mol % of BuyNBr
as an interfacial carrier in water at room temperature for 2 h
(Table 1, entry 7). After completion of the reaction the mixture
of isomers 3a,b was separated from the water phase and
distilled at 55 °C.

Further increase in the amount of KOH led to the elimination of
the second mole of HBr with the formation of hexafluorobut-2-
yne (4). By controlling the course of the reaction by the
19F NMR method it was possible to achieve complete dehydro-
bromination of (Z)-isomer 3b and isolation of (E)-isomer 3a in
pure form in 35% yield (Scheme 2).

Unexpectedly the (E)-isomer 3a, upon long-term storage, trans-
forms into the (Z)-isomer 3b. Therefore, we studied the isomeri-
zation of olefin 3a in the presence of SbCls, AlCl3, BuyNOH/
MeOH and under UV irradiation. We found that under UV irra-
diation for several hours, the (E)-isomer 3a completely trans-

formed into (Z)-isomer 3b in quantitative yield (Scheme 3).
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Br CF3

KOH il CF
3
/kCF3 + %\Br - %\CF3 + FC/
CF3 CF3 CF3 3
3a 3b 3a 4
yield 35%

Scheme 2: Synthesis of (E)-butene 3a.

Br CF3
uv
ANcF, P Br
CF4 CF4
3a 3b
yield 100%

Scheme 3: Isomerization reaction of (E)-butene 3a to (2)-butene 3b.

Next, our attention was directed toward the reaction of (E)- and
(Z)-butenes 1a,b with iodine monochloride (IC1). We found that
olefins 1a and 1b reacts with ICI under the influence of sunlight
to form previously unknown 2-chloro-3-iodo-1,1,1,4,4,4-hexa-
fluorobutane (5, Scheme 4).

CF,
=
— cl
CFs ICI |
1a — CF,
7 CFs — CFs
CF3 5
1b yield 85%

Scheme 4: Synthesis of 2-chloro-3-iodo-1,1,1,4,4,4-hexafluorobutane

().

Pure final product 5 was isolated by distillation at 112 °C in
85% yield. NMR analysis as in the case of bromo derivative 2
showed a mixture of stereoisomers with a 2:1 ratio.

The dehydrohalogenation reaction of 2-chloro-3-iodo-
1,1,1,4,4,4-hexafluorobutane (5) was studied. Like the dehydro-
bromination of alkane 2, the reaction of compound 5 with
1.3 equivalents of KOH in water in the presence of 5 mol % of
BuyNBr was carried out. In this case, a mixture of 2-chloro-
1,1,1,4,4,4-hexafluorobut-2-enes (6a,b) and 2-iodo-1,1,1,4,4,4-
hexafluorobut-2-enes (7a,b) in a ratio of 3:2 was formed from
the concurrent elimination reactions of hydrogen iodide and
hydrogen chloride (Scheme 5).
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cl cl
I% . /k .
CFs hcl CFs
CF3 or CF3
5 —Hl 6a

yield 52% (6a + 6b)
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CFs3 | CF3
[/km + [¢Koa + f}N
CF3 CF3 CFs

6b 7a 7b

yield 34% (7a + 7b)

Scheme 5: Dehydrohalogenation reaction of 2-chloro-3-iodo-1,1,1,4,4,4-hexafluorobutane (5).

The chloro- and iodobutenes were separated by distillation in
52% yield for 6a,b and 34% yield for 7a,b. NMR analysis
showed the mixtures of (E)- and (Z)-isomers in both cases with
the ratio E/Z = ~4:5 for 6a,b and E/Z = ~1:2 for 7a,b. The con-
figuration of the isomers was determined by the /g5 cou-
pling constant in the 'F{H} NMR spectrum (ca. 0 Hz for (2)-
isomer and =11 Hz for (E)-isomer). The 2-chloro-1,1,1,4,4,4-
hexafluorobut-2-enes were first described by Haszeldine in
1952 [1] and only then the (Z)-isomer. We report here the isola-
tion and complete characterization of both (E)- and (Z)-isomers.
The spectral characteristics of product 6b obtained by us fully
correspond to the literature data [19,20]. The 'H and °F NMR
spectra of compounds 7a,b also corresponded to the data given
in the literature [21,22]. We present here the spectral data for
isomer 6a, as well as the missing data of '3C NMR spectra for
iodoolefins 7a,b.

It should be noted that the reaction of alkane 5 with DBU or
Hiinig’s base in Et,O or dimethoxyethane (DME) as a solvent,
resulted only in the formation of 2-chloro-1,1,1,4,4,4-hexa-
fluorobut-2-enes 6a,b (Scheme 5). Unfortunately, due to diffi-
culties in separation from solvent, olefins 6a,b in this case were

not isolated in a pure state.

For iodoolefin 7a, we found an alternative route for its synthe-
sis. We have previously shown that hydrosilylation reaction of
hexafluorobut-2-yne with triethylsilanes gave (E)-1,1,1,4,4,4-
hexafluoro-2-triethylsilylbut-2-ene (8) [23]. Going back to the
study of the obtained silane reactivity we performed the reac-
tion with iodine. All experiments were carried out in THF,
N-methylpyrrolidone and sulfolane with iodine in the presence
of a source of fluoride ion. The best result was observed when
the reaction was carried out in dry sulfolane with a two-fold
excess of iodine and 1.5-fold excess of anhydrous KF
(Scheme 6).

The mixture was stirred at 30 °C for several days until none of
the starting 8 was detected in 'F NMR spectra. The desired
iodoolefin 7a together with byproduct triethylfluorosilane
(Et3SiF) were removed from sulfolane under vacuum and after
double distillation with column 7a was isolated in 67% yield.
The 'F{1H} NMR spectra of 7a, showed the coupling con-

F3C CF3 lo, KF F3C CF3;

SiEts |
8 7a
yield 67%

+ E4SiF

Scheme 6: The reaction of silane 8 with Io/KF.

stant of CF3 and CF3 to be 11.3 Hz, suggesting strongly that
product 7a like the original silane 8 has (E)-configuration.

Although some olefins presented above were obtained several
decades ago, there was almost no information about their reac-
tivity in the literature. Therefore, we became interested in
exploring the synthetic potential of halo-bistrifluoromethyl-con-
taining olefins 3, 6 and 7, which are readily available and can be

synthesized in the laboratory in appreciable amounts.

Fluorinated organic compounds are important synthons, which
are widely used in agrochemicals, pharmaceuticals and other
fields [24-26]. Fluoroorganic lithium and Grignard reagents
have been obtained by the metalation reactions of organofluo-
rine compounds containing bromine and iodine atoms with

alkyllithium and Grignard reagents.

Although olefin 3 has been available for many decades, only
one paper describes its lithiation with methyllithium and the
subsequent reaction of the lithium compound with trifluoroace-
tophenone [27]. We began our research on the reactivity of the
bromobutenes 3a,b with isopropylmagnesium chloride
(iPrMgCl) and butyllithium (BuLi), as well as the reactions of
the resulting organometallic compounds.

1.2 Equivalents of a solution of iPrMgCl in THF were added to
bromoolefin 3a in Et,O or THF at =78 °C and then after 1 h at
the same temperature 1 equivalent of 4-fluorobenzaldehyde (9)
was added. After completion of the reaction and subsequent
treatment of the reaction mixture with 2 N hydrochloric acid,
2,3-bis(trifluoromethyl)-1-(4-fluorophenyl)prop-2-ene-1-ol (10)
was detected in the '9F NMR spectrum. It should be noted that,
in addition to the unreacted starting aldehyde 9, the formation

of olefin 1b and previously unknown product 11 were also re-
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corded in the reaction mixture (Scheme 7). The 19F NMR spec-
trum of compound 11 showed two signals at —65.6 and
-99.1 ppm in a ratio of 3:2 and in the 'H NMR spectrum, a
multiplet at 6.5 ppm was detected. Based on the received data,
we assumed that product 11 had an allene structure. It was also
important to note that the reaction proceeded more selectively
in ether, which significantly reduced the amount of byproducts.

Pure final alcohol 10 was isolated by column chromatography
on Si0; in 46% yield and 'H, !°F and 13C NMR spectra were in
full agreement with the published data [23].

The most interesting outcome from our point of view was the
formation of 1,1,4,4,4-pentafluorobuta-1,2-diene (11). 1,1-
Difluoroallenes are building blocks for a great number of valu-
able transformations [28]. Therefore, the synthesis of new fluo-
rinated allenes continues to be relevant. One of the methods for
the synthesis of allenes was based on the interaction of
bromoolefins with organolithium compounds, followed by the
elimination of lithium fluoride [29-31]. It was logical to assume
that in our case a similar reaction of the Grignard reagent 12
with aldehyde 9, elimination of MgBrF results in the formation
of allene 11. To confirm our hypothesis, we studied the reac-
tion of haloolefins 3 and 7 with iPrMgCl and BuLi.

Thus, olefin 3a in Et,O reacted with iPrMgCl solution in THF
at —80 °C to form Grignard reagent 12 and by heating the reac-
tion mixture to room temperature MgBrF was produced
together with allene 11 (Scheme 8). In addition to the allene, the
formation of olefin 1b was also recorded in the '°F NMR spec-
trum.

Unfortunately, due to difficulties in separating from olefin 1b

and diethyl ether, allene 11 was not isolated in a pure state.

3a

Scheme 7: The reaction of 3a with iPrMgCl and 4-fluorobenzaldehyde (9).

Br . MgBr
iPrMgCl
%\CFg, %\CF3
CF3 CF3
3a 12

Scheme 8: The reaction of olefin 3a with iPrMgCl.
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Therefore, we turned to study the reaction of adduct 3a with
butyllithium.

Unlike the reaction of bromobutene 3a with iPrMgCl, the reac-
tion mixture with BuLi in hexane solution did not contain olefin
1b and only desired allene 11 was identified with 95% purity in
the 19F NMR spectra (Scheme 9).

Br
BuLi,—80°Ctort  FaC
Z CF, \—=-=CF,

CF3
3a 11
yield 55%

Scheme 9: The reaction of (E)-butene 3a with BuLi.

The volatile product 11 was removed from the reaction mixture
at 20 °C for 2 hours with a slow flow of argon through the
system. Unfortunately, we failed to completely separate it from
the hexane and allene 11 was produced with 80-85% purity.
We managed to partially solve this problem by replacing
hexane with the higher-boiling heptane. In this case, the desired
product was isolated by double distillation at 7 °C in 50% yield
and >90% purity and was fully characterized by 'H, !°F,
13C NMR and IR spectra. The presence of a characteristic band
at 2038 cm™! in the IR spectrum confirmed the allene structure
of product 11. As expected, allene 11 is extremely reactive and
therefore it decomposes rather quickly during storage both in
solvent and in the individual state.

Since we were able to obtain both isomers 3a and 3b in the
individual state, we investigated the reaction of (Z)-isomer 3b
with BuLi. Thus, 3b also reacted with butyllithium to form

Br |O OH o
CFs E = E ~ FsC CFj CF3
9 10

1b 1
yield 46%
F3C
s \::CF2 + = CF3
MgBrF CFs3
11 1b

456



allene 11. However, when studying the reaction of each of the
isomers under the same conditions, it turned out that the (Z)-
isomer reacts faster than the (E)-isomer. Therefore, in the case
of the (E)-isomer, to achieve its complete conversion, it was
necessary to increase the lithiation reaction time. Based on the
results obtained, it was logical to assume that the reaction can
be carried out with a mixture of 3a,b. We found that the reac-
tion of 3a,b with 1.2 equivalents of BuLi in heptane at —80 °C
for 1 hour, followed by warming to room temperature, led to the
complete conversion of the original olefins and the formation of
allene 11.

Thus, we have developed a method for the synthesis of the pre-
viously unknown allene 11. In addition, the possibility of using
a mixture of olefins 3a,b made the allene 11 a more accessible

synthon for studying its further transformations.

We started studying the reactivity of allene 11 with the bromi-
nation reaction. The reaction was carried out without a solvent
at a reagent ratio of 1:1. Bromine was added dropwise to allene
11 at —-30 °C and the reaction mixture was stirred at the same
temperature until colorless. The bromination of allene resulted
in the formation of (Z)-1,2-dibromo-1,1,4,4,4-pentafluorobut-2-
ene (13) in 92% yield, which was isolated as a colorless liquid
and fully characterized by NMR spectroscopy (Scheme 10).

CFzBr
F3C
s \::CF ﬂ’ = Br
CF3;
11 13
yield 92%

Scheme 10: The reaction of allene 11 with bromine.

The 'F NMR spectrum showed two signals with the integrated
intensity ratio 3:2, a doublet for a CF3 group at & —=57.7 ppm
with the coupling constant /gy = 6.8 Hz and the characteristic
signal of a CF,Br group as a singlet at 8 —50.1 ppm. In the
'H NMR spectrum, there was a signal attributed to the CH
proton at 6.9 ppm as a quartet with the coupling constant of
3Jyr = 6.8 Hz. The (2)-configuration of product 13 was deter-
mined by the absence of the F-F constant in the !°F NMR spec-
tra. It should be noted that the bromination reaction could also
be carried out in diethyl ether. In this case, the bromo deriva-
tive 13 could be isolated in pure form only after several distilla-
tions, which significantly reduces its yield.

Continuing to study the reactivity of allene 11, we investigated

its reaction with ICl. The reaction was carried out at a reagent
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ratio of 1:1. ICl was added to a solution of allene in pentane at
=20 °C and then the reaction mixture was stirred at rt until the
color disappeared. In contrast to bromination, the reaction with
ICl is less selective and leads to the formation of addition prod-
ucts at both double bonds. At the same time, the reaction
proceeded predominantly at the terminal double bond with the
formation of a mixture of isomers (Z)-14a and (E)-14b. The
content of the addition product 15 at the second double bond in

the reaction mixture was about 15% (Scheme 11).

CF,Cl | |
F3C\_._CF G AN s 2oeRer s O T
2 CF3 CF4 CF3 F
1 14a 14b 15

yield 77% (14a + 14b + 15)

Scheme 11: The reaction of allene 11 with ICI.

It should be noted that we failed to isolate the pure product 15
from reaction mixtures because of the small difference in
boiling points and volatiles between isomers 14a,b and product
15. Nevertheless, it was tentatively identified in the mixture,
based on 'H, I9F and 13C NMR data. The !°F NMR spectrum
showed three signals with the integrated intensity ratio 3:1:1, a
doublet for a CF3 group at d —71.5 ppm with a coupling con-
stant of 3Jpy = 6 Hz and two highly characteristic signals of
geminal fluorine atoms of the CF, group as doublets of multi-
plets at 8 —66.7 and —70.3 ppm with a coupling constant of
2Jpp = 15 Hz. In the '"H NMR spectrum, there was a signal attri-
buted to CH proton at 4.9 ppm as a quartet of multiplets with a
coupling constant of 3/yp = 6 Hz.

Thus, during the study of reactions of allene 11 with Brp and
ICl, we obtained new synthons, which due to the presence of
several reaction centers, could be of particular interest in
various kinds of transformations. Therefore, we decided to
synthesize a bistrifluoromethyl containing olefin with bromine
and chlorine atoms and explore the possibility of using it to
obtain another allene.

We found that 2-chloro-1,1,1,4,4,4-hexafluorobut-2-enes (6a,b)
react with bromine under the influence of sunlight with the for-
mation of 2,3-dibromo-2-chloro-1,1,1,4,4,4-hexafluorobutane
16 in 84% yield (Scheme 12).

As in the case of alkanes 2 and 5, product 16 represented a mix-
ture of stereoisomers in 2:1 ratio. After isolation by distillation
butane 16 was characterized by Iy, 19F, 13C NMR and mass

spectra.
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cl CFs3 Br
Bry Br
Z “CF3; + Z Cl — CFj
CF3 CFs CF;
6a 6b 16
yield 84%

Scheme 12: Synthesis of 2,3-dibromo-2-chloro-1,1,1,4,4,4-hexafluoro-
butane (16).

The reaction of alkane 16 with DBU in pentane as a solvent led
exclusively to dehydrobromination with the formation of a mix-
ture of (Z)- and (E)-2-bromo-3-chloro-1,1,1,4,4,4-hexafluoro-
but-2-enes (17a,b) in a ratio of 2:1 (Scheme 13).

Br ¢l DBU, pentane Br CFs
Br Cl - Cl~
CF; —HBr CFs + Br
CF3 CF3 CF3
16 17a 17b

yield 78% (17a + 17b)

Scheme 13: Synthesis of (Z, E)-2-bromo-3-chloro-1,1,1,4,4,4-hexa-
fluorobut-2-enes (17a,b).

After completion of the reaction the mixture of isomers 17a,b
was isolated by distillation at 79 °C and fully characterized. The
configuration of the isomers was determined by the >Jppgis cou-
pling constant in the I9g{H} NMR spectrum (ca. 0 Hz for (2)-
isomer and ca. 13 Hz for (E)-isomer).

Like the reaction of bromobutenes 3a,b with BuLi, the reaction
of olefins 17a,b with BuLi was carried out. Unfortunately, we
were unable to detect the formation of allene 18 in this reaction.
In the '°F NMR spectrum, along with the unreacted starting
olefins 17a,b, the main reaction product is hexafluorobut-2-yne
(4, Scheme 14).

FsC
Br CF3 BERE CI>:':CF2
cl BuLi
C'\%\CQ + j/\sr — 18
CF, CF; L Fc———cF,
17a 17b 4

Scheme 14: The reaction of olefins 17a,b with BuLi.

Although attempts to obtain allene 18 were unsuccessful,
olefins 17a,b may be of great interest as synthons due to the

presence of several reaction centers in the molecule.
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Conclusion

In conclusion, we synthesized a series of synthons from avail-
able industrial starting compounds — (E.Z)-1,1,1,4,4,4-hexa-
fluorobut-2-enes (1a,b) using simple procedures. We demon-
strated the halogenation reactions of butenes 1a,b with bromine
and iodine monochloride to form 2,3-dihalo-1,1,1,4,4,4-hexa-
fluorobutanes. Dehydrohalogenation of the obtained butanes
leads to the formation of a number of bistrifluoromethyl-con-
taining haloolefins, which are widely used in subsequent trans-
formations. Based on bromoolefins 3a,b, a new polyfluoro-con-
taining allene 11 was synthesized and its reactions with bromine
and iodine monochloride were also studied.
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Solutions of 1,3-diketones and 1,3-ketoester derivatives react with fluorine to give the corresponding 2,2-difluoro-1,3-dicarbonyl

derivatives in the presence of quinuclidine. Quinuclidine reacts with fluorine in situ to generate a fluoride ion that facilitates

limiting enolization processes, and an electrophilic N-F fluorinating agent that is reactive towards neutral enol species.

Introduction

Fluorine is present in many agrochemical and pharmaceutical
products owing to the beneficial properties imparted such as in-
creased metabolic stability, lipophilicity and bioavailability of
the bioactive entity [1-3]. In 2018, 30% of FDA approved drugs
contained at least one fluorine atom, with an average of 2.7
fluorine atoms per fluorinated drug, and fluorine is also present
in the structures of 50% of marketed agrochemicals [4]. In the
context of the research reported here, the incorporation of
difluoromethylene (CF;) units into life science products is

growing in importance and a number of commercially signifi-

cant pharmaceuticals [lubiprostone (constipation), maraviroc
(HIV), tafluproct (anti-inflamatory), ledipasvir (hepatitis-C)]
and agrochemicals [isopyrazam (fungicide), riodipine (calcium
channel blocker), primisulfuron-methyl (pesticide)] owe their
enhanced bioactivity, in part, to the presence of difluoro-
methylene units.

To meet the demands of synthetic chemists within the life

science discovery and manufacturing arenas, many fluorination

methods have been developed over the years to introduce
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difluoromethylene groups into organic systems. Approaches
using nucleophilic fluorination include halogen exchange of
gem-dihalo groups to corresponding CF, derivatives using
silver tetrafluoroborate [5] or mercury(Il) fluoride [6], deoxy-
fluorination of carbonyl derivatives using diethylaminosulfur
trifluoride (DAST) or related Deoxo-Fluor and Xtalfluor
reagents [7,8]. Alternatively, oxidative fluorodesulfurizations of
carbonyl derivatives using a combination of sources of halo-
nium and fluoride ions such as 1,3-dibromo-5,5-dimethylhydan-
toin (DBH) and tetrabutylammonium dihydrogen trifluoride
have been achieved [9-11].

The transformation of methylene to difluoromethylene using
electrophilic fluorinating agents offers an alternative fluori-
nation route, for example, the reactions of MeCN solutions of
1,3-diketones with electrophilic fluorinating agents such as
Selectfluor eventually give the corresponding 2,2-difluoro-1,3-
diketone derivatives [12]. Monofluorination of the 1,3-diketone
substrates is rapid, but the second fluorination step occurs only
after reaction for several days. In the solid phase, mechanical
milling of the diketone substrate with solid Selectfluor in the
presence of sodium carbonate [13,14], and reaction of ketones
with a strong base and an N-F reagent give rise to the corre-
sponding 2,2-difluoroketones [15]. In related kinetic studies
concerning the electrophilic 2-fluorination of 1,3-diketones with
Selectfluor [16,17], we demonstrated that the rate-determining
step for difluorination was enolization of the intermediate
2-fluoro-1,3-diketone. Monofluorination of 1,3-diketones
occurs rapidly because the substrates lie predominantly in their
enol tautomeric forms. The resulting 2-difluoro-1,3-diketones,
on the other hand, are formed in their keto-tautomeric forms.
Thus, we found difluorination could only be achieved upon ad-
dition of water or a base to accelerate the enolization of the
monofluoro-diketone intermediates. In addition, imines and
a-diboryl ketone derivatives can also be transformed to 2,2-
difluoroketones using an N-F electrophilic fluorinating reagent
[18]. Alternatively, building blocks containing CF, units such
as ethyl bromodifluoroacetate and difluoromethylphenyl sulf-
oxide offer the possibility of transferring difluoromethylene
groups directly into organic systems [19-25] and there is now a
very extensive literature on carbon—carbon bond-forming reac-
tions using these and other difluoromethylated building blocks
[3,26-32].

Since profit margins in the life science industries are always
under constant pressure, less expensive methods of introducing
fluorine selectively into active intermediates for manufacture on
the industrial scale are required and, as a relatively inexpensive
strategy, direct fluorination of substrates using fluorine gas has
been used successfully for the production of 5-fluorouracil

(generic, anticancer) and voriconazole (V-FEND, Pfizer, anti-
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fungal) [33]. Methods have been developed for the selective
monofluorination of 1,3-dicarbonyl derivatives by fluorine gas
using batch and continuous flow techniques [34-36]. Difluorina-
tion occurs very slowly in comparison to monofluorination, al-
though some difluorinated by-products are, in general, formed
upon fluorination of dicarbonyl substrates and difluorinated
products can be readily separated from monofluorinated
systems [34]. Direct fluorination of diazo compounds using F,
[37] is the only report of a useful synthetic procedure to selec-
tively prepare a difluoromethylene containing product using F;
but, in these cases, CFCs, now banned under the Montreal
protocol, were used as the reaction medium.

Here, we demonstrate that the addition of quinuclidine to direct
fluorination reactions of 1,3-diketone and 1,3-ketoester sub-
strates using fluorine gas can give difluorinated products by a
simple batch process, offering a potentially valuable route to the
synthesis of difluoromethylene compounds that is suitable for
inexpensive scale-up.

Results

2-Fluorinations of 1,3-diaryldiketone derivatives such as 1,3-
diphenylpropane-1,3-dione (dibenzoylmethane, DBM, 1a)
using electrophilic fluorinating reagents such as Selectfluor,
NFSI, and NFOBS under a range of conditions have been de-
scribed extensively [3,12,13,30,38-43]. We confirmed that reac-
tion of compound 1a with Selectfluor in acetonitrile (MeCN)
gave high yields of the monofluorinated product 2a with no
difluorinated product being observed by '°F NMR analysis of
the product mixture after 5 h (Scheme 1).

Selectfluor
O O (1.0 equiv) o 0
Ph)]\/U\Ph MeCN (10 mL) Phu"h
5h, rt F
1a 2a

100% conversion
(84% isolated)

1 mmol

Scheme 1: Monofluorination of 1,3-diphenylpropane-1,3-dione with
Selectfluor.

In contrast, attempts to fluorinate 1a with one equivalent of
fluorine gas in MeCN gave no noticeable conversion on analy-
sis by 1F NMR spectroscopy, and a large excess of fluorine led
to formation of a dark brown tar from which no useful product
could be isolated. On the bases of these failed attempts, coupled
with our previous experiences with the DBM scaffold
[16,17,36], we used the difluorination of 1a with fluorine gas as
a model process to assess how direct fluorination reactions

could be achieved using reaction additives.
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The lack of reactivity of 1a towards one equiv of fluorine gas
when compared with strong reactivity towards Selectfluor
suggested the use of a cationic, electrophilic reagent to be
important. Given the structural similarity of 1,4-diazabi-
cyclo[2.2.2]octane (DABCO) to the Selectfluor system, a 10%
v/v mixture of fluorine in nitrogen was passed through a solu-
tion of 1a in acetonitrile containing one equivalent of DABCO,
using a fluorination apparatus and gas flow controller equip-
ment described previously [35]. Our aim was to form a N-F
system in situ and thus mimic the successful monofluorination
observed between 1a-enol and Selectfluor. After purging the
product mixture with nitrogen, a known quantity of a,a,o-triflu-
orotoluene was added to the product mixture and the crude
yields of fluorinated products were estimated by '°F NMR inte-
gration (monofluoro product 2a, dg —189.9 ppm; difluoro prod-
uct 3a, O —102.7 ppm) (Table 1, entry 3).

Using excess fluorine or DABCO (entries 5 and 6 in Table 1)
led to the formation of tars, while 0.1 equiv of DABCO (entry
7) gave only relatively low conversions to 2a and 3a. Other
organic nitrogen bases were tested, and we found that quinucli-
dine (entries 8 and 9, Table 1) gave high conversion to difluori-
nated product 3a, with very little monofluorinated product 2a
being observed. Suspensions of caesium carbonate or sodium
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chloride (entries 11 and 12 in Table 1) also gave some 2a and

3a, but also unwanted tar.

This set of reactions showed that the basic species we screened
all facilitated mono- and difluorination to some degree. The
quinuclidine-mediated fluorination of 1a led to the highest
conversion to difluorinated product 3a so we next sought to op-
timize this process at a preparative scale by varying the reac-
tion stoichiometry. We found that 2.3 equiv of fluorine and
1.1 equiv of quinuclidine gave 99% conversion of 1a with 2a
and 3a being the only products observed by '°F NMR spectros-
copy in a 16:120 ratio (see Supporting Information File 1). To
isolate the main difluorinated product 3a, the reaction vessel
was purged with nitrogen and the product mixture was parti-
tioned between water and DCM to remove HF and salt by-prod-
ucts. Purification of 3a by column chromatography gave 3a as a
white crystalline solid in 65% isolated yield (Scheme 2) and the
structure was confirmed by NMR spectroscopy and X-ray crys-
tallography (Figure 1).

To expand the substrate scope of this difluorination method, a
range of DBM derivatives 1b—n was synthesized from para-
substituted acetophenones, para-substituted benzoyl chlorides
and lithium hexamethyldisilazane following a literature proce-

Table 1: Screening conditions for the fluorination of 1,3-diphenylpropane-1,3-dione (1a).2

o o Fo (10% in Ny) Q 0 o 9
PhMPh PhMPh * Ph)S(U\Ph
base F F F
1a MeCN, 0°C 2a 3a
1 mmol
Entry  Base additive Equiv of additive Equiv of Fp Crude yield by 'F NMR spectroscopy?°
1a [%] 2a [%] 3a [%)]
1 — - 1 100 0 0
2 - - 20 polyfluorinated tar
3 DABCO 1 1 32 4 20
4 DABCO 1 2 1 1 37
5 DABCO 1 3 polyfluorinated tar
6 DABCO 2 2 many fluorinated products
7 DABCO 0.1 1 22 28 8
8 quinuclidine 1 1 42 10 43
9 quinuclidine 1.2 1 54 1 43
10 EtsN 1 1 56 25 6
11 CspCO3 1 1 0 4 14
12 NaCl 1 1 0 33 12

aConversion levels determined by NMR spectroscopy by comparing the integrals (CF dp at -189.9 ppm, CF» s at -102.7 ppm) to o,a,a-trifluoro-
toluene standard. PThe mass balances included mixtures of soluble, unidentified products, and insoluble materials.
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2.3 equiv

O O
6 O F, (10% in Ny)
oA, Ph Ph
quinuclidine FF
1a MeCN, 0 °C 3a

1 mmol

Scheme 2: Synthesis of 2,2-difluoro-1,3-diphenylpropane-1,3-dione
(3a).

Figure 1: Molecular structure of 2,2-difluoro-1,3-diphenylpropane-1,3-
dione (3a).

dure reported by Liu and co-workers (see Supporting Informa-
tion File 1) [44]. Subsequently, difluorinations of DBM sub-
strates 1b—n were performed under conditions similar to those
optimized for the preparation of 3a. The desired difluorinated
products 3b—n were synthesized and isolated in good yields
(Table 2).
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Unfortunately, substrates bearing electron-donating groups 1b
(-Me) and 1¢ (-OMe) reacted with fluorine to give tarry materi-
als and products arising from fluorination of both the desired
enolic sites and the aryl rings. No products could be isolated
from these complex mixtures and yields were estimated by
19 NMR spectroscopy.

In contrast, substrates bearing electron-withdrawing groups
deactivated the aryl rings sufficiently to suppress competing
ring fluorination and difluorinated products 3d-i could be iso-
lated in high yields. Again, purification by column chromatog-
raphy gave the products 3 as white crystalline solids and the
structures of compounds 3f and 3i were confirmed by X-ray
crystallography (Figure 2 and Supporting Information File 1).
Molecules 3a, f, and i all exist in the solid state with the dicar-
bonyl moiety rotated to maximize the distances between the
lone pairs of the electron-rich fluorine and oxygen atoms.
Usually, one of the fluorine atoms lies in a syn orientation to an
oxygen (e.g., 3f has an F-C-C-O dihedral angle of 15.6°)
creating a dipole. This dipole appears to aid crystal packing by
forming weak intermolecular interactions with an aryl ring in an
adjacent molecule. The two aryl rings within the molecule are
near-perpendicular to each other and this conformation leads to
enhanced, orthogonal n-stacking interactions.

We next turned our attention to difluorination of related
2-ketoester substrates. Monofluorination of 2-ketoesters using
fluorine gas has been scaled up to the manufacturing level [33],
whereas preparative methods for the synthesis of 2,2-difluoro-3-
ketoesters using fluorine gas have not been realized. Ethyl
benzoylacetate (4a) was used as a model system for the devel-

Table 2: Difluorination of dibenzoylmethane derivatives 3a—n using fluorine gas and quinuclidine.

o o 2.3 eq.uw o o
Fs (10% n N2)
(0L, " e~ T AT
X Y quinuclidine X Y
1 MeCN (20 mL), 0 °C 3
2 mmol
Entry 1,3-Diketone Product Structure Isolated yield [%]
O O
1 1a 3a 65
F F
O O
412
2 1b 3b 102 (7a)
F F 122 (Ar—F)
Me
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Table 2: Difluorination of dibenzoylmethane derivatives 3a—n using fluorine gas and quinuclidine. (continued)

3 1c
4 1d
5 1e
6 1f
7 19
8 1h
9 1i

3c

3d

3e

3f

3¢9

3h

3i

(6] O
A 312
162 (Ar-F)
F F |
MeO =
O O
60
F F
Cl
(0] (6]
59
F F
F
O O
50
F F
O,N
O O
72
F F
Cl Cl
O O
76
F F
F F
(0] (6]

77
FF
O,N NO,

aConversion estimated by NMR spectroscopy.

Figure 2: Crystal packing structure of 3f as determined by SXRC.
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opment of conditions for selective difluorination using fluorine
gas. After screening basic additives as mediating agents and
subsequent optimization (see Supporting Information File 1),
we found that reaction of ethyl benzoylacetate (4a), quinucli-
dine (1.5 equiv), and fluorine (3 equiv) in acetonitrile gave the
desired difluorinated product 5a in 85% isolated yield. Purifica-
tion of 5a was achieved very readily by eluting the reaction
mixture through a small quantity of silica gel with chloroform
and evaporating the residual solvent to leave the crude product
which could be further purified by recrystallization. Subse-
quently, a range of ethyl benzoylacetate derivatives was pre-
pared (see Supporting Information File 1) [45,46] and success-
fully subjected to difluorination conditions (Table 3).

Purification by column chromatography using the minimum

amount of silica gel with chloroform as the eluent yielded Sc—g
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in high yields. As was observed in attempted fluorination reac-
tion of 1c towards difluorodiketone 3¢, methoxy ketoester de-
rivative 4b gave substantial amounts of product arising from
competing fluorination of the aromatic ring. Structures of diflu-
orinated ketoesters Sa—h were confirmed by NMR spectrosco-
py. The 13C{'H} NMR spectra contained signals supporting the
presence of ketone (e.g., 6¢c = 185.6 ppm for 5a) and ester (§c =
161.9 ppm for 5a) functionalities. Difluoroketoester products
were found to hydrate readily to give gem-diol derivatives
during aqueous work-up [39], thus reducing the efficiency of
extraction. Indeed, attempts to grow a single crystal of Se from
a mixture of EtOH and water led to the isolation of the corre-
sponding gem-diol (Figure 3). There are very few examples of
organic structures containing a C(OH),—CF,—C fragment in the
CCDC and only three acyclic examples (CSD 5.43 (Nov. 2021);
ref codes IZICEA [47], XOPZEK and XOPZIO [48]) are

Table 3: Quinuclidine-mediated direct fluorination of ethyl benzoylacetate derivatives 4a—g.

Entry Product Structure Yield/%
O O
1 5a EtO | X 85
F F _—
O O
2 5b EtO not isolated
F F
OMe
O O
3 5¢ EtO 89
F F
Cl
)O O
4 5d EtO 87
F F
CF3
O O
5 5e EtO | = 83
F F _
NO,
O O
6 5f EtO | N 67
F F
Z>CN
O O
7 5¢g EtO | N NO2 84
F F >
O O
8 5h EtO | X not isolated
F F _N
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Figure 3: Molecular structure and crystal packing of 5e as determined by SXRC.

known. Interestingly, in contrast to the previously described
acyclic structures no OH---O(H) hydrogen bonds are present in
structure 5e — the molecules are linked by OH:--O(NO,) interac-
tions.

Discussion

Keto—enol tautomer studies have shown that DBM 1a and
related systems 1b—i exist almost entirely (ca. 90%) in their
enolic forms in MeCN [17]. Our initial experiments showed 1a
to be unreactive towards 1 equiv of fluorine gas, suggesting that
the neutral enol group and neutral, elemental fluorine do not
react to give the desired 2-fluoro-1,3-diketone 2a. Supplementa-
tion of the reaction mixture with either a tertiary amine or inor-
ganic base led to varying mixtures of mono- and difluoro prod-
ucts 2a and 3a, respectively, with the tertiary amines proving
most effective. Inorganic bases offer the possibility of deproto-
nating la-enol to form a more reactive enolate 1a-enolate.
Nitrogen-centered bases react with fluorine gas to form
N-fluoroammonium fluorides and fluoride ion [49]. Thus, on
addition of tertiary amines, fluorine can react to generate basic
fluoride ions and deliver reactive, electrophilic N-F species.

Given that Selectfluor is sufficiently electrophilic to react with

the neutral enol forms of dicarbonyls 1a—i, we believe that
N-fluoroammonium ion 6 (Scheme 3) reacts with la—i-enol,
whereas fluorine does not appear to react with neutral 1a—i-enol
to give 2-fluoro products 2a—i. Conversely, fluorine could react
directly with the anionic la—i-enolate species in parallel with
N-fluoroammonium ion 6. Fluoride ions formed through the
reactions between fluorine and quinuclidine or fluorine and
enolate species, may deprotonate 1a—i-enol, to form enolates of
la—i that are reactive towards both fluorine and N-fluoro-
ammonium ion 6. The fluorination of 1a—i affords monofluoro
products 2a-i in their keto tautomeric forms. For difluorodike-
tones 3a—i to be formed, enolization of 2a—i-keto must occur
through deprotonation at the 2-position, and this process is a
key limiting factor [17]. The challenge posed by enolization of
2a-i-keto may be estimated from pK, differences between
acidic species and potential base species. The pK,(MeCN) for
dibenzoylmethane (1a) can be estimated from pK,(DMSO)
[50], where pK,(MeCN) = pK,(DMSO) + 129 =134+ 129 =
26.3. Mayr and co-workers have shown the 2-fluoro-substituted
species to be only slightly less acidic than their non-fluorinated
homologues owing to the dominant m-donor effect of the

2-fluoro group [51,52]. On this basis, quinuclidine with
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pK.u(MeCN) ~ 18.0-19.5 (estimated using pK,g(water) = 11.0
and pK,g(DMSO) = 9.8), is not predicted to be sufficiently
basic to offer significant acceleration of the enolization pro-
cesses of residual 1a—i-keto or, more critically, the 2-fluoro-
keto intermediates 2a—i-keto that are formed after monofluori-
nation [50,53,54]. Consequently, we believe a stronger base
must be formed during the fluorination process in the presence
of quinuclidine, and it is this base that accelerates enolization of
2a-i-keto to allow difluorination to occur. The fluoride ion is a
relatively strong base (pK,(MeCN) of HF is =25 based on
pKL(DMSO) [55,56]), especially when formed in situ under an-
hydrous conditions, where solvation of fluoride ion is not
possible. Since the pK,(MeCN) of 1a-keto is ~26.3, and we
expect a pK,(MeCN) of 2a-keto to be similar in value [51,52],
we suggest fluoride ion may be sufficiently basic to cause sig-
nificant acceleration of the deprotonation of 2a—i-keto and
allow formation of 2a—i-enolates, which then react rapidly with
fluorine gas, or N-fluoroammonium ion 6, to form difluoro-
ketones 3a—i. Quinuclidine hydrofluoride has independently
been shown to be an effective form of soluble fluoride ion
in a variety of carbon—fluorine bond-forming processes [57,58].
Enols are, in general, significantly more acidic than their
isomeric keto forms, for example, the pK,(DMSO) of acetone is
~26.5, whereas the pK,(DMSO) of acetone enol is ~#18.2 [59].
Thus, assuming a similar difference in pK, values between
la-keto and 1la-enol, we expect pK,(MeCN) of 1a-enol to be
~18. On this basis, quinuclidine with pK,y(MeCN) ~ 18.0-19.5,
could also be an effective base to facilitate the formation
of la-enolate from la-enol and thus facilitate the initial
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monofluorination step by either fluorine or N-fluoroammonium
ion 6.

Carbonate ions are also expected to be highly basic in MeCN,
however, their limited solubility is likely to inhibit their ability
to act as an effective base for the formation of enolates of 1a
and 2a, and this is reflected in the modest levels of formation of
3a (Scheme 4). Chloride ion, on the other hand, is less basic
(pK,(MeCN) of HCI is 10.30 [60]), however, its greater solu-
bility seemingly allows some level of deprotonation of 1a-enol
to occur, where the enolate of 1a can react with fluorine to
afford 2a and fluoride ion (Scheme 4). The resulting fluoride
ion can then act as an additional, stronger base catalyst to facili-
tate further enolization processes and thus form 3a. Similar
arguments are also applicable to the fluorinations of ethyl

benzoylacetate derivatives 4a—g.

Conclusion

From our experiments, we conclude that quinuclidine is the
most effective mediating agent for the difluorination of 1,3-
dicarbonyl species using fluorine. Difluorinations of 1,3-di-
ketones 1 and 1,3-ketoesters 4 were achieved by the addition of
two equivalents of quinuclidine. We propose that the fluoride
ion, generated in situ, deprotonates enolic forms of 1,3-dicar-
bonyls and accelerates the rate-limiting enolization of 2-fluoro-
1,3-dicarbonyl intermediates. The resulting enolates are nucleo-
philic and could react with fluorine or in situ-generated
N-fluoroammonium ion 7 to form 2-fluoro- and 2,2-difluoro-
1,3-dicarbonyl products.

_— + F
+
N N
F
quinuclidine 6
</:N F 6 0 ~ O O
F
ArMR Ar)\(U\R
or F, F F
1-enol F~ 1-enolate 2-keto 2-enolate
+
+
O O 6 < / N—F
+
ArMR only </ fN—F or Fy
1-keto
6 0O O
starting material is a
keto-enol mixture Ar R
F F
3

Scheme 3: Proposed mechanism of the quinuclidine-mediated difluorination of 1,3-dicarbonyl substrates.
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- O O o O
OH O base o O Fa M base )\(U\
I, ——— K, —— &7 YR AT R
Ar R Ar R _ F =
F
1-enol 1-enolate 2-keto 2-enolate
+
0 0) base F2
Ar)J\/U\R base = CO327/CI~ only at early reaction times F-
1-keto and includes F~ at later reaction times
0O O
starting material is
a keto-enol mixture Ar R
F F
3

Scheme 4: Proposed mechanisms of carbonate and chloride ion-mediated difluorination of 1,3-dicarbonyl substrates.
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2-(Trifluoromethylthio)benzothiazolium triflate (BT-SCF3) was used as deoxyfluorinating reagent for the synthesis of versatile acyl

fluorides directly from the corresponding carboxylic acids. These acyl fluorides were reacted with amines in a one-pot protocol to

form different amides, including dipeptides, under mild and operationally simple conditions in high yields. Mechanistic studies

suggest that BT-SCF3 can generate acyl fluorides from carboxylic acids via two distinct pathways, which allows the deoxyfluori-

nating reagent to be employed in sub-stoichiometric amounts.

Introduction

Acyl fluorides are attracting much attention as versatile reagents
for different applications in organic synthesis. In addition to
their use as sources of fluoride ions, they are most commonly
employed as acylation reagents [1-3]. The strong C-F bond
makes acyl fluorides relatively stable towards hydrolysis and
easier to handle than other acyl halides [4-8]. Their reactions
with nucleophiles are typically less violent than for the corre-
sponding acyl chlorides with acyl fluorides exhibiting compa-
rable electrophilicity to activated esters; however, with consid-
erably fewer steric restrictions [9,10]. Acylations with acyl fluo-
rides also typically proceed with fewer side-reactions while de-

rivatives bearing an a-stereocentre generally undergo little

racemisation [11,12]. The combination of all these properties
mean that acyl fluorides can provide significant advantages over
acyl chlorides, especially for challenging acylation reactions
[13,14].

Nevertheless, acyl chlorides still dominate in the literature;
however, the recent development of safer and more practical
synthetic routes to acyl fluorides are inspiring greater interest in
these compounds. Various synthetic approaches have been in-
vestigated with two main strategies being pursued: fluorine-
transfer to acyl radicals and nucleophilic fluorination of acyl

electrophiles [15]. The latter approach is the most intensively
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studied due to the easy accessibility of fluoride ions with many
methods directly employing the parent carboxylic acid as sub-
strate. These processes avoid an additional pre-functionalisa-
tion step and have been reported using a range of deoxyfluori-
nating reagents including (diethylamino)sulfur trifluoride
(DAST) [16-18], bis(2-methoxyethyl)aminosulfur trifluoride
(Deoxo-Fluor®) [10,19,20], (diethylamino)difluorosulfonium
tetrafluoroborate (XtalFluor-E®) [21-24], (Me4N)SCF; [9,25],
pentafluoropyridine (PFP) [26] and cyanuric fluoride [27,28]
among others [15].

Since 2019, our group has developed a series of 2-(fluoro-
alkylthio)benzothiazolium (BT-SRg) reagents for the deoxy-
genative transfer of SRg (Rg = poly- or perfluoroalkyl) groups
into organic molecules (Figure 1). In an initial report, the tri-
fluoromethylthio-containing salt, BT-SCF3, was reacted with
unactivated aliphatic alcohols to afford (trifluoromethyl)thio-
ethers, while subsequent work focused on the direct deoxygena-
tive synthesis of fluorinated thioesters from carboxylic acids
[29-31]. In each case, the reactions proceeded smoothly under
operationally simple conditions while BT-SCF3 and related
BT-SRg reagents are easy-to-handle solids that can be readily
produced on a multigram scale from relatively inexpensive

Beilstein J. Org. Chem. 2024, 20, 921-930.

starting materials. During the optimisation studies for the latter
process with carboxylic acid substrates, in addition to the
desired (trifluoromethyl)thioester products, small amounts of
the corresponding acyl fluorides were also observed as by-prod-
ucts. Given the increasing interest in acyl fluorides in organic
synthesis and the attractive features of BT-SRp salts as reagents
for organofluorine chemistry, we considered whether optimisa-
tion of the reaction conditions could allow for the selective syn-
thesis of acyl fluoride products directly from carboxylic acids.
Here, we report the results of this study, which led to the devel-
opment of a practical and high yielding methodology for the
synthesis of acyl fluorides and their subsequent one-pot conver-
sion into amides. Moreover, by virtue of BT-SCF3’s ability to
deliver acyl fluorides via two distinct deoxyfluorination path-
ways, an efficient process could be achieved using only sub-

stoichiometric amounts of the fluorinating reagent.

Results and Discussion

In an initial test reaction, 4-methylbenzoic acid (1a) was reacted
with 1.25 equiv of BT-SCF3 and 2.0 equiv of NaH in DCM
under conditions similar to our previous reports on the deoxy-
genative trifluoromethylthiolation of carboxylic acids [31].
19F NMR analysis of the crude reaction mixture after 2 h at rt

properties of acyl fluorides

== prone to decomposition

higher stability

. i o o easy to handle
== side-reactions vs
highl i R)J\C| R)J\F moderate electrophilicity
== hij reactive
any fewer side-reactions
previous work on BT-reagents
R”OH
R”SRe
bench-stable and DIPEA, MeCN
easy to handle / - 0
OTf
mild conditions @N\;—SRF R)J\OH 0
convenient and S DIPEAorNaH R"™ TSRg
inexpensive synthesis BT-SR¢ THF
low concentration of
N
unstable “SRg R” "OH o~
DIPEA, Ag() R 'SCRH
MeCN
this work
) one-pot approach
BT-SCF3 (1.25 equw) _ _
0 DIPEA (2.0 equiv) [ O )Ok mllddftgactlon
- conditions
R”"oH  DCM.tt, 30 min [R e R™ 'NR2 & high yields

in situ formation

challenging amides

Figure 1: Advantages of acyl fluorides compared to acyl chlorides, previous work on BT-SRg reagents [29-33] and a summary of this work on the
BT-SCF3-mediated in situ formation of acyl fluorides and their use for the synthesis of amides.
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revealed no conversion towards the desired acyl fluoride prod-
uct 2a, however, 30% of thioester 3a was formed (internal stan-
dard: PhCF3, Table 1, entry 1). Pleasingly, changing the base to
K,CO3 led to the formation of 2a in 7% !°F NMR yield
(Table 1, entry 2), while the selectivity of the reaction could be
switched significantly upon employing organic amine bases
(Table 1, entries 3 and 4). Using 2.0 equiv of diisopropylethyl-
amine (DIPEA), 2a could be obtained in quantitative 19 NMR
yield although a reduction to 1.5 equiv led to a significant drop
in efficiency, delivering the acyl fluoride in only 30% '°F NMR
yield together with 45% of thioester 3a (Table 1, entries 4 and
5). At this stage, we were interested in the reactivity of other
BT-SRpE reagents developed in our group and tested three
longer-chain derivatives under deoxyfluorination conditions.
Employing BT-SC4Fg and BT-SCgF;7, '%F NMR yields of 2a
of 84% and 81% were achieved (Table 1, entries 6 and 7), how-
ever, BT-SCF(CF3),, which features a branched perfluoroalkyl
chain, gave a comparatively moderate !°F NMR yield of 67%
(Table 1, entry 8). BT-SCFj still led to the highest !9F NMR
yield of 2a among all the tested reagents and was therefore used
throughout the subsequent optimisation and scope studies. An

interesting observation was made upon varying the equivalents

of BT-SCFj3. Rather than reducing the yield to 50% or lower,

conducting the reaction with 0.5 equiv of BT-SCF; provided 2a

Beilstein J. Org. Chem. 2024, 20, 921-930.

in 55% 1°F NMR yield, suggesting that each equivalent of the
benzothiazolium reagent can deliver more than one equivalent
of the acyl fluoride product (Table 1, entry 9). Although repre-
senting a considerable drop in efficiency compared to using
1.25 equiv of BT-SCFj, this observation provides an interest-
ing insight into the reaction mechanism (vide infra). Changing
the solvent from DCM to THF or MeCN resulted in no signifi-
cant change in the efficiency of the reaction, whereas a
19F NMR yield of only 11% was achieved in DMF (Table 1,
entries 10—12). Increasing the reaction concentration to 0.2 M in
DCM led to a reduction in the !F NMR yield of 2a to 74%
(Table 1, entry 13). Finally, optimisation of the reaction time
revealed the starting material was completely converted after
only 30 min at rt (Table 1, entry 14).

With the optimised conditions in hand, the scope of the reac-
tion was investigated to assess the practical utility of BT-SCF3-
mediated deoxyfluorination as a method for preparing diverse
acyl fluorides. As shown in Scheme 1, the reaction showed
excellent functional group tolerance with a range of aromatic
carboxylic acids 1, delivering the corresponding acyl fluorides 2
in very good 'F NMR yields above 75% for all substrates
tested. Both electron-withdrawing and electron-donating sub-
stituents were tolerated while substituents could be present at

Table 1: Optimisation of the reaction conditions for the deoxygenative fluorination of 4-methylbenzoic acid using benzothiazolium reagents.

O O O
BT-SRg (X equiv)
- F + SRe
base (Y equiv)
solvent, rt, t
1a 2a 3a
Entry Rg Base Solvent t (h) Yield 2a2 Yield 3a2
(X equiv) (Y equiv) (conc.)

1 CF3 (1.25) NaH (2.0) DCM (0.1 M) 2 - 30
2 CF3 (1.25) KoCO3 (2.0) DCM (0.1 M) 2 7 37
3 CF3 (1.25) NEts (2.0) DCM (0.1 M) 2 96 traces
4 CF3 (1.25) DIPEA (2.0) DCM (0.1 M) 2 quant. -
5 CF3 (1.25) DIPEA (1.5) DCM (0.1 M) 2 30 45
6 C4Fg (1.25) DIPEA (2.0) DCM (0.1 M) 2 84 -
7 CgF17 (1.25) DIPEA (2.0) DCM (0.1 M) 2 81 -
8 CF(CF3)2 (1.25) DIPEA (2.0) DCM (0.1 M) 2 67 -
9 CF3 (0.5) DIPEA (2.0) DCM (0.1 M) 2 55 -
10 CF3 (1.25) DIPEA (2.0) DMF (0.1 M) 2 11 -
11 CF3 (1.25) DIPEA (2.0) MeCN (0.1 M) 2 88 -
12 CF3 (1.25) DIPEA (2.0) THF (0.1 M) 2 91 -
13 CF3 (1.25) DIPEA (2.0) DCM (0.2 M) 2 74 -
14 CF3 (1.25) DIPEA (2.0) DCM (0.1 M) 0.5 quant. -

aAs internal standard for '9F NMR vyields oo, o-trifluorotoluene was used.
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Scheme 1: Scope of the BT-SCF3-mediated deoxygenative fluorination of carboxylic acids 1. Reactions were performed on a 0.2 mmol scale.

19F NMR yields using o,a,o-trifluorotoluene as the internal standard.

the ortho-, meta- or para-positions. The heteroaromatic acyl
fluoride 2h could be prepared efficiently while deoxyfluorina-
tion of representative olefinic and aliphatic carboxylic acids
proceeded smoothly, affording cinnamoyl and decanoyl acyl
fluorides 2i and 2j in 80% and 89% !°F NMR yields, respec-
tively. Furthermore, the widely available drug molecules
naproxen and ibuprofen could be efficiently converted into their
acyl fluoride derivatives 2k and 2l in 97% and quantitative
yields, respectively.

To improve the practicality of the methodology and to avoid the
often unreliable isolation of acyl fluoride intermediates, we next
considered whether BT-SCF3-mediated deoxyfluorination of
carboxylic acids could be coupled with a subsequent acylation
in an overall one-pot process. Selecting amines as nucleophilic
coupling partners, a short optimisation study was carried out to
identify suitable conditions compatible with the deoxyfluorina-
tion process. Pleasingly, adding 2.0 equiv of benzylamine (4a)
to the standard reaction between 4-methylbenzoic acid (1a) and
BT-SCF3 (1.25 equiv) in DCM (0.1 M) and increasing the
amount of DIPEA to 3.0 equiv allowed for the efficient forma-
tion of the desired amide 5a after 16 h at rt, which could be iso-
lated in 80% yield after column chromatography. A survey of
carboxylic acids 1 revealed that the one-pot approach is effi-

cient for a variety of substitution profiles (Scheme 2). Aromatic

acids bearing methyl substituents at the para-, ortho- or meta-
positions all reacted smoothly with 4a to afford the correspond-
ing benzylamides Sa—c in very good isolated yields up to 81%.
Electron-donating and -withdrawing groups at the para-posi-
tion were well tolerated (5d—f), including halogen substituents
that could serve as handles for follow-up functionalisation
chemistry such as coupling reactions (5g, 5m, 5n). Heteroaro-
matic (50) and aliphatic carboxylic acids (5], Sp, 5q) also
reacted smoothly under the optimised conditions. As demon-
strated by the efficient formation of amide 5q in 84% yield, the
process is tolerant of significant steric bulk at the carboxyl
a-position. Finally, to assess the influence of the reaction on the
stereochemical integrity of chiral carboxylic acid substrates, the
deoxyfluorination was performed on the enantiopure (S)-isomer
of ibuprofen (er = 99:1). Pleasingly, efficient conversion to the
corresponding amide (S)-51 was observed (yield = 72%) with
analysis by chiral HPLC revealing no erosion of the enan-

tiomeric ratio (er = 99:1).

At this stage, the suitability of BT-SCF3-mediated deoxyfluori-
nation for the one-pot formation of peptide linkages between
amino acids was investigated (Scheme 3). Treatment of N-Boc-
valine under the optimised one-pot conditions with benzyl-
amine (4a) resulted in the formation of the desired amide prod-

uct, however, significant by-products were also observed.
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Scheme 2: Scope of the one-pot BT-SCF3-mediated deoxygenative coupling of carboxylic acids and amines via acyl fluoride derivatives. Reactions
conducted on a 0.5 mmol scale, isolated yields after column chromatography.

Careful column chromatography of the crude reaction mixture
allowed for the partial isolation and characterisation of the
benzothiazolimine species 6 which results from Boc-deprotec-
tion and subsequent condensation of the amide product onto the
benzothiazolium core. Although the other identified by-product,
thiourea 7, is not derived from the limiting carboxylic acid sub-
strate, it was found to coelute with the amide product, compli-
cating isolation (Scheme 3a). As Boc-deprotection is seemingly
feasible under the reaction conditions, to avoid formation of
by-product 6, the process was tested using the N-Cbz-valine
(1s). Moreover, the BT-SCF3 reagent was substituted for the
longer chain BT-reagent BT-SCsFy;. The use of this benzothia-

zolium species would avoid the formation of thiocarbonyl diflu-
oride, which is most likely responsible for the generation of
thiourea 7. Pleasingly, under these conditions, amide Ss was
formed smoothly with isolation by column chromatography
providing the pure product in 71% yield (Scheme 3b). Further-
more, replacing the benzylamine coupling partner with phenyl-
alanine methyl ester provided dipeptide 5t in 67% yield
(Scheme 3b).

With the scope of the deoxyfluorination process established, our

attention turned to an investigation of the reaction mechanism

(Scheme 4). As demonstrated in our previous work, reacting
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Scheme 3: One-pot BT-SCF3-mediated deoxygenative coupling of amino acids. Isolated yields after column chromatography.

BT-SCF3 with carboxylic acids 1 under similar conditions
provides (trifluoromethyl)thioesters 3 via a concerted deoxytri-
fluoromethylthiolation process from tetrahedral intermediate A
affording thiocarbamate by-product B [31]. To test whether
thioester species could act as intermediates in the formation of
acyl fluorides, 3a was prepared independently and treated with
DIPEA (1.1 equiv) in DCM (Scheme 5a). After 1 h at rt, com-
plete consumption of the thioester was observed with acyl fluo-
ride 2a being obtained as the only product in quantitative
I9F NMR yield. Conversion of 3 into 2 could result from a self-
propagating process initiated by addition of an adventitious
nucleophile to the electrophilic thioester. This results in elimi-
nation of a (trifluoromethyl)thiolate ("SCF3) anion (C,
Scheme 4), which can subsequently undergo pB-fluoride elimina-
tion, releasing a fluoride anion. Addition of F~ to another mole-
cule of thioester 3 thus sets off a chain process, delivering acyl
fluoride 2 and regenerating the fluoride nucleophile. A series of
experiments conducted with thioester 3a suggest a number of
nucleophiles feasibly present in the reaction mixture can initiate
the chain process [34]. Stirring 3a in the presence of the sodi-
um carboxylate salt of acid 1a resulted in the formation of 2a in
18% !9F NMR yield while only 10 mol % of tetramethylammo-
nium fluoride (TMAF) provided the acyl fluoride in 59% yield

(Scheme 5b). Moreover, efficient conversion of 3a into 2a
could be achieved using only 10 mol % of DIPEA (92%
I9F NMR yield, Scheme 5b). This reaction could result from
base-assisted nucleophilic attack of adventitious water present

in the reaction mixture.

In addition to addition/elimination of fluoride ions to thioesters
3, a second potential mechanistic pathway exists for the forma-
tion of acyl fluorides 2. Alongside a fluoride ion, -fluoride
elimination from a (trifluoromethyl)thiolate ("SCF3) anion (C)
also generates a thiocarbonyl difluoride species D. As previ-
ously demonstrated by Schoenebeck and co-workers in a deoxy-
fluorination of carboxylic acids with NMe4SCFj3, this highly
electrophilic compound can react with the carboxylic acid in the
presence of DIPEA via addition/elimination affording a thioic
anhydride species E and a fluoride ion [9]. Addition of F~ to the
carboxyl carbon followed by fluoride elimination from the re-
sulting thiocarboxylate would provide acyl fluoride 2, carbonyl
sulfide and another fluoride ion. As a result of this pathway,
each molecule of the BT-SCFj3 reagent can in principle lead to
the formation of two molecules of acyl fluoride 2. Indeed, a
yield of 2a above 50% was observed during the optimisation
studies using 0.5 equiv of BT-SCF3 (Table 1, entry 9). To

926



o)

Beilstein J. Org. Chem. 2024, 20, 921-930.

J

HO 'R

(iPr),EtN

l((ipr)zEtN—H

O

-

/+ o R / P
@[N\>—SCF3 | X N><OJ<R
S concerted =~ ~g 'SCF;

deoxytrifluoromethylthiolation

BT-SCF;

(0]
R)J\Nu

NuH

(e.g. RCO,H (1), | initiation ™.

+
(iPr),EtN—H  (iPr),EtN
.

P R SIS S

A

addition/
*-._ elimination

(-
B

adventitious H,O)Y

_;>:o

R OH B-fluoride
elimination Fi\F R -
3
I i
i addition/
~ E7F propagation elimination
addition/ D
elimination
- NEt(iPr), F
+
H—NE(iPr),
o S addition/ o
= elimination
N g
2
E 0=C=S

Scheme 4: Plausible mechanism for the deoxyfluorination of carboxylic acids with BT-SCF3.

further investigate the potential for reducing the loading of the
deoxyfluorinating reagent, 0.5 equiv of the carboxylic acid sub-
strate 1a was reacted with 0.5 equiv of both BT-SCF3 and
DIPEA in DCM for 30 min at rt. '°’F NMR analysis of the mix-
ture indicated the clean formation of thioester 3a and the
remaining 0.5 equiv of 1a and 0.5 equiv of DIPEA were then
added (Scheme 5c). According to the mechanism shown in
Scheme 4, self-propagating conversion of 3a into 2a, presum-
ably initiated by a carboxylate nucleophile, would account for
half of the acyl fluoride formed with the remaining product re-
sulting from addition of 1 to thiocarbonyl difluoride. After a
further 30 minutes at rt, !°F NMR analysis of the crude mixture
indeed indicated the formation of 2a in an overall yield of 74%,
implying both pathways are feasible and that sub-stoichio-
metric amounts of BT-SCFj relative to the carboxylic acid can

lead to good overall yields of acyl fluorides.

Conclusion

In conclusion, a practical method for the direct synthesis of acyl
fluorides from carboxylic acids using BT-SCFj3 as a deoxyfluo-
rinating reagent has been developed. In a one-pot process, direct
access to various amides was achieved under mild and opera-
tionally simple conditions while peptide coupling between two
amino acids could be efficiently conducted using the longer-
chain perfluoroalkyl reagent BT-SCsF; . Mechanistic studies
revealed that each equivalent of the benzothiazolium reagent
can feasibly generate two equivalents of the acyl fluoride with
addition/elimination of fluoride to a thioester intermediate and
independent deoxyfluorination of a second equivalent of the
acid substrate by the released “SCFj3 anion both operating under
the reaction conditions. This allows for the reduction in the
loading of BT-SCFj to sub-stoichiometric levels, further in-

creasing the attractiveness of the method.
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Scheme 5: Mechanistic experiments. (a) Conversion of thioester 3a into acyl fluoride 2a in the presence of DIPEA. (b) Conversion of thioester 3a into
acyl fluoride 2a in the presence of carboxylate and fluoride nucleophiles. (c) Two-stage deoxyfluorination reaction using 0.5 equiv of BT-SCF3.

19F NMR yields using o, o, o-trifluorotoluene as internal standard.
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The selective fluorination of C(sp3)—H bonds is an attractive target, particularly for pharmaceutical and agrochemical applications.

Consequently, over recent years much attention has been focused on C(sp?)—-H fluorination, and several methods that are selective

for benzylic C—H bonds have been reported. These protocols operate via several distinct mechanistic pathways and involve a

variety of fluorine sources with distinct reactivity profiles. This review aims to give context to these transformations and strategies,

highlighting the different tactics to achieve fluorination of benzylic C—H bonds.

Introduction

The development of new fluorination methodologies is driven
largely by the beneficial effects of including fluorine into bioac-
tive molecules. These advantages include the modulation of po-
tency, bioavailability and physical properties of drug and agro-
chemical compounds [1-3]. The significance of fluorination is
reflected in the fact that a large number of agrochemicals
contain fluorine, and that almost a quarter of drug molecules ap-
proved by the FDA between 2018 and 2022 contained at least
one fluorine atom, for example belzutifan and quinofumelin,
Figure 1A [4,5].

The fluorination of functionalised carbon centres is a reliable
strategy to incorporate fluorine into compounds of interest, with

regio and site selectivity pre-determined by the nature of the

functionalised carbon. However, the development of C(sp3)-H
fluorination methods represents a more sustainable and versa-
tile approach, as there is no requirement to pre-functionalise the
compound, carry that functional group through synthesis and
also protect any potentially labile group that would otherwise
displace during the installation of the fluorine atom [6-8].
Therefore, methodologies for the selective C—H fluorination
represent a valuable class of reactions [1,9,10], for which

several have been disclosed in the chemical literature [11,12].

Benzylic C(sp®)-H bonds are comparatively weaker compared
to unactivated C(sp3)—H bonds, with bond dissociation
enthalpies (BDEs) falling in the range of 76-90 kcal mol™!
(Figure 1B), due to the increased stability of benzylic radicals
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Figure 1: A) Benzylic fluorides in bioactive compounds, with B) the
relative BDEs of different benzylic C—H bonds reported in kcal mol='.

and ions imparted through delocalisation with the adjacent
m-system [13-15]. In general, the more stabilised the benzylic
radical, the weaker the C(sp3)—H bond, as demonstrated when
considering the BDEs of a series of phenyl-substituted
methanes (Figure 1B). The changes in BDE correlate with the
relative stability of primary, secondary and tertiary benzylic
radicals and cations. As a result, the presence of benzylic
C(sp®)-H bonds in bioactive molecules can be problematic as
they are particularly labile to enzymatic oxidation [16], and
hence, their functionalisation has become a strategy to over-
come this [17]. For this reason, the fluorination of benzylic
C(sp3)-H bonds has become particularly important in biologi-
cally relevant situations. Benzylic C(sp)-H bonds are also
present in a large portion of commercially available building
blocks, highlighting the appeal for benzylic C(sp®)-H function-
alisation reactions in drug-discovery campaigns [17]. Although
much is unknown about the precise details, several benzylic
fluorides have been reported to be unstable, which is an effect
that is apparently dependent on the substitution of the ring.
While primary benzylic fluorides are predominately considered
to be stable to isolation conditions, secondary and tertiary suffer
from the elimination of HF, especially in the presence of silica
gel or glass vessels. Therefore, benzyl fluorides have been
derivatised, for example in C-O, C-N and C-C bond-forming
reactions [18-20], thereby also demonstrating their suitability,

as precursors for further functionalisation.

Reviews on the broad area of C—H fluorination have been
written [11,12,21-29] with the focus varying, for example be-
tween aliphatic fluorination [23], a-fluorination of carbonyl

compounds [30], photosensitised C—H fluorination [21,26],

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

recent advances [24] and mechanistic approaches [11]. Exam-
ples of specifically benzylic C(sp>)-H fluorination reactions are
included into many of these reports, as well as in sections of
reviews with a much broader scope [12,27,28], and alternative
routes to benzylic fluorides have also been reviewed, such as
through deoxyfluorination, C—X fluorination, or decarboxyla-
tive fluorination [22,31-33]. However, a comprehensive review
that focusses specifically on benzylic C—H bonds is still current-
ly missing in the literature. Therefore, we aim to cover reports
that focus specifically on benzylic C(sp3)-H fluorination, em-
phasising the most recent protocols but with also some histor-
ical context. We also signpost readers to reports where benzylic
C-H fluorination has been included, but is not the focus of the
work. We have organised the review into different mechanistic
strategies, namely, electrophilic, radical and nucleophilic ap-
proaches, and highlighted when emerging technologies, such as
photo- and electrochemistry effect the desired transformation
[22,27].

Review

Electrophilic benzylic C(sp®)—-H fluorination
Base mediated

Electrophilic fluorinating reagents have been used to effect the
transformation of benzylic C(sp3)—H to C(sp3)—F bonds [22].
Shreeve and co-workers reported the use of KOH or n-BuLi to
deprotonate acidic protons at benzylic positions adjacent to
electron-withdrawing nitro or nitrile groups, respectively,
generating benzylic anions that subsequently attack electrophil-
ic Selectfluor to afford the benzyl fluoride (Figure 2) [34]. The
methodology was demonstrated on eight para-substituted
benzylic substrates. The authors noted that resubjecting the
monofluorinated compound 1 to the same reaction conditions
afforded the difluorinated compound 2 in good yield. The
requirement of adjacent to nitro or nitrile groups limits the
scope of this approach. Furthermore, the use of strong bases,
particularly n-BuLi, prevents the application of this methodolo-
gy on any substrate bearing sensitive functional groups.

An analogous method for monofluorination of tertiary benzylic
C(sp>)-H bonds adjacent to nitro groups was reported by Logh-
mani-Khouzani and co-workers in 2006, in which ammonium
acetate and Selectfluor were employed under sonochemical
conditions to effect the fluorination (Figure 3) [35]. The authors
noted that the use of sonochemistry afforded higher yields and
shorter reaction times compared to standard stirring conditions
with DBU. When employing substrates bearing secondary
benzylic sites in the reaction conditions, the difluorinated prod-
ucts were observed exclusively in high yields.

In 2016, Britton and co-workers reported a method for the effi-

cient monofluorination of 4- and 2-alkylpyridines (Figure 4 —
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Figure 2: Base-mediated benzylic fluorination with Selectfluor.
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DBU (2.4 equiv),
=Ph  Selectfluor (2.5 equiv),
=H DCM, 4-6 h
[A] 25% [A] 20% [A] 95%
[B] 10% [B] 10% [B] 54%

Figure 3: Sonochemical base-mediated benzylic fluorination with
Selectfluor.

conditions [A]) [36]. The transformation relied on the polarisa-
tion of the heterobenzylic C—H bond, via the intermediate for-
mation of an N-sulphonylpyridinium salt, to promote deproton-
ation. Following a polar mechanism with excess NFSI, the
heterobenzyl fluoride is obtained. In the case of product 3, the
authors suggested that the absence of radical clock rearrange-
ment products supported a polar mechanism. Conveniently,
when both benzylic and heterobenzylic C—H bonds were present
in a substrate, the reaction was selective for the heterobenzylic
position, as shown by compound 4. In 2018, a subsequent publi-

cation by the same group detailed the use of increased lithium

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

carbonate and NFSI loadings (conditions [B]) to access the
difluorinated products [37]. This report also demonstrated a
single example of !8F monofluorination radiolabelling using
['8FINFSL

[A] NFSI (3 equiv)

H LioCOg3 (1 equiv)
MeCN, 60 °C
N
X
| y [B] NFSI (5 equiv)
N/ Li,CO3 (5 equiv)

X =N or CH MeCN, 75 °C
NFSI
N(PhSOz)
+/
SOgPh /‘SOzPh
- F
conditions [A] conditions [B]

F F
=N F
) “
Nig N ° Nx N
3 4
73% 54% 69%

Figure 4: Mono- and difluorination of nitrogen-containing heteroaro-
matic benzylic substrates.

Electrophilic fluorination of benzylic C—H bonds has been
demonstrated as a powerful approach. However, these tech-
niques can be constrained to defined substrate classes and the

requirement of using strong bases.

Palladium catalysis

Palladium-catalysed chemistry is pervasive in organic synthesis
and can also be used to efficiently fluorinate benzylic C(sp3)-H
bonds. The general blueprint for this transformation follows a
metal insertion into the C(sp*)-H bond followed by C—F reduc-
tive elimination [11,22,38].

In 2006, Sanford and co-workers published a seminal and
pioneering report into palladium(II)/(IV)-catalysed C—H fluori-
nation of 8-methylquinolines using N-fluoro-2,4,6-
trimethylpyridinium tetrafluoroborate as an electrophilic “F*”
source under microwave conditions (Figure 5) [39]. Benzylic
fluorination was achieved in good yields on three examples,
each bearing different functional groups at the 5-position.

The Shi group reported the use of Pd(II) and Selectfluor to

enable the enantioselective fB-fluorination of a-amino acids
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BF4 Pd(OAc), (10 mol %)
benzene | N
microwave (200 W) ~N7
100-110 °C
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57% 49% 53%

Figure 5: Palladium-catalysed benzylic C—H fluorination with N-fluoro-
2,4,6-trimethylpyridinium tetrafluoroborate.

(Figure 6) [40]. The presence of 2-(pyridin-2-yl)isopropyl-
amine (PIP) as directing group was essential for the formation
of a four-coordinate palladacycle intermediate, defining the
stereochemical outcome. Subsequent oxidation to the Pd(IV)-F

species, which triggered reductive elimination, afforded the

Pd(OAC), (6 mol %)
Selectfluor (1.05 equiv) E o)

.DG .DG
Ar H DCM/iPrCN 30:1  Ar H
NPhth 80°C,24h NPhth
% NPhth ) NPhth
60% 53%
F O 1
; .DG A
Ar H Ar H I
NPhth NPhth N~
> Pd! +iPrCN
0 + o)
PhthN,, PhthN,,
- N X " N X
Pd—n Pd—N
AE = Ar ! 7
BF4~
=iPrCN

L
1\
\ o +/\
PhthN,, Selectfluor
N | N
|
ﬁPdV—N —
Ar F/ II_
BF4~

Figure 6: Palladium-catalysed, PIP-directed benzylic C(sp2)—H fluori-
nation of a-amino acids and proposed mechanism.

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

fluorinated product. The non-innocent behaviour of the isobu-
tyrylnitrile co-solvent aided in stabilising the palladacycle
through occupying the vacant coordination site. By installing a
cleavable directing group, the authors were able to extend the
scope reported by Sanford and co-workers outside of 8-amino-
quinoline substrates. Multiple electron-donating and with-
drawing groups on the ring were tolerated, including the pina-
colborane group; however, the methodology was only shown on

secondary benzylic positions.

The stereoselective benzylic monofluorination of a-amino acids
was also reported by Yu and co-workers, employing a similar
directing group strategy (Figure 7) [41]. The use of the
monodentate directing group 2,3,5,6-tetrafluoro-4-(trifluoro-
methyl)aniline in conjunction with external ligand 5 facilitated

the formation of a series of fluorinated a-amino acids.

Pd(TFA), (10 mol %)
Selectfluor (1.5 equiv)
Ligand (10 mol %)

H O Ag,CO3 (2.0 equiv) F
.DG .DG
Ar H 1,4-dioxane Ar ”
NPhth 115°C,15h NPhth
5 ligand 79%
F O E O
: DG
N/DG N
H H

NPhth
68%

NPhth
76%

FsC

Figure 7: Palladium-catalysed monodentate-directed benzylic
C(sp?)-H fluorination of a-amino acids.

Xu and co-workers also disclosed a palladium-catalysed
protocol for the fluorination of simple benzylic substrates bear-
ing a bidentate directing group (Figure 8) [42]. Yields varied
from 61-75% across a series of nine benzylic substrates with
various substitution patterns on the aromatic ring.

In 2018, Yu and co-workers reported a palladium-catalysed en-
antioselective fluorination of benzylic C(sp3)-H bonds with the
use of a transient chiral directing group 6 [43]. This approach
was effective for the stereoselective fluorination of benzylic po-
sitions ortho to aldehyde substituents (Figure 9). The choice of
a bulky amino, transient, directing group dictated the stereo-
chemical outcome and promoted the C—F reductive elimination
through an inner-sphere pathway. A competitive C—O bond for-

mation to afford the acyloxylation product was observed, and
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Figure 8: Palladium-catalysed bidentate-directed benzylic C(sp®)-H
fluorination.
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Figure 9: Palladium-catalysed benzylic fluorination using a transient
directing group approach. Ratio refers to fluorination (red) vs oxygena-
tion (blue) product.

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

favoured when using directing groups with less steric bulk. This
product had the opposite stereochemistry to the fluorination
product suggesting it occurred via a competitive SN2 pathway.
This is supported by the selectivity for C—O bond formation for
substrates bearing primary benzylic positions, attributed to the
faster rate of SN2 at the less hindered carbon. The scope was
limited to substrates bearing secondary benzylic sites, with
various functional groups tolerated. However, substrates bear-
ing electron-donating substituents on the arene were unsuccess-
ful. Without substituents on the ring, aryl C—H activation and
subsequent C—-O bond formation occurred along with benzylic
fluorination (7) (low efficiency). The presence of a p-methoxy
group resulted in a switch in selectivity to acyloxylation 8’ as
the major product. The authors displayed the stability of the

secondary benzyl fluoride 9 to various SyAr conditions.

While these methods demonstrate excellent application of palla-
dium catalysts to perform benzylic fluorinations, the need to
install a directing group can limit substrate scope. Therefore,
methods that can achieve the same transformation in the

absence of a directing group are particularly attractive.

Radical benzylic C(sp®)—H fluorination

Radical fluorination techniques are an attractive approach for
benzylic C—H fluorinations that are shown to proceed without a
directing group. Carbon-centred radical generation at the
benzylic position is known to occur via multiple pathways [44-
47]. These radicals can then undergo fluorination via fluorine-
atom-transfer (FAT) with various reagents capable of SET path-
ways, such as Selectfluor and NFSI (Figure 10) [48]. By
avoiding the need for strong bases and directing group strate-
gies, this approach opens the door to fluorinating a wider range

of benzylic substrates.

H radical
generation .

F
FAT @

common FAT reagents

El 0 N ©
Ph/s\\ /,S\Ph [Ng ZBF4

[0X6) Fl

NFSI Selectfluor

Figure 10: Outline for benzylic C(sp2)—H fluorination via radical inter-
mediates.

Metal catalysed
In 2013, Lectka and co-workers reported an iron(II)-catalysed

benzylic fluorination with Selectfluor (Figure 11) [49]. The
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authors were able to use an inexpensive iron source to promote
the fluorination of a range of primary and secondary benzylic
substrates that were not too electron-rich nor too electron-poor.
Interestingly, selectivity for the benzylic position was observed
over o-halogenation in substrates bearing carbonyl groups (41%
yield for 10). The conditions were selective for primary
benzylic fluorination (11) and secondary benzylic fluorination
(12) in the presence of tertiary benzylic sites. Although no
mechanism has been proposed, the authors concluded it likely

proceeded via a radical pathway [23].

H Fe(acac), (10 mol %) F
Selectfluor (2.2 equiv)
rt, 24 h

10 41% F 11 66%

1259%  COMe

Figure 11: Iron(ll)-catalysed radical benzylic C(sp®)-H fluorination
using Selectfluor.

In 2017, Baxter and co-workers introduced a silver-catalysed
benzylic fluorination method that employed unprotected amino
acids as radical precursors, Figure 12 [50]. Oxidation of glycine
by Ag(Il) promotes decarboxylation and results in the a-amino
radical, which performs a HAT on the benzylic substrate to
furnish the benzylic radical. This subsequently undergoes FAT
with Selectfluor to produce the desired benzyl fluoride. Increas-
ing amino acid and Selectfluor loadings achieved difluorination
of the benzylic substrates. This procedure was demonstrated
predominately on primary benzylic substrates, but could be
used to effect the fluorination of several secondary and tertiary

substrates too.

In 2012, Lectka reported a fluorination of mostly aliphatic C—H
bonds that used a molecularly defined copper catalyst with a bis
imine ligand, along with co-catalytic N-hydroxyphthalimide and
a phase-transfer catalyst [51]. Although only a few benzylic
substrates were shown, this report provided important prece-
dent for the ability of copper fluoride species to deliver fluorine
Stahl and
co-workers reported in 2020 an efficient synthesis of secondary

to carbon radicals. Following on from this,

and tertiary benzyl fluorides via a copper-catalysed radical relay

mechanism. Excess NFSI functioned as both a fluorine source

Beilstein J. Org. Chem. 2024, 20, 1527-1547.
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Figure 12: Silver and amino acid-mediated benzylic fluorination.

and HAT reagent precursor (Figure 13) [20]. Fluorine abstrac-
tion from NFSI by copper(I) generates an N-centred radical that
is selective for benzylic C(sp3)—H bonds [52,53], affording the
benzylic radical via HAT. Subsequent FAT with the in situ-
generated Cu(IIF or NFSI affords the benzyl fluoride. Sub-
strates bearing secondary and tertiary benzylic sites were suc-
cessful in the reaction. However, primary benzylic substrates
were not tolerated, instead affording the N(SO,Ph), adduct
(e.g., product 13) in moderate yields. The authors noted that
several secondary and tertiary benzyl fluorides were unstable to
silica during isolation or storage in glass vessels, and therefore,
demonstrated several downstream diversifications of the benzyl
fluorides.

Sevov, Zhang and co-workers reported in 2023 a stable
copper(I1l) fluoride complex that was capable of C(sp*)-H acti-
vation and fluorination, including on one tertiary and five sec-
ondary benzylic substrates (Figure 14) [54]. This work utilised
electrochemical oxidation with a nucleophilic source of fluo-
ride, CsF, to regenerate the trisligated copper(IlI) fluoride com-
plex.

In 2016, Silas reported an intramolecular fluorine-atom-transfer
(FAT) from an N-fluorinated amide to a pendant carbon-based
radical formed from an iron catalyst (Figure 15) [55,56]. This
concept of fluorine transfer through a 6-membered transition
state was shown to work efficiently from primary, as well as
secondary, benzylic radicals that have an ortho-substituted tert-

butylamide moiety.
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Figure 13: Copper-catalysed radical benzylic C(sp3)—H fluorination
using NFSI.
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Figure 14: Copper-catalysed C(sp®)—H fluorination of benzylic sub-
strates with electrochemical catalyst regeneration. Yields are NMR
yields quoted vs copper catalyst.

Beilstein J. Org. Chem. 2024, 20, 1527-1547.
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Figure 15: Iron-catalysed intramolecular fluorine-atom-transfer from
N-F amides.

Finally, while not focussing on benzylic substrates, a vanadium-
mediated fluorination of aliphatic C—H bonds was reported by
Chen and co-workers, which also included five benzylic sub-
strates (Figure 16) [57].

V503 (10 mol %)

H Selectfluor (1.5 equw)
MeCN
23°C
-~ ©)\/\

24% F 35%

N

O
43%

Figure 16: Vanadium-catalysed benzylic fluorination with Selectfluor.

Metal free

Numerous reports have detailed metal-free radical C(sp>)-H
fluorinations suitable for benzylic substrates. These typically
involve the generation of a HAT reagent that is selective for
benzylic C—H bonds and facilitates the generation of a benzylic
radical. Subsequent FAT, from a fluorinating reagent, yields the
desired benzyl fluorides. In 2013, Inoue and co-workers demon-
strated the use of catalytic N,N-dihydroxypyromellitimide
(NDHPI) as a precursor for N-oxyl radicals that serve as the
HAT reagent. Selectfluor was employed as the FAT reagent,
generating an N-centred radical on the spent Selectfluor that can
regenerate the N-oxyl radicals from NDHPI (Figure 17) [58].
The secondary and tertiary substrates selected were shown to

undergo this transformation in moderate to good yields.
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Figure 17: NDHPI-catalysed radical benzylic C(sp®)-H fluorination
with Selectfluor.

The Yi group published a complementary method using stoi-
chiometric potassium persulfate as the HAT reagent precursor
(Figure 18) [59]. The authors proposed that under heating
K5S,0g decomposed to SO4°~ which could then abstract the
benzylic hydrogen to generate the benzylic radical. Fluorine-
atom-transfer with Selectfluor then afforded the benzyl fluoride.
Other fluorinating reagents such as NFSI or DAST did not
perform as well. By varying the loadings of K,S,0g and Select-
fluor, selectivity for the mono- (conditions A) or difluorination
(conditions B) products could be achieved.

Building on their previous iron-catalysed work, Figure 11,

Lectka and co-workers reported in 2014 the use of triethylbo-
rane as a radical chain initiator for C(sp®)—H fluorination. They
demonstrated this reaction primarily on alkyl substrates, but 5
secondary benzylic substrates were also shown to undergo the
reaction effectively (Figure 19) [60]. The authors proposed the
transformation occurred via established triethylborane autoxida-
tion initiation and propagation methods, noting the importance
of high purity reagents and the presence of Oj.

Radical fluorination of hetereobenzylic C(sp?)—H bonds was
demonstrated by Van Humbeck and co-workers in 2018, who
enabled the fluorination of aza-heterocycles at the benzylic po-

sition using Selectfluor (Figure 20) [61]. The authors proposed

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

[A] K2S20g (1.5 equiv)
Selectfluor (1.5 equiv)

H  [B] K;S,04 (3.0 equiv)

F
Selectfluor (3.0 equw)
MeCN/HZO 1:1 (vIv)
Selectﬂuor

HSO4

conditions [A] conditions [B]

72% 67% 79%
Figure 18: Potassium persulfate-mediated radical benzylic C(sp?)-H
fluorination with Selectfluor.

H . F
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BEt3 (20 mol %)

MeCN
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F F (0] F (0]
30% 41% 36%

Figure 19: Benzylic fluorination using triethylborane as a radical chain
initiator.

the formation of a charge-transfer complex between the hetero-
cycle and Selectfluor, capable of promoting an ET/PT or PCET
pathway to furnish the carbon-centred radical at the heteroben-
zylic position. Fluorine-atom-transfer with Selectfluor then
afforded the desired product. Secondary and tertiary substrates
worked well under the reaction conditions, whereas primary po-
sitions afforded low yields (14). No additive was required to
achieve the desired selectivity, but in some cases the addition of
small amounts of iron salt [FeCly][FeCly(dmf)3] improved
yields.

In 2022, Pieber and co-workers reported a benzylic fluorination
of phenylacetic acids via a charge-transfer complex (Figure 21)
[62]. The authors proposed that the combination of Selectfluor
and DMAP spontaneously produced the Selectfluor radical
dication (TEDAZ2**), which served as a radical chain carrier
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Figure 20: Heterobenzylic C(sp®)-H radical fluorination with Select-
fluor.

capable of facilitating HAT to produce a benzylic radical. Fluo-
rine-atom-transfer (FAT) with Selectfluor then gave the benzyl
fluoride. The low acidity of phenylacetic acids in polar aprotic
solvents disfavoured decarboxylation (via an SET pathway)
promoting HAT from the benzylic position. By using a mixture
of 1:1 MeCN/H,O and heating, the decarboxylation pathway
could be enabled to afford primary benzyl fluorides.

In the same year, Barham and co-workers also showed that the
radical dication TEDAZ** was capable of HAT on unactivated
C(sp3)—H, enabling fluorination at these positions [63]. This
work utilised para-fluorobenzoates as both photocatalysts or
photo-auxiliaries and was demonstrated on a number of

benzylic examples.

Photochemical
Photochemical methods have proven to be powerful tools in the
generation of reactive intermediates, including benzylic radi-

Beilstein J. Org. Chem. 2024, 20, 1527-1547.
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Figure 21: Benzylic fluorination of phenylacetic acids via a charge-
transfer complex. NMR yields in parentheses.

cals [64-67]. Oxidative photochemical functionalisation of
benzylic C—H bonds to benzylic radicals can be envisaged to
occur through three different pathways (Figure 22). Upon exci-
tation by light, photoredox reagents can induce a number of
changes in benzylic substrate I, either directly or via mediated
processes. Hydrogen-atom-transfer (HAT) results in the
concerted transfer of an electron and a proton from the benzylic
substrate resulting in the benzylic radical II — pathway [A] [67].
This radical can also be accessed via sequential oxidative
single-electron-transfer (SET) and proton-transfer (PT) steps
(pathway [B]), or concerted proton-coupled electron transfer
(PCET) (pathway [C]). Benzylic radicals can then react with
FAT reagents to give the desired benzyl fluoride products
[66,68].

Several photochemical benzylic fluorination methodologies
proposed to proceed via radical pathways have been reported.
Chen and co-workers published a pioneering report in 2013 that
used photocatalyst 9-fluorenone under visible-light irradiation
to generate a photoexcited aryl ketone, capable of HAT to

photoredox
H reagent [A] HAT
O [B] SET and PT
) [C] PCET

o

W FAT reagent

| light

Figure 22: Oxidative radical photochemical benzylic C(sp®)-H strategies.

1535



promote benzylic fluorination with Selectfluor (Figure 23) [69].
The reaction tolerated an exceptional range of functional groups
and enabled the fluorination of primary, secondary and tertiary
benzylic substrates. The methodology was amenable to scale
up, demonstrating the gram-scale synthesis of product 15 in
85% yield.

0O

o -
Q 5 mol %
Selectfluor (2 equiv)

MeCN

0 CFL lamp, 6 h A
Q O Selectfluor
HAT FAT

H ZBF_4
F F O F
N oM /j;\
e
I
NPhth Ph
By 7 Ac

82% 52% 83% 15 85%

dr 1:1 21149

Figure 23: 9-Fluorenone-catalysed photochemical radical benzylic
fluorination with Selectfluor.

The authors recognised the difficulty in sequential fluorination
and noted that the use of a more electron-rich photocatalyst
would be required to promote hydrogen abstraction. By
changing the photocatalyst to xanthone and replacing Select-
fluor with 3 equivalents of Selectfluor II, the authors afforded
gem-difluoride products of primary and secondary benzylic sub-
strates in high yields (Figure 24).

In 2014, Lectka and co-workers showed that 1,2,4,5-tetra-
cyanobenzene could be used under ultraviolet light irradiation
as a photocatalyst in the fluorination of benzylic C(sp3)-H
bonds (Figure 25) [70]. Selectfluor was used as the FAT reagent
to furnish a selection of primary, secondary and tertiary benzyl
fluorides with different functional groups on the aromatic ring
and adjacent to the benzylic position. Mechanistic investiga-
tions suggested an initial electron transfer to generate a radical

cation en route to the intermediate benzylic radical, rather than a

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

0}
H F E
5 mol %
Selectfluor Il (3 equiv) @
MeCN
CFL lamp, 24 h
F
f F F F
Cl | N F Ph
t-Bu 7
64% 72% 51%

Figure 24: Xanthone-photocatalysed radical benzylic fluorination with
Selectfluor Il

HAT process, however, the authors did not distinguish between
a stepwise SET and subsequent PT or concerted PCET mecha-
nism. The yields observed using this approach were broadly

similar to the same group’s iron-catalysed method (Figure 11).

NC i :CN
NC CN
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11 41% 34%

Figure 25: 1,2,4,5-Tetracyanobenzene-photocatalysed radical
benzylic fluorination with Selectfluor.

In the same year, Cantillo, de Frutos, Kappe and co-workers re-
ported a similar approach, using xanthone as their photocatalyst

in a continuous flow system (Figure 26) [71]. The authors were
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able to demonstrate rapid benzylic fluorination of 13 substrates,

requiring residence times below 30 min.
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Figure 26: Xanthone-catalysed benzylic fluorination in continuous flow.

The use of photoexcited aryl ketones was further expanded in
2016 by Lectka and co-workers who reported the use of
5-dibenzosuberenone as a photosensitive arylketone catalyst in
the fluorination of phenylalanine residues in peptides
(Figure 27) [72]. This work demonstrated high yields and selec-
tivity for peptides bearing phenylalanine residues, including tri-

peptides, such as 16.

o)
(5 mol %) F
OPG2 Selectfluor (2.0 equiv) OPG2
Ar MeCN (0.08 M) Ar
NPG' CFL light NPG'
16 h
£ o o) VIS,
. Me N okt
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80% 16 63%
dr1.2:1 dr1.3:1

Figure 27: Photochemical phenylalanine fluorination in peptides.

In 2015, Britton and co-workers reported a photochemical
HAT-guided approach using NFSI as their fluorine source [73].

The authors demonstrated the use of a decatungstate photocata-

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

lyst as a species capable of hydrogen-atom abstraction and use
it to access a range of secondary and tertiary benzyl fluorides in
moderate to excellent yields. AIBN was also demonstrated as a
suitable radical initiator for this transformation, albeit in
reduced yields. Interestingly, for substrates bearing both prima-
ry and secondary benzylic C(sp?)—H bonds, AIBN exhibited
selectivity for the primary position and the opposite was seen
for the decatungstate catalyst (Figure 28). The authors attri-
buted this to the increased solubility and concentration of NFSI
in the AIBN conditions, which were performed at elevated tem-
peratures, promoting facile trapping of a primary radical. In
contrast, the decatungstate conditions, which operated at room
temperature where NFSI is not completely dissolved and is
therefore not as concentrated in solution, allows for equilibra-
tion between benzylic radicals towards the more stable second-
ary radical. This switch in selectivity provides an interesting
tool for selective fluorination in substrates with multiple
benzylic sites.

NFSI (3 equiv),
TBADT (2 mol %)
NaHCO; (1 equiv), F
MeCN, A = 365 nm

H [conditions A] H
34%
H
H [conditions B] F
NFSI (3 equiv),
39%

AIBN (5 mol %)
LioCOg3 (1 equiv),
MeCN, 75 °C

Figure 28: Decatungstate-photocatalyzed versus AIBN-initiated selec-
tive benzylic fluorination.

In 2017, Wu and co-workers disclosed the use of catalytic
amounts of the organic dye Acr*-Mes under visible-light irradi-
ation in combination with stoichiometric amounts of Select-
fluor to achieve benzylic fluorination (Figure 29) [74]. It was
proposed that a SET between Selectfluor and the photoexcited
catalyst liberated fluoride and a potent HAT reagent capable of
generating the benzylic radical, which then performs FAT with
Selectfluor to generate the desired benzyl fluoride. Alternative-
ly, the benzylic radical could further be oxidized to the cation,
and in the process, regenerating the ground-state catalyst. The
benzylic cation would then be trapped by the previously liber-
ated fluoride. This reactivity was demonstrated on one primary,
one tertiary and eight secondary substrates. When diphenyl-
methane substrates were subjected to the reaction conditions

benzylic ketone products were observed.
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Figure 29: Benzylic fluorination using organic dye Acr*-Mes and
Selectfluor.

As highlighted by the examples in this section, radical-based
approaches enable the fluorination of a diverse range of
benzylic substrates, which rely on the use of FAT reagents, such

as Selectfluor, NFSI or copper fluoride complexes.

Nucleophilic benzylic C(sp2)—H fluorination

Nucleophilic fluorine sources can be more economical from
financial and waste perspectives when compared to reagents
such as Selectfluor and NFSI [75-77]. This type of fluorine
source is also preferred for positron emission tomography
(PET) imaging with ['8F]fluoride [78]. Despite the challenges
associated with nucleophilic fluoride, including solubility issues
of metal fluoride salts, safety issues with hydrogen fluoride,
poor nucleophilicity [79], and side reactivity as a base [75,79], a
few elegant examples of nucleophilic benzylic C(sp>)-H fluori-

nation have been reported.

Metal catalysis
Fluoride sources have been used in combination with transition-
metal complexes to generate metal—fluorine bonds capable of

FAT to benzylic substrates. In a follow-up to their work using
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electrophilic fluorine sources for palladium-catalysed benzylic
C-H fluorination (Figure 5), the Sanford group demonstrated in
2012 the same transformation could be achieved with nucleo-
philic fluoride sources too (Figure 30) [77]. This process
involved an initial quinoline-directed C—H activation by Pd(Il),
followed by oxidation to generate a Pd(IV)—fluoride complex
capable of C-F reductive elimination to generate the primary
benzyl fluoride. Under this protocol, eleven 8-methylquinoline

derivatives could be fluorinated in yields of up to 70%.

Pd(OAc), (10 mol %)
PhI(OPiv), (2.0 equiv)
AgF (5.0 equiv) | =

7

/
Y

A
=

\
\

MgSOQy, (2.0 equiv)
H DCM, 60 °C, 16-28 h F

| XX | XX
R Y
L-Pd L-Pd
L/ | |
L L
Pd(IV) Pd(ll)
‘\/(
PhI(OPiv),
AgF
CN OMe
X
B |
N
F
70% 2% 39%
solvent = PhF

Figure 30: Palladium-catalysed benzylic C(sp?)—H fluorination with
nucleophilic fluoride.

In 2013, Groves and co-workers reported the use of manganese
salen and manganese porphyrin catalysts in the preparation of a
range of secondary benzyl fluorides via C-H fluorination
(Figure 31) [80]. Substrates bearing electron-withdrawing sub-
stituents on the aryl group benefitted from fewer HF equiva-
lents and the addition of silver fluoride. A follow-up report

showed that only minor alterations to the conditions were

1538



[Mn cat.] (20 mol %), PhIO (6.0-9.0 equiv)
H [A] EtzN-3HF (1.5 HF equiv)
[B] EtzN-3HF (0.5 HF equiv), AgF (3.0 equiv)

MeCN
50 °C

AcO

53% OBz
dr2.2:1

vitamin E analogue 70%

conditions [B]
B = CI (52%)
N Br (44%)
| (53%)
0~ “CF3 F
55% F

PH COOMe

58% 52%

Beilstein J. Org. Chem. 2024, 20, 1527-1547.

—N N—
I ol
tB ol o tB
t-Bu t-Bu
[Mn cat.]
F
Ar N N
~ v PhIO
o~ L ™o
~ F
. I PhI
Ar v
) FAT
N
N TheN N\,ﬁv/N
n v I n
~ | ~ ~ | ~
o7 Lo o1 ™o
A
HAT AT
H
m EN
F- N\ (')rI:\-lyN # \._AF
/| ~
o1 ™o

Figure 31: Manganese-catalysed benzylic C(sp®)—H fluorination with AgF and EtsN-3HF and proposed mechanism. '°F NMR yields in parentheses.

needed to make the process amenable to the use of ['8F|KF,
facilitating radiofluorination [81]. Both reports used hyperva-
lent iodine as a super-stoichiometric oxidant. The catalyst
system has precedent for also facilitating oxygenation reactions
[82], which was observed as a competing pathway under these

conditions.

The catalytic cycle proposed by the authors begins at resting
state I (Figure 31), which is generated in situ and is subse-
quently oxidised to Mn(V)-oxo species II by hypervalent iodine
oxidant PhlIO. This can perform a HAT from the benzylic sub-
strate, in turn generating a benzylic radical and Mn(IV)-
hydroxy species III. Ligand exchange with the fluoride source
affords complex IV, which performs FAT with the benzylic
radical furnishing the desired product and regenerating I.

Photochemical methods

Photochemical methods that make use of fluoride to quench
benzylic carbocations in order to form a new C-F bond have
proved effective for functionalising a broad range of benzylic
substrates. Two concurrent publications by the Doyle and
Musacchio groups in 2021 and 2022 demonstrated the effective
use of photochemical oxidative radical-polar crossover mecha-

nisms to achieve this.

The Doyle group reported the use of an iridium-catalysed
system in this context with EtzN-3HF as the fluoride source
(Figure 32) [83]. Photoexcitation of the Ir(III) catalyst I with
blue light resulted in the photoexcited Ir(III)* catalyst, which
was capable of performing a single-electron reduction on
N-acyloxyphthalimide, promoting decarboxylation, releasing
CO,, a methyl radical, anionic phthalimide and an Ir(IV)
species. The resultant methyl radical displayed high affinity for
benzylic HAT, in turn affording a benzylic radical and methane.
The Ir(IV) species then oxidised the benzylic radical to the
benzylic cation regenerating the ground-state iridium species,
completing the catalytic cycle. Attack of the benzylic cation by
fluoride, from Et3N-3HF, provided the benzylic fluoride prod-
uct. Although a majority of examples were performed with an
excess of benzylic substrate (up to 6 equivalents with respect to
methyl radical precursor), a broad scope with excellent func-
tional group tolerance was demonstrated. Difluorination was
possible under these conditions, but required first generating the
monobenzyl fluoride in situ from the corresponding benzyl
chloride before undergoing the photochemical transformation to
give the difluorination product. The authors showed that this
HAT-radical-polar crossover approach could be applied to other
nucleophiles, including water to give benzylic alcohols, or

methanol to give methoxy products.
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Figure 32: Iridium-catalysed photocatalytic benzylic C(sp3)—H fluorination with nucleophilic fluoride and N-acyloxyphthalamide HAT reagent.

Musacchio and co-workers reported a similar approach for
benzylic fluorination (Figure 33) [84], which followed a similar
mechanistic blueprint to that reported by the Doyle group.
Using tert-butoxide radicals, generated from reduction of fert-
butyl benzoperoxoate (TBPB), selective benzylic HAT afforded
the benzylic radical. Subsequent oxidation by Ir(IV) generated
the benzylic cation that could be trapped by fluoride to afford
the benzyl fluorides. An impressive scope with broad func-
tional group tolerance, including bioactive molecules, was
detailed in their work. Similar to the Doyle report, excess C—H
substrate (up to 3 equivalents with respect to HAT reagent) was
required in many cases, with the exception of tertiary benzylic
substrates, which required only 1 equivalent of substrate and
2 equivalents of HAT reagent. Difluorination could be achieved
using excess fluoride and HAT reagent. Other nucleophiles
were amenable to the reaction conditions, allowing various
benzylic functionalisation reactions, including acetoxylation
and chlorination.

In 2023, Hamashima and co-workers disclosed an analogous,

non-photochemical, silver-catalysed HAT radical-polar

[Ir cat] (2 mol %)

H TBPB (12 equiv) F
Et;N-3HF (0.33-1 equiv)
PhH (0.5 M)

1-3 equiv 34 W blue LED, 24 h

[A] 1 equiv substrate

/@%@5@@

75% 90%
[Ir cat]
[B] 3 equiv substrate
N
62% 80% }CO?Et
87% from non-
fluorinated substrate 78%

Figure 33: Iridium-catalysed photocatalytic benzylic C(sp3)—H fluori-
nation with TBPB HAT reagent.
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crossover mechanism for nucleophilic benzylic fluorination
(Figure 34) [85]. The authors proposed a similar mechanistic
pathway to the photochemical methods, citing the use of amide
ligands as important for modulating the silver catalyst stability
and oxidation potentials.

Selectfluor (3.0 equiv
CsF (1.0 equiv)

)
F
AgOCOPh (15 mol %)
amide (15 mol %)
acetone/H,0 9:1

i, 21 h
amide F
0 Ph. O
Lo TS #Bu
Ph” “NH, o N B
95%
F o) 0] E
i L
MeO 0
(60%) 48%

Figure 34: Silver-catalysed, amide-promoted benzylic fluorination via a
radical-polar crossover pathway.

Electrochemical methods

Synthetic electrochemistry is a powerful tool offering excellent
control over reaction kinetics and selectivity [86]. Electrochem-
ical oxidation has been demonstrated as an efficient means for
generating benzylic cations, allowing for the introduction of a
host of functional groups [68]. This approach can also be
applied for nucleophilic fluorination of benzylic substrates. This
occurs via sequential electron-transfer and proton-transfer steps,
as outlined in Figure 35 [87].

Single-electron oxidation of benzylic substrate I at the anode
generates radical cation II. The acidity of benzylic protons is
augmented after oxidation of the adjacent m-system, facilitating
rapid proton transfer at this position, resulting in benzylic
radical III [13,88]. Single-electron oxidation of the resulting
benzylic radical is facile and expected to occur readily under the
cell potentials required to initiate the first single-electron
transfer, resulting in benzylic cation IV [89,90]. This species
can then be captured by fluoride to give benzylic fluoride prod-
uct V.

HF-amine ionic liquids are a popular choice of fluoride source
in organic electrochemistry as their function is three-fold; as a
fluoride source, as a supporting electrolyte and as a proton
source, allowing for the hydrogen-evolution reaction as the
counter electrode process [91]. Benzylic fluorination with these

reagents has been observed as a side-product in the electro-
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Ha

hydrogen evolution
reaction

2H*

Figure 35: General mechanism for oxidative electrochemical benzylic
C(sp®)—H fluorination.

chemical generation of hypervalent fluoroiodane reagents
[92,93].

In 2000, Fuchigami and co-workers demonstrated the effective-
ness of these reagents in the oxidative electrochemical fluori-
nation of benzylic positions adjacent to thiocyanate groups
(Figure 36) [94]. The authors proposed anodic oxidation to
generate a radical cation that can undergo facile a-proton elimi-
nation facilitated by the strongly electron-withdrawing thio-
cyanate group. Subsequent anodic oxidation affords a cationic
species that can be trapped by fluoride to afford the product.
This reaction was demonstrated on four substrates in yields of
47-71%. The authors noted a sensitivity to the fluoride source,
with Et3N-5HF determined to be superior, and reaction tempera-
ture, as demonstrated by fluctuations in the yield of product 17
depending on the reaction temperature.

In 2003, Fuchigami and co-workers also reported the use of
Et3N-5HF in combination with the ionic liquid 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate ([emim][OTf])
for the fluorination of phthalides at the benzylic position
(Figure 37) [95]. It was considered that the zwitterionic nature
of the ionic liquid served two purposes. Firstly, to enhance the
nucleophilicity of fluoride, and secondly, to improve the elec-
trophilicity of the phthalide cationic intermediate generated by
the SET/PT/SET sequence. Model substrate 18 could be fluori-
nated in excellent yield, but the yields decreased upon variation
of the substrate. A poor selectivity for primary and secondary
benzylic positions was observed when both positions were
present, as highlighted by the formation of 19 and 20 in equal

yields from the same substrate.
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Figure 37: Electrochemical benzylic C(sp®)-H fluorination with 1-ethyl-
3-methylimidazolium trifluoromethanesulfonate ([emim][OTf]) and
HF-amine reagents.

In the same year, Yoneda and co-workers reported the electro-
chemical benzylic fluorination of four phenylacetic acid esters
and 1-tetralone (Figure 38) [96]. Et4N-2HF proved to be the
best of the HF-amine reagents screened. The reaction was con-
ducted under constant potential conditions, using cyclic voltam-
metry prior to electrolysis to determine the appropriate oxida-
tion potential required for each substrate. Under these condi-
tions, yields of up to 65% were achieved. Product 21 could be
resubjected to the reaction conditions, affording difluoride 22 in
46% yield.

Metal fluorides are an economical source of nucleophilic fluo-
rine, but are sparingly soluble in organic solvents. To overcome

this, in 2012, Fuchigami and co-workers used polyethylene
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Figure 38: Electrochemical benzylic C(sp®)-H fluorination of phenyl-
acetic acid esters with HF-amine reagents.

glycol (PEG) to dissolve caesium fluorides and facilitate an
electrochemical benzylic C(sp3)-H fluorination of triphenyl-
methane (Figure 39) [97]. The authors suggested that PEG
complexed the metal ion, increasing the nucleophilicity of the
fluoride ion. Product 23 was achieved in 85% isolated yield
after a small optimisation campaign.

5 mA

et

CsF (5 equiv)

PEG (M, ca. 200) (0.3 M)
MeCN (0.02 M)
4F

O

O

23 85%

Figure 39: Electrochemical benzylic C(sp®)—H fluorination of triphenyl-
methane with PEG and CsF.

The fluorinated alcohol HFIP was used to dissolve caesium
fluoride allowing for the electrochemical benzylic fluorination
by Fuchigami, Inagi and co-workers in 2021 (Figure 40) [98].
The HFIP/CsF system functioned as both a fluoride source and
as supporting electrolyte, enabling the passage of current
through the reaction medium. Heavily stabilised 23 was
afforded in quantitative yield. The protocol could be extended
to other substrates to give 24 and 25, albeit in reduced yields.
The addition of molecular sieves and an atmosphere of argon
ensured the best yields.

Building on the work of Fuchigami, a more general electro-
chemical method for the nucleophilic fluorination of secondary
and tertiary benzylic C(sp®)-H bonds was reported by Acker-

mann and co-workers in 2022 (Figure 41) [99]. A solvent mix-
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Figure 40: Electrochemical benzylic C(sp®)-H fluorination with
caesium fluoride and fluorinated alcohol HFIP.

ture of DCE and HFIP (2:1) and 12 equivalents of Et3N-3HF
resulted in the highest yields, with the authors proposing that
HFIP aided in stabilising the electrochemically generated
benzylic radical cation intermediates. Secondary and tertiary
benzylic substrates bearing halogen, ester, protected amine and
alkyl functional groups tolerated the reaction conditions well.
The authors showed they were able to scale-up and selectively
fluorinate the ibuprofen methyl ester at the methylene group to
produce over 2 g of product 12. The utility of the benzyl fluo-
ride products as strategic intermediates for benzylation of elec-
tron-rich arenes was demonstrated by the authors (Figure 41B).
Overall, this work demonstrates the broadest range of second-
ary and tertiary benzylic substrates for electrochemical nucleo-

philic fluorination.

As highlighted by the previous examples, electrochemical oxi-
dation is a useful tool for preparing benzylic fluorides. Howev-
er, a number of reports highlight the fragility of secondary and
tertiary benzyl fluorides, as they observe elimination and hydro-
lysis in many cases [20,100], thereby raising question marks
over their suitability as synthetic targets. Monofluorinated
methyl arenes, however, are much more stable to these decom-
position pathways. The nucleophilic fluorination of primary
benzylic substrates is a highly challenging reaction, due to the
lower stability of the reactive intermediates involved in the
mechanism. This is reflected in the fact that very few papers
have been reported beyond the work on methylquinolines by
the Sanford group (Figure 30), and a few preliminary electro-
chemical examples [93,101]. Middleton and co-workers de-
scribed an alternating polarity approach for the fluorination of
simple toluene derivatives in neat pyridine-HF (Figure 42)
[102,103]. Poor conductivity necessitated the use of this wave-

form type. The benzylic fluorination was proposed to proceed
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Figure 41: Electrochemical secondary and tertiary benzylic C(sp3)-H
fluorination. GF = graphite felt. DCE = 1,2-dichloroethane.

via the classical ET/PT/ET pathway (pathway [A]). Nitro,
cyano and sulphonyl fluoride substituents on the ring afforded
ring fluorination—migration byproducts (via pathway [B]). In
total, 14 substrates were fluorinated with yields ranging from
12-58%. Difluorination was observed under prolonged reaction
times or upon increasing the applied cell potentials.

In 2024, Lennox and co-workers reported their investigation in
exploring how alternative electrolysis waveforms might assist
in the generation of reactive primary benzylic cations for
nucleophilic fluorination (Figure 43) [104]. The challenge
involved avoiding over-oxidation of the monofluorination prod-
uct and overcoming mass transportation issues. It was found
that the use of pulsed electrolysis waveforms, via the introduc-
tion of resting periods during electrolysis, was beneficial for the
reaction outcome. This was demonstrated on a series of prima-
ry benzylic biphenyls and two secondary substrates by
comparing to the pulsed technique (pDC) to the traditional
direct current (DC) technique (Figure 43B and C). Under a con-
stant potential (CP) regime no product was observed, but it was
demonstrated that the introduction of a resting period, to
generate a pulsed step—constant potential waveform (pSCP),
assisted in the formation of benzyl fluoride product. The posi-
tive effect of the pulsed waveforms was attributed to a modula-
tion of the electrical double layer, which results in improved
mass transport, and subsequently decreases over-oxidation and

decomposition to improve the reaction efficiency overall.
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Conclusion

The fluorination of benzylic C(sp?)—H bonds provides rapid
access to an important functional group used in medicinal
chemistry to control the pharmacokinetic profile of drug candi-
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dates. Historical and recent research efforts have resulted in a
collection of protocols for the benzylic C(sp3)—H fluorination
that demonstrate a broad tolerance of substrate classes. Electro-
philic fluorination protocols are effective for specific substrate
classes. Metal-catalysed processes operating via C-F reductive
elimination pathways demonstrate stereospecificity, again on
predefined substrate classes. Radical fluorination methods offer
an expansion to substrate scopes and rely on the use of more
expensive fluorine-atom-transfer reagents. Finally, oxidative
benzylic activation methods, often in tandem with enabling
technologies, such as photoredox catalysis and electrochem-
istry, open up the use of nucleophilic fluoride sources, comple-
menting the broader scopes demonstrated by radical methods.
All these approaches highlight the multiple reactivity modes of
benzylic C(sp3)-H bond functionalisation, and provide context
on the state of the art and will hopefully encourage further de-
velopment in key areas. This is particularly pertinent to the late-
stage benzylic fluorination of complex molecules, which will
require exceptionally mild conditions in order to tolerate a

broad range of functional groups.
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Abstract

Selective fluorination of the pyrrolidine ring in proline motifs has been found to induce significant conformational changes that
impact the structure and biological roles of modified peptides and proteins. Vicinal difluorination of fluoroproline, for example, in
(35.4R)-3,4-difluoroproline, serves to mitigate the inherent conformational bias of the pyrrolidine ring by inducing stereoelectronic
effects that attenuate this conformational bias. In this investigation, we present a quantumchemical analysis of the conformational
equilibrium and effects that are induced in difluorinated pyrrolidines, with a particular focus on exploring the impact of gauche and
anomeric effects on the conformer stabilities of different stereo- and regioisomers. Initially, we conducted a benchmark assessment
comparing the optimal density functional theory method with coupled cluster with single and double excitations (CCSD) calcula-
tions and crystallographic data using the 3-fluoropyrrolidinium cation and 3-fluoropyrrolidine. Subsequently, we explored the rela-
tive energy of all favored conformations of all different stereoisomers of 2,3-, 2,4-, and 3,4-difluoropyrrolidines at the B3LYP-
D3BJ/6-311++G** level. A generalized anomeric effect, arising from ny— 0*cF electron delocalization, is particularly important in
modulating the energetics of the a-fluoro isomers and imparts a strong conformational bias. In contrast, the fluorine gauche effect
assumes a secondary role, as it is overshadowed by steric and electrostatic interactions, referred to as Lewis interactions from a
natural bond orbital perspective.

Introduction
The pyrrolidine ring structure is prevalent in numerous natural — and proteins. The chemical and biological properties of substi-
alkaloids and is an important feature of the proline and tuted pyrrolidine derivatives, along with many other com-

hydroxyproline residues that pervade biochemistry in peptides  pounds, hinge on the relative stereochemistry. It is well estab-
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lished that the presence of fluorine in an organic molecule can
significantly influence the stereochemical behavior. Conse-
quently, various molecular properties, such as polarity,
viscosity, and intra- and intermolecular interactions, are
impacted by the C—F bond. These features underlie the impor-
tant role of selective fluorination in pharmaceuticals and agro-
chemicals development [1].

For instance, substituted 3-fluoropyrrolidines, particularly in the
form of 2-carboxy derivatives (fluoroprolines), have been ex-
tensively explored. These compounds represent valuable non-
natural amino acids, and depending on the regio- and stereo-
chemistry of fluorine substitution, fluoroproline substututions
can enhance the conformational stability of proline-rich pro-
teins such as collagen [2]. Therefore, pyrrolidine derivatives are
particularly susceptible to conformational control induced by a
fluorine substituent.

The 5-membered pyrrolidine ring is a cyclic alkylamine that
adopts a conformation that resembles the familiar envelope of
cyclopentane, with an NH unit occupying either a pseudoaxial
or pseudoequatorial position (Figure 1a). When a hydrogen
atom of the pyrrolidine at C-3 is replaced with fluorine, a con-
formational interconversion can occur within the cis- and trans-
isomers, as illustrated in Figure 1b. The fluorine gauche effect,
commonly observed in compounds containing the F-C-C-X
fragment (where X is an electron-withdrawing substituent, such
as nitrogen), typically favors a conformation where F and X are
gauche to each other. This preference is attributed to stabilizing
ocu—0*cp and ocy— 0*cyx hyperconjugative interactions [3].
However, it is noteworthy that 3-fluoropiperidine does not ex-
hibit such a fluorine gauche effect. In this case, the axial
conformer is similarly populated to the equatorial conformer,
despite the favorable antiperiplanar arrangement of orbitals that
would facilitate these interactions [4].

Protonation of 3-fluoropyrrolidine generates the 3-fluoropyrro-
lidinium cation, and this typically results in a highly favored
conformation in both the gas phase and solution where the fluo-
rine and nitrogen atoms are cis, mirroring the behavior ob-
served in analagous 4- and 6-membered ring systems [5]. This
conformational preference is attributed to an electrostatic
gauche effect, where an attractive NH2+-~-F5’ interaction rein-
forces the well-known hyperconjugative gauche effect. Addi-
tionally, NH---F hydrogen bonding has been proposed to play a
role in stabilizing conformers of certain 3-fluoroalkylamines

and the respective cations [6].

Intramolecular hydrogen bonds involving either the carboxy or
hydroxy group of 4R- and 4S-hydroxyproline have been identi-

fied as key factors in stabilizing the favored conformations in
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Figure 1: a) Pseudoequatorial and pseudoaxial conformations of
pyrrolidine. b) Cis- and trans-isomers of 3-fluoropyrrolidine.

the gas phase. Therein, the contribution of a gauche effect due
to electron delocalization is considered to be secondary [7].
However, stabilization via intramolecular hydrogen bonding
does not seem to significantly impact the conformational
stability of 3-fluoropiperidine. In this context, the cis-
conformer, with the axial fluorine atom facing the N-hydrogen
atom, is either equally or only slightly more stable than the
other three conformers in both the gas phase and implicit water
[4]. Hence, it appears that strong intramolecular interactions,
and not only hydrogen bonding, govern the orientation of the
fluorine atom in the F—~C-C-N fragment, favoring the cis-
isomer of 3-fluoropyrrolidine.

To investigate potential changes in the preferred orientation of
the fluorine substituent in 3-fluoropyrrolidine and the respec-
tive cation, an additional fluorine atom was introduced into the
molecule for theoretic studies (Figure 2). The subsequent evalu-
ation focused on the role of anomeric and fluorine gauche
effects to evaluate significant conformational biases in all of the

possible isomers.

Achieving conformational control upon the introduction of a
second fluorine atom in fluoropyrrolidine presents challenges.
Unlike the chair-like conformation of six-membered rings, five-
membered rings lack the geometric arrangement necessary to
most effectively accommodate anomeric and gauche effects
[8,9]. It is noteworthy that vicinal difluorination has previously
been demonstrated to minimize conformational bias in fluoro-
prolines [10], offering some insight into the potential outcomes
of this study.

In this study, initially, the conformational equilibrium of 3-fluo-

ropyrrolidine and the corresponding cation were analyzed to
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Figure 2: Flat representations of 2,3-, 3,4-, and 2,4-difluoropyrro-
lidines. The potential effects resulting from the addition of a second
1,2- or 1,3-fluorine atom (ny— 0*cF anomeric and ogy— 0*gF fluorine
gauche effects) on the conformation of different stereoisomers is
explored.

establish a benchmark for selecting an appropriate theory level
for subsequent calculations. Then, the different isomers of the
1,2- or 1,3-difluorinated pyrrolidines were each be subjected to

quantum-chemical analysis.

Results and Discussion

In order to achieve the most accurate conformational depiction
of the difluorinated pyrrolidines through density functional
theory (DFT), a benchmark study was conducted. This study
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compares the crystallographic geometry of a pyrrolidinium salt
[11] with the CCSD/DGTZVP geometry of the pyrrolidinium
cation (with an exclusively axial C-F bond) and the energy of
3-fluoropyrrolidine conformations. Various combinations of
DFT methods (B3LYP-D3BJ, ®B97XD, and PBEPBE) and
basis sets (DGTZVP and 6-311++G**) were evaluated. The
selection of these functionals was based on whether or not they
included dispersion terms that could influence the absolute
energy. These functionals are widely used and have demon-
strated strong performance in numerous evaluations and valida-
tions across the literature. Similarly, for the basis sets, a com-
parison was made between a triple-zeta valence plus polariza-
tion basis set with diffuse and tight d-functions (DGTZVP) and
a Pople-based large basis set with polarizability and diffuse

functions, often referred to as high standard.

The geometry was assessed based on atom distance, bond
length, dihedral angle, etc. The analysis revealed that the lowest
mean absolute error (MAE) [12] was observed for the B3LYP-
D3BJ/6-311++G** and wB97XD/6-311++G** levels
(Figure 3). While there were differences between the CCSD and
experimental structures, attributed to intermolecular forces and
counterion effects, these differences did not impact the selec-
tion of the best levels based on geometry criteria.

Regarding the conformational energy, 3-fluoropyrrolidine
exhibited four conformers in the gas phase, although this was
reduced to three in implicit DMSO experiments (Table 1). In
both cases, a cis-twist ring with an axial N-H bond was the
most stable conformer, allowing for an intramolecular F---H
hydrogen bond. However, 3-fluoropyrrolidine displayed exten-

sive conformational diversity (AG® among conformers

N
&
Q%

Figure 3: MAE comparing the geometry parameters (bond length, bond angle, and dihedral angle) obtained from DFT calculations at the CCSD/
DGTZVP level. The MAE for the crystal structure compared to the CCSD structure is 20.3316. “a” denotes DGTZVP and “b” denotes 6-311++G**.
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Table 1: Conformational energy (AG?, kcal-mol=1) and population (%) of 3-fluoropyrrolidine according to different theoretical levels for the gas phase
and implicit DMSO (in parentheses), along with the MAE compared to the CCSD/DGTZVP level.

N H ax Fcis N H athrans N H eq Fcis N HeqFtrans
conformer CCSD/a® B3LYP-D3B B3LYP-D3B wB97XD/a wB97XD/b PBEPBE/a PBEPBE/b  average, %
Jia JibP
NHaFes  0.00 (0.00)  0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00(0.00) 0.00 (0.00) 54 (64)
NHaxFirans  1.00 (0.46)  0.97 (0.47) 0.94 (0.47) 0.96 (0.49) 0.91(0.47) 0.97 (0.51)  0.96 (0.53) 11 (28)
NHeqgFeis 0.28 (—) 0.31 (—) 0.28 (—) 0.20 (—) 0.09 (—) 0.61 (—) 0.56 (—) 31 (—)
NHeqFirans ~ 1.60 (1.17)  1.59 (1.27) 1.45(1.09) 1.57(1.21) 1.49(1.07) 1.64(1.35) 1.46 (1.15) 4 (9)
MAE — 0.02(0.04) 0.05(0.03) 0.04(0.02) 0.10(0.04) 0.10(0.08) 0.12 (0.03) —

ag = DGTZVP. % = 6-311++G**.

<1.6 keal-mol™1) as the intramolecular interactions were not
sufficiently stabilizing to dictate a dominant conformation.
Consequently the introduction of a second fluorine atom with
an appropriate relative configuration was thought to reinforce

and establish a predominant conformation.

Theoretical levels that closely approximated the CCSD outcome
included B3LYP-D3BJ/6-311++G**, B3LYP-D3BJ/DGTZVP,
and wB97XD/DGTZVP (Table 1). Consequently, the B3LYP-
D3BJ/6-311++G** level was selected for further calculations
involving the difluorinated pyrrolidines shown in Figure 4.

From the pool of 24 potential conformational, configurational,
and constitutional isomers of the difluorinated pyrrolidines (i.e.,
1-24), two pairs were degenerate (i.e., 10/11 and 14/15),
reducing the number of distinct structures to 22. However, due
to the considerable flexibility of the five-membered ring and the
low barrier for pyramidal interconversion of the N-H moiety,
some inputs converged to the same isomer post-geometry opti-
mization. Consequently, a total of 10 different structures was
identified in the gas phase, with two additional structures ob-
served in implicit DMSO (using solvation model density,
SMD), bringing the total to 12.

Since the atomic composition of the compounds in Figure 4 was
the same, the relative energy may be compared, and a stability
landscape covering all optimized structures may be obtained

from this analysis. Among these structures, only six were found

to be significantly stable (<3 kcal-mol™') in either the gas phase
or DMSO. Remarkably, structure 19 was the most stable, fol-
lowed by structure 17, as shown in Figure 5 and Table 2. This
disparity in stability was largely attributed to the relative orien-
tation of the nitrogen electron lone pair and the adjacent C—F
bond, facilitating an anomeric interaction characterized by
nN— 0*cF electron delocalization. Isomer 2 also demonstrated
such an orientation, but the C-F bonds in this case were vicinal.
Compounds lacking a-fluorine atoms (i.e., 9, 10, 12, and 16)
possessed a notably higher energy, indicating the impact of the

anomeric effect.

To further illuminate these findings, a natural bond orbital
(NBO) analysis was conducted across the entire array of difluo-
rinated pyrrolidines to assess the relative energy in isodesmic
relationships (Table 3). Unlike in 1,2-difluoroethane [10,13],
vicinal gauche-oriented fluorine atoms in 5-membered rings,
particularly in compounds 1, 9, and 12, as well as in 6-mem-
bered rings, do not favor ocyg— 0*cF interactions. Rather, less
stabilizing occ— 0*cp interactions were anticipated. Moreover,
besides the anomeric interaction, the pseudoaxially oriented
C-F bonds in 17 and 19 facilitated efficient electron donation
from vicinal antiperiplanar C—H bonds through ocyg—0*cFp
interactions (Figure 6). The methylene group separating both
C-F bonds in 17 and 19 enabled an additional ocy— 0% inter-
action, rather than the negligible ocgp— 0*cF electron delocal-
ization that would occur if these bonds were vicinally antiperi-

planar. As discerned from the decomposition of the full elec-
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Figure 4: Exhaustive illustration of all conformational, configurational, and constitutional isomers of difluorinated pyrrolidine, illustrating the relative ori-
entation of the C—F and N-H bonds used to build the input geometry for the calculations. The pairs 10/11 and 14/15 were degenerate. Consequently,

only one structure of each pair was computed.

tronic energy into Lewis (e.g., steric effects) and non-Lewis
(electron delocalization) contributions, 17 and 19 were favored
by a delicate equilibrium between weak repulsion and substan-
tial stabilization due to hyperconjugation. Conversely, struc-

tures such as 9 and 10 experienced minimal steric effects but

were inadequately stabilized by electron delocalization,
rendering them higher in energy when compared to the other
isomers. Compounds 1 and 4, with syn-C—F bonds, exhibited
the highest AEj qyis term due to significant dipolar and steric

repulsions.
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oy

10

3

b Mx‘ﬁ

17 18 19

Figure 5: Stable difluorinated pyrrolidines derived from gas-phase calculations performed at the B3LYP-D3BJ/6-311++G** level. Conformers: 1/4, 2/3,

9/12, and 18/19. Stereoisomers: 1 /4, 9/12, and 17/19.

Table 2: Relative Gibbs free energy (kcal-mol~
mized difluorinated pyrrolidines.

isomer AGOgas
1 3.50
2 1.15
3 1.79
4 7.59
9 13.02
10 9.70
12 13.55
17 0.75
18 1.79
19 0.00

Table 3: Relative electronic energy (AEyy =

isomer

© O OB WN =

12
17
18
19

AG%wmso

3.23
1.83
2.20
3.23
3.47
2.19
12.94
10.88
12.87
0.11
1.01
0.00

1) for the geometry-opti-

N—»GCF

%ng\ 5

1 19

Figure 6: ocy— 0*cr fluorine gauche interaction, which also occurred
in 19, and anomeric interaction in isomer 19. The ny— 0*cF electron
delocalization stabilized 19 by 22.43 kcal-mol-".

Conclusion
Quantum-chemical calculations were conducted at
the BALYP-GD3BJ/6-311++G(d,p) level to assess isodesmic

AE| gwis + AEnon-Lewis) in isodesmic relationships and significant electron delocalization derived from

NBO calculations (kcal-mol=1) for the difluorinated pyrrolidines in the gas phase.

isomer AEqy
1 3.27
2 1.38
3 1.91
4 7.69
9 13.09
10 9.63
12 13.45
17 1.00
18 2.07
19 0.00

AE Lewis

31.68
28.39
27.09
30.35
16.87
9.63
20.12
23.20
21.97
22.71

aSum of antiperiplanar ocy— 0*gF interactions.

AEnon-Lewis NN—0"GF OCH—0"cF?
-28.41 23.71 3.81
-27.01 26.97 3.82
-25.18 22.90 4.61
-22.66 17.53 4.36
-3.79 0.00 8.95

0.00 0.00 5.83
-6.67 1.51 6.37
-22.21 21.97 7.89
-19.90 17.31 8.37
-22.71 22.43 8.02
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relationships for the most stable conformations of all isomers of
1,2- and 1,3- difluorinated pyrrolidines. This level of theory was
chosen for its superior performance compared to other method-
ologies, as demonstrated through comparisons of the method
with structural data on the 3-fluoropyrrolidinium cation and
3-fluoropyrrolidine. The conformational space of 2,3-, 2,4-, and
3,4-difluoropyrrolidines is notably dictated, both in the gas
phase and implicit polar solution, by the N to C—F bond
anomeric effect. Additionally, albeit less significant, electron
delocalization from the C-H bonding orbital to the C-F
antibonding orbital plays a crucial role in lowering the
energy of isomers 17 and 19 relative to 1, 2, and 3. These
insights deepen our understanding of the energetic prin-
ciples governing molecular structures and provide valuable
guidance in designing selectively fluorinated stereoisomers to
influence preferred conformations when designing functional

molecules.

Experimental
Computational details

The benchmark study was conducted for 3-fluoropyrrolidine
and 3-fluoropyrrolidinium cation to determine the optimal
theoretical level for further investigations involving 2,3-,
2,4-, and 3,4-difluoropyrrolidines, compared to the CCSD/
DGTZVP level [14,15]. The evaluated levels encompassed
the BALYP-GD3BJ [16-18], wB97XD [19], and PBEPBE [20]
functionals, along with the 6-311++G(d,p) [21] and
DGTZVP [15] basis sets. Following the identification of
B3LYP-GD3BJ/6-311++G(d,p) as the most reliable method,
it was employed to optimize the geometry and compute
frequencies (to derive Gibbs free energy) for the difluori-
nated pyrrolidines. These computations were conducted
in both the gas phase and employing an implicit DMSO
solvent using SMD [22]. Subsequently, a NBO [23] analysis
was performed for the gas-phase-optimized geometry
at the same level of theory, utilizing the DEL (NOSTAR)
keyword to discern Lewis- and non-Lewis-type contri-
butions to the total electronic energy, alongside individual
electronic delocalization interactions. The calculations
were all performed using the Gaussian 16 package of software
[24].

Supporting Information

Supporting Information File 1

Standard orientations for the difluorinated pyrrolidines in
the gas phase and DMSO.
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supplementary/1860-5397-20-140-S1.pdf]

Beilstein J. Org. Chem. 2024, 20, 1572-1579.

Funding

The authors are grateful to Coordenagdo de Aperfeicoamento de
Pessoal de Nivel Superior (CAPES, funding code 001),
Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldégico (CNPq, grant number 306830/2021-3), and
Funda¢do de Amparo a Pesquisa do Estado de Minas Gerais
(FAPEMIG) for the financial support of this research.

Author Contributions

Ana Flavia Candida Silva: formal analysis; investigation. Fran-
cisco A. Martins: formal analysis; investigation; supervision;
writing — review & editing. Matheus P. Freitas: conceptualiza-
tion; formal analysis; supervision; writing — original draft;

writing — review & editing.

ORCID® iDs

Matheus P. Freitas - https://orcid.org/0000-0002-7492-1801

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References

1. O’Hagan, D. J. Org. Chem. 2012, 77, 3689-3699.
doi:10.1021/j0300044q

2. Gakh, A. N. Monofluorinated Heterocycles. In Halogenated
Heterocycles: Synthesis, Application and Environment; Iskra, J., Ed.;
Springer: Heidelberg, Germany, 2012; pp 33-63.
doi:10.1007/7081_2011_58

3. Buissonneaud, D. Y.; van Mourik, T.; O'Hagan, D. Tetrahedron 2010,
66, 2196—2202. doi:10.1016/j.tet.2010.01.049

4. Silla, J. M.; Silva, W. G. D. P.; Cormanich, R. A.; Rittner, R.;
Tormena, C. F.; Freitas, M. P. J. Phys. Chem. A 2014, 118, 503-507.
doi:10.1021/jp410458w

5. Gooseman, N. E. J.; O'Hagan, D.; Peach, M. J. G.; Slawin, A. M. Z.;
Tozer, D. J.; Young, R. J. Angew. Chem., Int. Ed. 2007, 46,
5904-5908. doi:10.1002/anie.200700714

6. Sun, A.; Lankin, D. C.; Hardcastle, K.; Snyder, J. P. Chem. — Eur. J.
2005, 71, 1579—-1591. doi:10.1002/chem.200400835

7. Lesarri, A.; Cocinero, E. J.; Lépez, J. C.; Alonso, J. L.
J. Am. Chem. Soc. 2005, 127, 2572-2579. doi:10.1021/ja045955m

8. Freitas, M. P.; Rittner, R.; Tormena, C. F.; Abraham, R. J.
Spectrochim. Acta, Part A 2005, 61, 1771-1776.
doi:10.1016/j.saa.2004.07.007

9. Martins, F. A; Silla, J. M.; Freitas, M. P. Carbohydr. Res. 2017, 451,
29-35. doi:10.1016/j.carres.2017.09.007

10.Hofman, G.-J.; Ottoy, E.; Light, M. E.; Kieffer, B.; Kuprov, |.;

Martins, J. C.; Sinnaeve, D.; Linclau, B. Chem. Commun. 2018, 54,

5118-5121. doi:10.1039/c8cc01493k

.Gao, J.-X.; Zhang, W.-Y.; Wu, Z.-G.; Zheng, Y.-X.; Fu, D.-W.

J. Am. Chem. Soc. 2020, 142, 4756-4761. doi:10.1021/jacs.9b13291

12.Roy, K.; Das, R. N.; Ambure, P.; Aher, R. B. Chemom. Intell. Lab. Syst.
2016, 7152, 18-33. doi:10.1016/j.chemolab.2016.01.008

13.Goodman, L.; Gu, H.; Pophristic, V. J. Phys. Chem. A 2005, 109,
1223-1229. doi:10.1021/jp046290d

1

—y

1578


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-140-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-140-S1.pdf
https://orcid.org/0000-0002-7492-1801
https://doi.org/10.1021%2Fjo300044q
https://doi.org/10.1007%2F7081_2011_58
https://doi.org/10.1016%2Fj.tet.2010.01.049
https://doi.org/10.1021%2Fjp410458w
https://doi.org/10.1002%2Fanie.200700714
https://doi.org/10.1002%2Fchem.200400835
https://doi.org/10.1021%2Fja045955m
https://doi.org/10.1016%2Fj.saa.2004.07.007
https://doi.org/10.1016%2Fj.carres.2017.09.007
https://doi.org/10.1039%2Fc8cc01493k
https://doi.org/10.1021%2Fjacs.9b13291
https://doi.org/10.1016%2Fj.chemolab.2016.01.008
https://doi.org/10.1021%2Fjp046290d

14.Cizek, J. On the Use of the Cluster Expansion and the Technique of
Diagrams in Calculations of Correlation Effects in Atoms and
Molecules. In Advances in Chemical Physics; LeFebvre, R.; Moser, C.,
Eds.; John Wiley & Sons: New York, NY, USA, 1969; Vol. 14,
pp 35-89. doi:10.1002/9780470143599.ch2

15. Godbout, N.; Salahub, D. R.; Andzelm, J.; Wimmer, E. Can. J. Chem.
1992, 70, 560-571. doi:10.1139/v92-079

16.Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.
doi:10.1103/physreva.38.3098

17.Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-789.
doi:10.1103/physrevb.37.785

18.Grimme, S.; Ehrlich, S.; Goerigk, L. J. Comput. Chem. 2011, 32,
1456-1465. doi:10.1002/jcc.21759

19. Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10,
6615-6620. doi:10.1039/b810189b

20.Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110, 6158-6170.
doi:10.1063/1.478522

21.McLean, A. D.; Chandler, G. S. J. Chem. Phys. 1980, 72, 5639-5648.
doi:10.1063/1.438980

22.Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B 2009,
113, 6378-6396. doi:10.1021/jp810292n

23.NBO 7.0; Theoretical Chemistry Institute, University of
Wisconsin—Madison: Madison, WI, USA, 2018.

24.Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, 2016.

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement

(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.140

Beilstein J. Org. Chem. 2024, 20, 1572-1579.

1579


https://doi.org/10.1002%2F9780470143599.ch2
https://doi.org/10.1139%2Fv92-079
https://doi.org/10.1103%2Fphysreva.38.3098
https://doi.org/10.1103%2Fphysrevb.37.785
https://doi.org/10.1002%2Fjcc.21759
https://doi.org/10.1039%2Fb810189b
https://doi.org/10.1063%2F1.478522
https://doi.org/10.1063%2F1.438980
https://doi.org/10.1021%2Fjp810292n
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.140

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

1,2-Difluoroethylene (HFO-1132): synthesis and chemistry

Liubov V. Sokolenko’, Taras M. Sokolenko and Yurii L. Yagupolskii

Review
Address:
Institute of Organic Chemistry, National Academy of Sciences of

Ukraine, Academician Kukhar str., 5, Kyiv-94, 02660, Ukraine

Email:
Liubov V. Sokolenko” - sokolenko.liubov@gmail.com

* Corresponding author
Keywords:

1,2-difluoroethylene; fluorinated monomers; HFO-1132;
hydrofluoroolefins; radical reactions; refrigerants

Abstract

Beilstein J. Org. Chem. 2024, 20, 1955-1966.
https://doi.org/10.3762/bjoc.20.171

Received: 10 May 2024

Accepted: 26 July 2024

Published: 12 August 2024

This article is part of the thematic issue "Organofluorine chemistry VI".
Guest Editor: D. O'Hagan

© 2024 Sokolenko et al.; licensee Beilstein-Institut.
License and terms: see end of document.

This article provides a comprehensive overview of the synthesis and chemistry of 1,2-difluoroethylene (HFO-1132). The major

routes for the preparation of the E- and Z-isomer of HFO-1132 are reviewed, along with the chemistry in radical, nucleophilic, and

electrophilic reactions.

Introduction

In the 1930s, halogenated chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) were synthesized and have
been shown to have low toxicity, which has opened the door for
the application as safe refrigerants [1,2]. The development of
the commercial synthesis of CFCs and HCFCs, along with new
refrigeration systems in the 1930s—1960s, has led to the wide
application of these materials in household and commercial
refrigeration systems [1,2]. In addition, CFCs have found appli-
cations as propellants, foam-blowing agents, cleaning solvents,
etc. Although these groups of fluorinated materials are non-
flammable and have low toxicity, CFCs were found to be
destructive to the ozone layer of the stratosphere [1,2] due to
high ozone-depleting potential (ODP). This has led to the
phasing out of CFCs and the replacement with hydrofluorocar-
bons (HFCs), which show no significant impact on stratos-
pheric ozone [1-3]. However, as it was demonstrated in the
1980s, HFCs have significant global warming potential (GWP)

[1-3]. In the 2000s, a new generation of refrigerants, namely
hydrofluoroolefins (HFOs), which have a short atmospheric
lifetime and low GWP [4,5], has been introduced into commer-
cial use [1-3]. Recently, these compounds and blends thereof
have replaced HFCs in refrigerants and air-conditioning

systems [1-3].

The commercial production of HFOs has made these com-
pounds available for chemists to be used as important reagents
in laboratories. For example, the interest in CF3CH=CHCF;3
(HFO-1336mzz) [6-12], CF3CH=CHCI] (HCFO-1233zd) [13-
18], CF3CH=CHF (HFO-1234ze) [12,19-23], and CF3CF=CH,
(HFO-1234yf) [12,20,21,23-39] as fluorinated building blocks
has significantly increased in the last years.

Recently, the E-isomer of 1,2-difluoroethylene ((E)-HFO-1132)

has attracted attention as a new refrigerant due to the low
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boiling point, moderate flammability, and low toxicity [40-42].
Also, in patent literature 1,2-difluoroethylene has been claimed
to be a potential monomer for the preparation of new fluoro-
polymers [43,44].

Despite the fact that HFO-1132 has been known for a long time,
there are no publications that summarize the chemistry of the
compound. With this in mind, the main methods for the prepa-
ration of (E/Z)-1,2-difluoroethylene are discussed in this
Review article. Special attention is given to the role of 1,2-di-
fluoroethylene in multiple reaction types.

Review
Preparation of HFO-1132

In scientific literature, the number of publications on the synthe-
sis of 1,2-difluoroethylene is limited. HFO-1132 was first ob-
tained in 1955 as a byproduct in the reaction of diborane with
tetrafluoroethylene [45]. To the best of our knowledge, the first
preparative route to 1,2-difluoroethylene was described in 1957
by Haszeldine and Steele [46], using trifluoroethylene as
starting material (Scheme 1) [46,47].

Another approach to 1,2-difluoroethylene was based on 1,2-
dichloro-1,2-difluoroethane (HCFC-132) [48-52], prepared
from 1,1,2,2-tetrachloro-1,2-difluoroethane (CFC-112) by
reduction using lithium aluminum hydride [48-51] or photore-
duction (Scheme 2) [51]. The resulting HCFC-132 reacted with
zinc [47,49,52] or magnesium [50,51] to form the desired 1,2-
difluoroethylene as a mixture of E- and Z-isomers, which were
separated by fractional distillation (boiling point: —53.1 °C for
(E)-HFO-1132 and -26.0 °C for (Z2)-HFO-1132 [47]).

Beilstein J. Org. Chem. 2024, 20, 1955-1966.

In patent literature, a variety of synthetic routes to HFO-1132
starting from other available industrial halocarbons can be
found. It should be pointed out that the majority of patents in
this field belongs to Daikin Industries [53-60]. Scheme 3 shows
the synthesis of HFO-1132 based on dehydrofluorination of
1,1,2,-trifluoroethane (HFC-143) in the presence of base (e.g.,
t-BuOK) [53] or metal (Cr, Al, Fe, Ni, Mg)-based catalyst [54-
56].

F F
T T~
F - F

HFC-143 HFO-1132

t-BuOK: 93%, E/Z not stated
metal-based catalysts: up to 90%, E/Z = 1:2-1:3

Scheme 3: 1,2-Difluoroethylene synthesis from HFC-143.

2-Chloro-1,2-difluoroethane (HCFC-142) and 1-chloro-1,2-
difluoroethane (HCFC-142a) can also be used as 1,2-difluoro-
ethene precursors (Scheme 4) [57,61]. The dehydrochlorination
reaction proceeded in the presence of metal-based catalysts (Fe,
Mg, Ca, Ni, Zn, Pd, Li, Na [57] or Pd, Ru [61]).

Unsaturated compounds were also applied as starting materials
for 1,2-difluoroethylene preparation. Thus, chlorine atoms in
1,2-dichloro-1,2-difluoroethylene (CFO-1112) could be re-
moved through the action of hydrogen and metal catalyst (Pd,
Pd, Pt, Rh, Ru, Ir, Ni/Cu, Ag, Au, Zn, Cr, Co, Scheme 5)
[62,63]. Further, 1,2-Dichloroethylene was reacted with hydro-

HBr F
F UV irradiation Br| H Zn F
~ F\f/kF =
F F H EtOH,85°C,24h F
HFO-1123 HFO-1132
70%
EIZ1:4
Scheme 1: 1,2-Difluoroethylene synthesis from HFO-1123.
Zn, DMF, 8 h, reflux
cl ) or
cl7.Cl LiAlH, ClT_H Mg, THF, rt F
F\{XF F\VKF p
n-BuyO, 5 h, rt F
Cl H
CFC-112 HCFC-132 HF%J/: 32
26-28% EIZ3:7

Scheme 2: 1,2-Difluoroethylene synthesis from CFC-112 and HCFC-132.
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F
a L F %
\f/k': - - \fXF
H H
HCFC-142 HCFC-142a
/_;F
—Hcl £
HFO-1132
up to 78%

Scheme 4: 1,2-Difluoroethylene synthesis from HCFC-142 via HCFC-
142a.

gen fluoride in the presence of metal fluorides or transition
metals (Cr, Al, Co, Mn, Ni, Fe) to form 1,2-difluoroethylene
(Scheme 6) [56,58].

Cl F H,/metal catalyst F
F Cl F
CFO-1112 HFO-1132

Scheme 5: 1,2-Difluoroethylene synthesis from CFO-1112.

1) PBus
F, F 2) BF3'OM92 F

F7C3O F BU3P@
©BF,

Scheme 7: 1,2-Difluoroethylene synthesis from perfluoropropyl vinyl ether.

Table 1: Physical properties of HFO-1132.

parameter (E)-HFO-1132
boiling point, °C -53.1 [47]
density (at —153 °C), g/lcm?3 1.592 [64]
dipole moment 0[65]

ODP 0 [40]
GWP{gg? 1.9 [66]

aAverage GWP over 100 years.
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Cl MForHF F
Cl F
HFO-1132

Scheme 6: 1,2-Difluoroethylene synthesis from 1,2-dichloroethylene.

In patents [59,60], an exotic synthesis of 1,2-difluoroethylene
based on perfluoropropyl vinyl ether as starting material can be
found (Scheme 7).

Consequently, two methods to prepare 1,2-difluoroethylene in
the laboratory have been described to date. Even though at least
five approaches to HFO-1132 can be found in patent literature,
it is not clear which of these can be used for the commercial
production of HFO-1132.

Physical properties of HFO-1132
The physical properties of the E- and Z-isomers of HFO-1132
are summarized in Table 1 [47,64-66].

IR-spectral data of (E)- and (£)-HFO-1132 can be found in
references [67] and [50], respectively, while reference [68]
provides UV-spectral data of both isomers. 'H, !°F, and
I3C NMR data [69,70] are given in Table 2.

S)
® BF4
PBus NaOH F
F F
(E)-HFO-1132
up to 99%

(2)-HFO-1132
-26.0 [47]
1.556 [64]

2.81 (calculated) [65]
2.42 (experimental) [65]

1.5 [66]
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Table 2: NMR-spectral data of HFO-1132.

Beilstein J. Org. Chem. 2024, 20, 1955-1966.

compound TH NMR (300 MHz, CgDg, 3), ppm  '9F NMR (282 MHz, CgDg, 8), ppm  '3C NMR! (3), ppm [70]
[69] [69]
(E)-HFO-1132 6.68 (m) _187.73 (dd, 2/ = 49 Hz, 146.0
SJrn = 30 Hz)
(2)-HFO-1132 5.54 (m) ~163.09 (m) 1385

1CH, as standard.

Chemistry of HFO-1132

Isomerization

Iodine-catalyzed cis—trans isomerization of 1,2-difluoro-
ethylene and corresponding equilibrium measurements were de-
scribed in the 1960s [47]. Along with this, photoisomerization
is described in patent literature [71-74]. It was shown that
the experimentally observed enthalpy of isomerization
(0.928 kcal/mol [47]) is in agreement with the calculated differ-
ence in the total energy of the two isomers (0.959 kcal/mol
[65,75]). Cis-1,2-difluoroethylene was shown to have a lower
energy compared to trans-1,2-difluoroethylene, which is in
accordance with previously described 1,2-dihalogenated ethyl-
ene species [47].

The authors of reference [47] explained the higher stability of
(Z2)-HFO-1132 as follows: Within the family of 1,2-dihaloethyl-
enes, when going from diiodo- and dibromo- to dichloro- and
difluoroethylene, the radius of the halogen atom decreases
while the electronegativity increases. As a result, the influence
of halogen atom electronegativity on the double bond is more
significant in 1,2-difluoroethylene, and the relative energy of
the cis-isomer decreases, i.e., the cis-isomer of 1,2-difluoro-

ethylene is thermodynamically favored [47].

Deuteration

The stereospecific reaction of (E/Z)-1,2-difluoroethylene with a
1-2 M solution of NaOD in D,O (90-120 °C, 2 d) led to the
formation of CDF=CDF with high isotopic purity (Scheme 8)
[76,77].

H F 1-2MNaODinD,O B F
F H 90-120°C, 2d F D
HFO-1132

Scheme 8: Deuteration reaction of 1,2-difluoroethylene.

Additionally, when the reaction was performed using DMSO-dg
(or CD3CN) and CH30Na, H/D exchange occurred already at
ambient temperature (25 °C, 20 h) [78]. The formation of

CDF=CDF was confirmed by NMR spectroscopy, namely by
the change of signal multiplicity in the 'F NMR spectra of E-
and Z-isomers of 1,2-difluoroethylene and the disappearance of
vinyl protons resonances in the 'H NMR spectra [78].

Addition to the C=C bond

Halogen addition: 1,2-Difluoroethylene was reported to react
with chlorine [46,79] and bromine [51] under irradiation,
yielding 1,2-difluoro-1,2-dihaloethanes in moderate to high
yield (Scheme 9).

F light F; gF
/=Yr + X2 X X

F H H
X =Cl, 99%
HFO-1132 X =Br, 47%

Scheme 9: Halogen addition to 1,2-difluoroethylene.

Hypohalite addition: It was shown by the DesMarteau group
that different hypohalites (perfluoroalkyl-, perfluoroacyl-,
perfluoroalkylsulfonyl-, and peroxyhypochlorite) easily reacted
with 1,2-difluoroethylene to form addition products in high to
quantitative yield (Scheme 10) [80-88]. In Table 3, reaction
data are summarized to show the scope and limitations of this
process.

FF
RO —%x
H H

HFO-1132 X=Cl, Br

Scheme 10: Hypohalite addition to 1,2-difluoroethylene.

An interesting feature of this reaction is the high stereospecifici-
ty. In almost all cases, the addition proceeded syn-specific,
yielding the erythro-isomer from cis- and the threo-isomer from
trans-1,2-difluoroethylene, respectively, with one exception:
threo-isomer formation from cis-1,2-difluoroethylene (entry 1,
Table 3). Supposedly this was due to dominant steric factors,

such that the reaction occurred as anti-addition.
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Table 3: Hypohalite addition to 1,2-difluoroethylene.

Beilstein J. Org. Chem. 2024, 20, 1955-1966.

entry hypohalite configuration product yield, % Reference
1 CF3CF2C(CF3)20Br  Z (cis) threo-CF3CF2C(CF3)2OCFH-CFHBr 74 [81]
2 FSO,CF>CF>OCI Z (cis) erythro-FSO>CF2CFo,OCFH-CFHCI 100 [80]
3 CF3OF Z (cis) CF30OCFH-CF2H 100 [82]
4 CF30CI Z (cis) erythro-CF30OCFH-CFHCI 86 [82]
E (trans) threo-CF30OCFH-CFHCI 88
E/Z 85 erythro/threo-CF3OCFH-CFHCI 8:5 not stated
5 CF3C(O)OCI Z (cis) erythro-CF3C(O)OCFH-CFHCI 64 [83]
E (trans) threo-CF3C(O)OCFH-CFHCI 65
6 CF3S0O,0CI Z (cis) erythro-CF3SO,OCFH-CFHCI 88 [84,85]
ZIE 3:2 erythro/threo-CF3SO,OCFH-CFHCI = 3:2 90
7 CF3S0O,0Br Z (cis) erythro-CF3SO,OCFH-CFHBr 87 [84]
ZIE 3:2 erythro/threo-CF3SO,OCFH-CFHBr =~ 3:2 95
8 C4F9S0O20CI Z (cis) erythro-C4F9gSO>,OCFH-CFHCI 80 [86]
9 C4F9SO.0Br Z (cis) erythro-C4FgSO,OCFH-CFHBr 80 [86]
10 CF300CI Z (cis) erythro-CF300CFH-CFHCI 402 [87]
11 SFsO0CI Z (cis) erythro-SFsOOCFH-CFHCI 70 [88]

aChloroperoxytrifluoromethane is an unstable compound that decomposed to CFzOCI. Therefore, CF30CFH-CFHCI byproduct was also isolated in

11% yield in this reaction.

Addition of N-halo compounds: It was shown by Haszeldine
and Tipping that N-bromobis(trifluoromethyl)amine easily
reacted with (Z)-1,2-difluoroethylene to form the addition prod-
uct in high yield (Scheme 11) [89]. However, the stereochemis-
try of this reaction has not been reported.

F F
\:/
(2)-HFO-1132 light FaC.
+ “"NCFH-CFHBr
25 °C, 30 min, 96% FsC
FsC
IN—Br
FsC

Scheme 11: N-Bromobis(trifluoromethyl)amine addition to 1,2-difluoro-
ethylene.

A similar reaction of (Z)-1,2-difluoroethylene with N-chloro-
imidobis(sulfonyl fluoride) (Scheme 12) [90] was shown to be
stereounspecific, although the addition product was reported to

form in high yield.
F F FO,S FO,S
=/ .+ TN "NCFH-CFHCI
(2-HFO-1132  FO,S FO,S

Scheme 12: N-Chloroimidobis(sulfonyl fluoride) addition to 1,2-di-
fluoroethylene.

In the same publication [90], it was mentioned that (FSO,),NH
did not form an addition product in the reaction with (2)-1,2-di-
fluoroethylene, although the reaction of (FSO,),NH with other
olefins, including fluorinated ones, occurred similar to HF addi-
tion [90].

Miscellaneous additions: In reference [91], the addition of tri-
chlorosilane to 1,2-difluoroethylene (Scheme 13) was reported
by the Haszeldine group. The reaction under UV irradiation
produced the corresponding trichlorosilane in 85% yield, and
the silane that was obtained was pyrolyzed to form vinyl fluo-
ride.

F F
HHHHSiCb

HFO-1132 85%

Scheme 13: Trichlorosilane addition to 1,2-difluoroethylene.

It was shown that SFsBr easily reacted with the E- and
Z-isomer, respectively, of 1,2-difluoroethylene in the presence
or absence of light, yielding a mixture of erythro- and threo-
isomeric addition products in both cases (Scheme 14) [92].
However, under light irradiation, conversion and product yield

were higher, although the ratio of diastereomers produced in
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F

/:s’

F darkness

or irradiation

—_—_— >

(2)- or (E)-HFO-1132
+

SFsBr

Scheme 14: SF5Br addition to 1,2-difluoroethylene.

both cases was almost the same for the E- and Z-isomer, respec-
tively, and did not depend on irradiation.

The reaction of 1,2-difluoroethylene with PCl; and O, was de-
scribed by Boyce and co-workers [93]. Therein, a mixture of
products, with diethyl 2-chloro-1,2-difluoroethylphosphonate as
main compound, was formed (Scheme 15). This mixture was
reacted with absolute ethanol, and the esters formed were sepa-
rated by distillation and characterized. The authors did not point
out which 1,2-difluoroethylene isomer (E and/or Z) was used. It
was mentioned that the addition products were obtained as a
mixture of diastereomers (Scheme 15).

Tetramethyldiarsine was shown to react with (Z/E)-1,2-di-

fluoroethylene under UV irradiation, yielding the product as a

Beilstein J. Org. Chem. 2024, 20, 1955-1966.

F, F
F5S ; E Br
H H
threolerythro =~ 2:1

86% conversion in darkness
100% conversion under irradiation

mixture of the racemate and the meso form in high combined
yield (90%, Scheme 16) [94]. The product was used as a ligand

for the preparation of transitional metal carbonyl complexes.

The addition reaction of trichlorofluoromethane (CFC-11) to
1,2-difluoroethylene in the presence of aluminum chloride
under pressure was described [51]. In this electrophilic reaction,
two products were formed in 3:1 ratio (Scheme 17) in a very
low yield of 0.4%.

In patent literature [95], radical reaction of 1,2-difluoroethylene
with long-chain perfluoroalkyl iodides (C,F, + 11, n = 2-8) was
described (Scheme 18). Products formed were further con-
verted into polyfluorinated olefins ReRCF=CFH by HI elimina-
tion.

F PClyO, C|\('F?, C|\,i') ol
F/_ CI” “OCHF-CHFCI + CI” “CHF-CHFcCI * C|/P\CHFC|
HFO-1132 \21(1.5:1) 70 (1.7:1) 9 /
35% combined yield
EtOH
(0] (0] O
EtO-p + EtO-p + EtO-p
EtO” “OCHF-CHFCI EtO” ~CHF-CHFCI EtO” “CHFCI
Scheme 15: PCl3/O, addition to 1,2-difluoroethylene.
F Me /Me irradiation
— + ﬁs—As\ Me,AsCHFCHFAsMe,
F Me Me 120 h
90%
HFO-1132

Scheme 16: Reaction of tetramethyldiarsine with 1,2-difluoroethylene.

1960



F autoclave, AICl3
="+ FCCl
F 15-17 °C, 11 h
CFC-11
HFO-1132

Scheme 17: Reaction of trichlorofluoromethane with 1,2-difluoroethylene.
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CHF,CHFCCI3 +  CHFCICHFCFCI,

3:1
0.4% combined yield

F radical initiator

/Zr’ + Rl

F
HFO-1132

Scheme 18: Addition of perfluoroalkyl iodides to 1,2-difluoroethylene.

Cyclization reactions

Carbocyclizations: A series of articles devoted to structural in-
vestigations of 1,2-difluorocyclopropanes was published [96-
98]. For this purpose, cis- and trans-1,2-difluorocyclopropanes
were synthesized by liquid-phase photolysis at =80 °C from
1,2-difluoroethylene and diazomethane (Scheme 19). Unfortu-
nately, the product yield was not reported.

F photolysis

/:; + CH2N2 A
F -80°C F F
cis or trans

(E)- or (2)-HFO-1132

Scheme 19: Cyclopropanation of 1,2-difluoroethylene.

Diels—Alder reaction of (E)- and (Z)-1,2-difluoroethylenes with
hexachlorocyclopentadiene was studied by Ihrid and Smith
[99]. It was shown that (Z)-1,2-difluoroethylene reacted with
hexachlorocyclopentadiene at 200-220 °C within 3-4 days,

cl cl
F F
N—/ +
Cl Cl 200-220°C
(Z)-HFO-1132 o e 34
cl Cl
F
— +
Cl Cl 200-220 °C

F
(E)-HFO-1132

Cl ¢l 2-3 weeks

R.CFH-CFHI

forming 5,6-endo,endo-difluoro-1,2,3,4,7,7-hexachlorobi-
cyclo[2.2.1]-2-heptene (Scheme 20) in 66% yield. At the same
time, (E)-1,2-difluoroethylene, which formed the endo,exo-
adduct, reacted much slower, and completion of the reaction re-
quired 2-3 weeks at the same temperature. In this case, suffi-
cient E-Z isomerization of the starting olefin occurred during
the reaction, and the major product was 5,6-endo endo-difluoro-
1,2,3,4,7,7-hexachlorobicyclo[2.2.1]-2-heptene, which was
formed from (Z)-1,2-difluoroethylene (Scheme 20). Both prod-
ucts were separated by column chromatography and character-
ized.

Heterocyclizations—photochemical [2 + 2]- and [2 + 4]-cyclo-
addition reactions: The formation of oxetanes as a result of
photochemical cycloaddition of fluoroketones or fluoroalde-
hydes and 1,2-difluoroethylene was previously described by
Haszeldine et al. [49,100]. The reaction of individual E- or
Z-isomer of 1,2-difluoroethylene and fluorinated ketones
(Scheme 21) led to a mixture of stereoisomers in both cases, al-

Cl ci
cl Cl H
F
ci” Cl FH
endo,endo-difluoro adduct
66%
Cl ci Cl ci
cl Cl E cl Cl H
+
H F
cl” Cl FH cl” Cl FH
endo,exo-difluoro adduct ~ endo,endo-difluoro adduct
11% 85%

Scheme 20: Diels—Alder reaction of 1,2-difluoroethylene and hexachlorocyclopentadiene.
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/:f' +

F

R! R?

o~

(E)- or (Z)-HFO-1132

Beilstein J. Org. Chem. 2024, 20, 1955-1966.

irradiation
_— HO F + Ho H
6d R2 R2

60-75% combined yield

R'=R2=CF;
R'= CF2C|, R2 = CF3
R'= R2=CF,Cl

R = CFCl,, R2 = CF,Cl
R1 = CF3, R2 = CH3

Scheme 21: Cycloaddition reaction of 1,2-difluoroethylene and fluorinated ketones.

though for the E-isomer, about 70% of the product retained the
starting configuration. Overall, (E)-1,2-difluoroethylene had
higher reactivity than (Z)-1,2-difluoroethylene in this reaction.

The reaction of either (E)- or (Z)-1,2-difluoroethylene with
perfluoroaldehydes resulted in the formation of three isomeric
oxetanes in a 1.0:1.7:1.3 ratio in a high yield of 78-94%
(Scheme 22) [49].

All data reported for the [2 + 2]-cycloaddition reaction of fluori-
nated ketones and aldehydes [49,100] were indicative of the fact

F R.__H

T

F o}
(E)- or (2)-HFO-1132

irradiation

6d

that under photochemical conditions, this reaction is likely to be
a stepwise process involving the formation of a biradical inter-
mediate.

Either (Z)- or (E)-1,2-difluoroethylene easily reacted with hexa-
fluorodiacetyl under UV irradiation, yielding a mixture of five
products, regardless of the configuration of the starting 1,2-di-
fluoroethylene, in a ratio of 8.8:2.0:1.2:1.2:1.0 in 85% and 92%
yield for the Z- and E-olefin, respectively (Scheme 23) [48].
Interestingly, the formation of [4 + 2]-adducts in this case was

predominant over [2 + 2]-cycloadducts.

R H R
0 o o
\H \F \H \F NH \d

H TR TR
F H F H F F
1.0:1.7:1.3

78-94% combined yield

R= CF3, C2F5, n—C3F7

Scheme 22: Cycloaddition reaction of 1,2-difluoroethylene and perfluorinated aldehydes.

F

~

(E)- or (Z)-HFO-1132

+ irradiation FsC.__O 'F
FsC  CFs I H
45-48 h F
7 FsC” 0 FsC
o © ® H *

8.8:2.0:1.2:1.2:1.0
85-92% combined yield

Scheme 23: Photochemical cycloaddition of 1,2-difluoroethylene and hexafluorodiacetyl.
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Reactions involving C—F bonds

It was shown by Liu and co-workers that SiF, was able to
insert into the C—F bond of 1,2-difluoroethylene, as well
as into the emerging Si—-F bond, leading to a mixture of
fluoropolysilanes with a low combined yield (Scheme 24)
[101,102].

Our group attempted to use (E/Z)-1,2-difluoroethylene in a
Heck reaction [78]. The experiments were performed using
4-iodotoluene or methyl 4-iodobenzoate in DMF, Pd(OAc), as
a catalyst, and Et3N as a base (Scheme 25). The reactions were
carried out in a stainless steel autoclave at 120 °C for 24 h.
Careful investigation of the product structures by 'H and
I9F NMR as well as GC-MS revealed exclusive substitution of
fluorine rather than hydrogen, leading to a mixture of products
in the ratio 0.15:1:1:0.15 (Scheme 25), with a combined yield of
50% for 4-iodotoluene and 75% for methyl 4-iodobenzoate.
Under similar conditions, 4-nitroiodobenzene produced exclu-
sively the corresponding homocoupling product 4,4’ -nitro-
biphenyl.

Additional author remarks

Other attempts to utilize 1,2-difluoroethylene in reactions with
N-, O-, and C- nucleophiles carried out in our group were un-
successful [78], while S-nucleophiles, namely thiophenolates,
led to products upon fluorine atom substitution, which were iso-
lated in low yield. Corresponding disulfides were isolated as
major products, even when the reaction was carried out under

inert atmosphere, suggesting a radical process.

In summary, we compiled the methods for the preparation of

HFO-1132 as well as reactions demonstrating the chemical be-

F

/:f'

[:SiF,]

(E)- or (Z)-HFO-1132

Scheme 24: Reaction of 1,2-difluoroethylene with difluorosilylene.

F Pd(OAC)z, Et3N Ar,

F DMF, 120 °C, 24 h
HFO-1132

Scheme 25: Reaction of 1,2-difluoroethylene with aryl iodides.

—_— —
F F
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havior of this compound. From the reactions not included in this
Review article, mechanistic studies on 1,2-difluoroethylene
ozonolysis [77,103-108] and studies on the stability of transi-
tional metal complexes with 1,2-difluoroethylene as a ligand
should be mentioned [109-111].

Conclusion

In conclusion, our literature analysis demonstrated that radical
processes are most typical for 1,2-difluoroethylene, while ex-
amples of electrophilic reactions are scarce, and nucleophilic
reactions were not described at all. Nevertheless, the radical
reactions are the most powerful instrument for the preparation
of new molecules with a CHF—CHF fragment. For instance, the
radical addition of hypohalites is a suitable high-yielding ap-
proach toward polyfluorinated aliphatic ethers and esters. Pho-
tochemical [2 + 2]-cycloaddition with fluorinated aldehydes and
ketones gives access to a variety of fluorinated oxygen-contain-
ing heterocycles. We hope that this article will help chemists to
utilize HFO-1132 and that this olefin will find applications as a

useful synthon in organic chemistry.
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Access to original ortho thioether derivatives was achieved through a [3,3]-rearrangement in a one-pot two-step protocol. Several

aryl-SCF3 compounds are reported by variation of the nitrile or of the trifluoroalkyl sulfoxide starting material. The variation of the

perfluoroalkyl chain was also possible.

Introduction

Since decades, sigmatropic rearrangements have established
themselves as robust and versatile tools for many transformat-
ions in organic synthesis [1-3]. They were widely employed
with a wide range of substrates. With a peculiar type of scaf-
fold, S-perfluoroalkyl aryl sulfoxides, in 2009, we were the first
to demonstrate their ability to be engaged in such a rearrange-
ment [4,5]. Upon activation with trifluoromethanesulfonic an-
hydride and under heating, we showed their transformation to
ortho thioethers with a fairly acceptable selectivity towards the
pathway of sulfilimine synthesis (Scheme 1b). Following our
seminal study, many research groups described a strategy for
ortho-C—H functionalization of aryl sulfoxides with various
nucleophiles via a cascade reaction of interrupted Pummerer
reaction/sigmatropic rearrangement (Scheme 1a) [6-11]. A large
range of nucleophiles, such as phenols [12-16], anilines [17],
carbonyls [18-21], propargyl/allylsilanes [22-34], ynamides
[35-37], and alkyl nitriles [38-40], were found to be suitable for

this process. Whereas the addition of fluorine atoms to mole-
cules is a well-established strategy to improve or modulate their
physicochemical and biological properties [41-45], only few
publications have reported a [3,3]-rearrangement with fluori-
nated molecules (Scheme 1¢). In 2020, Wang and co-workers
have developed a one-pot [3,3]-sigmatropic rearrangement/
Haller—Bauer reaction of aryl sulfoxides with difluoroenoxysi-
lanes as nucleophile under mild reaction conditions [46]. This
provided access to organosulfur compounds ortho-functionali-
zed by CF,H. At the same time Peng and co-workers described
the dearomatization of aryl sulfoxides using the same difluo-
roenol silyl ether with trifluoromethanesulfonic anhydride,
allowing the incorporation of two difluoroalkyl groups [47]. By
blocking the rearomatization after the [3,3]-rearrangement,
external nucleophiles could be trapped to give mono-difluoro-
alkylated cycles. More recently, in 2019, Peng’s group reported

also the ortho-cyanoalkylation of benzoyl or ester group-substi-
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a) general scheme of the [3,3]-rearrangement of aryl sulfoxides
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Scheme 1: [3,3]-Rearrangement of aryl sulfoxides.

tuted fluoroalkyl aryl sulfoxides with various alkyl nitriles in
two steps [48]. The addition of a base in the second step easily
enabled the [3,3]-rearrangement, allowing for the addition of
two functional groups — the cyano group and difluoromethyl-

thio group — to arenes in good yield.

Inspired and stimulated by this abundant literature, and as part
of our research program focused on creating novel perfluoro-
alkylsulfur derivatives, we became interested in a reappraisal of
our previous study with the aim of increasing its scope as well
as the yield and selectivity (Scheme 1d). It is important to

mention that during the preparation of this paper, a similar

study appeared. Peng and co-workers demonstrated the effi-
cient use of acetonitrile as nucleophile with various aryl di-
fluoroalkyl sulfoxides but only one example of an SCF3 com-
pound was reported [49].

Results and Discussion

We started our optimization with the reaction between aceto-
nitrile and phenyl trifluoromethyl sulfoxide (1a, Table 1). We
firstly chose the same stoichiometry as described in our
previous study and tried to reduce the reaction time by the help
of microwave heating (Table 1, entry 1). Under these condi-

tions, a significant amount of degradation products was ob-
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Table 1: Optimization of the reaction conditions.
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base (y equiv)

SCF,4
(L a

(IS?\ CH3CN (x equiv)
©/ CFs 10 (1.5 equiv)
1a T(°C), t
Entry T (°C) t X
1 50 °C (MW) 1h 15
2 01050 °C (MW) 1h 15
3 -15t020 °C 12h 3
4 -15°C 10 min 3
5 -30 °C 10 min 3
6 -5°C 10 min 3
7 0°C 10 min 3
8 -5°C 10 min 5
9 -5°C 10 min 5
10 -5°C 10 min 5
11 -5°C 10 min 5
12 -5°C 10 min 5

T(°C), t 2a

base y NMR yield (%)2:°
- 21

- 21

- 38
DIPEA 2 74
DIPEA 2 41
DIPEA 2 77
DIPEA 2 75
DIPEA 25 80
DIPEA 5 95 (79)
EtsN 5 85
DBU 5 48
KoCOs 5 2

a8Experimental conditions: 1a (0.5 mmol), Tf,0 (1.5 equiv), T (°C), t (min or h), then addition of base (y equiv) at the same temperature and time as
the first step (T, t). P"9F NMR spectroscopic yields, isolated yields in parentheses.

served and the yield was rather low. The same result was ob-
tained when the reagent was first added at O °C and then heated
for one hour under microwave irradiation (Table 1, entry 2). To
avoid degradation, the temperature was reduced while the reac-
tion time was increased with twice the number of equivalents of
acetonitrile (=15 °C to rt, for 12 hours, entry 3 in Table 1) with-
out any significant improvement in the yield. As previously re-
ported, the use of an organic base can improve the yield of this
reaction [26,38,40,48]. Therefore, we decided to use 2 equiva-
lents of DIPEA at low temperature. After ten minutes at —15 °C
to allow for the reaction between phenyl trifluoromethyl sulf-
oxide (1a) and acetonitrile, the base was added and the reaction
was stirred for the same amount of time. To our delight, a good
NMR yield of 74% was received under these conditions
(Table 1, entry 4). The importance of the temperature was then
evaluated (Table 1, entries 5-7). A too low value was delete-
rious to the yield, whereas —5 °C appeared as the conditions of
choice. Finally, by adjusting to 5 equivalents of nitrile and base,
resulted in the optimal conditions (Table 1, entry 9). Other
organic nitrogenous bases were tested (Table 1, entries 10-12).
Et3N gave nearly the same result, while DBU seemed less effi-
cient. The use of the inorganic base K,COj3 resulted in poor

outcomes.

With the optimized conditions in hand, a scale-up was success-

fully performed, resulting in the production of 1.88 g of prod-

uct 2a corresponding to 84% yield (Scheme 2). The reaction
with other aryl sulfoxides was then investigated. We observed
that the rearrangement product was isolated in good yield
(2b—d) when the sulfoxide is para-substituted whereas the meta
or difunctionalization led to lower yields (2e,f). The product of
rearrangement 2a was oxidized into the sulfoxide and
re-engaged under the optimized conditions to afford the com-
pound of bis-rearrangement 2g in a good yield of 49%. This
compound is then the result of an iterative rearrangement.
Difluorinated sulfoxides 1h—j proved also efficient for this rear-
rangement giving rise to the corresponding thioethers 2h—j in
good NMR yields and lower isolated yield in the case of the
more volatile adduct 2i. Finally, trifluoromethyl selenoxide 1k
was tested as a substrate, and the rearranged product was ob-
tained in a low yield of 15%. The main product obtained was
phenyl(trifluoromethyl)selane, a reduction product of the
selenoxide. Despite a low yield, this result is encouraging
because it is the first example of rearrangement with aryl tri-

fluoromethyl selenoxide.

We further investigated the generality of the reaction using a
series of nitriles with the sulfoxide 1a (Scheme 3). We noticed
that the length of the alkyl chain has no impact on the yield
(3a,b). However, the use of benzyl cyanide is completely dele-
terious for the reaction as no product was observed (3c¢). The

presence of a chlorine atom at the alpha-position of the nitrile is
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o)
N §\R CH3CN (5 equiv)
( F Tf,0 (1.5 equiv) DIPEA (5 equiv)
/ =
R 1a-j -5 °C, 10 min -5°C, 10 min

NMR vyield, % (isolated yield, %)

CF;0
2b 70% (67%

SCF3 SCF; sc
©/\/CN CN cl
)

2a 95% (79%)

2¢ 85% (74%)
1.88 g (84%)

F
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N CN
2e 37% (35%) 2f 23% (18%) 2f 29% (19%)
SCF,H SCF,Br
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2h 51% (45%) 2i 60% (25%) 2j 71% (67%)

Scheme 2: The scope of aryl perfluoromethyl sulfoxides and a selenoxide.
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Scheme 3: The scope of alkyl nitriles.
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also detrimental to the reaction, resulting in less than 30% yield
of the desired product 3d. Nevertheless, the reaction is compati-
ble with halogens elsewhere in longer nitrile alkyl chains (3e,g).
Finally, it was possible to obtain the terminal alkene 3f with a
yield of 58% using hex-5-enenitrile.

Conclusion

In summary, fine-tuning of the experimental conditions gave us
access to original ortho-cyanoalkylated aryl perfluoroalkyl-
sulfur derivatives. We have also shown that structural diversity
is possible by varying the substituents on the aromatic ring, the
perfluoroalkyl chain, and the alkyl chain linking the cyano func-
tional groups. The [3,3]-sigmatropic rearrangement of per-
fluoroalkyl selenoxides needs to be optimized to improve the
yield and decrease the amount of reduction product. The com-
plete evaluation of the potential of these new compounds will
be provided in the future.

Experimental
General procedure for the rearrangement

process

Sulfoxide (0.5 mmol, 1 equiv), nitrile (5 equiv) and Tf,0
(1.5 equiv) were added in the described order to a 5 mL flask
under an argon atmosphere, maintained at —5 °C. The reaction
mixture was stirred for 10 min, then DIPEA (5 equiv) was
slowly added to the flask with a syringe and the reaction was
stirred for another 10 min. At the end of the reaction, 1 mL of
chloroform and a known amount of trifluoromethoxybenzene
were added to the flask in order to determine the '9F NMR
yield. To purify the product, the reaction mixture was mixed
with a sufficient volume of a saturated NH4Cl solution, then
extracted 3 times with diethyl ether. The combined organic
layers were dried over MgSQy, filtered, concentrated under
reduced pressure, and purified by preparative TLC or flash
chromatography.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data of all
isolated products as well as copies of NMR spectra for
novel compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-181-S1.pdf]
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We describe herein a facile method to access 2,3-epoxyesters with fluorine-containing substituents at their 3-position starting from

the corresponding enoates by utilization of the low-costed and easy-to-handle reagent, NaOCl-5H,0. Because very little has been

disclosed about the reactivity of such 2,3-epoxyesters, their epoxy ring opening by a variety of nucleophiles was carried out and we

succeeded in clarifying these chemo- as well as regioselective processes proceeding via the SN2 mechanism to mainly afford

2-substituted 3-hydroxyesters usually in a highly anti selective manner.

Introduction

Fluorine-containing compounds have been utilized in diverse
fields due to their special character originating from unique
fluorine atoms or fluorinated groups [1-7]. During our study in
this area, ethyl 4,4,4-trifluorobut-2-enoate (1la) has been
frequently employed as a potent and convenient Michael
acceptor towards a variety of enolates [8-15] as well as organo-

metallic species [16-19]. At least in part, its high reactivity was

considered to be due to the significantly lower-lying LUMO
energy level by the attachment of electron-withdrawing tri-
fluoromethyl (CF3) and ethoxycarbonyl groups [20]. As we pre-
viously pointed out [10,21], the effective intramolecular interac-
tion between fluorine and metals would also facilitate the
smooth progress of these reactions. Such high potential of 1a

allowed us to apply it to nucleophilic epoxidation because the
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resultant epoxyester 2a is recognized as an intriguing building
block (Scheme 1).

[O] 0

Rf/\)(iOR Rf
1 . %) :

electronic
repulsion
OH O
F3C i OBn
Nu Nu
Rf, R: CF3, Bn U
7 F3C OBn
OH

a Rf, R: CF3, Et e Rf, R: CoF5, Bn

b Rf, R: CF3, Bn f Rf R:n-CgF43, Bn
¢ Rf, R: CHF,, Bn g Rf, R:n-CsF44, Et
d Rf, R: CCIF,, Bn

Scheme 1: Expectation of the regio- as well as stereoselective reac-
tions of 2.

Another expectation to 2a is the high regio- and stereoselectiv-
ities of its epoxy ring opening specifically occurring at the 2 po-
sition in an SN2 manner, when it is treated with appropriate
nucleophiles (Nu), leading to the formation of the 2-substituted
3-hydroxyesters with 2,3-anti stereochemistry. These character-
istic outcomes would stem from a result of the electronically
repulsive interaction between the incoming nucleophiles and an
electronically strongly negative CF3 group, and the anticipated
clean SN2 mechanism of epoxides in general, respectively. This
is interestingly compared with the case of 2a with nonfluori-
nated Rf groups which sometimes suffered from the contamina-
tion of the regioisomers as a consequence of the regiorandom
attack of nucleophiles [22-26].

Despite such significant advantage, compound 2a was previ-
ously prepared only by 1) the LDA-mediated iodination-intra-
molecular ring closure sequence from the corresponding chiral
4,4 4-trifluoro-3-hydroxybutyrate at low temperature [27-30],
and 2) 1-BuO,Li-mediated transformation of the enoates like 1g
at =78 °C [31,32] and, to the best of our knowledge, no report
has appeared on the convenient methods applicable to the larger
scale synthesis to get access to the synthetically quite useful
compounds like 2a [33,34].

Under such situations, we envisaged that the high electrophilic-

ity of compound 1a would permit the usage of the extraordi-

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

narily convenient and mild reagent NaOCl [35-38] which opens
the promising route for the preparation of 2a. Moreover, the fact
that only very limited examples are known for their synthetic
application except for the synthesis of 4,4,4-trifluorothreonine
[29,33], stereoselective ring opening with organometallic
species [29], and so on [32] also stimulated our interest. In this
article, we would like to describe in detail the results of the
preparation of epoxyesters 2 with various Rf groups as well as

their reactivity with diverse nucleophiles [39].

Results and Discussion

Preparation of (E)-2,3-epoxypropanoates 2
with Rf groups at the 3 position

Because the urea-H,O, complex proved its usefulness for the
epoxidation of the B-CF3-a,B-unsaturated ketones [40], we
applied this method at first for the epoxidation of 1b. However,
contrary to our anticipation, only a total recovery of the sub-
strate was observed, and further search for an oxidant reached
the usage of a NaClO aqueous solution with its convenient
handling and availability at a low cost. Following to the re-
ported protocol [41], although a catalytic amount of Al,O3 and
MgO worked nicely (entries 1 and 2 in Table 1), it was clari-
fied that these additives were not necessary for the attainment of
the same level of chemical yields (entries 3 vs 1 and 2). The
drawback of this sequence was the isolated yield of 2b no more
than 70% which was, at least in part, due to the production of
the undesired hydrolyzed products from 1b and/or 2b under the
alkaline conditions of this epoxidation reagent. This was experi-
mentally proved by the detection of benzaldehyde which was
considered to be formed by the NaClO-mediated oxidation of
benzyl alcohol generated by hydrolysis. Changing the oxidizing
reagent to crystalline NaClO-5H,O nicely solved the problem
with the realization of 86% isolated yield of 2b by the utiliza-
tion of this oxidant (2 equiv) at 0 °C with 6 h stirring (entry 8 in
Table 1). We also tried to apply these conditions to other fluo-
rine-containing substrates 1e—f and successfully obtained good
to high yields of the desired products 2¢c—f, respectively (entries
10-13 in Table 1). The requirement of longer reaction time and
higher temperature especially in the case of compounds 1e and
1f as well as the high loading of the oxidant in the latter might
be due to their higher oleophobicity by possessing longer Rf
chains. For all instances, epoxyesters 2 were obtained as single
E-isomers, and based on the result obtained by the 7-BuO,Li
reagent [31], we speculated that NaClO-5H,0 would similarly
work for the corresponding Z-1 with retention of stereochemis-

try.
The procedure found here was also applied to the three repre-

sentative CF3-containing a,B-unsaturated esters,1h—j [42] with

different substitution patterns (Scheme 2).
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Table 1: Optimization of epoxidation conditions of 1.

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

0 NaClO, MeCN 09
Rf/\)J\OR conditions Rf A‘)J\OR
1 2
Entry Sub. NaClo? (equiv) Conditions Isolated yield® (%)
1¢ 1b AQ 1.0 25°C,6h 59 (67)
2d 1b AQ 1.0 25°C,5h (69)
3 1b AQ 1.0 25°C,4.5h 60 (63)
4 1b S 1.0 20 °C,3h (65)
5 1b S 15 20 °C,3h (83)
6 1b S 15 20 °C,6h (84)
7 1b S 15 0°C,6h (89)
8 1b S 2.0 0°C,6h 86 (94)
9 1b S 3.0 0°C,6h (83)
10 1c S 2.0 0°C,6h 79
11 1d S 2.0 0°C,6h 78
12 1e S 2.0 0°C,6h:20°C,12h 73
13 1f S 5.0 20 °C,48h 61

aAQ: a 5% aqueous solution, S: solid of NaCIO-5H,0; Pthe yields determined by '9F NMR were described in the parentheses; 10 mol % of Al;O3

was added; 920 mol % of MgO was added.

NaClO-5H,0

1 2 1

R' O (2.0 equiv) Ro©

aoMOR MeCN, 0 °C, time Fac/lﬂ)J\OR
R? R2

2h 0% (83%; 6 h)*
2i 7% (88%; 6 h)*
2j 0% (3%; 3 h)*

1h R', R2, R: H, Me, Bn
1i R', R2, R: Ph, H, Bn
1j R, R2, R: H, CO,Et, Et

*recovery of 1

Scheme 2: Attempts of the present epoxidation to other o,B-unsatu-
rated esters, 1h—j.

The subjection of the compounds 1h and 1i to the standard
conditions described above resulted in high recovery of the sub-
strates, which could be explained by their higher LUMO + 1
energy levels responsible for the epoxidation [43]. Extensive
decomposition was observed in the case of 1j even in a shorter
period possibly because of its significantly high electrophilicity
by the attachment of three strongly electron-withdrawing

moieties.

Reactions of (E)-3-Rf-2,3-epoxypropanoates
2 with amines, thiols, and metal halides
Because the epoxide ring opening is known to occur in an Sy2
fashion, compounds 2 were recognized as versatile building

blocks for the construction of 2-amino-3-hydroxypropanoates

with 2,3-anti stereochemistry, if appropriate amines work nicely

in a nucleophilic manner [44].

After the brief optimization of the conditions for the reaction of
2b and p-anisidine, good yields with high stereoselectivity were
similarly recorded for the other substrates 2¢ and 2d possessing
different Rf groups at the 3 position (Table 2, entries 1-3).
Mixing of 2b with different primary (entries 4—7 in Table 2)
and secondary (entries 8 and 9) amines led to the formation of
the respective products in high to excellent yields without
detection of any regio- as well as stereoisomers. The chirality
contained in amines did not work efficiently for the stereochem-
ical induction of the products (entries 6 and 7 in Table 2). In the
case of secondary amines, the sterically demanding dibenzyl-
amine failed in this transformation and recovery of 2b was ob-
served (Table 2, entry 10). As was pointed out in the introduc-
tory section, the highly regioselective epoxy ring opening is
well compared with the case when the nonfluorinated substrate
(Ph instead of CF3 in 2b) was employed [25,26].

With the successful employment of amines as nucleophiles for
the epoxy ring opening in a highly stereoselective fashion, we
next turned our attention to thiols. Optimization of the reaction
conditions based on the ones for amines clarified the tendency
that the longer reaction time and the higher temperature de-
creased the chemical yields as well as the diastereomeric ratios
(Table 3, entries 1-4). The higher pK, values of the carbonyl
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Table 2: Reactions of 2 with a variety of amines.

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

, OH O
o o} R'R2NH (1.2 equiv)
RfMOBn DMF, 40 °C, time Rf™ " OBn
NR'R2
2 3
Entry Rf R? R2 Time (h) Isolated yield (%)
1a CF3 4-MeOCgHy4 H 19 78 (3ba)
23 CHF, 4-MeOCgHy4 H 19 59 (3ca)
3a CCIF, 4-MeOCgHy4 H 19 76 (3da)
4 CF3 PhCH, H 7 86 (3bb)
5 CF3 n-Bu H 7 48 (3bc)
6 CF;3 PhCH(CHs) H 18 77° (3bd)
7° CF3 EtCH(Me)CH(CO»Bn) H 24 72° (3be)
8 CF;3 Et Et 7 83 (3bf)
9 CF; (CHo)4 7 56 (3bg)
10 CF3 Bn Bn 7 d

aEtOH was used as the solvent and the reaction temperature was 50 °C; Preaction was performed with 2.5 equiv of benzyl isoleucinate-TsOH and
Et3N; Cconsisted of 53:47 diastereomers in both cases; 9no reaction was observed.

Table 3: Reactions of 2 with a variety of thiols.

0 R'SH (1.2 equiv) M
o .2 equiv
RfMOBn DMF, 25 °C, time . Rf” Y~ "OBn
SR!
2 4

Entry Rf R Time (h) Isolated yield (%) dra
1b CF; PhCHa 3 92 (4ba) 87:13
2b CF; PhCHa 12 75 (4ba) 75:25
3¢ CF; PhCHa 3 80 (4ba) 61:39
4 CF; PhCHa 5 90 (4ba) 94:6
5d CF; PhCHa 5 90 (4ba) 94:6
6 CHF, PhCHa 48 76 (4ca) >99:1
7 CCIF, PhCHa 24 87 (4da) 90:10
8 CoFs PhCHa 81 72 (4ea) 69:31
9 CF; CHs(CHo)g 10 59¢ (4bb) 95:5
10 CF; Ph 5 92 (4bc) 93:7
11 CF; CH30C(O)CH» 5 94 (4bd) 95:5

aDetermined by 19F NMR; Preaction at 40 °C; ®reaction at 60 °C; dutilization of 1.0 equiv of PhCH,SH resulted in the observation of 9% recovery of

2b by '9F NMR; €7% recovery of 2a was observed by 1°F NMR.

a-proton of 4 (for example, the pKa values of the protons of
X-CH,C(O)Ph in DMSO were reported to be 17.1 (X: PhS)
[45] and 20.3 (X: PhpN) [46]) would result in the contamina-
tion of the stereoisomers when compared with the case of the
compounds 3 [47,48]. Because control of the amount of
PhCH,SH to 1.0 equiv did not give a positive effect, the condi-

tions in entry 4 (Table 3) were eventually determined as the
best.

The different epoxyesters 2c—e were also applied for this ring-

opening reaction with the same thiol (entries 6-8 in Table 3). It

is interesting to note that a longer reaction time was required for
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these substrates which would be the major reason for the rela-
tively low diastereomeric ratio (especially in the case of entry 8
in Table 3) while the CHF;-possessing epoxyester 2b furnished
a single stereoisomer (entry 6) whose reason was not clear yet.
Other thiols like decanethiol, thiophenol, and thioglycolate all
worked nicely to furnish the corresponding products 4bb—bd in
good to excellent chemical yields with high stereoselectivities
(Table 3, entries 9-11).

The stereostructure of the products was confirmed by X-ray
crystallographic analysis using the minor diastereomer of 3bd,
nicely separated from the major isomer by recrystallization, and
the major product 4ba. As was our expectation, these com-
pounds [49] possess the anti relationship between the 2 and 3
positions which clearly proved the epoxy ring opening taking

place at the 2 position in an Sn2 fashion (Figure 1).

the minor diastereomer of 3bd

4ba

Figure 1: Crystallographic structure of the epoxy ring-opening prod-
ucts by PhCH(NHz)Me (3bd) and PhCH,SH (4ba).

The introduction of an additional halogen atom was considered
to be possible by treatment of 2b with an appropriate metal salt,
and actually, similar results to the case of amines and thiols
were obtained by using the corresponding MgX, [23,24]. It was
proved that a larger amount of nucleophiles, higher temperature,

and longer time all led to a decrease in the diastereomeric ratio

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

of the products 5 (ca 10%) like the case of thiols described
above. This is the reason why the three examples shown in
Scheme 3 stopped before completion, and, for example, 24 h
stirring in the case of the CI atom entry furnished 67% yield of
Sba [32,34] and 19% recovery of 2b with the diastereomeric
ratio of the former of 97:3. Contamination by the deiodinated
3-hydroxyester [50] was noticed during the synthesis of She
using Lil.

50 OH O
F3C/<1)J\OBn acetone FgC/'\i.)J\OBn
2b X
MgClo6H,0 (1.5 equiv), 5ba (X: Cl) 67% [19%], 97:3
reflux, 24 h
MgBr, (1.0 equiv), 5bb (X: Br) 59% [18%], >99:1
0°C,3h

Mg (1.1 equiv), 5bc (X: 1) 67% [6%], >99:1

I, (1.1 equiv), rt, 3 h

0 . . OH O
o) Lil (2.0 equiv)

F3C/<‘)J\OBn acetone, F3CMOBn
2b 25°C, 240 gy 429 [14%] yield

5bc 4% yield

isolated yields are shown above. The recovery of 2a is
shown in brackets and the yields in italic font were
determined by 'F NMR

Scheme 3: Introduction of additional halogen atoms at the 2-position
of the compound 2b.

Reactions of (E)-4,4,4-trifluoro-2,3-epoxy-
butanoate 2b with compounds possessing an

acidic proton

It was very interesting to know that there were scarce examples
in the literature [51] on the ring opening of 2,3-epoxyesters in
general by the stabilized anionic species from, for example,
malonate. One reason could be because of the formation of the
less stable alkoxide by the progress of the nucleophilic addition.
If this is really the case, the presence of the strongly electron-
withdrawing fluorine-containing groups in our instance should
nicely affect the characteristics of the resultant intermediate
which could lead to the realization of the addition of such

nucleophilic species.

First of all, as shown in Table 4, we started to investigate the re-
activity of 2b toward sodium malonate as the representative
nucleophile. Because a brief solvent search indicated DMSO as
the best for the attainment of high yields and diastereoselectiv-

ity (entries 1-5 vs 6 in Table 4), we further examined bases in
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Table 4: Reactions of 2b with the anionic species from diethyl malonate.

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

o o 1) balse (:.?t e1qsuiv)_, F3§
solvent, rt, min 4 3..CO-R
EtOJ\/U\OEt 2)2b,rt, 3h ? 2 ?

(1.2 equiv) 0 CO,Et
anti,syn-7a (R: Bn)
anti,syn-7b (R: Et)

Entry Base Solvent Yield® (%) dr Recovery (%)
1b NaH THF 20 >99:1 0
2b NaH Toluene 6 >99:1 13
3b NaH Et,0 12 >99:1 13
4b NaH MeCN 45 98:2 7
5b NaH DMF 75 96:4 0
6 NaH DMSO 78 99:1 0
7 EtzN DMSO 0 - 83
8 ™G DMSO 22 14:86 3
9 DBU DMSO 13 23:77 2
10 CsF DMSO 34 91:9 21
11 K>CO3 DMSO 50 98:2 13
12 +-BuOK DMSO 85 98:2 0
13¢ +-BuOK DMSO 91 99:1 0
14d t+-BuOK DMSO 94 98:2 0
156€ +-BuOK DMSO 93 99:1 0
16bce +-BuONa DMF 56 98:2 5
170ce t-BuOLi DMF trace - 32

aCombined yields of anti,syn-7a and -7b were determined by 'F NMR and isolated yield of anti,syn-7a was shown in parentheses; °0 °C for 30 min
were employed for the step 1 instead of rt, 15 min; 2.0 equiv of malonate was used; 93.0 equiv of malonate was used; estirring for 0.5 h for step 2.

this solvent to find out that r-BuOK behaved nicely, and the
reaction of 2b with 2.0 equiv of diethyl malonate for 0.5 h at
room temperature furnished 93% yield of the product (Table 4,
entry 15). During this optimization process, the obtained prod-
uct was uncovered not to be a single component but a mixture
of two compounds, anti,syn-7a and anti,syn-7b, the latter of
which seemed to be produced from the former by the attack of
the ethoxide ion released during the lactone-forming process.
Their close structural resemblance led to a significant peak
overlap both in the 'H and !°F NMR spectra which made it
difficult to obtain their exact ratio and thus, the combined 1°F
NMR yields were shown in Table 4. Separation of these two
compounds was eventually succeeded by the usual hydro-
genolysis to furnish the carboxylic acid anti,syn-8a in 79% iso-
lated yield and the lactone anti,syn-7b was recovered in 13%
yield (Scheme 4) which was considered to be the reflection of
the original composition of anti,syn-7a and -7b. The relative
stereochemistry of anti,syn-8a was confirmed as 2,3-anti-3,4-
syn by its X-ray crystallographic analysis [49] (Figure 2) whose

construction could be readily understood as the result of a

highly stereoselective SN2-type epoxy ring opening of 2a, fol-
lowed by the intramolecular lactone formation with the pro-R
ethoxycarbonyl group possibly due to the higher steric conges-
tion by the selection of the other CO,Et moiety.

As shown in entries 8 or 9 in Table 4, it was proved that the
usage of tetramethylguanidine (TMG) or DBU as the base pro-

vided a different stereoisomer as the major component. For the

w
-
w
4
W

Figure 2: Crystallographic structure of anti,syn-8a.
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FsC

OQ wCO,R

0" CO,Et

DBU

anti,syn-7a (R: Bn)
anti,syn-7b (R: Et)

‘10% Pd/C (5 mol %),

Hp (1 atm), ACOEH, DBU (1 equiv),

it 3h DMSO, rt,3 h
Fs@ Fa®
o CO,E O " 3..COR
2
0 YCo.Et 0 CoEt
anti,syn-7b syn,syn-Ta (R: Bn)
13% yield syn,syn-Tb (R: Et)
86% yield
+ single isomer
FaC *
FsC
«COoH
O O .-"\COZR
O CO,Et
anti,syn-8a © CO,Et
79% vyield anti,syn-Ta (R: Bn)
dr=97:3 anti,syn-7b (R: Et)

3% yield

Scheme 4: Clarification of the stereochemistry of anti,syn-8a and -7b.

confirmation of its stereostructure, the isolated inseparable mix-
ture of anti,syn-7a and -7b by the reaction of 2b and diethyl
malonate was treated with an equimolar amount of DBU in
DMSO (rt, 3 h) to furnish products which were identical to the
ones obtained in entries 8 or 9 (Table 4). The relative stereo-
chemistry of the isomerized products was concluded by the ob-
served NOESY cross peaks between H2-H* and H3-H%, clearly
demonstrating the relationship between these three hydrogen
atoms as cis. Formation of syn,syn-7a and -7b by the above
tertiary amines would be mechanistically elucidated by the de-
protonation of the most acidic H? from the initially formed
anti,syn-Ta and -7b, followed by the re-protonation by the steri-
cally bulky [H-amine]" from the less congested top side.

These results prompted us to further investigate the ring
opening of 2b by other nucleophiles with active hydrogen
whose results are summarized in Scheme 5. If the in situ
conversion of anti,syn-7a to anti,syn-7b follows the above ester
alcohol exchange mechanism, employment of dibenzyl
malonate should afford a single compound. This is actually the

case and the expected dihydrofuran anti,syn-7¢ was obtained in

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

53% yield as a 98:2 diastereomer mixture, and stereochemistry
of the major isomer was deduced from the above result as
anti,syn. Although malononitrile also furnished the dihydro-
furan syn-7d in good yield as a sole stereoisomer, a sharp
contrast to these results was observed when 2b was subjected to
the anionic species from cyanoacetate, allowing to isolate the
acyclic hydroxyester anti-9e in 76% yield. Smooth conversion
to the dihydrofuran syn-7e was observed from this intermediary

compound anti-9e by refluxing the crude solution in AcOEt.

BnO,CH,._CO2Bn NC__CN NC._ COEt
(2.0 equiv) (2.0 equiv) (1.0 equiv)
I | |
t-BuOK (1.0 equiv),
DMSO, rt, 15 min
‘Zb, rt, 6 h ‘Zb, rt, 0.5h \Zb, rt, 0.5 h
FsC FsC OH O
fe) ‘ A-\\\COZBI"I Q...\\COZBTI F3C : OBn
}: — A
3 coBn HN ©N NC . QCOZEt
anti,syn-Tc ant-9e
53% yield syn-7d 76% yield
dr=98:2 73% vyield dr=190:10
single isomer
1) t-BuOK (1.0 equiv),
F3gc DMSO, rt, 15 min
o wCOBn  2)2b,11,05h
— 3) AcOEt, reflux, 15 h
HoN CO,Et
syn-Te

57% total yield
single isomer

Scheme 5: Reaction of 2b with other stabilized nucleophiles.

Different from these outcomes, other possible nucleophilic
candidates like acetylacetone (pK, value of the active hydrogen
in DMSO: 13.3 [52]), nitromethane (17.2 [53]), ethyl
(diethylphosphono)acetate (18.6 [52]), malononitrile (11.1
[53]), ethyl 2-nitroacetate (9.1 [54]), ethyl 2-cyanoacetate (13.1
[55]), and diethyl malonate (16.4 [56]) all failed to afford the
desired addition products. From the complex mixture after
mixing 2b with -BuOK and nitroacetate in DMSO at 80 °C, the
unexpected compound 2,3-dihydroxybutyrate anti-10a was iso-
lated as a single isomer. Its production was also detected by '°F
NMR from the reaction mixture when nitromethane (16%) and
ethyl (diethylphosphono)acetate (17%) were employed instead
of nitroacetate, while no other compound was separated from

these mixtures due to their complexity (Scheme 6).
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t-BuOK
. OH O
OoN._COEL | o (1.9 equiv)
_ DMSO, FC” Y "OBn
(2.0 equiv) 80°C,20 h OH
anti-10a
17% yield

single isomer

Scheme 6: Production of 4,4,4-trifluoro-2,3-dihydroxybutanoate anti-
10a.

Reactions of (E)-4,4,4-trifluoro-2,3-epoxy-
butanoate 2b with Grignard-based copper
reagents

Despite the previous report by the Seebach group on the
intriguing reactivity of the CF3-containing ethyl 2,3-epoxybu-
tanoate 2a towards a variety of organometallic species [27-29],
because relatively readily accessible Grignard-based cuprates
were not involved, their applicability to 2b as the representa-

tive partner was investigated here (Table 5).

The 1:2 ratio of Cul and n-C;gH,;MgBr was selected due to the
better material balance than the case of 1:1 (entries 1 and 2 in

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

Table 5), the latter of which afforded an almost equimolar
amount of the hydroxyketone 11a and epoxyalcohol 12a. A de-
crease of the temperature to —40 °C resulted in the better prefer-
ence of 11a (Table 5, entry 3), and 1.6 and 3.2 equiv of Cul and
n-C1oH,MgBr, respectively, were concluded as the best
amounts for the synthesis of the nucleophilic species (entries
3-5). The shorter reaction time led to a slightly better ratio of
11a to 12a with a lower combined yield along with the detec-
tion of the epoxyketone 13a at the same instance (entry 6 in Ta-
ble 5). We recognized compound 13a as the precursor for the
formation of 11a and 12a. The conditions in the absence of Cul
afforded 12a as the sole product (entry 7 in Table 5) whose
result was nicely compared with the one previously reported
[29]. Changing the solvent to THF (Table 5, entry 8) or the Cu
species to CuCN (entry 9) both did not have a positive effect on
the present reaction, and we eventually found out that the tem-
perature for the preparation of the cuprate was important and
lowering it to —40 °C nicely allowed to record 79% isolated
yield of 11a with only 6% of the byproduct 12a (entry 10).

The conditions described in entry 10 in Table 5 were applied to
the reactions of 2b with other Grignard reagents in the presence
of Cul (Table 6).

Table 5: Optimization of the reaction conditions of 2b with the n-C1oH21MgBr-based cuprate.

o)

(0]
Fgc/wj\an

Cul

2b n-CqoH24MgBr,
_40°C, \ Et,0,0°C, 0.5 h

time
OH O OH o o]
+ n-CioHzq  +
F3C)\)J\n—CmH21 FsC N-CoroHp1 |=3c:’<‘)kn-cmH21
11a 12a 13a

Amount (equiv) 19F NMR yield? (%)
Entry Cul n-CqoH21MgBr Time (h) 11a 12a
1P 2.0 2.0 1 47 4
2 2.0 4.0 1 30 40
3 2.0 4.0 4 64 12

1.6 3.2 4 66 16
5 1.2 2.4 4 49 19
6° 1.6 3.2 1 56 7
7 - 3.2 0.5 0 84 (73)
gd 1.6 3.2 3 3 13
ge 1.6 3.2 3 7 14
10f 1.6 3.2 3 (79) 6

aJsolated yields are described in parentheses; Preaction at 0 °C when the cuprate was added to 2b; ©19% of the epoxy ketone 13a was detected by
19F NMR; %the reaction was carried out in THF; ®©CuCN was employed instead of Cul; fthe cuprate was prepared at -40 °C.
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Table 6: Reactions of Grignard-based cuprates with 2b.

1) RMgBr (3.2 equiv),

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

—40° H OH
cul Et,0,-40°C,0.5h OH O . &%R
(1.6 equiv) 2)2b,-40°C,3h F3C R FsC R
1 12
Isolated yield (%)
R 11 12
n-C10H21- (a) 79 62
PhCH2CHa- (b) 57 132
c-Hex- (c) 55 42
Ph- (d) trace? 77
4-MeOCgHj4- (e) 02 80
aDetermined by 9F NMR.
PhCH,CH,MgBr and ¢-C¢H{MgBr produced the B-hydrox- ]
yketones 11b and 11c in 57% and 55% yields, respectively, Cul (1.6 equiv)
along with small amounts of the corresponding epoxyalcohols 1) n-C4oH21MgBr (3.2 equiv),
12b and 12c¢. On the other hand, 12d and 12e were substantial- Et,0,-40°C,0.5h
ly formed by ArMgBr (Ar: Ph and 4-MeOCgHy, respectively),
the ff)rmer of which was re.port'ed t'o be obtained by the action of 2)13f (R = n-CgHya), g; 3204(1500 i’qgic)’
PhLi alone [29]. It was intriguing to note that the present —40°C,3h —40°Ctort,
method yielded the unprecedented products 11 by the reaction overnight
of the epoxyester 2b with other organometallic species.
OH O OH O
For the mechanistic clarification of the present reactions, two F3C n-CgHq3 F3C/k5)J\n-C1OH21
additional experiments were executed which are shown in 1§ D
Scheme 7. Employment of the epoxyketone 13f (R: n-CgHj3), 32% yield 113'!3
. . 71% yield
structurally analogous to 13a, to the reaction with
(n-C19H»1)2CuMgBr furnished a mixture of the hydroxyketone * *
11f and epoxyalcohol 12f in 32% and 52% yields, respectively. OH OH
This experimental result clearly indicated that the conversion of n-CgH13 n-CioHz
FsC CioH FsC n-C1oH
13a to 11a is one of the possible routes. N-G1o0M21 1ori
12f 12
. . e 52% yield ea
The second reaction was carried out for the verification of the dr=98:2 12% yield

intermediate leading to the product 11. Although we initially
assumed that the epoxy ring opening occurred by hydride
generated through the B-elimination of the n-CgHy MgBr-
based cuprate species, the TLC analysis of the reaction mixture
did not show any evidence of the production of the possible
olefinic product n-CgH{7CH=CH,. Moreover, when the reac-
tion mixture was quenched with D,O, incorporation of
deuterium was observed to give 11a-D in a high yield which
allowed us to conclude the possible presence of the C-copper
species just before quenching. Our result well compares with
the one by Alexakis et al. [57]. In their instance, the reaction of
t-Bu,CuCNLi, and cyclohexene oxide afforded a mixture of
products in 10 and 50% yields as a result of the epoxy ring
opening by 7-Bu group and hydride, respectively. Their addi-

Scheme 7: Reactions of n-C1oH21MgBr-based cuprate with 13f as well
as 2b with/without D>O quenching.

tional experiment to quench the corresponding intermediate by
D,0 proved that no deuteration occurred. This result clearly in-
dicated that hydride was released from the 7-Bu group of the
Cu(III) species formed after the nucleophilic attack of the epoxy
ring. In our case, since the strongly electron-withdrawing CF3
group would render the rate of the reductive elimination very
slow, the intermediary Cu(IIl) species safely existed until the
addition of D,0. Because the significant overlap of NMR peaks
was observed due to the quite similar structure of 11a and

11a-D, quantitative analysis of the deuterium content of 11a-D
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was not possible. However, the comparison of their specific
region of the !3C NMR charts and sharp peaks readily led us to
qualitative understanding of the high purity of 11a-D possibly
as a single diastereomer (Figure 3).

Conclusion

As described above, we have succeeded in the facile prepara-
tion of 2,3-epoxyesters 2 with a variety of Rf groups at the 3 po-
sition starting from the corresponding 3-Rf-acrylates 1 by the
action of the low cost and easy-to-handle reagent,
NaOCl-5H;0. The special feature of this process is the require-
ment of a very mild temperature of 0 °C which can be well
compared to the previous one executed at —78 °C under the
action of LDA [29]. Moreover, by using the epoxyester 2b as
the representative substrate, clarification of its reactivity was
carried out by mixing with 1) heteronucleophiles like amines,
thiols, and magnesium halides, 2) softer carbon nucleophiles
such as malonates, and 3) Grignard-based cuprates. These pro-
cesses usually yielded the addition products along with the
epoxy ring opening at the 2 position via the SN2 mechanism,
affording 3-Rf-3-hydroxyesters with the incorporation of a
variety of substituents at the 2-position in a highly anti-selec-
tive fashion. We believe that the facile procedure presented here
opens novel routes to the application of these intriguing prod-
ucts in a variety of fields.

Experimental

General procedure for the formation of the
epoxyesters (GP-1): Benzyl (E)-2,3-epoxy-
4.4 4-trifluorobutanoate (2b)

GP-1A (by use of aqueous NaClO): To a solution of compound
1b [42] (0.23 g, 1.00 mmol) in 3.0 mL of CH3CN was added
NaClO aq. (5% in H,O, 1.50 g, 1.00 mmol) and the solution
was stirred for 4.5 h at room temperature. This mixture was
extracted with CH,Cl, and the usual workup and purification
afforded 0.15 g (0.60 mmol) of the pure title compound in 60%
yield.

GP-1B (by use of NaClO-5H,0): To a solution of compound
1b [42] (0.2302 g, 1.00 mmol) in 3.0 mL of CH3CN was added
NaClO-5H,0 (0.3290 g, 2.00 mmol) at 0 °C, and the solution
was stirred for 6 h at the same temperature. After the same
workup process and purification with silica gel column chroma-
tography using AcOEt/Hex 1:20 as an eluent, 0.2117 g
(0.86 mmol) of the title compound (86% yield) were isolated. R¢
0.52 (Hex/AcOEt 5:1); '"H NMR (300.40 MHz, CDCl3) d
3.71-3.76 (m, 2H), 5.21 (d, J = 12.3 Hz, 1H), 5.28 (d, J = 12.3
Hz, 1H), 7.34-7.44 (m, 5H); 13C NMR (75.45 MHz, CDCl3)
49.4 (q,J = 2.5 Hz), 52.7 (q, J = 42.2 Hz), 68.0, 121.4 (q,J =
276.0 Hz), 128.5, 128.7, 128.8, 134.3, 165.6; 'F NMR (282.65

Beilstein J. Org. Chem. 2024, 20, 2421-2433.
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Figure 3: A part of 3C NMR spectra for the compounds 11a and
11a-D.
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MHz, CDCl3) 8 =75.12 (d, J = 4.5 Hz); IR (neat) v: 3944, 3689,
3054, 2987, 2685, 2306, 1756, 1456, 1422, 1382, 1341, 1265,
1169, 1089, 988, 929, 896, 664 cm_l; Anal. calcd for
C1HgF303: C, 53.67; H, 3.68; found: C, 53.54; H, 3.89.

General procedure for the ring opening of
epoxides (GP-2). Benzyl 2,3-anti-4,4,4-
trifluoro-3-hydroxy-2-(p-
methoxyphenyl)amino-butanoate (3ba)
p-Anisidine (0.07 g, 0.60 mmol) was added to an EtOH (3 mL)
solution of compound 2b (0.12 g, 0.50 mmol), and the resultant
mixture was stirred at 50 °C for 19 h under the open air. After
quenching the reaction with 1 M HCI aq., the mixture was
extracted with AcOEt three times and the combined organic
phase was washed with brine. Evaporation of the volatiles
furnished crude materials which were recrystallized by use of
Hex/CHCI; 3:2 as a solvent to afford 0.14 g (0.39 mmol) of the
title compound 3aa in 78% yield as a sole stereoisomer. R¢ 0.30
(Hex/AcOEt 2:1); mp 95-97 °C; IH NMR (300.40 MHz,
CDCl3) 6 3.70 (brs, 1H), 3.76 (s, 3H), 4.31-4.33 (m, 2H), 4.39
(brs, 1H), 5.14 (dd, J = 12.0, 21.3 Hz, 1H), 6.74-6.81 (m, 4H),
7.26-7.36 (m, 5H); 13C NMR (75.45 MHz, acetone-dg) 8 55.5,
59.3, 67.9, 70.0 (q, J = 30.2 Hz), 114.8, 117.7, 124.1 (q, J =
283.5 Hz), 128.5, 128.6, 128.7, 134.4, 139.5, 154.3, 170.2; '°F
NMR (282.65 MHz, CDCl3) 8 —76.83 (d, J = 9.0 Hz); IR (KBr)
v: 3454, 3315, 2955, 2924, 2854, 2360, 1741, 1519, 1458, 1238,
1204, 1156, 1138, 1097, 1030, 822, 749 cm™!; HRMS-FAB
(m/z): [M]* calcd for C;gH[gF3NOy, 369.1182; found,
369.1209.

General procedure for the ring opening of
epoxides by enolates (GP-3). 4-Benzyl
5-ethyl anti,syn-tetrahydro-2-oxo-3-(trifluoro-
methyl)-furan-4,5-dicarboxylate (anti,syn-7a)
and 4,5-diethyl anti,syn-tetrahydro-2-oxo-3-
(trifluoromethyl)furan-4,5-dicarboxylate
(anti,syn-7b)

Diethyl malonate (0.18 mL, 1.20 mmol) was added to a flask
containing 0.0673 g (0.60 mmol) of -BuOK in DMSO (1.8 mL)
under an argon atmosphere and the resultant mixture was stirred
for 15 min at room temperature. Then, 0.1477 g (0.60 mmol) of
2b in 0.8 mL of DMSO was introduced to the resultant solution
and the stirring was continued for 0.5 h. The same workup
process and purification furnished 0.1717 g of an inseparable
mixture of anti,syn-7a (dr = 99:1) and anti,syn-7b (7a:7b =
83:17). Antisyn-Ta: Ry 0.34 (Hex/AcOEt 4:1); 'H NMR (300.40
MHz, CDCl3) & 1.32 (t, J = 7.2 Hz, 3H), 4.20-4.27 (m, 2H),
4.21-4.35 (m, 2H), 5.05 (quint, J = 7.2 Hz, 1H), 5.15 (d, J =
12.3 Hz, 1H), 5.23 (d, J = 12.0 Hz, 1H), 7.32-7.40 (m, 5H); 13C

Beilstein J. Org. Chem. 2024, 20, 2421-2433.

NMR (75.45 MHz, CDCl3) d 13.8, 44.4, 46.4, 63.1, 68.5, 73.5
(q,J = 34.1 Hz), 122.5 (q, J = 282.9 Hz), 128.61, 128.63, 128.8,
134.0, 165.1, 165.6, 167.4; 1°F NMR (282.65 MHz, CDCl3) &
=75.84 (d, J = 6.8 Hz); IR (neat) v: 2987, 1813, 1742, 1457,
1389, 1321,1218, 1182, 1128, 1023, 972, 755 cm™!;
HRMS-FAB+ (m/z): [M + H]* calcd for Ci16H16F30¢,
361.0893; found, 361.0911. Epimer at the 2 position of anti,syn-
7a (syn,syn-7a): 'H NMR (300.40 MHz, CDCl3) 8 1.30 (t, J =
7.2 Hz, 3H), 4.00 (d, J = 8.4 Hz, 1H), 4.08 (dd, J = 6.3, 8.1 Hz,
1H), 4.26-4.34 (m, 2H), 5.00 (quint, J = 5.7 Hz, 1H), 5.22 (d, J
=12.0 Hz, 1H), 5.27 (d, J = 12.3 Hz, 1H), 7.31-7.41 (m, 5H);
13C NMR (75.45 MHz, CDCl3) 5 13.9, 43.2, 48.5, 63.3, 68.6,
74.9 (q, J = 35.4 Hz), 122.4 (q, J = 279.8 Hz), 128.3, 128.8,
128.9, 134.2, 164.5, 167.1, 168.2; 9F NMR (282.65 Hz,
CDCl3) & —=79.55 (d, J = 4.8 Hz); HRMS-FAB+ (m/z): [M +
H]" caled for CigH;F306, 361.0893; found, 361.0909.

General procedure for the reaction of the
epoxyester 2b with cuprates (GP-4): 1,1,1-
Trifluoro-2-hydroxytetradecan-4-one (11a)

1.70 mL of a 0.94 M Et,0 solution of decylmagnesium bro-
mide (1.6 mmol) was added to an Et,O (3.0 mL) solution con-
taining 0.1524 g (0.80 mmol) of Cul at —40 °C under an argon
atmosphere and the resultant mixture was stirred for 0.5 h at
that temperature. A solution of 0.1231 g (0.50 mmol) of 2b in
Et,O (1.0 mL) was added and the mixture was stirred for 3 h at
the same temperature. After quenching the reaction with a satu-
rated NH4Cl aq, the usual workup afforded 0.1116 g
(0.40 mmol) of the title compound in 79% yield after silica gel
column chromatography using Hex/AcOEt 6:1 as an eluent. Ry
0.51 (Hex/AcOEt 4:1); 'H NMR (300.40 MHz, CDCl3) 5 0.88
(t, J = 6.9 Hz, 3H), 1.26 (brs, 14H), 1.60 (quint, J = 6.9 Hz,
2H), 2.49 (t, J = 7.5 Hz, 2H), 2.74 (dd, J = 3.6, 17.7 Hz, 1H),
2.83 (dd, J = 9.0, 17.7 Hz, 1H), 3.49 (d, J = 4.2 Hz, 1H),
4.43-4.56 (m, 1H); 13C NMR (75.45 MHz, CDCl3) & 14.0,
15.0, 22.6, 23.4, 29.26, 29.28, 29.4, 29.5, 31.8,41.8 (q, J = 1.2
Hz), 43.7, 66.4 (q, J = 32.2 Hz), 124.7 (q, J = 281.1 Hz), 208.9;
19F NMR (282.65 MHz, CDCl3) & -80.79 (d, J = 7.1 Hz); IR
(neat) v: 3408, 2958, 2927, 2856, 1720, 1469, 1291, 1176,
1146, 899, 841, 719, 643 cm™!; HRMS-FAB+ (m/z): [M + H]*
calced for C4Hy6F305, 283.1879; found, 283.1893.
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Trifluoromethoxylated molecules and selenylated compounds find a wide range of interesting applications, but separately. In order

to combine the potential of these two motifs and to propose a new class of compounds, we have developed an electrophilic phenyl-

seleno trifluoromethoxylation of alkenes, which leads to -selenylated trifluoromethoxylated compounds or, upon subsequent

reduction, to the trifluoromethoxylated ones.

Introduction

Due to the specific properties of the fluorine atom [1-3], fluori-
nated compounds are now present in a wide range of applica-
tions, from materials to life sciences [4-11]. In order to propose
new molecules with specific properties for targeted applica-
tions, the development of new fluorinated moieties is an active
research field [12]. Among these emerging fluorinated groups,
the association of the CF3 moiety with chalcogens is an interest-
ing approach. In particular, the trifluoromethoxy group (CF;0)
possesses valuable properties such as electronegativity [13,14],
lipophilicity [15,16], electronic effects [17,18], and conforma-
tion [19-21]. Some trifluoromethoxylated molecules can be
used as drugs in the treatment of various pathologies (Figure 1)
[22-29].

On the other hand, despite its toxicity at higher doses, selenium
is also an essential trace element in human physiology [30,31].
Moreover, several selenylated molecules have found applica-
tions in various fields such as materials or bioactive com-
pounds [32-43]. Some selenylated compounds exhibit fasci-
nating biological properties.

Despite these separate converging interests, no methods have
been described to synthesize both trifluoromethoxylated and

phenylselenylated molecules.

The introduction of a CF30 moiety into organic molecules

remains poorly described in the literature, especially the direct
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Figure 1: Examples of trifluoromethoxylated drugs.

trifluoromethoxylation [44-46]. Only few radical trifluo-
romethoxylations of (hetero)aromatics [47-52], enol carbonates
[53] or silyl enol ethers and allyl silanes [54] have been re-
ported. Most of the methods described have used the trifluo-
romethoxide anion (CF307) [45]. Many sources of the CF30™
anion have been described, but with certain drawbacks such as
their volatility, their tedious and expensive synthesis and the use
of toxic reagents [55-65]. Recently, we reported the preparation
of a stable solution of the CF;0™ anion (DDPyOCF3;)

Table 1: Reaction of 1a with PhSeX and DDPyOCF3.2

Beilstein J. Org. Chem. 2024, 20, 2434-2441.

from the cheap and commercially available 2,4-dinitro(trifluo-
romethoxy)benzene (DNTFB) [66,67]. This DDPyOCFj solu-
tion has shown a good reactivity to obtain various fluorinated
compounds and especially trifluoromethoxylated molecules
[68-71].

As another chapter of this research program, we propose here
an easy and complementary access to CF30O-substituted alkyl
compounds from alkenes and DDPyOCF3, more precisely to
a-trifluoromethoxylated, f-phenylselenylated compounds.

Results and Discussion

The electrophilic addition of phenylselenyl halides to alkenes to
form a selenonium intermediate that can be intercepted by an
external nucleophile is a well-known method to obtain 1,2-
disubstituted compounds [72-74]. Therefore, the reaction of
alkenes with electrophilic sources of phenylselenyl in presence
of DDPyOCYF3 as a nucleophilic source of the CF30 group was
studied (Table 1).

First, we started from the optimal conditions previously estab-
lished for the trifluoromethoxylation by nucleophilic substitu-
tion, using an excess of DNTFB as a reservoir of CF;0™ [68].
Thus, by adding cyclohexene (1a) to the preformed mixture of

SN
OCFsNO N | N @
2 .SePh
«SePh o
. < ,w\]/ CF304  1a (1 equiv) Q Q
» 0 o%"'?CN . NO, PhSeX OCF, cl
NO, N » 15 min (1 equiv) 2a 3a
DNTFB DMAP
(x equiv) (y equiv) NO,
DDPyOCF,4
Entry DNTFB (equiv) DMAP (equiv) PhSeX Method 2a (%)
1 2 1 PhSeCl 1a then PhSeCl; 20 °C, 24 h 12
2 3 2 PhSeCl 1a then PhSeCl; 20 °C, 24 h 30
3 4 3 PhSeCl 1a then PhSeCl; 20 °C, 24 h 32
4 3 2 PhSeCl 1a then PhSeCl; 0 °C, 24 h 30
1) PhSeCl, 15 min, 0 °C
5 3 2 PhSeCl 2) 1a: 20 °C, 24 h 44
1) PhSeBr, 15 min, 0 °C
6 3 2 PhSeBr 2)1a: 20 °C, 24 h 93
1) PhSeBr, 15 min, 0 °C
7 2 2 PhSeBr 2)1a: 20 °C, 24 h 85
1) PhSeBr, 15 min, 0 °C
8 2 2 PhSeBr 2)1a; 20 °C, 2.5 h 88

aYijelds determined by '®F NMR spectroscopy with PhCF3 as internal standard.
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DNTFB (2 equiv) and DMAP (1 equiv), followed by the addi-
tion of PhSeCl, only a low yield of the expected a-trifluo-
romethoxylated,B-phenylselenylated compound 2a was ob-
served (Table 1, entry 1). By increasing the amount of DNTFB
and DMAP, the yield was doubled but remained low (entry 2 in
Table 1) and did not evolve with a higher excess of reagents
(entry 3). A reaction at lower temperature to possibly slow
down the degradation of the CF30™ anion did not improve the
results (Table 1, entry 4). A better yield was obtained by adding
first the phenylselenyl chloride and stirring the mixture for
15 min at 0 °C before adding 1a (Table 1, entry 5). During all
these reactions the formation of compound 3a was observed as
by-product. This compound results from the competitive
opening of the transient episelenonium by the more nucleo-
philic chloride anion competing with the less nucleophilic
CF30™ anion.

To avoid this side reaction, the phenylselenyl chloride was
replaced by phenylselenyl bromide, assuming that the bromide
anion released is less nucleophilic than chloride in an aprotic
solvent such as acetonitrile. Gratifyingly, an excellent yield was
obtained (Table 1, entry 6) without detection of the brominated
by-product. To facilitate purification, the amount of DNTFB
was reduced to 2 equiv without significantly changing the result
(Table 1, entry 7). Finally, the reaction time was reduced from
24 h to 2.5 h without affecting the yield (Table 1, entry 8).

In order to better understand the mechanism of the reaction, an
NMR study of the premixing of DDPyOCF3 with PhSeBr was
performed. The disappearance of the broad signal of CF30™ and
the appearance of a new broad signal in the upper field were ob-
served (Scheme 1). This suggests the formation of the highly

\N/
| X
+_ _ PhSeBr
N CF3O [CFgosePh]
DDPyOCF3 :
O\SePh
OCF5 CF30™  +se
|
Ph
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reactive CF30SePh species, which cannot be isolated. Further-
more, since only the frans stereomer 2a was observed, the tran-
sient formation of an episelenonium can be reasonably
assumed. Consequently, the mechanism described in Scheme 1
can be proposed.

Under optimal conditions (Table 1, entry 8), various alkenes

were functionalized (Scheme 2).

In general, the reaction gave good yields for both cyclic (2a-d,
2j) and aliphatic alkenes (2e-2i, 2k, 1). Similar results were ob-
served regardless of the position of the double bond in the mol-
ecule. Notably, a longer reaction time was required for less
reactive or more hindered substrates. The reaction was stereose-
lective as only the anti products were obtained. A good regiose-
lectivity was generally observed, as at least 80% of the main
regioisomer were usually obtained when the substituents at the
double bond differed significantly. When the substituent
hindrance was less pronounced, the ratio was less significant
(2f, 2j). Interestingly, a reverse regioselectivity was observed
depending on the starting alkenes. For the terminal alkenes, the
Markovnikov product (i.e. with the CF30 in the “internal” posi-
tion) was predominant, whereas for the allylic alcohol deriva-
tives, the anti-Markovnikov addition (i.e. with the CF30 in the
“terminal” position) was predominant (2e vs 2g and 2h vs 2i).
This could be rationalized by the electronic effect of the oxygen
atom which disfavors the episelenonium opening with the
CF30™ anion in the closest position to the oxygen atom. It is
noteworthy that the regioisomeric ratio of terminal alkenes (2e,
2i) evolved with the reaction time. The amount of the kinetic
terminal regioisomer (anti-Markovnikov — 2e’, 2i’) decreases

with time in favor of the thermodynamic Markovnikov regio-

/

( SF NMR

—-31.45

DDPyOCF,

CF,0SePh

mm WW }!;l

= —-42.60

Scheme 1: Proposed mechanism of the reaction and '°F NMR of the DDPYOCF3/PhSeBr mixture.
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NG, N©  0°C, 15 min 2 | 2) Ry, ,20°C,25h SePh
. 2
DNTFB DMAP 1 (1 equiv)
(2 equiv) (1.95 equiv) NO,
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SePh
oo S O O
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82% (58%)?
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O (0]
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cl - cl 2K

clofibrate derivative
56% (43%), ratio: 88:122
75% (59%), ratio: 83:17°

PhSe
OCF,4

estrone derivative
74% (63%), ratio: 78:22P

Scheme 2: Phenylseleno trifluoromethoxylation of various alkenes. Yields determined by '®F NMR spectroscopy with PhCF3 as internal standard (in

parentheses isolated yields). 224 h. 48 h.

2437



isomer (2e, 2i). This phenomenon cannot occur for products 2g
and 2h because the kinetic and thermodynamic products are the
same. This observation confirms the existence of an equilib-
rium between the episelenonium and the final products 2
(Scheme 1). It should be noted that the reaction with styrene
gave low yields and the resulting products appeared very
unstable. Finally, the tri-substituted alkene 1-methylcyclo-

hexene did not give the expected products.

Finally, some more elaborated molecules such as the macrolac-
tone 2j, the clofibrate derivative 2k, and the estrone derivative
21 were also successfully bis-functionalized.

Some products appeared to be sensitive during purification by
chromatography on silica gel. Suspecting acid sensitivity, com-
pound 2a was treated with trifluoroacetic acid to confirm this
hypothesis (Scheme 3). The product resulting from the substitu-
tion of the CF30 group by the trifluoroacetoxy group was then
observed. The activation of a fluorine atom from the CF3;0
group by H* could be envisaged, which would then trigger the
selenium attack to release difluorophosgene and HF, thus gener-
ating an episelenonium, which would finally be reopened by tri-
fluoroacetate (Scheme 3).

¢ (<
F3C/ﬂ\cf

«SePh
T 4
(0} 0 +Se

L} !
N\ Ph
2a F/'*:\F“.uu H\O)J\CFa l

@SePh
(0]

0O~ CF3
4a

Scheme 3: Degradation of 2a under acidic conditions.

Although the selenylated compounds 2 are of interest, the pres-
ence of the PhSe moiety allows other transformations to be
considered. First, the oxidative elimination of the selenyl
moiety to generate a double bond was first studied. However,
regardless of the oxidative conditions used (mCPBA [75], H O,
[75], selectﬂuor®/H20 [76], SO,Cl,/NaHCOj3 (aq) [77,78]), in
most cases a complex mixture was observed and no correspond-

ing vinylic compound was detected by NMR.

Beilstein J. Org. Chem. 2024, 20, 2434-2441.

The phenylselenyl moiety could also undergo radical reduction
to produce trifluoromethoxylated molecules [79]. Using tris(tri-
methylsilyl)silane in the presence of AIBN [80], some com-
pounds were successfully reduced to give the corresponding
trifluoromethoxylated products with good yields (Scheme 4).
This approach could be a complementary method to obtain
trifluoromethoxylated compounds that are difficult to synthe-
size by nucleophilic substitution, such as products 5a and 5b

[68].

OCF (Me3Si)3SiH (1 equiv) OCF
. ° AIBN (0.2 equiv) » 3
R2 B R2
SePh toluene, 80 °C
5
2
OCF;
[::j/ OCF,4
5b
5a
73% 65%

O
e
O
ol s | N %J\O/\(
_— OCF;
CI 5k!

77% (51%), ratio: 89:11

5l

OCF;

65% (52%), ratio: 74:26

Scheme 4: Radical deselenylation of 2. Yields determined by 1°F
NMR spectroscopy with PhCFj3 as internal standard (in parentheses
isolated yields).

Conclusion

In this work, an efficient phenylseleno trifluoromethoxylation
of alkenes has been developed to readily obtain -selenylated
trifluoromethoxylated compounds. These compounds can also
undergo radical deselenylation to provide trifluoromethoxy-
lated molecules that can be difficult to access by nucleophilic
substitution. These results contribute to the further valorization
of the DDPyOCFj salt (arising from DNTFB/DMAP) as an

efficient tool in organic fluorine chemistry.
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Experimental

Typical procedure: Synthesis of 2. In a 10 mL vial, DNTFB
(160 pL, 1 mmol, 2 equiv) is added in one portion to a stirred
solution of DMAP (119 mg, 0.975 mmol, 1.95 equiv) in an-
hydrous MeCN (1.5 mL). The vial is closed and the reaction
mixture is stirred in an ice bath for 15 minutes (the reaction
rapidly turns orange after the addition of DNTFB and quickly
turns yellow). Then, the tube is opened and PhSeBr (118 mg,
0.5 mmol, 1 equiv) is added in one portion. The resulting reac-
tion mixture is stirred in the same ice bath for 15 minutes. Then,
the tube is opened and the alkene (1, 0.5 mmol, 1 equiv) is
added. The reaction is stirred at room temperature for 2.5 h
(unless otherwise stated). Note that a yellowish precipitate is
formed during the reaction for high yielding substrates. The
reaction is monitored by '°F NMR (PhCF; as internal standard).
At the end of the reaction, the content of the vial is transferred
to a separatory funnel and 10 mL of water are added. The
aqueous layer is extracted three times with 10 mL of diethyl
ether. The organic layers are combined and washed with 10 mL
of water. The organic layer is dried with MgSQy, filtered, and
concentrated under vacuum. Compounds 2 are obtained after

purification by chromatography.

Supporting Information

Supporting Information File 1

Additional experimental and analytical data and NMR
spectra.
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In this work, we describe the synthesis of halogenated pyran analogues of p-talose using a halo-divergent strategy from known 1,6-

anhydro-2,3-dideoxy-2,3-difluoro-B-p-mannopyranose. In solution and in the solid-state, all analogues adopt standard *C-like con-

formations despite 1,3-diaxial repulsion between the F2 and the C4 halogen. Moreover, the solid-state conformational analysis of

halogenated pyrans reveals deviation in the intra-annular torsion angles arising from repulsion between the axial fluorine at C2 and

the axial halogen at C4, which increases with the size of the halogen at C4 (F < Cl < Br < I). Crystal packing arrangements of pyran

inter-halides show hydrogen bond acceptor and nonbonding interactions for the halogen at C4. Finally, density functional theory

(DFT) calculations corroborate the preference of talose analogues to adopt a *C;-like conformation and a natural bonding orbital

(NBO) analysis demonstrates the effects of hyperconjugation from C—F antibonding orbitals.

Introduction

Polyfluorinated pyran analogues of carbohydrates have at-
tracted attention over the years. This class of glycomimetics has
great biological potential with useful applications [1-7]. What
about other halogens? Pyran inter-halide analogues of carbo-
hydrates were rarely investigated as new tools in glycobiology
[8]. This is surprising since the incorporation of halogens can
improve cellular uptakes and enhance membrane binding and

permeation [9-11]. In addition, halogen bonding is an impor-

tant interaction in biological systems [12-17] and the beneficial

effect of the chloro substituent has been reviewed recently [18].

As a result, there is a lack of efficient synthetic strategies to
access multivicinal inter-halide stereocenters (i.e., contiguous
chiral halides: F, Cl, Br, I) [19]. Only a handful of natural prod-
uct syntheses have been reported [20,21], despite the promising

biological activity of these unique inter-halides [22]. For our
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part, we recently reported the synthesis of contiguous inter-
halide-bearing stereocenters using a Chiron approach from
levoglucosan 1 (Figure 1a) [23]. Allopyranose inter-halides 4
incorporating the 2,3-cis, 3,4-cis relationship for the halogens
were prepared via intermediates 2 and 3 from levoglucosan (1).
Compounds 4 were the starting point to complex 2,3,4-trihalo-
hexanetriols and 2,3,4,5-tetrahalohexanediols. Conformational
analysis and lipophilicities of the latter compounds were deter-
mined and trihalogenated alkanes were incorporated into
piperidines of pitolisant [23]. This work was an extension of our
synthetic routes to multivicinal organofluorines to unveil some
of their unique properties [24-30], such as the solution-state
conformation of diastereomeric polyfluorohexitols [31].

Herein, we report the synthesis of pyran inter-halide analogues
of p-talopyranose 6, integrating also the 2,3-cis, 3,4-cis relation-
ship for the halogens, from known intermediate S (Figure 1b)
[24]. The solution and the solid-state conformational analysis
were supplemented with DFT calculations to understand key
conformational drivers. This study adds more data to the field
of nuclear magnetic resonance (NMR) spectroscopy of poly-
halogenated molecules. It should be noted that the NMR predic-
tions of such compounds remain very challenging [32].

Results and Discussion

Our recent discovery that the nature of halogen atoms can have
a large impact on conformation and lipophilicity motivated us
to investigate novel pyran inter-halides [23]. We used a halo-
divergent route starting from the known 1,6-anhydro-2,3-
dideoxy-2,3-difluoro-p-p-mannopyranose (5) readily accessible
form levoglucosan (1, Scheme 1) [24]. Activation of the C4
hydroxy group as triflate and direct treatment with a nucleo-

philic halogen furnished intermediates 8-11. The latter com-

a)
OH OH 0
-0 steps -0 steps
HO  OH F F
1 2
[levoglucosan] X = @ @
b) OR
= (0] steps
£ ~02 R —
HO OR

5 x=0 @ 6

[2,3-cis, 3,4-cis]

Beilstein J. Org. Chem. 2024, 20, 2442—-2454.

pounds proved to be difficult to purify, therefore we were
compelled to proceed directly to the next step. Cleavage of the
1,6-anhydro bridges was achieved under acetolysis conditions
providing halogenated talopyranoses 12-15 in good yield over
3 steps as o anomers.

Luckily, inter-halides 13—-15 were crystalline, allowing the
absolute configuration to be confirmed by single-crystal diffrac-
tion analysis (see below) [33]. Unfortunately, trifluorinated ana-
logue 12 was not crystalline. Thus, we removed the acetyl
protecting groups and generated the corresponding p-bromoben-
zoate derivative 17 to obtain suitable crystalline material
[24,34].

In order to decipher the key physical properties of complex
pyran inter-halides, we performed !°F NMR analysis of halo-
genated talose analogues 12—15 (Figure 2). First, all analogues
adopt standard *C-like conformations. Comparison of the
vicinal and geminal coupling constants for each organohalogen
suggests that there is little change in the conformations (al-
though there is an increasing chair distortion for larger halo-
gens, see below). Because F3 is adjacent to the C4 halogen, 1°F
resonance of F3 occurs at lower field than F2 for analogues
13-15. There is a strong increase in chemical shift of F3
depending on the incorporated halogen on the pyran core at C4:
—208.33 ppm for 12 (fluorine), —197.95 ppm for 13 (chlorine),
—192.80 ppm for 14 (bromine), and —184.56 ppm for 15
(iodine). Similarly, the increase in chemical shift of F2 is
smaller as exemplified with an upfield shift of —205.46 ppm for
12 to —200.55 ppm for 15. Talopyranose analogues 12-15 in-
corporate a 2,3-cis, 3,4-cis relationship for the halogens. We
previously prepared a small set of trihalogenated allopyranose

analogues that also included the 2,3-cis, 3,4-cis relationship for

talose inter-halides

® synthesis

® '9F NMR analysis

e conformational analysis
e crystal packing analysis
® DFT calculations

Figure 1: Synthesis of trihalogenated pyrans: a) Chiron approach to multivicinal inter-halide derived from allopyranoses; b) synthesis and conforma-
tional analysis of pyran inter-halide analogues of p-talose integrating the 2,3-cis, 3,4-cis relationship for the halogens (this work).
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Scheme 1: Synthesis of halogenated talopyranose analogues 13-15, and 17 that include a 2,3-cis, 3,4-cis relationship for the halogens.
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Figure 2: Direct comparison of '°F resonances of halogenated talose analogues 12-15 ('°F NMR; 470 MHz, CDClg).
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the halogens (Figure 1a) [23]. I9F NMR analysis of halo-
genated allopyranose analogues can be found in Supporting
Information File 1.

Our interest in the conformation of organohalogens motivated
us to compare the solid-state conformation of halogenated
pyrans 13-15, and 17 [24] with a-p-talose 18 [35] (Figure 3).
The crystallographic data and structural refinement details for
the crystal structures can be found in Supporting Information
File 1. As tosyl and benzoate groups are essential for the crys-
tallinity of multivicinal organofluorines they influence the
solid-state conformations [31,36-38]. Thus, information drawn
from the crystallographic data of compound 17 might be influ-
enced by benzoate groups. We included compound 17 in our
comparative analysis in any case. All structures adopt a stan-
dard #C;-like conformation in the solid-state. This conforma-
tion occurs despite 1,3-diaxial repulsion between the F2 and the
C4 halogen. The 1,3-diaxial repulsion between 2 fluorine atoms

Op-BrB
Fp rBz

F =

Op-BrBz
17

OH
D-talose: 18

Beilstein J. Org. Chem. 2024, 20, 2442—-2454.

have been reported in recent years [24,39], however, the 1,3-
diaxial repulsion between fluorine and other halogens is quite
uncommon [40,41]. As for the C5-C6 rotamer, all analogues
exhibit a gz conformation except for trifluorinated 17, which
possesses a tg conformation. An axial substituent at C4 general-
ly leads to a gt conformation [42,43], with some exceptions
[24]. Bond distances, bond angles, torsion angles, and key inter-
atomic distances are listed in Tables 1-4. It is important to point
out that these results compare well with previous analysis of

polyfluorinated carbohydrates [44,45].

The C—C bond lengths within the pyran rings of halogenated an-
alogues are between 1.50 and 1.54 A, which is similar to native
talose (18, 1.52-1.53 A) (Table 1, entries 1-4). However, all
specified bond lengths within the pyran rings are shorter for
halogenated analogues compared to a-p-talose, except for the
C3—C4 bond of compound 15. This can be explained by the
adjacent repulsion between CF3 with the CI4 group. Next, it has

Figure 3: X-ray analysis of compound 13-15, 17, and a-p-talose 18. ORTEP diagram showing 50% thermal ellipsoid probability (except for 18): car-
bon (gray), oxygen (red), fluorine (green), chlorine (orange), bromine (dark red), iodine (purple), and hydrogen (white).

2445



Table 1: Selected bond distances for compounds 13—15, 17, and 18.

Beilstein J. Org. Chem. 2024, 20, 2442—-2454.

Distances (A)

Entry Bonds
Talose (18)2 17 13 14 15
1 c1-C2 1.5316 1.518(3) 1.526(2) 1.523(3) 1.53(1)
2 C2-C3 1.5234 1.506(3) 1.513(2) 1.508(3) 1.50(2)
3 Cc3-C4 1.5300 1.508(4) 1.522(2) 1.520(3) 1.54(2)
4 C4-C5 1.5325 1.524(3) 1.527(2) 1.523(3) 1.53(1)
5 C5-C6 1.5127 1.525(3) 1.507(2) 1.513(3) 1.50(1)
6 C5-05 1.4489 1.432(3) 1.438(2) 1.435(2) 1.44(1)
7 05-C1 1.4380 1.399(3) 1.403(2) 1.403(2) 1.40(1)
8 C1-01 1.4028 1.442(3) 1.429(2) 1.431(2) 1.44(1)
9 01-C(0) na 1.361(3) 1.372(2) 1.374(3) 1.40(1)
10 C2-F2 1.4228P 1.393(3) 1.402(2) 1.407(2) 1.39(1)
11 C3-F3 1.4212¢ 1.397(3) 1.393(2) 1.396(2) 1.39(1)
12 C4-X4 1.4279¢ 1.395(3) 1.797(2) 1.956(2) 2.11(1)

aReference [35]; PC2-02; °C3-03; 4C4-04.

been reported that the C1-O1 bond lengths are shorter than the
0O5-C1 for a anomers [42,46,47]. Talopyranose (18) follows
this trend, but not the halogenated analogues (Table 1, entries 7
and 8). Also, the exocyclic C1-O1 bond lengths of compounds
13-15 and 17 are in average 0.033 A longer than native talose
(18). As expected, all the C—F bond lengths are shorter than the
corresponding C—OH bond lengths (Table 1, entries 10-12)
[48]. The C2-F2 bond lengths are in average 0.025 A shorter
than the C2—-OH bond and the C3-F3 bond lengths are in aver-
age 0.027 A shorter than the C3—OH bond. Similarly, for com-
pound 13-15, the C4-X bond lengths are longer than the
C4-OH bond of native talose (1.43 A): C4-Cl: 1.80 A, C4-Br:
1.96 A, and C4-1: 2.11 A.

Table 2: Selected bond angles for compounds 13-15, 17, and 18.

Table 2 shows the selected bond angles for compounds 13-15,
17, and 18. All the bond angles of halogenated analogues are
larger by 0.1-4.07° than talose (18). As such, the H2-C2-F2
bond angles are similar for compounds 13-15 and 17
(109.69-109.78°), but significantly larger than the H2-C2-02
bond angle of talose (105.87°). Moreover, the H3—C3-F3 bond
angles slightly decrease according to the nature of the atom at
C4 (F: 107.97°; Cl: 107.67°; Br: 107.47°; I: 107.46°), as com-
pared with talose (108.85°). As for the H4—C4—X4 bond angles,
the angles are similar for talose and the trifluorinated analogues:
109.33° and 109.36°, respectively. However, there is a bond
angle narrowing for the other analogues (Cl: 108.07°; Br:
107.94°; I: 107.78°). Finally, the angles involving the exo-

Angles (°)
Entry Bonds
Talose (18)2 17 13 14 15
1 C1-C2-C3 109.51 110.2(2) 111.9(1) 111.9(2) 111.9(9)
2 C2-C3-C4 110.43 113.7(2) 114.0(1) 114.5(2) 114.1(9)
3 C3-C4-C5 107.80 109.9(2) 108.3(1) 108.3(2) 107.9(8)
4 C4-C5-05 109.92 111.8(2) 111.6(1) 112.2(1) 112.0(8)
5 C5-05-C1 113.68 114.9(2) 114.7(1) 114.7(1) 113.9(8)
6 05-C1-C2 110.29 113.0(2) 112.2(1) 112.3(2) 112.7(9)
7 01-C1-05 111.87 111.1(2) 111.3(1) 110.9(2) 111.4(8)
8 01-C1-C2 107.98 105.5(2) 106.8(1) 106.9(2) 106.6(8)
9 C1-01-C(0O) na 116.2(2) 115.4(1) 115.3(2) 115.2(8)
10 C1-C2-F2 109.78 106.9(2) 105.4(1) 105.2(1) 104.6(8)
11 C3-C2-F2 112.49¢ 110.5(2) 110.4(1) 110.5(2) 110.9(9)
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Table 2: Selected bond angles for compounds 13-15, 17, and 18. (continued)

12 C2-C3-F3 107.54¢ 109.3(2) 109.5(1) 109.6(1) 109.9(9)
13 C4-C3-F3 113.36° 109.7(2) 110.1(1) 110.0(1) 110.1(8)
14 C3-C4-X4 108.18f 109.7(2) 112.1(1) 112.1(1) 111.9(7)
15 C5-C4-X4 111.149 109.2(2) 112.1(1) 112.5(1) 113.5(7)
16 H2-C2-F2 105.87M 109.75 109.69 109.72 109.78
17 H3-C3-F3 108.85 107.97 107.67 107.47 107.46
18 H4-C4—X4 109.33) 109.36 108.07 107.94 107.78

aReference [35]; PC1-C2-02; °C3-C2-02; 9C2—-C3-03; ¢C4-C3-03; {C3-C4-04; 9IC5-C4-04; "H2-C2-02; IH3-C3-03; IH4-C4-04.

anomeric oxygen (O1-C1-05) are similar with a difference of
about 1° between the larger (compound 17) and smaller (com-

pound 14) angle.

As stated above, all analogues exhibit a g conformation except
for compound 17, which is a g conformer. This information
could also be extracted from Table 3 by looking at the
05-C5-C6-06 torsion angles (Table 3, entry 1). Table 3 also
highlights that there are significant intra-annular torsion angles
for halogenated analogues. There are reductions in the
C1-C2-C3-C4 torsion angles for the halogenated pyrans as
compared to compound 18 (-56.58°) (Table 3, entry 4). The de-
crease depends on the size of the halogen at C4 (F: —49.4°; ClI:

Table 3: Selected torsion angles for compounds 13-15, 17, and 18.

Entry Bonds
Talose 182

1 05-C5-C6-06 70.35
2 05-C1-01-C(0) na
3 C2-C1-01-C(0O) na
4 C1-C2-C3-C4 -56.58
5 C2-C3-C4-C5 57.88
6 C3-C4-C5-05 -58.49
7 C4-C5-05-C1 60.88
8 C5-05-C1-C2 -58.73
9 05-C1-C2-C3 55.31
10 05-C1-C2-F2 -68.66°
11 C1-C2-C3-F3 179.26¢
12 F2—-C2-C3-C4 65.784
13 F3-C3-C4-C5 178.62¢
14 C2-C3-C4-X4 -62.40
15 X4-C4-C5-05 59.919
16 X4-C4-C3-H3 179.05"
17 H3-C3-C2-F2 -175.981

-46.9°; Br: —46.5°; I: —46°). There is also a reduction in the
C2-C3-C4-CS torsion angles of about 8.4° in average for com-
pound 13-15 and 17 falling outside the range of an ideal pyran
ring (Table 3, entry 5) [35]. However, the C4-C5-05-C1
torsion angles are similar for all compounds except for com-
pound 17 (Table 3, entry 7). The deviation in the intra-annular
torsion angles clearly arise from repulsion of the axial fluorine
at C2 and the axial halogen at C4 as exemplified with the
H3-C3-C2-F2 and the X4-C4-C3-H3 torsion angles being
smaller than the expected 180° (Table 3, entry 16 and 17). The
1,3-diaxial repulsion leads to a deviation from parallel align-
ment as shown in Table 4. The Newman projections of the halo-
genated analogues show deviations from parallel alignment for

Torsion angles (°)

17 13 14 15
-178.3(2) 75.4(1) 74.9(2) 75(1)
94.7(2) 89.0(2) 88.7(2) 88(1)
-142.5(2) -148.1(1) -148.5(2) -148.4(9)
-49.4(3) -46.9(2) -46.5(2) -46(1)
50.1(3) 50.0(2) 49.0(2) 49(1)
-51.6(3) -55.0(2) -53.9(2) -55(1)
56.4(2) 60.5(2) 59.8(2) 61(1)
-56.1(2) -55.5(2) -55.3(2) -57(1)
51.0(3) 47.6(2) 47.6(2) 48(1)
-69.0(2) -72.4(1) ~72.4(2) -72(1)
-172.3(2) -170.7(1) -170.7(1) -170.6(8)
68.5(3) 70.2(2) 70.4(2) 70(1)
172.8(2) 173.5(1) 173.0(1) 173.1(8)
-70.0(3) -74.2(2) -75.6(2) -77(1)
68.8(2) 69.2(1) 70.5(2) 70.0(9)
170.2 166.4 165.0 164.4
-171.7 -170.4 -170.3 -170.9

aReference [35]; P05-C1-C2-02; °C1-C2-C3-03; 402-C2-C3-C4; ©03-C3-C4-C5; {C2-C3-C4-04; 904-C4-C5-05; "04—C4-C3-H3

IH3-C3-C2-02
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the C2—F and C4-X substituents of 12.08° for 17, 17.08° for 13,
18.18° for 14, and 18.59° for 15 (talopyranose, 18: 5.92°). This
deviation is responsible for the distance between F2 and the
halogen at C4. Table 5 highlights key interatomic distances for
all analogues. As such, the F2.---X4 distance increases with the
size of the C4 halogen (F < C1 < Br <I): 2.82 A for 17, 3.06 A
for 13, 3.14 A for 14, and 3.23 A for 15. Another interesting
feature can be drawn from Table 5. As such, intramolecular
F2.--F3, F2---X4, and F3---X4 contacts are smaller than the sum
of the Van der Walls radii [49]. Taking together, all these data
clearly demonstrate that the nature of one halogen can
have an impact on the solid-state conformation of halogenated
pyrans.

We also evaluated the Cremer—Pople ring puckering parame-
ters (Table 6) [50]. For pyranoid rings, these parameters take
the form of a spherical polar coordinate set, Q, 0, and ¢, which
define the point P, on a sphere of radius Q [51]. The smaller
puckering amplitude (Q) values for the halogenated analogues

indicate a flattened ring in comparison to the non-halogenated

Beilstein J. Org. Chem. 2024, 20, 2442—-2454.

Table 6: Cremer—Pople ring puckering amplitudes (Q), theta (6) and
phi (¢) parameters.

Talose (18) 17 13 14 15
QA 0.588 0.514 0.521 0.514 0.523
0 (°) 2.976 1.724 6.936 6.439 7.248
¢ (°) 233.600 315.204 299.454 305.438 307.711

compound. The puckering amplitude for an ideal cyclohexane
chair, with C-C bond lengths of 1.54 A, is 0.63 A [50]. The
azimuthal angle (0) represents the distortion of the ring. For
pyranose rings, an azimuthal angle of 6 = 0° represents a perfect
4C chair, and an angle of 8 = 180° is the !Cy chair. The distor-
tion of the chair conformation increases with the size of the
halogen at C4. Surprisingly, the trifluorinated analogue is less
distorted than the non-halogenated talopyranose. The meridian
angle (@) indicates the nature of the distortion. The distortion of
the trifluorinated analogue is in a direction somewhat between

an E5 conformation (¢ =~ 300°) and a OH5 conformation (¢ ~

Table 4: 1,3-Diaxial repulsion between C2—F and C4—X bonds for 13-15 and 17.2

o1 o2
“ I I I’
Vol [
L [}
V! 1
F X
H,] I O 1
F OR
Hs Hy
RO Hs
Entry Angles (°) 17 13 14 15
(X=F, R=p-BrBz) (X=CI,R=Ac) (X=Br, R=Ac) (X=1,R=Ac)
1 o 5.99 6.77 7.05 7.06
2 o 6.09 10.31 11.13 11.53
3 o1 + Ol 12.08 17.08 18.18 18.59
8For a-talopyranose 18: oy = 5.58°, 0o = 0.34°, and o4 + &o = 5.92° (reference [35]).
Table 5: Key interatomic distances (intramolecular) for 13-15, 17, and 18.
Distances (A)
Entry Atoms
Talose (18)2 17 13 14 15
1 O1--F2 3.6141b 3.560(2) 3.552(2) 3.557(2) 3.55(1)
2 O1--F3 4.1700¢ 4.194(2) 4.288(2) 4.285(2) 4.28(1)
3 F2---F3 2.81544 2.732(3) 2.735(2) 2.741(2) 2.746(9)
4 F2:--X4 2.6546° 2.817(2) 3.056(1) 3.143(1) 3.228(6)
5 F3--X4 2.8517" 2.714(2) 2.968(1) 3.052(1) 3.160(6)

aReference [35]; PO1--02; °O1--03; 902--03; €02--04; f03--04
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330°). The other trihalogenated analogues are distorted towards
an E5 conformation (¢ =~ 300°). The distortion of the non-halo-
genated talopyranose is in the direction on an *E conformation
(p = 240°).

The solid-state conformation of each of the pyran inter-halides
13-15 is unique. One would expect that compounds 13-15
would have distinct crystal packing arrangements based on the
nature of the halogen. On the contrary, all analogues adopt a
similar stacking pattern. Figure 4 shows the packing arrange-
ment for compound 15 and the crystal packing of compound 13
and 14 can be found in the Supporting Information File 1. The
halogens are on the same side of the pyran ring, thus increasing
the overall molecular dipole moment (see Supporting Informa-
tion File 1). This allows intermolecular C—X---H-C interactions
responsible, in part, for the solid-state ordering [52]. Individual
pyrans stack on top of one another in a manner consistent with
electrostatic interactions with halogens facing H3, H4, and HS
(Figure 4a). As such, some intermolecular H---X bond distances
and angles for compound 13-15 are listed in Table 7. Solid-
state intermolecular interactions involving fluorine atoms have
been well documented over the years for carbohydrate ana-
logues [24,44,53] or other organofluorines [54]. In our case,
there is a number of C-F---H-C interactions with F2 and H4
(13:d =2.271 A, 14: d = 2.270 A, and 15: d = 2.356 A) and
with F3 and H4 (13: d =2.867 A, 14: d =2.849 A, and 15: d =
2.886 A).

Beilstein J. Org. Chem. 2024, 20, 2442—-2454.

Does the halogen at C4 contribute to the stabilization within the
crystal lattice? To answer this question, we have to look at the
behavior of halogens as hydrogen bond acceptors (X:--H) and
nonbonding interactions (X:--O/N/S). For C-X, a o-hole arises
when a valence electron is pulled into the o-molecular orbital
resulting in an electropositive crown and a flattening of the
atomic radius, that accounts for the directionality of the interac-
tions [55,56]. Thus, the halogen has an amphoteric character
with an electropositive halogen bond ability along the o-hole
(C—X--O/N/S, a = 180°) and an electronegative hydrogen bond
acceptor perpendicular to the C—X bond (C-X---H, a ~ 90°) [57-
60]. Such halogen bonds have been detrimental in the under-
standing interactions of organic halogens in biological systems
[61-65]. In our case, for compound 15, 14 interacts with H4 (d =
3.521 A, a = 93.77°) and 4 also interact with the oxygen of the
carbonyl of the acetate at C6 (14---O, d = 3.147 A;a=179.70°)
(Figure 4b and Table 7). This result is in line with hydrogen
(C-I---H) and halogen (C-I---O) interactions that show remark-
able differences in term of geometrical features [66]. It is im-
portant to point out that similar interactions are also present in
the packing of compound 13 (Cl4--H4 (d = 3.625 A, a =
96.94°) and Cl4---O (d = 3.203 Aa= 174.03°)) and compound
14 (Br4---H4 (d = 3.526 A, a = 95.15°) and Br4---O (d = 3.143
A, a = 177.49°)) (Table 7) (and see Supporting Information
File 1). To the best of our knowledge, this is the first applica-
tion of halogen bonding in the context of solid-state ordering of

pyran inter-halides.

b)

Figure 4: Packing arrangement of compound compound 15; a) View down the b axis; b) proposed intermolecular interactions involving halogens.
ORTEP diagram showing 50% thermal ellipsoid probability: carbon (gray), oxygen (red), fluorine (green), iodine (purple), and hydrogen (white).
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Table 7: Intermolecular X--H bond distances and angles for compound 13-15.

Entry Compound D-H--A d(D-H) (A)
1 F2--H3 0.980
2 F2--H4 0.980
3 F3--H3 0.980
4 13 F3--H4 0.980
5 F3--H5 0.980
6 Cl4--H3 0.980
7 Cl4--H4 0.980
8 Cl4---H5 0.980
9 F2--H3 1.000
10 F2--H4 1.000
11 F3--H3 1.000
12 1a F3-H4 1.000
13 F3-H5 1.000
14 Bra--H3 1.000
15 Br4:--H4 1.000
16 Br4-H5 1.000
17 F2--H3 0.980
18 F2--H4 0.981
19 F3-H3 0.980
20 .5 F3--H4 0.981
21 F3-H5 0.980
22 14--H3 0.980
23 14:--H4 0.981
24 14:--H5 0.980

Our interest in the synthesis and conformation of multivicinal
inter-halides motivated us to use density functional theory
(DFT) calculations to understand the preference of talose ana-
logues to adopt *C-like conformations. DFT computations
were performed using Gaussian 16 revision B.01 [67] with the
CAM-B3LYP [68-70] functional and the Def2TZVP basis set
[71], which includes effective core potentials for iodine. Empir-
ical dispersion was accounted with Grimme’s D3 [72,73]
correction including Becke—Johnson damping [74]. Computa-
tions were performed both in the gas phase (i.e., individual mol-
ecules with thermal corrections at 298.15 K based on ideal gas
assumptions) and in a chloroform solution, using the polariz-
able continuum model (PCM) [75]. A natural bonding orbital
(NBO) analysis was performed to study the effects of hypercon-
jugation from C-F antibonding orbitals [76].

First, dipole moments, enthalpy and Gibbs free energy differ-
ences between !Cy4 and #C; chair structures are shown in

Table 8. In the gas phase, there is little difference in enthalpy

d(H-A) (A)  d(D-A) (A)  a(D-H-A)(°) a(C-X-H)(°)
3.704 3.826 89.69 na
2.271 3.222 163.14 na
4.239 4.561 103.01 na
2.867 3.614 133.69 na
3.074 3.490 107.03 na
3.437 4.232 139.73 133.71
3.625 4.298 128.02 96.94
3.953 4.624 128.19 103.45
3.771 3.869 88.12 na
2.270 3.233 161.19 na
4.290 4.599 101.79 na
2.849 3.626 135.07 na
3.130 3.533 105.61 na
3.316 4.132 139.90 133.33
3.526 4.213 127.67 95.15
3.887 4.564 127.36 102.99
3.867 3.950 87.64 na
2.356 3.293 159.70 na
4.382 4.673 101.24 na
2.886 3.668 137.42 na
3.248 3.612 103.92 na
3.285 4.086 140.25 132.28
3.521 4.192 127.59 93.77
3.905 4.559 126.76 102.70

between the two structures. For Cl, Br, and I, the lC4 structures
are predicted to have slightly lower enthalpies. However, as
these differences are much smaller than 1 kcal/mol, one should
conclude that the structures are nearly degenerate. In solution,
the picture is much clearer: the *C structure is always lower in
enthalpy and Gibbs free energy, which corresponds with the ex-
perimental measurements. One can see that the gap between the
two structures tends to decrease as the halogen becomes larger
(the minor exception being bromine). Dipole moments
for the #C) structures are 2 Debye larger than for 'Cy4
structures, making them substantially more stable in chloro-

form.

Both chair structures have multiple C-F bonds in gauche
arrangements which are stable due to hyperconjugation: there is
donation from C-H bonding orbitals to C—F (or C-X) anti-
bonding orbitals that are aligned with one another. The prin-
cipal difference between the two structures is that in the 'Cy4

structure there are two such interactions whereas in the C;
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Table 8: Dipole moments (Debye), enthalpy and Gibbs free energy differences (kcal/mol) computed (CAM-B3LYP-D3BJ/Def2TZVP) for 1C4 and 4C4
chair structures in the gas phase and in chloroform (PCM). Thermal corrections are reported at 298.15 K.

XOA‘:: AcO
Ne) F
F xl@ﬁm‘c
OAc
4cy X=F,Cl,Br | Cy
Gas phase Chloroform
Entry X picy p4cy AH AG TRIoN p4Cy AH AG
1 F 4.55 6.48 0.98 2.51 5.95 8.09 2.47 3.90
2 Cl 4.45 6.34 -0.03 1.31 5.93 7.93 1.29 2.21
3 Br 4.40 6.30 -0.13 1.18 5.89 7.94 1.19 2.55
4 I 4.32 6.07 -0.03 117 5.78 7.64 1.04 1.86

structure there are three. One can see that in the *C; structure
the C5-HS5 bond will donate to the antibonding orbital of the
C4-X4 bond, and the C3-H3 bond will donate to the anti-
bonding orbitals of the C4—X4 and the C2—F2 bonds. In the 'C,
structure, the C4—H4 and C2-H2 bonds will both donate to the
antibonding orbital of the C3-F3 bond. These effects can be
shown with an NBO analysis: the Kohn—Sham orbitals pro-
duced from DFT are localized to describe the system as one
dominant resonance structure. As the Fock matrix is not diago-
nal in terms of the NBOs, coupling between orbitals can be
quantified with second order perturbation theory. These

couplings represent donation from an occupied NBO to an
unoccupied NBO that would stabilize the system. The results
are presented in Table 9. In both cases, there is also donation
from the halogen lone pairs to C—H and C-C antibonding
orbitals, but as these effects were near equivalent in both chair
structures, they are omitted.

Conclusion

We described the synthesis and conformational analysis of halo-
genated pyran analogues of p-talose. All analogues adopt stan-
dard #C;-like conformations both in solution and in the solid-

Table 9: Second order perturbation theory energies of the Fock matrix in the NBO basis for “C1 and 'Cy structures, from CAM-B3LYP-D3BJ/
Def2TZVP results. Only results from CHCI3 solvation (PCM) are reported as gas phase results showed no qualitative difference. Entries marked — are

below the 0.50 kcal/mol threshold.

XOA(; AcO
A x\kl)ﬁom
OAc
4Cy Cy

Entry Donor o Acceptor 0~ X=F X=Cl X=Br X=1 X=F X=Cl X=Br X=1
1 C5-H5 C4-X4 5.07 6.58 7.46 7.83 - - - -
2 C4-H4 C4-X4 1.05 0.88 0.97 0.75 1.10 0.80 0.81 0.56
3 C4-H4 C3-F3 - - - - 5.18 5.53 5.67 5.88
4 C3-H3 C4-X4 5.36 6.59 7.46 7.71 0.61 - - -
5 C3-H3 C3-F3 1.05 1.03 1.02 1.02 1.00 1.02 1.02 1.05
6 C3-H3 C2-F2 5.00 5.18 5.20 5.22 0.58 0.59 0.59 0.61
7 C2-H2 C3-F3 0.50 0.50 0.50 0.52 4.63 4.61 4.58 4.58
8 C2-H2 C2-F2 1.01 0.99 0.99 0.99 1.01 1.00 1.00 1.01
9 C1-H1 C2-F2 1.10 1.21 1.22 1.26 0.53 0.56 0.57 0.56
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state. The conformations were corroborated using DFT calcula-
tions by looking at the energy, enthalpy and Gibbs’ free energy
differences between !C4 and *C; chair structures. Crystallo-
graphic data of halogenated analogues shows intra-annular
torsion angles demonstrated with the increasing distance be-
tween F2.--X4 in relation with the nature of the halogen at C4: F
(d=282A)<Cl(d=306A)<Br@d=314A)<1d=
3.23 A). Moreover, the Cremer—Pople ring puckering parame-
ters show suitable differences in the distortion of the chair con-
formations. Crystal packing arrangements showed that the
halogen at C4 contributed in the nonbonding (along the o-hole)
and hydrogen bond (perpendicular to the C—X bond) interac-
tions. Finally, this study should be of general interest in the
understanding of weak interactions that are now important to so
many areas of chemistry, such as crystal engineering and supra-

molecular chemistry.
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The development of organic light-emitting devices has driven demand for new luminescent materials, particularly after the 2001

discovery of aggregation-induced emission. This study focuses on fluorinated diphenylacetylene-based luminescent molecules,

revealing that specific molecular modifications can enhance fluorescence and achieve a wide range of photoluminescence colors. A

simple and effective luminescence color-tuning method is proposed to investigate the photoluminescence behavior of two-compo-

nent polymer dispersion films blended with two types of fluorinated diphenylacetylenes, namely blue- and yellow- or red-fluores-

cent fluorinated diphenylacetylenes. It is confirmed that if blue and green—yellow or yellow fluorophores are blended in appro-

priate ratios, a binary blend with color coordinates (0.20, 0.32) can be achieved, which approaches the white point of pure white

emission. These findings contribute to the development of effective lighting and display devices as new white-light-emitting materi-

als.

Introduction

Luminescent materials in lighting and display devices have
become indispensable in daily life [1-3]. In recent years,
organic electroluminescent devices have attracted significant
attention as lightweight and energy-saving optical devices, and
there has been a strong demand for the development of lumines-
cent materials. Until now, the design of solid-state light-emit-
ting materials has not been established, and therefore, their de-

velopment has been severely delayed [4-6]. However, since

Tang et al. first reported the aggregation-induced emission phe-
nomenon in 2001 [7], the development of solid-state light-emit-

ting materials has accelerated significantly [8-10].

Many photoluminescent materials that emit blue, green, and
yellow photoluminescence (PL) have been developed, whereas
red PL with PL wavelengths in the long wavelength region is

considered difficult to achieve owing to the energy gap law [11-
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13]. Over the past few decades, our group has been vigorously
pursuing the exploration of functional molecules with a linear
diphenylacetylene structure as the m-conjugated core. As a part
of our research projects, we have begun to explore diphenyl-
acetylene-based luminescent molecules despite diphenylacety-
lene not exhibiting fluorescence at room temperature because it
undergoes a mo* excited state that rapidly forms a trans-bend
structure (Figure 1a) [14-16].

Our extensive efforts have revealed that introducing electron-
donating alkoxy and electron-withdrawing cyano groups at both
ends of the diphenylacetylene scaffold slows the internal
conversion to the mo* excited state. Further incorporating four
fluoro substituents in the short-axis direction of the electron-

deficient aromatic ring significantly retards the internal conver-

Beilstein J. Org. Chem. 2024, 20, 2682—-2690.

sion via the formation of H---F hydrogen bonds, leading to a
marked blue fluorescence in the crystalline state (Figure 1b)
[17-20]. Recently, the introduction of N,N-disubstituted amino
groups as electron-donating groups was shown to promote intra-
molecular charge transfer (ICT) and shifted the PL wavelength
to longer wavelengths, resulting in yellow or orange fluores-
cence in the solid state [21,22]. In addition, cross-linking be-
tween the amino group and attached benzene ring effectively
suppresses the formation of the twisted ICT state, resulting in

red fluorescence even in the solid state (Figure 2) [23].

The precise tuning of molecular and electronic structures has
made it possible to produce a wide range of PL colors. Howev-
er, the development of white-light-emitting materials, which are

especially indispensable for our affluent life, is more difficult
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Figure 1: (a) Reported photophysics of diphenylacetylene after photoexcitation. (b) Our molecular design to suppress internal conversion.
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Figure 2: Relationship between the molecular structure of fluorinated diphenylacetylenes and photoluminescence (PL) color in their crystalline states.

than the development of the blue-, yellow-, and red-light-emit-
ting molecules mentioned above [24-26]. Therefore, to achieve
white luminescence covering the entire spectral range of the
visible light region, two or more colors of fluorescence or phos-
phorescence from different luminescent centers in the polymer
matrix should be combined, and the PL color can be precisely
tuned by controlling the ratio of the PL luminescent materials
[27-29]. In this study, we prepared polymer dispersion fluores-
cent films containing two compounds from our fluorinated
diphenylacetylene library that exhibit different PL characteris-
tics from blue to red in the solid state, as shown in Figure 2, and

investigated their PL behavior and PL color-tuning potential.

Results and Discussion
Photoluminescence behavior of poly(methyl
methacrylate) (PMMA) films

Initially, we tested the PL behavior of polymer dispersion films
containing fluorinated diphenylacetylenes 1a—g as a single com-
ponent, as shown in Figure 3, because the PL behavior of fluo-
rescent molecules dispersed in a polymer matrix generally
differs from that in a dilute solution or the crystalline state. The
PL wavelengths (Apr ), fluorescence quantum yields (®py ), fluo-
rescence lifetimes (tpr), and Commission Internationale de
I'Eclairage (CIE) chromaticity coordinates of the PMMA

dispersion films containing 1 wt % of compounds la—g are

summarized in Table 1.

The PMMA dispersion films containing 1 wt % of compounds
la—g all exhibited a single PL band with Apy s in the range of
415-544 nm, and their PL colors varied from dark blue to
yellow with (x, y) coordinates of (0.16, 0.09) and (0.41, 0.54),
respectively (Figure 3). A blueshift in the App ranging from
28 nm to a maximum of 126 nm was observed for all com-
pounds contained in a PMMA film, based on a comparison with
the Apr. of the crystalline state shown in Figure 2. A decrease in
the ®p; was observed for the PMMA dispersion films contain-
ing 1a with a methoxy substituent, 1¢ with a diphenylamino
group, or 1g with a phenothiazine unit. Judging from the fact
that compounds 1a and 1c¢ form a tight molecular packing via
intermolecular H:--F hydrogen bonds which suppress non-radia-
tive deactivation in the crystalline state [20,21], we speculated
that the polymer dispersion state had lost the intermolecular
interactions, which accelerated the non-radiative deactivation
process. On the other hand, the other derivatives, namely 1b
and 1d-f, showed increased ®py, values in the PMMA films
compared with those in the crystalline state, presumably due to
a suppression of the formation of non-fluorescent twisted intra-
molecular charge transfer (TICT) states caused by the large ICT
characteristics.
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Figure 3: (a) PL spectra of the donor—m—acceptor (D-1—A)-type
diphenylacetylene compounds 1a—g contained in a poly(methyl meth-
acrylate) (PMMA) dispersion film. (b) Photographs of the PMMA
dispersion films under ultraviolet (UV) irradiation (Agx = 365 nm). (c) A
PL color diagram defined by the Commission Internationale de
I'Eclairage (CIE).
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Photoluminescence behavior of PMMA
dispersion fluorescent films containing two

fluorinated diphenylacetylenes

Based on the solid-state fluorescent molecule library 1a—g de-
veloped by our group [20-23], we expected that white photolu-
minescent devices could be developed by precisely controlling
the two-component mixture system of blue- and yellow-fluores-
cent molecules. From the perspective of both the PL color and
®pp, we selected the methoxy-substituted compound 1a as an
effective blue-fluorescent molecule for use in a two-component
mixing system. Among diphenylamino-substituted 1c with
chromaticity (x, y) coordinates of (0.28, 0.60), 1f containing a
tetramethyljulolidine unit with (x, y) coordinates of (0.37, 0.56),
and 1g containing a phenothiazine unit with (x, y) coordinates
of (0.41, 0.54), 1c and 1f were finally selected as candidates for
yellow-fluorescent molecules from the viewpoint of their ®py .
Therefore, we investigated the PL behavior of PMMA disper-
sion films containing blue-fluorescent 1a, green—yellow fluores-
cent 1c, and yellow-fluorescent 1f.

Photoluminescence behavior of PMMA dispersion
films containing a mixture of blue fluorophore 1a

and green-yellow fluorophore 1c¢

PMMA dispersion films containing 1 wt % of blue fluorophore
1a and green—yellow fluorophore 1c¢ in various weight ratios
were prepared. Their PL spectra and photophysical data are
depicted in Figure 4 and Table 2 summarizes the collected pho-

tophysical data.

As mentioned above, the PMMA film containing 1 wt % of
fluorophore 1a with a methoxy group exhibited a single PL
band with a Apy, at approximately 415 nm and dark blue PL with
chromaticity coordinates of (0.16, 0.09). In contrast, the PMMA
film containing 1 wt % of fluorophore 1¢ with a diphenylamino
group showed green—yellow PL with a Apy at approximately
506 nm and chromaticity coordinates of (0.28, 0.60). The PL
behavior of the 1 wt % PMMA film blended with blue fluoro-

phore 1a and green—yellow fluorophore 1c in a 50:50 ratio was

Table 1: Photophysical data of compounds 1a—g contained in a PMMA dispersion film.

1a
1b
1c
1d
1e
1f

19

Aex [nm]

310
300
300
400
440
440
450

ApL [nm] (®py )2

415 (0.76
479 (1.00
506 (0.84
512 (0.66
517 (0.54
534 (0.66
544 (0.03)

)
)
)
)
)
)

TpL [ns] coordinate (x, y)°
468 (0.16, 0.09)
3.21 (0.19, 0.33)
3.19 (0.28, 0.60)
3.89 (0.28, 0.51)
2.26 (0.30, 0.53)
373 (0.37, 0.56)
484 (0.41,0.54)

aMeasured using an integrating sphere; °chromaticity coordinates defined by the CIE.
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Figure 4: (a) PL spectra of PMMA dispersion films containing 1 wt %
of blue fluorophore 1a and green—yellow fluorophore 1¢ in various
weight ratios. (b) Photographs of the PMMA dispersion films under UV
irradiation (Aex = 365 nm). (c) A CIE color diagram of the PL color of
the PMMA dispersion films containing 1a and 1¢ in various ratios.

evaluated, and two PL bands appeared, namely major and minor
PL bands with App s at approximately 504 and 390 nm, respec-
tively. The fluorescent color of the PMMA film mixed in a
50:50 ratio showed light green—yellow PL with chromaticity co-
ordinates of (0.24, 0.45), which suggests a rapid energy transfer
of the excitation energy from blue fluorophore 1la to
green—yellow fluorophore 1c. The absorption wavelengths and
spectral shapes in the ultraviolet (UV)-visible absorption spec-
tra of the PMMA films containing 1 wt % of 1a and 1c or 1f as

Beilstein J. Org. Chem. 2024, 20, 2682—-2690.

representative examples (Figure S2 in Supporting Information
File 1) were similar to those in the corresponding excitation
spectra, which clearly indicates that the PL originates from a
single fluorophore. Using a 1 wt % PMMA film blended with
1a and 1c in an 80:20 ratio (Figure S2g in Supporting Informa-
tion File 1), the excitation spectrum obtained by monitoring the
long PL wavelength derived from 1c¢ was also in good agree-
ment with the absorption spectrum of 1a in the two-component
film. This result also clearly suggests an energy transfer from
la to 1c.

The fluorescence resonance energy transfer efficiency (Egrgt)
[30,31] was calculated from the ratio of the fluorescence life-
times of the two- and high-energy-component films

(Equation 1):

T
EpRET =(1— Dijloo, (1)

where Tpa and Tp are the PL lifetimes of the two- and single-
component films, respectively. An Egggt of 40% for the two-
component PMMA film blended in a 50:50 ratio indicates that
the excitation energy was transferred relatively efficiently from
la to 1c.

Next, the PL behavior of a PMMA film with a higher ratio of 1a
was investigated by mixing 1a:1c in a ratio of 95:5. Contrary to
the above result, a single PL band with a Apy at approximately
404 nm and a shoulder peak in the long-wavelength region were
observed. The 1py, of the PMMA film blended in a 95:5 ratio
was 2.50 ns with an Egggr of 47%, indicating that the PL band
of 1c was very small because of non-radiative deactivation, in
addition to the low PL component of 1¢. The PL color of the
PMMA film blended in a 95:5 ratio was dark blue, with color
coordinates of (0.17, 0.14).

Based on these results, various mixing ratios of 1la and 1c
ranging from 50:50 to 95:5 were investigated (91:9, 80:20,
70:30, and 60:40). Thus, a PMMA film mixed with 1a and 1c in
a ratio of 91:9 exhibited two PL bands with Apy s at approxi-
mately 404 and 473 nm, respectively. The PL bands on the
short- and long-wavelength sides were considered to be derived
from the emissions of 1a and 1c, respectively. For the PL of the
PMMA film blended in a 91:9 ratio, the tpy, and Epgpt values
were 2.52 ns and 46%, respectively. Although the PMMA film
blended in a 91:9 ratio was observed to have two distinct PL
bands, the PL color turned blue with coordinates of (0.18, 0.20).
Furthermore, when the mixing ratio of 1a to 1c¢ was changed to
80:20, 70:30, and 60:40, the relative intensity of the long-wave-
length PL band originating from the PL of 1c relative to that of
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Table 2: Photophysical data of PMMA dispersion films containing 1 wt % of blue fluorophore 1a and green—yellow fluorophore 1c¢ in various weight

ratios.

Ratio of 1a:1c ApL [nm] (®p )2 TpL [ns]
100:0 415 (0.76) 4.68
95:5 404 (0.97) 2.50
91:9 404, 473 (0.92) 2.52
80:20 400, 480 (0.93) 1.58
70:30 392, 482 (0.76) 1.35
60:40 496 (0.95) 2.73
50:50 390, 504 (1.0) 2.79
0:100 506 (0.84) 3.19

coordinate (x, y)° ErpeT [%]°

(0.16, 0.09) -

(0.17,0.14) 47
(0.18, 0.20) 46
(0.19, 0.27) 66
(0.20, 0.32) 71
(0.24, 0.43) 42
(0.24, 0.45) 40
(0.28, 0.60) -

aMeasured using an integrating sphere; °PL color coordinate defined by the CIE; ®fluorescence resonance energy transfer (FRET) efficiency

(EFreT) = 1 - (TDA/TD)-

1a increased with the increasing mixing ratio of 1c¢. The tp
values were in the range of 1.35-2.73 ns in these blends and the
Egprgt values were in the range of 42—71%. These results indi-
cate a good energy transfer for all 1a and 1c¢ mixtures. Based on
the PL spectra of the PMMA films blended in each mixing
ratio, the PL colors of the 80:20 and 70:30 blends were light
blue with coordinates of (0.19, 0.27) and (0.20, 0.32), respec-
tively, and the PL color of the 60:40 blend was green—blue with
coordinates of (0.24, 0.43). The PL color of the PMMA films
containing the 1a/lc mixture prepared in each mixing ratio
varied along a straight line connecting the color coordinates of
the PMMA films containing the individual component 1a or 1c.
In other words, tuning the PL color was possible by controlling
the mixing ratio. In addition, when the mixing ratio of 1a to 1c
was 70:30, the chromaticity coordinates were (0.20, 0.32),
which are relatively close to the ideal color coordinates of (0.33,
0.33) for white. The results for the PMMA film containing a
mixture of 1a and 1c indicate that the use of fluorophores with
PL bands on the longer-wavelength side is more effective in
approaching the ideal white color than green—yellow fluoro-
phore 1c.

Photoluminescence behavior of PMMA dispersion
films containing a mixture of blue fluorophore 1a

and yellow fluorophore 1f

Based on our investigation of the PL behavior of PMMA
dispersion films containing a mixture of 1a and 1c¢, we investi-
gated the PL properties of PMMA dispersion films containing a
mixture of blue fluorophore 1a and yellow fluorophore 1f
(Figure 5). The collected photophysical data are summarized in
Table 3.

Unlike the PMMA film containing green—yellow fluorophore
1c, the 1 wt % PMMA film containing 1f with a tetramethylju-
lolidine backbone exhibited yellow PL with a Apy at approxi-

mately 534 nm and chromaticity coordinates of (0.37, 0.56).
When blue fluorophore 1a and yellow fluorophore 1f were
blended in ratios of 50:50 and 80:20, the 1 wt % PMMA films
containing this mixture showed a major PL band derived from
1f with a App at 530-541 nm, along with a minor PL band
derived from 1a at 384-392 nm. The fluorescent color of the
PMMA film containing this blend was yellow with chro-
maticity coordinates of (0.38, 0.54) for the blend in a 50:50
ratio, and green—yellow with chromaticity coordinates of (0.35,
0.53) for the blend in an 80:20 ratio. The Tpy, values of the
PMMA films containing blends with ratios of 50:50 and 80:20
were 2.12 and 2.53 ns, respectively, and their Egggr values
were 55% and 46%. Both mixtures showed a relatively fast
energy transfer, which likely caused the PL of 1f to be the
major component. Furthermore, the excitation spectrum ob-
tained by monitoring the long PL wavelength originating from
1f using a 1 wt % PMMA film blended with 1a and 1f in an
80:20 ratio was also consistent with the corresponding absorp-
tion spectrum of 1a (Figure S2h in Supporting Information
File 1). This result clearly indicates an energy transfer from la
to 1f. Next, we evaluated the PL properties of the PMMA film
blended in a 95:5 ratio, which had a higher weight ratio of 1a.
As a result, two distinct PL bands with Apy s at approximately
401 and 520 nm appeared, which correspond to the PL derived
from blue-fluorescent 1a and yellow-fluorescent 1f, respective-
ly. The tp;, was measured to be 2.48 ns, indicating an increase
in the short-lived 1a component. The Ergrgr Was also calcu-
lated to be 47%, which indicates that energy transfer occurred
smoothly from 1a to 1f. The PL color of the PMMA film
blended in a 95:5 ratio was pale green—yellow with chro-
maticity coordinates of (0.26, 0.41).

Further studies were conducted on PMMA films with increased

content of 1a and blends of 1a and 1f in ratios of 97:3 and 98:2.
Compared with the PL spectrum of the PMMA film blended in
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a 95:5 ratio, the PL intensity of the short-wavelength PL band

@ 1600 Ratio [%] 1a  1f derived from the emission of 1a increased with increasing
14001 - 100 0 contents of 1a. The tp values of the PMMA films blended in
1200 - 98 2 ratios of 97:3 and 98:2 were 2.04 and 1.96 ns, respectively, and

=) 1000 - : Z; z their EgrgT values were 56% and 58%. These results indicate
.é 800 80 20 that a relatively efficient transfer of energy occurred from 1a to
& 600l 50 1f. However, the PL color of the PMMA films containing the
4001 100 blend was light purple with chromaticity coordinates of (0.18,
200l 0.17) for the 97:3 ratio, and blue with chromaticity coordinates

ol — of (0.17, 0.16) for the 98:2 ratio. Similar to the PL color trend in

400 5(|)0 600 700 the PMMA films blended with 1a and 1c¢, the PL colors of the
Wavelength [nm] PMMA films blended with 1a and 1f were located on a line

98:2 97:3

connecting them, suggesting that tuning the PL color from blue
to yellow is possible by precisely adjusting the mixing ratios of
1a and 1f. When the mixing ratio of 1a to 1f was 95:5, the chro-
50:50 0:100 maticity coordinates were (0.26, 0.41). The PL of the PMMA

films blended with the 1a/1f binary mixture was relatively close
to white, although it was slightly different from the ideal white

point.
Ratio of Conclusion
1a : 1f In conclusion, we prepared PMMA dispersion films with a

single component of fluorinated diphenylacetylene or a blend of
two fluorinated diphenylacetylenes at a concentration of 1 wt %
and investigated their PL behavior in detail. Among the fluori-
nated diphenylacetylene libraries with excellent solid-state
luminescent properties, the PMMA dispersion film containing a
methoxy-substituted fluorinated diphenylacetylene exhibited
dark blue PL, the PMMA film containing a diphenylamino-
substituted fluorinated diphenylacetylene exhibited
green—yellow PL, and the PMMA film containing a fluorinated
diphenylacetylene with a tetramethyljulolidine skeleton exhib-

0.4 0.5 0.6 0.7
X

CIE16s1 ited yellow PL. Intensive investigation of the PL behavior of

these PMMA films blended as a binary mixture of blue and

Figure 5: (a) PL spectra of PMMA dispersion films con_taining .1 wt % green—yellow or yellow fluorophores showed smooth energy
of blue fluorophore 1a and yellow fluorophore 1f in various weight . K

ratios. (b) Photographs of their PMMA dispersion films under UV irradi- transfer from the high-energy fluorescent component, that is,
ation (Aex = 365 nm). (c) A CIE color diagram of the PL color of PMMA the methoxy-substituted fluorinated diphenylacetylene, to the

dispersion films containing 1a and 1f in various weight ratios. .
P 9 9 yellow—green or yellow fluorophore, respectively. The PL be-

Table 3: Photophysical data of PMMA dispersion films containing 1 wt % of blue fluorophore 1a and yellow fluorophore 1f in various weight ratios.

Ratio of 1a:1f ApL [nm] (®p)2 TpL [ns] coordinate (x, y)° ErReT [%]¢
100:0 415 (0.76) 468 (0.16, 0.09) -

98:2 407 (0.76) 1.96 (0.17,0.16) 58

97:3 417 (0.82) 2.04 (0.18,0.17) 56

955 401, 520 (0.94) 2.48 (0.26, 0.41) 47

80:20 384, 530 (1.0) 2.53 (0.35, 0.53) 46

50:50 392, 541 (1.0) 2.12 (0.38, 0.54) 55

0:100 534 (0.66) 3.73 (0.37, 0.56) -

aMeasured using an integrating sphere; °PL color coordinates defined by the CIE; °ErgeT = 1 — (Tpa/TD)-
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havior of each PMMA film blended as a binary mixture was in-
vestigated by varying the mixing ratio, and a wide range of PL
colors, including dark blue, green—yellow, and yellow with
chromaticity coordinates of (0.16, 0.09), (0.28, 0.60), and (0.37,
0.56), respectively, were obtained. In addition, both PMMA
films containing the binary blends had color coordinates of
(0.20, 0.32) and (0.26, 0.41) by precisely controlling the mixing
ratio, and an approach to the white point (0.33, 0.33) of pure
white emission could be observed. Further fine-tuning of the
mixing ratios and PMMA films containing red—green—blue
ternary mixtures holds promise for developing white-light-emit-
ting materials with higher color purities and more diverse PL
color tunings.

Experimental

Fabrication of PMMA dispersion films

PMMA films containing one of two fluorinated diphenyl-
acetylenes were prepared using an Opticoat MS-B100 spin
coater (MIKASA, Japan). The mother liquor for the thin-film
deposition was prepared as follows: it was mounted on a thor-
oughly cleaned glass slide and clamped to the upper rotating
plate of the spin coater. PMMA (100 mg) and the fluorophore
(1.0 wt %) were dissolved in CHCI3 (3 mL), and a few drops of
the solution were dropped onto a glass substrate. The top plate
of the spin coater was rotated sequentially at 500 rpm for 5 s,
750 rpm for 5 s, and 1200 rpm for 10 s. For photophysical mea-
surements, thin and smooth films were prepared by spin-coating

followed by solvent evaporation.

Photophysical properties

The PL spectra and quantum yields were measured using a
Quantaurus-QY C11347-01 absolute PL quantum yield spec-
trometer (Hamamatsu Photonics, Japan). The PL lifetime was
measured using a Quantaurus-Tau C11367-34 fluorescence life-
time spectrometer (Hamamatsu Photonics, Japan).

Supporting Information

Supporting Information File 1

PL spectra and PL decay profiles of PMMA films
containing 1 wt % of compounds or binary mixtures.
[https://www .beilstein-journals.org/bjoc/content/
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In this study, we develop the synthesis methods of fluoroalkenes and fluoroenynes via Suzuki-Miyaura and Sonogashira cross-cou-

pling reactions using novel multihalogenated fluorovinyl ethers, which are easily prepared from the reaction between phenols and

2-bromo-2-chloro-1,1,1-trifluoroethane (halothane). These reactions make use of the unique structure of multihalogenated fluo-

rovinyl ethers, which contains a reactive bromine atom, to afford a series of fluoroalkenes and fluoroenynes in moderate to high

yields.

Introduction

Fluoroalkenes are one of the important frameworks for a wide
range of industrial fields. For example, they are used as a
bioisostere of amide bonds in medicines and agrochemicals, and
contribute to the synthesis of peptide medicines that are stable
to enzymatic metabolism and possess high lipophilicity [1]. In
fact, several inhibitors of the f-site amyloyd B A4 precursor
protein cleaving enzyme (BACE1), which is involved in the
production of B-amyloid, and fluoroalkene analogs of dipep-

tidyl peptidase-4 inhibitors have previously been reported [2,3].

These inhibitors possess higher drug efficacies than their parent
compounds. Furthermore, fluoroalkenes can be utilized as feed-
stock for fluoropolymers. Teflon, which is a well-known fluo-
ropolymer with excellent water-repellent and oleophobic prop-
erties, is synthesized by polymerizing a monomer called tetra-
fluoroethylene. As a consequence, convenient and diverse syn-
thetic methods for fluoroalkenes have attracted considerably
and become increasingly necessary in pharmaceutical and

industrial fields.
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Fluoroalkenes have been constructed in a variety of methods
[4-14], and one of the methods is to make use of fluorine-con-
taining building blocks. When using them as nucleophilic
reagents [15-20], the reaction between anion species, such as
fluorine-containing Horner—Wadsworth—-Emmons reagents, and
carbonyl compounds led to E-selective olefination (Scheme 1A)
[15]. On the other hand, some reactions with electrophilic fluo-
rine-containing building blocks have been developed [21-25].
Jubault and Poisson et al. reported SN2’ reactions of hydride or
alcohols to electrophilic fluorine-containing alkenes gave the
corresponding fluoroalkenes (Scheme 1B) [21]. In recent years,
many fluorine-containing coupling reagents have been de-
veloped. These reagents are easily being converted into multi-
substituted fluoroalkenes through cross-coupling using palla-
dium, nickel, copper, ruthenium, and manganese catalysts [26-
41]. Hosoya and Niwa et al. published the development of a
dual-reactive fluorine-containing C2-unit, which was prepared
from trifluoroethanol in two steps in 63% yield, allowed the
convergent synthesis of fluoroalkenes (Scheme 1C) [26]. We
recently found multihalogenated vinyl ethers 1 could be ob-

tained by the reaction of phenols with 2-bromo-2-chloro-1,1,1-

A) reactions between carbonyl compounds and
fluorine-containing nucleophilic reagents

Beilstein J. Org. Chem. 2024, 20, 2691-2703.

trifluoroethane (halothane) in good yields (Scheme 1D) [42].
Compound 1 has a unique structure possessing three types of
halogen atoms, namely bromine, chlorine, and fluorine, and it
would be expected to afford multisubstituted fluoroalkenes by
installing various substituents to bromine or chlorine atoms as
reported by Hosoya and Niwa et al. In this study, we investigat-
ed the synthesis of fluoroalkenes 2 or fluoroenynes 3 by
Suzuki-Miyaura or Sonogashira cross-couplings with a key
building block 1 (Scheme 1D).

Results and Discussion
Optimization of the conditions of
cross-coupling reactions

First, we optimized the conditions of the Suzuki-Miyaura cross-
coupling in reference to the report by Yang et al. (Table 1) [43].
Upon the treatment of multihalogenated vinyl ether 1a with
phenylboronic acid 4a (1.3 equiv) and palladium diacetate
(10 mol %) as a catalyst at 40 °C, Suzuki—-Miyaura cross-cou-
pling proceeded to produce fluoroalkene 2a in 50% yield
(Table 1, entry 1). Increasing the amount of 4a to 2.0 equiv and

H_F

0o
)CL(E/OB RJ\R' AgOAc
EtO “OEt
MeMgBr or n-BulLi;
F LiOH, aq EtOH

X
NMP, 130 °C R

R’

B) reaction using fluorine-containing electrophilic reagents

L|AIH4

THF, rt

o e Y

C) cross-coupling using fluorine-containing coupling reagents

BF-K Br—Ar Ar'—B(OH),
TsO™ \/ 3 2 Ar'/\/Ar
F [ Pd-catalyzed cross-couplings] F
D) this work Suzuki-Miyaura
E cross-coupling
F
Br R'—B(OH),

O\ halothane O\
OH

Ny OF
R@\ =
0

/—> 2 O
FENEP
Sonogashira

cross-coupling 3 C'

Scheme 1: Synthesis of monofluoroalkenes using fluorine-containing building blocks.
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Table 1: Optimization of reaction conditions for Suzuki—-Miyaura cross-coupling using multihalogenated vinyl ether 1a.

©\ &Br + /©
(HO),B

1a (1. Oequw 4a

(diastereomeric ratio = 1:1)

Entry 4a (equiv) Pd cat. (mol %)
1 1.3 Pd(OAc)2 (10)
2 2.0 Pd(OAc)2 (5)

3 2.0 Pd(OAc)2 (5)

4 2.0 Pd(OAc)2 (5)

5 2.0 PdCly (5)

6 2.0 Pd(acac)z (5)
7 2.0 [Pd(ally)Cl]2 (5)
8 2.0 Pd(PPh3)2Cl> (5)
9 2.0 Pd[P(o-Tol)3]2Cl> (5)
10 2.0 Pd(MeCN)Cl» (5)
11 2.0 Pd(PhCN)2Cly (5)
12 2.0 Pd(OCOCF3)s (5)
130 2.0 Pd(OCOCF3)s (5)

alsolated yields; no PPhg.

decreasing the amount of palladium diacetate to 5 mol % im-
proved the reaction yield (Table 1, entry 2). When the reaction
mixture was heated to 60 °C or reflux conditions, 2a could be

synthesized in 84% yield under reflux conditions (Table 1,

entries 3 and 4). Next, we examined an effective catalyst for the
cross-coupling. Reactions using palladium dichloride or bis(2,4-
pentanedionato)palladium significantly reduced the yields of 2a
(Table 1, entries 5 and 6, respectively). When an allylpalladium
chloride dimer or bis(triphenylphosphine)palladium dichloride
were used as catalyst, the reaction proceeded with the same
yield as that in Table 1, entry 4 (entries 7 and 8). Utilizing
palladium catalyst such as bis(triphenylphosphine)palladium
dichloride, all these reactions could convert 1a into 2a in good
yields (Table 1, entries 9-11). Cross-coupling with palladium
bis(trifluoroacetate), which is more reactive than palladium
diacetate, gave the corresponding product in high yield of 96%

(Table 1, entry 12). Without the addition of triphenylphosphine,

the reaction proceeded in only 12% yield (Table 1, entry 13).
Thus, it was concluded that triphenylphosphine is necessary for
Suzuki—Miyaura cross-coupling of 1 with 4 and that it is
involved in the production of palladium(0).

Next, the reaction conditions for the Sonogashira cross-cou-
pling were optimized (Table 2). On the basis of a previous study
by Thorand [44], we performed the reaction between fluorine-

containing vinyl ether 1a and 1.05 equiv of trimethylsilylacety-

Pd cat.
PPh3 (10 mol %)
Cs,CO3 (1.5 equiv)

40

THF (0.25 M)
temp., time
(dlastereomerlc ratio = 1:1.1)
Temp. (°C) Time (h) a (%)2
40 3.0 50
40 2.5 73
60 2.5 68
reflux 3.5 84
reflux 3.5 61
reflux 3.5 12
reflux 3.5 81
reflux 3.5 84
reflux 3.5 89
reflux 3.5 93
reflux 3.5 92
reflux 3.5 96
reflux 3.5 12

lene (5a) to afford the corresponding enyne 3a in 55% yield
(Table 2, entry 1). Cross-coupling utilizing a palladium(II) cata-
lysts containing phosphine ligands produced low yields of 3a
(Table 2, entries 2 and 3). In the case of palladium(Il), which
produced good yields of the Suzuki—-Miyaura cross-coupling
products, only a small amount of 3a was obtained (Table 2,
entries 4-8). In particular, when the allylpalladium dichloride
dimer was used, Sonogashira coupling hardly proceeded at all,
and the starting ether 1a was recovered in an 83% yield
(Table 2, entry 6). Zero-valent tetrakis(triphenylphos-
phine)palladium and tris(dibenzylideneacetone)dipalladium
allowed the reaction to undergo in 37% or 23% yields, respec-
tively (Table 2, entries 9 and 10). In entry 11, Table 2, we
selected bis(triphenylphosphine)palladium as an effective cata-
lyst, but increase of 5a to 1.5 equiv did not improve the reac-
tion yield. Diluting the reaction concentration from 0.83 M to
0.2 M achieved to give 3a in a 63% yield (Table 2, entry 12).
Increasing the amount of palladium catalyst to 4 mol % led to
the conversion of 1a into 3a in 77% yield (Table 2, entry 13). In
addition, using 2.0 equiv of 5a gave 3a in high 80% yield
(Table 2, entry 14).

Based on these results, we determined entry 13 in Table 1 and
entry 14 in Table 2 as the optimum reaction conditions. We
used 1 as a mixture of diastereomers (diastereomer ratio = 1:1)

for cross-coupling, and the corresponding compounds 2 and 3
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Table 2: Optimization of reaction conditions for Sonogashira cross-coupling using multihalogenated vinyl ether 1a.

Pd cat.
Cul (4 mol %) X F T™MS
©\ F . s EaN(sequy) [ )S'ﬁ///
O)\’w + /// (0)
& THF (0.83 M) cl

1a (1.0 equiv)
(diastereomeric ratio = 1:1)

5a

rt, time

3a

(diastereomeric ratio = 1:1.2)

Entry 5a (equiv) Pd cat. (mol %) Time (h) 3a (%)2
1 1.05 Pd(PPh3)2Cl2 (2) 6.5 55
2 1.05 Pd[P(o-Tol)3]2Cl> (2) 24 14
3 1.05 Pd(PCys3)2Cl2 (2) 24 0
4 1.05 Pd(OAc)2 (2) 20 6
5 1.05 PdCly (2) 24 13
6b 1.05 [Pd(allyl)Cl]2 (2) 18.5 0
7 1.05 Pd(MeCN)2Cl> (2) 25.5 13
8 1.05 Pd(PhCN)2Clz (2) 24 10
9 1.05 Pd(PPh3)4 (2) 21.5 37

10 1.05 Pdy(dba)z (2) 24 23
11 1.5 Pd(PPh3)2Cl> (2) 19 53
12¢ 1.5 Pd(PPh3)2Cl> (2) 17 63
13¢ 1.5 Pd(PPh3)2Cl> (4) 18 77
14¢ 2.0 Pd(PPh3)2Cl> (4) 19 80

alsolated yields; PRecovery of 1a was 83% yield; °THF (0.2 M) was used.

were obtained as mixtures of diastereomers in a certain ratio as

estimated by proton and fluorine NMR spectroscopy.

Substrate scope for cross-coupling reactions

The substrate scope was investigated using various boronic
acids 4 and alkynes 5 in cross-coupling reactions using 1
(Table 3 and Table 4). p-Tolylboronic acid 4b provided 2b
quantitatively, whereas m- and o-tolylboronic acids 4c and 4d
produced 2¢ and 2d in low yields because the methyl group was
positioned near the reaction site (Table 3, entries 1-3). Intro-
duction of 3,4-methylenedioxyphenyl (4e) or p-fluorophenyl
groups (4f) to 1a proceeded in high yields (Table 3, entries 4
and 5). Boronic acids with carbonyl groups such as acetyl, ester
or formyl moieties in para position (4g—i) underwent the cross-
coupling in 76, 96 or 77% yields (Table 3, entries 6-8). The
reaction between la and 4j, which contains an electron-with-
drawing nitro group, afforded 2j in 88% yield (Table 3, entry
9). Although p-hydroxyphenylboronic acid (4k) gave 2k in only
9% yield, m-aminophenylboronic acid (41) provided 21 in high
yield (Table 3, entries 10 and 11). We predicted that the prod-
uct yield would decrease because 2k is labile in column chro-
matography. Utilizing a boronic acid bearing an n-butyl group
as a primary alkyl group (4m), the cross-coupling did not

proceed due to B-elimination (Table 3, entry 12). In contrast, the

reaction with cyclopropylboronic acid (4n) achieved to give 2n
in a 71% yield (Table 3, entry 13). When thiopheneboronic acid
40 was used as a coupling partner, the thiophene ring could be
installed on 1a in a comparatively low yield of 31% (Table 3,
entry 14). In addition, we investigated the substrate scope of 1
in the Suzuki-Miyaura cross-coupling. The reaction of 1b or 1c,
which had a m-methoxy or p-nitro group on the benzene ring,
with 4a proceeded smoothly to furnish 2p or 2q in good yieds
(Table 3, entries 15 and 16). A phenyl group could be intro-
duced into 1d possessing an ester moiety in moderate yield,
whereas the cross-coupling between 1le, derived from m-amino-
phenol, and 4a proceeded in only 15% yield (Table 3, entries 17
and 18).

We performed Sonogashira cross-couplings between 1 and a
variety of alkynes 5 (Table 4). Arylacetylenes, which have elec-
tron-donating substituents on the aromatic ring (5b—f), and
2-naphthylacetylene (5g) provided the corresponding enynes
(3b—g) in 43-92% yields (Table 4, entries 1-6). On the con-
trary, electron-withdrawing substituents such as chloro, tri-
fluoromethyl and nitro groups resulted in low cross-coupling
yields (3h—j) (Table 4, entries 7-9). p-Acetyl or p-formyl-
phenylacetylene (Sk or 51) could be introduced into 1a in 76%
or 52% yields, respectively (Table 4, entries 10 and 11). Reac-
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Table 3: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various boronic acids 4.

Entry

Y OF

R_I = Br + R’
(O (HO),B

Cl
1

1
(diastereomeric ratio)

B

1a
(1:1)
L
O)SﬁBr
Cl
1a
(1:1)
L
O)§¢Br
Cl
1a
(1:1)
)
O/K\Z,_FBr
Cl
1a
(1:1)
L)
O)SMBr
Cl

1a

(1:1)
ot
O/K\{Br
Cl
1a
(1:1)

L

1a

(1:1)

Pd(OCOCF3) (5 mol %)

PPh; (10 mol %) N F

THF (0.25 M), reflux

4 2
(2.0 equiv)

4 2

(diastereomeric ratio)
M
v QT
o oy
(HO):B Cl
4b 2b

(1:1)
SBVe!
(HO),B Me cl

4c 2c
(1:1)
A
o)ﬁﬁ
Cl  Me
2d
(1:1)
F O
i:\ @ >
o) (6}
Cl
de 2e
(1:1)
QL
(0]
Cl
2f
(1:1)
(0]
@ F ©)J\Me
o)ﬁf“

Cl

2g
(11

)
o
@\ F @AA\OMe
o)ﬁﬁ
Cl
2h

(1:1)

(HO),B
Me
4d

49
0
dom
(HO),B

Cs,CO3 (1.5 equiv) R+ ,
P4 O)\’FR

Time

(h)

3.5

25

3.5

3.5

3.5

1.5

Yiel
(%)

98

26

85

94

76

96

d

a
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Table 3: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various boronic acids 4. (continued)

10

11

12

13

14

15

16

F
O)S,#Br
Cl
1 1

[j\ &Br
@ .
O)S”Br
Cl
1a
(1:1)
L)
O)SﬁBr
Cl
1a
(1:1)
L
O)§¢Br
Cl
1a
(1:1)
L
O)§¢Br
Cl
1a
(1:1)
L)
O&Br
Cl

11

@ Iy

2N F
O&Br
Cl

1c
(1:1)

(HO),B

@*
(H0)25/©\
O

(HO),B : NH

(HO),B
4n

(HO),B
40

O

(HO),B
4a

(HO),B
4

O

QO
QLD

(1:1:1)

QO

cl
2k
(1:1.4)

o
o)%“\/\wle
om
(1:1)
QW
o)ﬁr”‘A
Cl
2n
(1:1)
F
QO&@
cl

111)

o) &@
O@

3.0

6.5

4.0

3.5

5.0

4.0

3.5

5.5

77

88

92

trace

71

31

62

85
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Table 3: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various boronic acids 4. (continued)

o) o)
EtOJ\©\ F /@ EtOJ\©\ F @
Br
17 o/%f (HO),B o)ﬁﬂﬁ 35 45
Cl 4a Cl
1d

2r
(1:1) (1:1.6)
NH, NH,
O ouve
18¢ Br 215 15
o (HO),B o :
Cl 4a cl
1e 2s
(1:1) (1:1.2)

alsolated yields; °1 (1.5 equiv) and 2 (1.0 equiv) were used; °DME was used as a solvent.

Table 4: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various alkynes 5.

Pd(PPh3),Cl, (4 mol %)

Cul (4 mol %) N F R'
X o
R—:(j\ F r  EtN(1.5equiv) RO\ N&/
= OJ\I_ABF + // O
&l THF (0.2 M), rt Cl
1 5 3
Entry 1 5 3 Time  Yield
(diastereomeric ratio) (diastereomeric ratio) (h) (%)
o8 ﬂ
F
Br
pZ
1 0)\{ /@ ©\o)§ Z 185 92
Cl =
1a 5b Cl
(1:1) 3b
(1:1.1)
Me
B . F
/K\;rrBr &
2b © o 35 74
Cl &=
1a 5¢ Cl
(1:1) 3c
(1:1.4)
OMe
L] Qs
)S#Br =
30 © /©/ o ~ 25 49
Cl ¥
1a 5d cl
(1:1) 3d
(1:1.4)
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Table 4: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various alkynes 5. (continued)

4b

7C

10

QL

Cl
1a

(1:1)

QL

Cl

(1:1)

O

Cl
1a

(1:1)

O

Cl
1a

(1:1)

O

Cl
1a

(1:1)

QL

Cl
1a

(1:1)

L

Cl
1a

(1:1)
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MeMe
Me F
/©)< ©\O)x //
Vi
Cl
5e

¥
5¢

59

LI

5h

CF3

.

5i

NO,

.

Me

AN
Zio .

A

L

3e
(1:1.4)

©\ F
O )\g Z
()
Cl
3f

(1:1.1)

=

Cl

3g
(1:1.2)

Cl
3h
(1:1)

A

Cl
3i
(1:1.2)

Me

Me

Cl

NO,

Me

45 70
45 43
175 59
16 39
14 49
17 42
165 76
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Table 4: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various alkynes 5. (continued)

11

12

13

140

16

17

18

ot
O/K\{Br
Cl
1a
(1:1)
]
O)\{Br
Cl
1a
(1:1)
L
O)SpBr
Cl
1a
(1:1)
O
O)S'fBr
Cl
1a
(1:1)
L
O)§¢Br
Cl
1a
(1:1)
ot
O/K\{Br
Cl
1a
(1:1)
L
o)\glfBr
Cl
1a
(1:1)
S
O&Br
Cl
1a

(1:1)

AN
o

4]

AN
2

o
3

AN

(8]
=]

AN

\>
5

(3]
el

\\>

5q

AN

\>
S

5s

// OH

(1:1.4)

@\OMOH

28.5

15.5

15.5

14.5

13.5

52

38

87

37

89

86

52

53
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Table 4: Cross-coupling reactions between multihalogenated vinyl ethers 1 and various alkynes 5. (continued)

TMS

\\

5a

OMe
L]
19 o)\g,fBr
Cl
1b
(1:1)
O,N E
O)ﬁrﬁBr
Cl

TMS
20¢ =
5a
1c
(1:1)
O
EtOJ\©\ F
TMS
21 O)SWBF ///
Cl 5a
1d
(1:1.1)
NH,
F
TMS
22f O&Br ///
Cl 5a
1e

(1:1.1)

OMe
@\ F _ ™S
ov 125 35
¢]
3t

(1:1.1

)
O2N F T™S
/%FH///
o 22 29
Cl

3u
(1:1.2)

EtO
20.5 35

F TMS
M
O
Cl

3v
(1:1.6)

NH,
F T™MS
Z
0
3

110 7

cl
W
(1:1.3)

alsolated yields; °1 (2.0 equiv) and 5 (1.0 equiv) were used; °1 (2.0 equiv) and 5 (1.0 equiv) were used; Yreaction temperature was 50 °C; €5 (1.3

equiv) was used; freaction temperature was rt to 50 °C.

tions using acetylenes possessing a hydroxy group, amino group
and thiophene proceeded well (3m-o) (Table 4, entries 12—14).
Hexa-1-yne Sp and cyclopropylacetylene (5q) afforded 3p
and 3q, respectively, in high yields without byproduct
formation (Table 4, entries 15 and 16). Enyne compound Sr
and 3-butyn-1-ol 5s also participated in cross-coupling reac-
tions and products 3r and 3s could be obtained in moderate
yields of 52 and 53% (Table 4, entries 17 and 18). Then, we
attempted the cross-coupling between 1 derived from various
phenols and 5a. Vinyl ethers 1b—d were converted into enynes
3t—v in 29-35% yields (Table 4, entries 19-21). The reaction
using le, which bears an amino group on the benzene ring, did
not complete despite requiring a long reaction time (Table 4,
entry 22).

Therefore, Suzuki-Miyaura and Sonogashira cross-coupling
with 1 has a broad substrate scope and can be used to synthe-
size various fluoroalkenes 2 and fluoroenyne 3. We speculate
that these reaction mechanisms were similar to general cross-

coupling mechanisms [45,46].

Conclusion

We used Suzuki-Miyaura and Sonogashira cross-coupling to
exploit the unique structure of multihalogenated fluorovinyl
ethers 1 for the synthesis of many kinds of fluoroalkenes 2 and
fluoroenynes 3 in moderate to high yields. The synthesized
alkenes 2 still possess reactive chlorine atoms and phenoxy
groups. Thus, new multisubstituted fluoroalkenes could be syn-
thesized by applying other cross-couplings to 2. In addition,
enynes 3 could be converted into derivatives, such as fluorine-
containing alkynylalcohols [47], allene compounds [48-50], and
heterocycles [51,52]. However, further experiments are re-
quired to expand the abilities of 2 and 3 as new fluorine-con-
taining building blocks.

Experimental

General information

Iy NMR, 19g NMR, and 3¢ NMR spectra were recorded on
JEOL ECZ 400S spectrometers. Chemical shifts of "H NMR are
reported in ppm from tetramethylsilane (TMS) as an internal

standard. Chemical shifts of 13C NMR are reported in ppm from
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the center line of the triplet at 77.16 ppm for deuteriochloro-
form. Chemical shifts of '°F NMR are reported in ppm from
CFClj as an internal standard. All data are reported as follows:
chemical shifts, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, sep = septet, br = broad, brd = broad-doublet,
m = multiplet), coupling constants (Hz), relative integration
value. Mass spectra were obtained on a JEOL JMS-700T spec-
trometer (EI). Melting points were measured on a Yanaco
MP-500V.

Materials

All commercially available materials were used as received
without further purification. All experiments were carried out
under argon atmosphere in flame-dried glassware using stan-
dard inert techniques for introducing reagents and solvents

unless otherwise noted.

Suzuki—Miyaura cross-coupling with

multihalogenated vinyl ethers 1

To a solution of 1 (1.0 equiv), triphenylphosphine (10 mol %),
cesium carbonate (1.5 equiv), palladium bis(trifluoroacetate)
(5 mol %) in THF (2.0 mL) was added the respective boronic
acid derivative 4 (2.0 equiv). The reaction solution was re-
fluxed for 3.5 h. The reaction mixture was quenched by the ad-
dition of water (40 mL) at 0 °C and extracted with EtOAc. The
organic phase was washed with brine (40 mL), dried over
Na;SOy and filtered. Then, the filtrate was concentrated under
reduced pressure. The residue was purified by column chroma-
tography and preparative TLC to afford 2.

2-Chloro-1-fluoro-2-phenylethenyl phenyl ether (2a): Com-
pound 2a was purified by column chromatography and prepara-
tive TLC (hexane only), and obtained in 96% yield (122.0 mg)
as a pale yellow oil; 'H NMR (400 MHz, CDCls) § 7.04-7.22
(m, 2H), 7.26-7.50 (m, 6H), 7.55-7.69 (m, 2H); '3C NMR
(100 MHz, CDCl3) d 101.4 (d, J = 30.9 Hz), 102.5 (d, J =
48.0 Hz), 116.5 (d, J = 3.8 Hz), 124.8, 127.3, 127.4, 127.9 (d,
J=3.2Hz), 1282 (d,J =5.5 Hz), 128.5 (d,J = 7.2 Hz), 128.6
(d, J = 11.8 Hz), 128.9, 130.1 (d, J = 4.2 Hz), 132.46 (d, J =
5.7 Hz), 132.52, 141.3, 151.2 (d, J = 286.1 Hz), 151.5 (d, J =
287.3 Hz), 154.3 (d, J = 3.4 Hz), 154.4 (d, J = 3.3 Hz);
19F NMR (376 MHz, CDCl3)  —-80.8 (s) and —87.6 (s) (IF,
1:1.1); EIMS (m/z): 248, 250 [M]*; HREIMS [M]" (m/z): calcd.
for C14H(CIFO, 248.0402; found, 248.0404.

Sonogashira cross-coupling with
multihalogenated vinyl ethers 1

To a solution of 1 (1.0 equiv), copper iodide (4 mol %), bis(tri-
phenylphosphine)palladium dichloride (4 mol %) and triethyl-
amine (1.5 equiv) in THF (2.5 mL) was added the respective

alkyne 5 (2.0 equiv). The reaction solution was stirred at room

Beilstein J. Org. Chem. 2024, 20, 2691-2703.

temperature until 1 was disappeared. The reaction mixture was
evaporated and concentrated under reduced pressure. The
residue was purified by column chromatography and prepara-
tive TLC to afford 3.

(3-Chloro-4-fluoro-4-phenoxybut-3-en-1-yn-1-yl)trimethyl-
silane (3a): Reaction time was 19 h. 3a was purified by column
chromatography (pentane only), and obtained in 80% yield
(107.2 mg) as a yellow oil; 'H NMR (400 MHz, CDCl3) 6 0.13
(s) and 0.24 (s) (9H), 7.08 (d, J = 8.0 Hz, 2H), 7.07-7.15 (m,
2H), 7.16-7.23 (m, 1H) , 7.33-7.42 (m, 1H); '3C NMR
(100 MHz, CDCl3) 6 —0.36, —0.26, 85.2 (d, J = 44.8 Hz), 85.6
(d, J =53.3 Hz), 94.5 (d, J = 47.8 Hz), 94.6 (d, J = 43.5 Hz),
103.7 (d, J = 63.4 Hz), 103.8 (d, J = 66.3 Hz), 117.2, 117.3,
125.2, 125.3, 130.0, 130.1, 154.00 (d, J = 75.1 Hz), 154.02 (d,
J =75.8 Hz), 158.2 (d, J = 292.4 Hz), 158.8 (d, J = 290.1 Hz);
19 NMR (376 MHz, CDCl3) & —=73.3 (s) and —78.4 (s) (1F,
1:1.2); EIMS m/z: 268 (M*); HREIMS [M]* (m/z): calcd. for
C13H14CIFOSi, 268.0486; found, 268.0490.

Supporting Information

Supporting Information File 1

Characterization data for 2b—s and 3b—w, and copies of 'H,
13C, and '9F NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-226-S1.pdf]
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Treatment of various (R)-N-(2,2,3,3-tetrafluoropent-4-en-1-ylidene)- 1-phenylethylamine derivatives with 2.4 equiv of DBU in tolu-

ene at room temperature to 50 °C for 24 h led to a smooth [1,3]-proton shift reaction with a high chirality transfer, affording the

corresponding rearranged products in acceptable yields. Without purification, these products were subjected to acid hydrolysis and

the subsequent N-Cbz protection, providing the optically active tetrafluoroethylenated amides in moderate three-step yields.

Introduction

A fluorine atom has quite peculiar chemical and physical prop-
erties compared to others, and hence changes in molecular prop-
erties resulting from the introduction of fluorine atom(s) into
organic molecules are also significantly unique, and often
extremely noticeable even when the number of the atom intro-
duced is small [1-3]. By skillfully utilizing such characteristics,
fluorine-containing organic molecules have established them-
selves as indispensable compounds in various frontlines, such
as medicinal, agrochemical, and material fields [4-7].

In particular, tetrafluoroethylenated compounds possessing two

fluorine atoms on each of two adjacent carbons, have been

attracting an enormous attention these days. This stems from the
fact that substances with a tetrafluoroethylene fragment exhibit
significantly different molecular properties compared to mono-
fluorinated, difluorinated, or trifluoromethylated molecules
[8,9]. Therefore, more and more tetrafluoroethylenated mole-
cules having a variety of applications, such as bioactive
substances (Figure la, 1, 2) [10-12], liquid crystals (Figure 1b,
3, 4) [13-17], fluorescence materials (Figure lc, 5) [18,19], and
so on, have been developed in recent years.

In sharp contrast to the major development of such non-chiral

tetrafluoroethylenated compounds, there have been only few
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(a) biologically active molecules
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(c) fluorescent materials

oo
c-C
Fa F2 ApL = 464 nm (ex: 300 nm)
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Figure 1: Various applications of tetrafluoroethylenated molecules.

reports on the preparation of chiral molecules possessing a
tetrafluoroethylene unit on an asymmetric carbon center in a
high optical purity, and to the best of our knowledge, only the
following have been published so far (Scheme 1).

As a highly enantioselective synthesis, there has been a
pioneering work by Linclau et al. They have reported that the
asymmetric Sharpless dihydroxylation of readily available (E)-
5-bromo-4,4,5,5-tetrafluoro-2-penten-1-ol derivative 6 led to
the corresponding chiral diols 7 with an excellent enantiomeric
excess, 96% ee (reaction 1 in Scheme 1) [20,21]. It has also
been published that the asymmetric conjugate addition of
4-methylphenylboronic acid towards (E)-5-bromo-4,4,5,5-tetra-
fluoro-1-phenyl-2-penten-1-one (8) in the presence of a
rhodium catalyst coordinated with (S)-BINAP gave the corre-
sponding Michael adduct 9 in 94% enantiomeric excess (reac-
tion 2, Scheme 1) [22].

As a diastereoselective synthesis, reductive coupling reactions
of commercially available 4-bromo-3,3,4,4-tetrafluoro-1-butene
and glyceraldehyde 10a, its imine derivative 11, or Garner's
aldehyde 10b have been reported [23,24]. Although the dia-
stereoselectivities were low in some cases, the diastereomers 12

Beilstein J. Org. Chem. 2024, 20, 2776-2783.

and 13 are often easily separable, and each diastereomer of opti-
cally active alcohols or amines can be obtained with an excel-

lent optical purity (reactions 3 and 4 in Scheme 1).

To the best of our knowledge, these are the only four works for
the preparation of optically active substances having a tetra-
fluoroethylene group on an asymmetric carbon center. In order
to overcome the current lack of synthetic methods for preparing
such molecules, we came up with the idea of utilizing the [1,3]-

proton shift reaction reported by Soloshonok et al.

In 1997, Soloshonok et al. reported that fluoroalkylated amines
15 with high optical purity could be easily prepared through
[1,3]-proton shift reactions of optically active imines 14 which
in turn were readily synthesized by condensation of various per-
fluoroalkyl ketones with optically active (R)-1-phenylethyl-
amine (Scheme 2a) [25-32]. Therefore, we envisioned that opti-
cally active tetrafluoroethylenated amines 17 could be synthe-
sized by applying the [1,3]-proton shift to optically active
imines 16 derived from readily prepared tetrafluoroethylenated
ketones (Scheme 2b).

In this paper, we describe the details of the [1,3]-proton shift
reaction of various tetrafluoroethylenated imines.

Results and Discussion

The preparation of substrates used in this study was as outlined
in Scheme 3. Namely, the zinc reagent was prepared from com-
mercially available 3,3,4,4-tetrafluoro-1-butene (18) [33] and
reacted with various acid chlorides in the presence of a copper
catalyst to afford the corresponding tetrafluoroethylenated ke-
tones 19. The ketones were then condensed with (R)-1-phenyl-
ethylamine under the influence of TiCly [34,35] to prepare
various optically active imines (R)-16 in high yields
(Scheme 3). Based on the result of the NOESY spectrum of the
imine (R)-16c¢, the stereochemistry of the imines (R)-16 was de-
termined as E [36].

Among the imines thus obtained, (R)-16b was used to investi-
gate the optimum reaction conditions (Table 1). Treatment of
(R)-16b with 1.2 equiv of DBU (1,8-diazabicyclo[5.4.0]undec-
7-ene) in THF at room temperature for 24 h gave the corre-
sponding [1,3]-proton shift adduct ($)-20b in 31% yield
(Table 1, entry 1). In this case, the HF-elimination product 21b
was also obtained in 16% [37], and the starting material was
recovered in 53%. As shown in entries 2—7 of Table 1, the reac-
tions in various solvents were next examined. When CH3CN or
CH,Cl, was used, 17% or 36% of the target product (S)-20b
were obtained and almost no HF-elimination product 21b was
formed, while about 40% of the azocine derivative 22b was

afforded as a byproduct [38], along with the recovery of (R)-
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Scheme 1: Precedent synthetic approaches to optically active compounds possessing a tetrafluoroethylene group on an asymmetric carbon center.

(a) Soloshonok’s work

Rf R 1) DBU (1.0-2.0 equiv)
hig 19-80 °C, 4-42.5 h RiR
N._Ph
7/ 2) 2 N HCI, Et,0, rt NH,
H
14 Rf = CF3, C3F7 15
R = Ph, Bn, Et, Me 74-95% yield
85-97% ee
(b) this work
& ]
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20 A X Cr
2 N__Ph £l
/% 2 NH,
H
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Scheme 2: Synthetic strategy for preparing fluorine-containing amines
via [1,3]-proton shift reactions.

16b. In the case of diethyl ether, toluene, hexane, and cyclo-
hexane, (S)-20b was obtained in 30% to 40% yield and signifi-
cant amounts of unreacted substrate were still observed, al-
though formation of the byproduct 22b could be generally

suppressed.

We also examined the reaction using other bases instead of
DBU. As shown in entries 9 and 10 of Table 1, the reaction did
not proceed at all with triethylamine or DABCO, and (R)-16b
was quantitatively recovered. The influence of the amount of
DBU upon the reaction was also investigated (Table 1, entries
11-13). The results showed that when 2.4 equiv of DBU were
used, the target compound (S5)-20b was obtained in 50% yield,
along with byproduct 22b in 43% yield (Table 1, entry 11),
while increasing the number of equivalents of DBU decreased
the yield of the target product ($)-20b and increased the yield of
the byproduct 22b (Table 1, entries 12 and 13). Also carrying

2778



Beilstein J. Org. Chem. 2024, 20, 2776-2783.

F2 Zn(Ag) (2.0 equiv) F2
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Scheme 3: Preparation of the substrates used in this study.

Table 1: Investigation of the reaction conditions.

R = Ph (a), 4-CICgHj (b), 4-BrCgH, (c),

4-MEOCGH4 (d), 4-MeC5H4 (e),
3-MeCeH4 (f), 2-MeCGH4 (g)

Cl Cl £ Cl F F cl
) )
/\C/C base (X equiv) /\C/C\/@ . /\C . IR\
F solvent, rt F N F
2 Nﬁ"“\ an 2 N Y 2 N Y N
Ph Ph Ph Ph
(R)-16b (S)-20b 21b 22b
Entry Base/X equiv Solvent Yield? [%)] of Yield® [%] of 21b  Yield® [%)] of 22b  Recovery? [%)] of
(5)-20b (R)-16b
1 DBU/1.2 THF 31 16 0 53
2 DBU/1.2 CH3CN 17 0 39 44
3 DBU/1.2 EtoO 38 14 17 31
4 DBU/1.2 toluene 37 13 0 50
5 DBU/1.2 hexane 26 12 0 62
6 DBU/.2 CHxCl» 36 3 38 23
7 DBU/1.2 cyclohexane 32 17 0 51
8 DBU/1.2 toluene 33 18 0 49
9 Et3gN/1.2 toluene 0 0 0 100
10 DABCO/1.2 toluene 0 0 0 100
11 DBU/2.4 toluene 50 2 43 5
12 DBU/4.8 toluene 29 0 71 0
13 DBU/6.8 toluene 31 0 69 0
140 DBU/2.4 toluene 8 13 0 79

aDetermined by '9F NMR spectroscopy; Pthe reaction was carried out at 0 °C.
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out the reaction at 0 °C gave unsatisfactory results and a large
amount of (R)-16b was recovered (Table 1, entry 14).

Based on these results, the reaction conditions in entry 11
(Table 1) were determined as the optimum ones, which gave the
highest yield, although the formation of the byproduct azocine
derivative 22b could not be completely suppressed.

The thus obtained [1,3]-proton shift product (S)-20b was sub-

jected to 2 N HCI aq in Et;O for 2 h, and subsequently 2 N

1) 2 N HCl aq,
Et,0, 2 h

Cl
e T
/\C/C :

Beilstein J. Org. Chem. 2024, 20, 2776-2783.

NaOH agq, affording the corresponding free amine (S)-17b.
Then, treatment of the amine with CbzCl and pyridine in
CH,Cl, gave the corresponding amide (S)-23b in 27% isolated
yield over three-steps. The measurement of HPLC equipped
with a chiral column, CHIRALPAK AD-H for (§)-23b, showed
that the amide had an optical purity of 95% ee (Scheme 4).

On the next stage, the substrate scope for the present reaction
was explored by using various imines (R)-16 (Scheme 5). When

the substituent R is an aromatic ring substituted by a halogen

Cl
= T
/\C/C

CbzCl (1.1 equiv)
Py (1.5 equiv)

Fa NY 2) 2 N NaOH aq i CH,Cly, t, 16 h Fr Achs
2
Ph
(S)-20b (S)-17b (S)-23b

27% isolated yield
from (R)-16b

95% ee
Scheme 4: Derivatization of (S)-20b to (S)-23b for determining the optical purity of (S)-20b.
Ez Ez 1) 2 N HCl aq, Et,0, 2 h,
e TR DBU (2.4 equiv) e YR then 2 N NaOH aq Ez R
F2 F2 H /\C/ \/
NW—““ toluene (1.0 M), NY 2) CbzCl (1.1 equiv), Py (1.5 equiv), F, ¢
rt, 24 h CH,Cly rt, 16 h NHCbz
(R)-16 Ph (S)-20 Ph (S)-232
Cl Br
= [0 = T e T
/\C/C\: /\C/C : /\C/C : =
P2 NHcbz F2 NHcbz P2 NHCbz
(S)-23aP (S)-23b (S)-23¢c X-ray of (S)-23¢
28% (23%); 92% ee (27%); 95% ee 25% (22%); 98% ee CCDC 2382630
OMe
= ) =
/\C/ - ==
F2 NHcbz
R b
(S)-23d X-ray of (S)-23d
37% (35%); 90% ee CCDC 2382632
Me
Me Me
2 T = 2 z 1
/\C/C : fr— /\C/ A /\C/C .
F2 NHcbz F2 NHCbz F2 NHCbz
(S)-23e° (S)-23f° (S)-23¢g°

X-ray of (S)-23e
CCDC 2382631

20% (7%); 90% ee

35% (32%); 91% ee 25% (22%); 94% ee

Scheme 5: Substrate scope for the present [1,3]-proton shift reaction. 2Yields are determined by '°F NMR spectroscopy. Values in parentheses show
isolated yields. Enantiomeric excesses are deteremined by HPLC equipped with DAICEL CHIRALPAK AD-H. PCarried our at 50 °C in the [1,3]-proton

shift reaction step.
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such as chlorine and bromine atoms, the amides (§)-23 were ob-
tained in 22-27% yield and with very high optical purity ((S)-
23b, (S)-23c), although as for (S5)-23a, a satisfactory result
(92% ee) could be obtained when the reaction was performed at
50 °C. The substrates with an aromatic ring substituted by not
only an electron-withdrawing halogen atom but also an elec-
tron-donating group such as methoxy and methyl group also
smoothly underwent the [1,3]-proton shift reaction, affording
the desired products with high enantiomeric excess (90% ee for
(8)-23d and (S)-23e). Furthermore, it was found that the substit-
uent position on the aromatic ring did not significantly influ-
ence the reaction efficiency as well as optical purity and the
reaction proceeded in a highly enantioselective manner (91% ee
for (§)-23f and 94% ee for (S)-23g). Disappointingly, when R is
an alkyl group, the desired rearrangement products were rarely
obtained, resulting in unidentified products together with a large
amount of starting material. This may be due to the following
reasons. Namely, when the substituent R is an aryl group, the
negative charge generated on the imine carbon can be delocal-
ized, hence the transition state is stabilized and the reaction
proceeds smoothly. On the other hand, when the substituent R is
an alkyl group, the negative charge generated on the imine car-
bon is an unstable factor, and therefore the transition state is not
stabilized, leading to the increase of the activation energy of the
reaction. As a result, the reaction does not proceed smoothly.

The absolute configurations of product (S)-23c, (5)-23d, and
(5)-23e were determined on the basis of their X-ray crystallo-
graphic analyses. The validity of their absolute configurations
was confirmed by the convergence of the Flack parameters of
three compounds to values close to 0, i.e. —0.006(12), 0.1(4)
and 0.2(4), respectively. As indicated in Scheme 5, therefore,
the absolute configurations of all compounds were determined
as S. Then, the [1,3]-proton shift reaction in this study is ex-
pected to proceed via the reaction mechanism reported by
Soloshonok [25-32], as shown in Scheme 6.

First, DBU interacts with the benzylic hydrogen of the imine
(R)-16, and this hydrogen is about to be abstracted as a proton.
This hydrogen which is being abstracted simultaneously inter-
acts with the carbon possessing the tetrafluoroethylene frag-
ment. At this time, transition states TS1 or TS2 are possible, but
the reaction proceeds exclusively through the transition state
TS1 to avoid significant steric repulsion between the substitu-
ent R and the phenyl group. Therefore, the product (5)-20 with
S configuration is obtained preferentially.

Conclusion
In summary, we have succeeded in synthesizing optically active
amines having a tetrafluoroethylene group on the asymmetric

carbon center by applying the [1,3]-proton shift reaction using

Beilstein J. Org. Chem. 2024, 20, 2776-2783.

Scheme 6: Proposed reaction mechanism.

various optically active imines, which can be easily prepared
starting from commercially available 4-bromo-3,3,4,4-tetra-
fluoro-1-butene. In this reaction, although the formation of
azocine derivatives as byproducts could not be completely
suppressed, the [1,3]-proton shift reaction proceeded in relative-
ly good yield and a high asymmetric transfer was achieved. As
a result, it was found that various optically active amine deriva-

tives could be obtained with high optical purity.

Supporting Information

Supporting Information File 1

Full experimental details, Iy, 13¢, I19F NMR spectra of
16a—g and 23a—g, and HPLC charts of racemic as well as
chiral compounds 23a-g.
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We present a mechanochemical synthesis of difluoromethyl enol ethers. Utilizing an in situ generation of difluorocarbenes, ketones

are efficiently converted to the target products under solvent-free conditions. The reactions proceed at room temperature and are

complete within 90 minutes, demonstrating both efficiency and experimental simplicity.

Introduction

In recent years, mechanochemical organic synthesis has been
advanced significantly, prompting organic chemists to recon-
sider the necessity of solvents in their reactions [1-11]. Elimi-
nating hazardous solvents substantially reduces the ecological
footprint of organic reactions [12,13]. Beyond environmental
benefits and enhanced human safety, mechanochemical reac-
tions often feature shorter reaction times, eliminate the need for
external heating, and offer alternative product selectivity [3,14].
In general, such reactions are characterized by the absorption of
mechanical energy and they are influenced by several factors,
including the lack of solvation, changes in morphology and
rheology of the reaction mixtures during the milling, and varia-
tions in concentration and dielectric environment. Conse-
quently, an increased reactivity can be achieved through the for-
mation of novel reactive intermediates [15-18].

Fluorine-containing functional groups are essential structural

motifs in the development of new bioactive compounds and

functional materials. Compared to their non-fluorinated analogs,
the presence of fluorine atoms in molecular structures can
improve physicochemical and biological properties [19-27].
Among these groups, the difluoromethyl moiety has gained
considerable attention [28-30]. Commonly, it is synthesized by
the reaction of a nucleophile with difluorocarbene. However,
the generation of difluorocarbene typically requires harsh
conditions and involves toxic precursors, alongside with the risk
of dimerization to tetrafluoroethylene [31]. Although this
dimerization can be mitigated by controlling the concentration
and reaction environment, as longer half-lives are observed for
difluorocarbenes in the gas phase than in solution [32,33], it has

remained a challenge to control such reactions.

Our group has recently reported a mechanochemical difluoro-
methylation of primary, secondary, and tertiary alcohols [34],
yielding products with difluoromethoxy groups, which are

promising organofluorine compounds [35-38]. Notably, also
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sterically hindered alcohols, which are typically less reactive in
solution, could be applied under solvent-free conditions in a ball
mill [39], which was attributed to a better accessibility of the
difluorocarbene in the mechanochemical environment [40].

Motivated by these findings, we now explored difluoromethyl-
ation reactions with compounds bearing less nucleophilic func-
tional groups. Ketones caught our particular attention as they
contain a weak nucleophilic carbonyl oxygen adjacent to an
electrophilic carbonyl carbon. Previous studies have focused on
reactions of difluorocarbene with cyclic and acyclic 1,3-diones
(Scheme 1A) [41-45]. Typically, they were conducted with a
base to form the corresponding enolate anions which then
reacted with difluorocarbene to yield difluoromethyl enol
ethers. Those products are of interest because they contain a
unique structural motif with potential for further functionaliza-
tions into highly diverse secondary or tertiary difluoroalkyl
ethers. Dolbier and co-workers investigated reactions of
difluorocarbene generated from its precursor trimethylsilyl 2,2-
difluoro-2-(fluorosulfonyl)acetate (TFDA) and sodium fluoride
catalyst, with simple ketones, which resulted in the formation of
difluoromethyl 2,2-difluorocyclopropyl ethers (Scheme 1B).
Although the reactions worked well, it is also noteworthy that
the use of TFDA as reagent, liberated fluoro(trimethyl)silane
(TMSF), carbon dioxide, and ozone-depleting sulfur dioxide as

Beilstein J. Org. Chem. 2024, 20, 2799-2805.

side products [46,47]. Later, Ichikawa and co-workers estab-
lished the release of difluorocarbene from TFDA with catalytic
amounts of an N-heterocyclic carbene and a base (Scheme 1C)
[29,48,49]. In these reactions, difluoromethyl enol ethers were
obtained, which were subsequently oxidized to yield the corre-
sponding aryl difluoromethyl ethers. Noteworthy, however, the
latter study focused mostly on cyclic ketones, with only one re-
ported example of a difluoromethylation reaction of an acyclic

substrate.

Against this background and seeing new synthetic opportuni-
ties, we wondered about reactions of mechanochemically gener-
ated difluorocarbene with simple acyclic ketones. The results

and observations of this study are summarized here.

Results and Discussion

For the optimization of the reaction conditions, 4-methylaceto-
phenone (1a) was chosen as model substrate. Under standard
reaction conditions with difluorocarbene precursor TMSCF,Br
(2, 2.0 equiv), activator KFHF (4.0 equiv), and grinding auxil-
iary CsCl (4.0 equiv), difluoromethyl enol ether 3a was ob-
tained after 90 min reaction time at 25 Hz in 74% yield, deter-
mined by quantitative 'H NMR spectroscopy (Table 1, entry 1).
The reaction was conducted in a PTFE milling equipment with
two milling balls (diameter: 10 mm). Changing to a heavier

A) earlier approaches accessing difluoromethyl enol ethers from 1,3-diones

_CF,H
0 CFoH o
o o base o o7
difluorocarbene precursor AN
or or
R1U\/U\ R2 . R1U\VKR2
) )
acyclic 1,3-diones cyclic 1,3-diones
B) reaction of ketones with difluorocarbenes yielding difluoromethyl 2,2-difluorocyclopropyl ethers
CF H _CFoH
O oo O . 2 (0) 2
)]\ . \\Sf% NaF (0.06 equiv) )<(J:F2 CF,
R Me F OSiMes solvent, 115-120 °C
F F
acyclic ketones TFDA (2 equiv) 27% yield
C) difluoromethylation of ketones and subsequent oxidation (one-pot)
CF2H
TFDA (1.2 equiv) CF,H CFZH
IMes-Cl (0.02 equiv)
Na,COj3 (0.2 equiv) AN DDQ (2 equiv)
R+ R—
toluene, 80 °C, 1 h 100 °C, 1-2 h
57% ('°F NMR)
cyclic ketones not isolated one example

Scheme 1: Overview over difluoromethyl enol ether syntheses from acyclic and cyclic 1,3-diones (A), acyclic ketones (B), and cyclic ketones (C).
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Table 1: Optimization of the reaction conditions.?

(o)

Me +

Beilstein J. Org. Chem. 2024, 20, 2799-2805.

KFHF (4 equiv) o CFaH

CsCl (4 equiv)

BrYTMS
F F
Me’

1a 2 (2.0 equiv)

Deviation from the reaction conditions

m
=]
=
=
<

none

with one PTFE milling ball (diameter: 15 mm)
60 min

60 min, 2 (1.5 equiv)

60 min, 2 (3.0 equiv)

60 min, KCl instead of CsCl
60 min, KBr instead of CsCl
60 min, NaCl instead of CsCl
60 min, SiO5 instead of CsCl
10 LAG (H20)

11 LAG (1,4-dioxane)

12 LAG (CHCl3)

13 LAG (toluene)

0 N O O~ WD =

©

& MM, 90 min, 25 Hz

Me

3a

Yield of 3a (%)°

74°
67
72
61
60
69
69
64
0
37
43
62
68

aReaction performed with two PTFE milling balls (diameter: 10 mm) in a PTFE jar (volume: 25 mL). Liquid-assisted grinding (LAG): 0.25 uL-mg~".
bDetermined by "H NMR spectroscopy using 1,2-dichloroethane as the internal standard. CRepetition of the experiment gave consistent results.

milling ball (diameter: 15 mm) resulted in a yield of 67% of 3a
(Table 1, entry 2). Stopping the reaction after 60 min gave prod-
uct 3a in 72% yield (Table 1, entry 3). At a reaction time of
60 min, both reducing and increasing the amount of 2 (from
initially used 2.0 equiv to 1.5 equiv and 3.0 equiv, respectively)
reduced the yield of 3a by about 10% (Table 1, entries 3-5).
Probably, with less carbene precursor the amount of generated
difluorocarbene was insufficient, and with too much of it, side
reactions occurred [31-33]. Next, various grinding auxiliaries
were investigated at a reaction time of 60 min (Table 1, entries
6-9). A similar yield of 3a (69%) was obtained with KCI or
KBr instead of CsCl (Table 1, entries 6 and 7 versus entry 3).
Using NaCl, gave 3a in 64% yield (Table 1, entry 8). Finally,
CsCl was substituted by silica, which, to our surprise, blocked
the product formation completely (Table 1, entry 9). Appar-
ently, the presence of an alkali halide salt was beneficial, most
likely by stabilizing the consistency of the reaction mixture
leading to a sufficient mixing. Silica could not fulfill this role.
Lastly, water, 1,4-dioxane, chloroform, and toluene were tested
in a liquid-assisted grinding (LAG) protocol (Table 1, entries
10-13). The lowest yields were obtained with water and 1,4-
dioxane, providing 3a in yields of 37% and 43%, respectively
(Table 1, entries 10 and 11). With the less polar solvents chloro-
form and toluene 3a was obtained in 62% and 68% yield, re-

spectively (Table 1, entries 12 and 13).

For comparison, the difluoromethylation of ketone 1a with
difluorocarbene precursor TMSCF,Br (2) was investigated in
solution (Scheme 2). The reaction conditions were chosen based
on those reported by Ni, Hu and co-workers for the difluoro-
methylation of alcohols in solution [39]. The two activators
KFHF and KOAc were investigated in a dichloromethane/water
mixture at room temperature for 10 h. In both cases, the yield of
3a was negligible (with KFHF: 3%, with KOAc: nil). Following
these initial attempts, the mechanochemical approach appears to
be superior. However, it should also be noted that the reaction
with difluorocarbene precursor 2 was not further optimized in
solution.

Next, various ketones were investigated under the optimized
reaction conditions with difluorocarbene precursor 2, KFHF
(4 equiv) as activator, and CsCl or KCI (4 equiv) as grinding
auxiliaries in a PTFE milling jar for 90 min at 25 Hz
(Scheme 3). To get an initial efficiency estimate, the crude reac-
tion mixtures were first analyzed by quantitative 'H NMR spec-
troscopy with 1,2-dichloroethane as the internal standard. After
these analyses, isolating the products by column chromatogra-
phy was attempted. Unfortunately, many products were highly
volatile and very non-polar, rendering the purification difficult.
As a result, in several cases only little or no product was ob-

tained. Furthermore, most isolated products had only purities of
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Br.__TMS
FF

Me +

1a 2 (2 equiv)
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_CF,H
KFHF (4 equiv) or )
KOACc (4 equiv)
CH,Clo/H,0 1:1
rt, 10 h Me’
3a
with KFHF: 3%
with KOAc: —

Scheme 2: Attempted difluoromethylation of 1a in solution. The reactions were performed on a 0.2 mmol scale. Method A: 2 (2.0 equiv), KFHF
(4.0 equiv), CH2Clz (0.2 mL), H2O (0.2 mL), rt, 10 h; Method B: 2 (2.0 equiv), KOAc (4.0 equiv), CH2Cl» (0.2 mL), HoO (0.2 mL), rt, 10 h. The yields
were determined by '®F NMR spectroscopy using trifluoromethoxybenzene as the internal standard.

KFHF (4 equiv) _CF,H
0 , B T™s CsCl or KCI (4 equiv) 0
RJ\" FF R)\”
. & MM, 90 min, 25 Hz
1 2 (2 equiv) 3
_CF,H _CFyH _CFoH
o2 o2 R o2
Me
R 3a, R = Me, 74%?2 "
3b, R = H, 56%" e
3¢, R = Cl, 53% (53%)° X 3f, R = Me, 34%2
3d, R = Br, 42% (39%)2 3e, 63% (35%) 3g, R = OMe, 56%2
Me o/CFzH O/CFzH O/CFgH O/CFZH
e C )
Me Me Z cl ci
3h, 56% (42%)? 3i, 66%2 3j, 42%2 3k, 51% (13%)?

_CFoH
o "2

O
/\Me

31, (25%)2

O )
X
O

3m, 50%2

CF,H .CF,H

3n, 44%°2

Scheme 3: Scope of ketones. The yields were determined by 'H NMR spectroscopy using 1,2-dichloroethane as the internal standard. In paren-
theses: yields after column chromatography (with product purities of ca. 90%). 2With CsCl. PWith KCI.

ca. 90% still containing inseparable impurities (as revealed by
NMR spectroscopy).

In the first series of substrates, acetophenone derivatives with
various para-substituents were applied. Similar to methyl tolyl
ketone (1a), which afforded product 3a in 74% yield, aceto-
phenone (1b) gave 3b in 56% yield. Substrates 1c and 1d bear-
ing a chloro or a bromo group in para position of the aryl
moiety, gave the corresponding products in yields of 53% (for
3c) and 42% (for 3d). These two difluoromethyl enol ethers
were also isolated by column chromatography, which afforded

the products in 53% and 39% yield, respectively. Product 3e

with an isobutyl group in para-position was obtained in 63%
yield and isolated in 35% yield. Changing the position of the
methyl group to the ortho-position led to a decrease in yield (3f:
34%). ortho-Methoxy-substituted ketone 1g provided the corre-
sponding product 3g in 56% yield. Difluoromethyl enol ether
3h with three methyl groups was obtained in 56% yield and
column chromatography allowed to isolate it in 42% yield.
2-Acetonaphthone was successfully converted to 3i in 66%
yield. Besides aryl ketones, arylalkyl ketones reacted well too.
Accordingly, 3j was obtained in 42% yield. Enone 1k gave 3k
in 51% yield, and after isolation by column chromatography the

product was obtained in 13% yield. Difluoromethyl enol ether
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31 was formed from diketone 11 in 25% yield. Finally, conver-
sions of the two cyclic ketones 1m and 1n were studied. Both
gave the expected products in yields of 50% (for 3m) and 44%
(for 3n).

Besides these successful transformations several ketones proved
unsuitable (Scheme S1 in Supporting Information File 1).
Additionally, attempted [4 + 1]-type cycloadditions of three
l-arylprop-2-en-1-ones as heteroconjugated alkenes with
difluorocarbene to give 2,2-difluoro-2,3-dihydrofurans [50]
remained unsuccessful (Scheme S2 in Supporting Information
File 1).

Two mechanisms have been proposed for the difluoromethyl-
ation of ketones, as illustrated in Scheme 4A. In both cases, the
process begins with the generation of difluorocarbene from
TMSCF;,Br and KFHF. This is followed by a nucleophilic
attack of the oxygen atom of ketone 1 on the difluorocarbene.
Subsequently, a protonation—deprotonation sequence occurs,

Beilstein J. Org. Chem. 2024, 20, 2799-2805.

which can either be intermolecular, involving a molecule of HF,
or intramolecular, proceeding through a five-membered transi-

tion state.

To clarify the mechanism, two experiments were conducted. In
the first one, 2-acetonaphthone with a trideuteromethyl group
(1i-d3) was subjected to the standard reaction conditions. Two
products were obtained: First, 3i-d, containing a CF,H group,
and second 3i-d3 bearing a CF,D group. The yields were 57%
and 15%, respectively. In the second experiment, the potential
for proton exchange in difluoromethyl enol ether 3h was inves-
tigated. The compound was milled with the activator KFHF,
CsCl as grinding auxiliary, and D;O in a liquid-assisted
grinding process. As a result, no H/D-exchange was detected.
The experimental results of both experiments suggest that the
reaction predominantly proceeds through an intermolecular
pathway. The occurrence of the CF,D product may be attri-
buted to a minor intramolecular reaction path or the involve-
ment of DF formed during the reaction.

A) proposed mechanism: difluorocarben generation and its reaction with ketone

TMSCF,Br  + KFHF ——— :CF, + HF + TMSF + KBr
e
OCF  4nF
)l\ _HF | intermolecular
/‘\ R™ "CH,R
o _CF,H
O :CF, i 2
R” "CH.R’ R™ “CHR’
1 ’ Fa ¥ 3
_C
(O XN )
I )\ H | | intramolecular
R /C/\
H R
B) difluoromethylation of ketone 1i-d3
o TMSCF,Br (2 equiv) o CFR

KFHF (4 equiv), CsCl (4 equiv)

oy

1i-d; (1 equiv)

& MM, 90 min, 25 Hz

P

D
3i-d; R=H, 57%
3i-d3, R=D, 15%

C) H/D-exchange experiment of difluoromethyl enol ether 3h

_CF,H _CF,D
Me O CF> Me O CF
D,0 (0.25 pL-mg~")

KFHF (4 equiv), CsCI (4 equiv)

Me Me & MM, 90 min, 25 Hz Me Me
3h (1 equiv) 3h-d, not observed

Scheme 4: Proposed mechanism (A) and mechanistic investigations (B and C). The yields were determined by "H NMR spectroscopy using 1,2-

dichloroethane as internal standard.
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Conclusion

In conclusion, we discovered a mechanochemical synthesis of

difluoromethyl enol ethers. The products were obtained from

the corresponding ketones at room temperature after a reaction

time of 90 minutes. The investigation of the reaction scope

revealed challenges in isolating the low-boiling non-polar prod-

ucts. Mechanistic studies suggested that in situ-generated

difluorocarbene reacts with the ketone oxygen, followed by

intermolecular protonation/deprotonation. Although the process

has still synthetic limitations, also acyclic ketones can now be

converted into difluoromethyl enol ethers, which have the

potential for further functionalization.
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The selective C—H trifluoromethylthiolation of aldehyde hydrazones afforded interesting fluorinated building blocks, which could

be used as a synthetic platform. Starting from readily available (hetero)aromatic and aliphatic hydrazones, the formation of a

C-SCF;3 bond was achieved under oxidative and mild reaction conditions in the presence of the readily available AgSCF; salt via a

one-pot sequential process (28 examples, up to 91% yield). Mechanistic investigations revealed that AgSCF3 was the active species

in the transformation.

Introduction

Fluorinated molecules are of paramount importance [1-12] from
industrial applications [13-15] to our daily lives thanks to the
specific features [16] of the fluorine atom or the fluorinated
groups. Aiming at pushing beyond the frontiers of knowledge in
this very active research field, emergent fluorinated groups [17-
20] such as the SCF3 moiety [21-51], an interesting fluorinated
moiety with unique electron-withdrawing character and
lipophilicity [52,53], have recently garnered interest from the
scientific community. Various reagents and chemical transfor-

mations have been elaborated in this context over the years [21-

51]. Despite these recent advances, the design of highly functio-
nalized trifluoromethylthiolated molecules, which could be used
as synthetic handles for synthesizing more complex molecules,
is still appealing. In this context, we turned our attention to the
trifluoromethylthiolated hydrazones, an interesting building
block. Indeed, aldehyde hydrazones have been well studied and
used in various transformations [54-64]. In consequence, a large
number of transition-metal-catalyzed or radical-mediated pro-
cesses for C—H functionalization of aldehyde hydrazones has

flourished over the years.
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An ideal scenario for a direct and sustainable synthetic route
towards trifluoromethylthiolated hydrazones will be the direct
C-H functionalization of the corresponding aldehyde hydra-
zone, an uncharted transformation to date. Forging a C—S bond
by the direct C-H-bond functionalization of hydrazones is still
underdeveloped. Except for transformations leading to the cor-
responding sulfur-containing heteroarenes, only a few methods
have been developed (Scheme 1). In 1988, Lee and co-workers
reported the synthesis of SR-containing hydrazones in a two-
step process (chlorination [65] then reaction with thiols) from
readily available aldehyde-derived hydrazones [66]. Wang et al.
developed a method to access thiocyanated derivatives includ-
ing an aldehyde hydrazone (a unique example) in 70% yield
thanks to the in situ generation of SCN-succinimide from NCS
and NH4SCN (Scheme 1) [67]. In the same vein, the group of
Monteiro [68], then Hajra [69], independently, reported the syn-
thesis of 5-thioxo-1,2,4-triazolium inner salts by the nucleo-
philic thiocyanation of N,N-dialkylhydrazonoyl bromides, in
situ generated from aldehyde-derived hydrazones in the pres-
ence of an oxidant (NBS, (NH4)>S,0g), Scheme 1). In 2024, the
synthesis of 2-imino-1,3,4-thiadiazoles was achieved by cycli-
zation of aryl hydrazones with aryl isothiocyanates promoted by
elemental sulfur [70]. In the course of their studies for the thio-
cyanation of ketene dithioacetals, Yang, Wang and co-workers
developed an electrochemical oxidization-based synthetic
strategy to circumvent the need for external oxidants. In this
context, a unique example of the thiocyanation of a hydrazone

was depicted [71]. A key feature of the approach is to circum-

state of the art

1R2
N,NR1R2 SR salts N IRR
|
R)l oxidant or electrochemistry R
= 8CN, SR, SO,R
this work
working hypothesis
N/NR1R2 oxidant N/NR1R2
| |
R) AgSCFs R” “SCF,
| A
1 I
I I
S _NR'R2 |
oxidant R)l AgSCF;

Scheme 1: State of the art and this work.
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vent the need for external oxidants. In the same vein, the group
of Hajra [72] and Yang [73], independently, investigated the
electrochemical C—H sulfonylation of a library of aldehyde
hydrazones using sodium sulfinates.

These seminal works brought interesting proofs of concept for
the synthesis of SR-containing hydrazones. Inspired by these
previous works and taking benefit from our in-home expertise
to forge N-SCF3 bond (after chlorination/anion metathesis with
AgSCFj; from the corresponding RIR2NH) [74], we assumed
that a one-pot two-step process could be an efficient strategy for
the trifluoromethylthiolation of hydrazones. Herein, the synthe-
sis of trifluoromethylthiolated hydrazones from aldehyde hydra-

zones is depicted.

Results and Discussion

At the outset of the study, the morpholine hydrazone derived
from 4-nitrobenzaldehyde was selected as a model substrate
(Table 1). The latter was engaged in a two-step process: 1) halo-
genation to provide the corresponding N,N-hydrazonoyl bro-
mide, which will then undergo an anion metathesis upon the ad-
dition of AgSCF; to the reaction mixture. When the reaction
was conducted in the presence of NBS in acetonitrile for
10 min, followed by the addition of AgSCFj3, the desired prod-
uct was isolated in 91% yield. A total selectivity for the forma-
tion of the Z isomer was observed as ascertained by 2D NMR
(for more details, see Supporting Information File 1) [75]. Dif-
ferent reagents for the bromination or chlorination were also
evaluated (Table 1, entries 1-3) and NBS was the most effi-
cient one (Table 1, entry 1).

With the best reaction conditions in hand, the nature of the
hydrazone part was first investigated (Scheme 2). Under stan-
dard reaction conditions, electron-enriched hydrazones provi-
ded the expected products in high yields (2a, 3a, 4a). Note, that
in the case of the N-tosylhydrazone, further optimization reac-
tions were required (for more details, see Supporting Informa-
tion File 1), and reducing the temperature for the halogenation
reaction was beneficial to the outcome of the reaction, affording
5a in 55% yield. However, some other hydrazones 6a—8a were
reluctant (for more details, see Supporting Information File 1)
[75].

Then, the scope of the reaction was investigated using the
hydrazones derived from morpholine (Scheme 3). Hydrazones
derived from aromatic aldehydes (1a—p) were first investigated.
It turned out that para-substituted compounds with electron-rich
groups (e.g., OMe, OBn), halogens (Cl, Br, I), and electron-
withdrawing groups (e.g., CF3) were smoothly trifluoromethyl-
thiolated. In the same vein, meta- and ortho-substituted deriva-

tives (11-0) were converted into the corresponding fluorinated
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Table 1: Optimization of the reaction conditions.?
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N N
N \) NBS (1.1 equiv) N
| CH3CN, 20 °C, 10 min, Ar |
SCF3
then
O2N AgSCF; (2 equiv) O2N
. 20°C,2h, Ar .
1i 2i
Entry Deviation from reaction conditions Yield (%)°
1 none 1
2 N-bromophthalimide instead of NBS 86°
3 NCS instead of NBS ND

2Reaction conditions: hydrazone 1i (0.15 mmol, 1.0 equiv), oxidant (0.165 mmol, 1.1 equiv), in CH3CN (0.4 M), 20 °C, 10 min, then AgSCF3
(0.3 mmol, 2.0 equiv), under argon. Plsolated yields are given. °The product was isolated with an inseparable impurity. ND = not determined.

NBS (1.1 equiv)

N,NR1R2 CH4CN, 20 °C, 10 min, Ar N/NR1R2
P then Pl
R R” “SCF,
AgSCF3 (2 equiv)
1 20 °C, 2 h, Ar 2.8
7 9 |
_N _N _N _NHTs
I - I ' i
SCF; ©) SCF, ©) SCF;4 ©) SCF;
2a, 86% 3a, 66% 4a, 77%:3 5a, 55%%°

Scheme 2: Reaction conditions: hydrazone (0.3 mmol, 1.0 equiv), NBS (0.33 mmol, 1.1 equiv), in CH3CN (0.4 M), 20 °C, 10 min; then, AgSCF3
(0.6 mmol, 2.0 equiv), under argon. Isolated yields are given. 2Products 4a and 5a were isolated with an inseparable impurity. PReaction performed at

0 °C for the 1st step, and 20 °C for the 2nd one.

analogs. The functionalization of the 2,4-difluorophenyl deriva-
tive (1p) and the heteroaromatic compounds such as furan (1q)
as well as pyridine (1r) derivatives went smoothly, with the
lower yield obtained in the case of 2r being explained by a
tedious purification. Interestingly, the methodology was suc-
cessfully applied to the functionalization of aliphatic hydra-
zones 1s and 1t and even the hydrazone derived from citronellal
1u. The method was functional group-tolerant to various func-
tional groups (nitro, CN, ester, alkenes) and halogens allowing
an array of post-functionalization reactions. Finally, the tri-
fluoromethylthiolation of molecules derived from compounds
of interest was achieved to illustrate the synthetic utility of the
method. Hence, the desired products 2v—x were efficiently iso-
lated.

To get more insights into the transformation, additional experi-
ments were conducted. First, the reaction was repeated in the
presence of radical scavengers, namely 2,2,6,6-tetramethyl-
piperidin-1-yl)oxyl (TEMPO) or di-tert-butylhydroxytoluene
(BHT), and no significant impact on the outcome of the reac-
tion was noticed (Scheme 4A). Pleasingly, the scale up of the
reaction was smoothly conducted. Under standard reaction
conditions, product 2a (1.2 g) was afforded starting from 1a
(1 g), showcasing the robustness of the transformation
(Scheme 4B). Intrigued about the nature of the active source of
SCFj in the transformation, experiments with different SCF3
sources were conducted. First, we hypothesized that trifluoro-
methylthiolated succinimide, which might be in situ generated
from NBS and AgSCF3, could be the active species. When the
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0 NBS (1.1 equiv)
CH3CN, 20 °C, 10 min, Ar
N

)I ——— then )
R AgSCF; (2 equiv) R
20 °C, 2 h, Ar 2

(o o 0 o
N N\) N/N\) N,N\)

,\Il | |
©) SCF3 /@) SCF; SCF3 /@) SCF; /@) SCF3
MeO BnO Cl
2a, 86% 2b, 74% 2c, 65% 2d. 77%2 2e, 90%
o o) o) o
N N N
/@) SCF3 /@) SCF; | A SCF; /@) SCF; /@) SCF3
FoC” N7 O,N
2f, 75% 2g, 83% 2h, 91% 2i, 92% 2j, 86%
0 (o 0 0
N\) | N\) l\er ,\ll,N\) oM ,\er\)
SCF3 \©) SCF,4 SCF, SCF, ©) SCF,4
MeO,C Br
2k, 91% 21, 87% 2m, 89% 2n, 78% 20, 63%
o 0 (o (o 0
e N NS N
| | | |
Ph
SCF; \\ SCF; SCF; SCF, SCF, SCF3
E o Ph
O,N
2p, 79% 2q, 90% 2r, 15% 2s, 69% 2t, 31% 2u, 39%

ji:( Y©) sofs

K\o

O
N

ﬁo

SCF3
o}

o}
2v, 52%°
derived from
a-tocopherol (vitamin E) 2w, 72% 2x, 65%
derived from derived from
(=)-menthol L-(=)-borneol

Scheme 3: Scope of the reaction. Reaction conditions: 1 (0.3 mmol, 1.0 equiv), NBS (0.33 mmol, 1.1 equiv) in CH3CN (0.4 M), 20 °C, 10 min; then,
AgSCF3 (0.6 mmol, 2.0 equiv), 2 h, under argon. 20.15 mmol reaction scale. PProduct 2v was isolated with an inseparable impurity.
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B) scale up of the reaction (from 1g of 1a)

NBS (1.1 equiv) 0 NBS (1.1 equiv) o
CH3CN, 20 °C, 10 min, Ar N/N\) CH3CN, 20 °C, 10 min, Ar N/N
1i then | 1a then )l
AgSCF; (2 equiv) R SCFs 4.25 mmol AgSCF3; (2 equiv) Ph SCFs
additives 2i additives 2a. 86%

20°C, 2 h, Ar y 20°C, 2h, Ar 12q)
no additives: 92% 49
with TEMPO: 78%
with BHT: 82%

C) using N-SCF3 succinimide as a SCF3 source

D) using SCF3-dimer as a SCF3 source

0 AgSCF;
0 NCS (1.1 equiv) o
NSCF3 N/N\) THF, 25 °C N
| 5 min, Ar |
1i ° SCF3 F3CS-SCF3 SCF3
CH3CN, 20 °C, 2 h, Ar O2N CHACN/THF O:N
2i, ND 25°C,2h, Ar 2i, ND
E) post-functionalization reaction
o)

O
e

Pd(PPh3)4 (10 mol %)
K,CO3 (1.5 equiv)

e

SCF,

4-Me-CgH4B(OH), (1.1 equiv)
toluene, 110 °C, 16 h, Ar

29

O SCF,

9, 72%

Scheme 4: Mechanistic investigations and post-functionalization reactions. 2'°F NMR yields using o,a,o-trifluoroacetophenone as an internal stan-

dard. ND = not detected.

reaction was carried out in the presence of this electrophilic
source and 1a, no expected product was detected (Scheme 4C).
Having in mind that in the presence of an oxidant, the SCF3
dimer (SCF3), might be generated, an additional test was real-
ized. In the presence of NCS in THF, AgSCF3 was converted
into the corresponding dimer in 5 min (monitored by
19 NMR). Then, the reaction was conducted in the presence of
la in a THF/MeCN mixture (1:1) [75], but no product was
detected (Scheme 4D). Based on these experiments and litera-
ture data [66], a two-step one-pot process was suggested based
on 1) the bromination of the hydrazone 1 followed by 2) the
anion metathesis in the presence of AgSCFj3. Finally, to further
illustrate the synthetic utility of the trifluoromethylthiolated
hydrazones, product 2g was further functionalized. In the pres-
ence of 4-methylboronic acid, the arylation of 2g occurred and
the expected product was isolated in 72% yield with the SCF3-
hydrazone motif remaining untouched (Scheme 4E) [42].

Conclusion
In summary, a one-pot two-step process has been developed for

the trifluoromethylthiolation of aldehyde hydrazones. A myriad

of (hetero)aromatic and aliphatic hydrazones were efficiently
functionalized including analogs of compounds of interest
(28 examples, up to 91% yield) using readily available reagents,
namely NBS and the nucleophilic reagent AgSCF3. This ap-
proach provides a straightforward access to an unprecedented
class of trifluoromethylthiolated derivatives. This method offers
new avenues for synthesizing a plethora of valuable SCF3-con-
taining molecules using the synthetic potential of hydrazones in

organic synthesis.

Experimental

General procedure for the preparation of trifluoromethyl-
thiolated products 2-6: An oven-dried 10 mL reaction tube
equipped with a stirring bar was charged with the hydrazone de-
rivative (0.3 mmol, 1.0 equiv) and CH3CN (0.7 mL). The mix-
ture was stirred until the solubilization of the reagent. Then, re-
crystallized NBS (58.7 mg, 0.33 mmol, 1.1 equiv) was added,
and the reaction mixture was stirred for 5—-10 minutes, after
which, AgSCF3 (125.0 mg, 0.6 mmol, 2.0 equiv) was added.
The reaction was stirred for another 2 hours at room tempera-

ture. a,a,0-Trifluoroacetophenone (42 uL, 0.3 mmol, 1.0 equiv)
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was added as an internal standard for determining the '°F NMR
yield. The mixture was then filtered on a pad of celite and
rinsed with CH;Cl,. The solution was then washed with brine
twice (20 mL) and the organic layers were collected separately,
dried over MgSQOy, and concentrated in vacuo. The crude was
purified by column chromatography on silica gel, flash chroma-
tography to afford the desired product 2—6.

Supporting Information

Supporting Information File 1

Full experimental procedures, characterization of products,
details of mechanistic studies, and spectral data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-242-S1.pdf]
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Two racemic anti-4,6-diphenyl-5,5-difluoro-1,3-dioxanes were prepared and the corresponding enantiomers were evaluated as

potential new chiral dopants for liquid-crystal compositions.

Introduction

Liquid crystals for use in liquid crystal displays (LCDs) have
become one of the most prominent application areas of fluoro-
organic chemistry [1-3]. In particular, cholesteric, i.e., chiral
nematic, liquid crystals (LCs) are attractive for many display
applications due to their chiroptical characteristics as well as the
selective reflection of light giving rise to Bragg interference
colors [4]. Cholesteric LCs can be obtained either from neat
chiral mesogens, or through the addition of a chiral dopant to an
achiral nematic liquid crystal [5,6]. The ability of the dopant to
induce chirality in the nematic phase is defined as the helical

twisting power [HTP; B = (pc)~!; with p the helical pitch and ¢

the molar concentration]. The most common type of liquid
crystal displays (LCD) is based on the so-called twisted nematic
(TN) mode and requires only a quite small HTP (typically
around 1015 pm™!) with a low dopant concentration (around
0.1%) [1,2,7]. However, there are other display modes, such as
super-twisted nematic (STN) LCDs which need a higher HTP
or increased dopant concentrations [8,9]. TN and STN displays
are still based on liquid crystals in the nematic or cholesteric
mesophase. Even higher concentrations of chiral dopants with
extremely high HTP tend to induce a Blue Phase, which is a

cubic mesophase composed of double twist cylinders [10,11]. A
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prototype of a polymer-stabilized Blue Phase LCD with ultra-
fast switching times has been presented in 2008 by Samsung
[12]. Another class of materials including high HTP chiral
dopants are cholesteric films prepared by the polymerization of
reactive mesogens (RMs). They are used, e.g., for improving
the viewing angle-dependency of the image quality of LCD
panels or as polarizing reflectors [13,14]. For such applications,
new dopants with very high HTP are in constant demand. There
have been many reported chiral dopants with relatively high
HTPs, including 4,5-diaryl-1,3-dioxolanes [15], TADDOLs
[16,17], axially chiral alleno-acetylenes [18] and strained
axially chiral 1,1’-binaphthyl derivatives [19-22] to cite a few
(Figure 1 for selected examples).

As a general observation, the more elongated the liquid crystal-
like shape of a molecule appears, the more efficient is the
induction of chirality in a nematic host. Additionally, the loca-
tion of the chiral substructure within the dopant molecule seems
to play a role. A more ‘central’ location within in the meso-
genic core structure corresponds to a higher HTP of the result-
ing chiral compound. Molecular structures like those depicted
in Figure 1 suggest that low conformational flexibility in com-
bination with n-stacking interactions between the aryl moieties
of the dopant and those of the LC mixture might be the key pa-
rameters for a high HTP. Significant efforts have been made
exploring a wide range of chiral, twisted molecules such as bi-
naphthyls [23-25], biphenyls [26,27], TADDOLSs [16,17] and
1,2-diphenylethane-1,2-diol [28] to reveal possible relation-

0]

>

0

—-101 uym~' (in E7)
E7: eutectic mixture of 4-
cyano-4'-alkylbiphenyl derivatives

+154 ym™" (in 5CB)

R=

+400 um~" (in 5CB)
Ar = 9-phenanthryl
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ships between the molecular structure of chiral dopants and
their HTP value. However, quantitative structure—property rela-

tionships still remain elusive and are not well understood [29].

Recently we have become interested in the preparation of
racemic [30] anti- and highly enantioenriched 2,2-difluoro-1,3-
diols [30-32] through an acylative double catalytic kinetic reso-
lution (DoCKR) process [33]. While the 1,3-diol motif is found
in some natural products [34] with some fluorinated analogues
[35,36], this motif is rarely found in LCs [37-39].

Based on these observations and literature data, we embarked in
the synthesis and evaluation of enantiomerically pure acetals
derived from anti-2,2-difluoro-1,3-diols as potential chiral
dopants. Our long-term goal would be to provide a
structure—property relationship of this class of molecules by
i) modification of the aryl and ii) and/or acetal moieties
(Scheme 1) and to elucidate the possible role of fluorine on
their physical properties, with comparison to their non-fluori-
nated analogs [38]. It is anticipated that the introduction of a
CF, could eventually stabilize the conformation of the six-
membered ring via stereolectronic interactions of the CF o*
orbitals with the neighboring CH o orbital [40]. The 180°
FCCH dihedral would rigidify the six-membered ring.

We present here preliminary results with the diastereoselective

synthesis of two 4,6-diphenyl-5,5-difluoro-1,3-dioxanes (rac-3
and rac-4) and their separation into their corresponding enantio-

Ar.
Ar A(r) . >: \:L
=
4.,7<OH \\
\Ar

Ar Ar

—53.1 um™' (in E7)

5CB

R I I (0]
R O>
| N
=

+114 pm~' (in MLC-6260 from Merck)

Figure 1: Selected examples of chiral dopants with high HTPs in their nematic host LC mixture.
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enantiomers

impact of substitution on
helical twisting power (HTP)

Scheme 1: Structure—property relationship of 4,6-diheteroaryl-5,5-difluoro-1,3-dioxanes as potential chiral dopants.

mers ((R,R)-3 and (S,5)-3; (R,R)-4 and (S,5)-4). rac-3 and rac-4
are obtained from readily available racemic 2,2-difluoro-1,3-
diphenyl-1,3-propanediol (rac-2). These enantiomers were then
evaluated as chiral dopants using two commercially available
liquid crystal host mixtures (Host 1 and Host 2 from Merck
KGaA) (Scheme 2).

Results and Discussion

Racemic anti-2,2-difluoro-1,3-diol rac-2 was easily prepared
through a single step by an aldol-Tishchenko reaction [30]
starting from commercially available difluoromethyl phenyl ke-
tone [41,42] and an excess of benzaldehyde (4 equiv), under
basic conditions (Scheme 3). Diol rac-2 was obtained in a 62%

= e

(1.0 equiv)

cat. p-TsOH, toluene, reflux;
azeotropic H,O removal

MeO OMe
5 (10 equiv)

cat. p-TsOH, THF, reflux

O

yield after recrystallization from CHCl3 with no need for chro-
matography purification. Ketalization of rac-2 with liquid
crystal-like ketone 1 [43] (in toluene) or 2,2-dimethoxypropane
5 (in THF) provided dioxanes rac-3 and rac-4 in 56% and 62%
yields, respectively (Scheme 2).

Samples of rac-3 and rac-4 were separated by preparative
HPLC on a chiral phase. Suitable crystals of all enantiomers
(R,R)-3/(S,5)-3, (R.R)-4/(5.S)-4 were obtained by slow evapora-
tion from n-heptane solution and structures were determined
by X-ray diffraction, which allowed the correlation of the
chiroptical properties with the configuration (Figure 2 and
Figure 3).

F separation
F " chiral HPLC

(R,R)-3 + (S,S)-3

rac-3
56%

separation

———— > (R,R)-4 + (S,5)-4
chiral HPLC

0__0

rac-4
62%

Scheme 2: The syntheses of chiral 4,6-diphenyl-5,5-difluoro-1,3-dioxanes 3 and 4 as dopants for cholesteric liquid crystals.

F F PhCHO (4 equiv)

H t-BuOK (3.2 equiv)
o DMF; -35°Ctort
18 h

Scheme 3: Synthesis of rac-2 as precursor of rac-3 and rac-4.

-3, rac-4
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Figure 2: Configuration of (R,R)-3 determined by X-ray crystallography.

Figure 3: Configuration of (R,R)-4 determined by X-ray crystallogra-
phy.

The HTP of all enantiomers were measured with two achiral
nematic host mixtures (Host 1 and Host 2 from Merck)
(Table 1). (R,R)-3 and (S,5)-3 with a more liquid crystal-like
shape have higher HTP [16 pm_l (Host 1), 38 pm_l (Host 2)]
than the dimethylacetal analogues (R,R)-4 and (S,S)-4 [8 pm_l
(Host 1), 15 pm_l (Host 2)]. The difference between the two
nematic host mixtures is their polarity: whereas Host 1 is only
moderately polar (Ae = 4.0), the mixture Host 2 was developed
for Blue Mode LCD application and is extremely polar. As
compared to chiral dopants depicted in Figure 1, HTPs are
lower and closest analogues for comparison could be the 4,5-
diaryl-1,3-dioxolanes [15,28]. However, in particular the HTPs
obtained for 3 are encouraging, since the values are still equal
or higher than those of many commercially used chiral dopants
[7]. Both compounds 3 and 4 have good solubilities in LCs
hosts, and since their syntheses require few steps and are easily
amenable to structural variation (e.g., of the aromatic moieties),
there is a clear path towards even higher HTPs values.

Table 1: Comparison of the physical properties of enantiopures (R,R)-3, (S,S)-3, (R,R)-4 and (S,S)-4.

No Phase sequence? AHgP
(R,R)-3 C 1481 8500
(S,5)-3 C1491 8500
(R,R)-4 C142| 5100
(S,9)-4 C1421 5600

Tirt™® [0]30d HTP®

-58.3 -5.20 -16 (Host 1)
-38 (Host 2)

-61.2 +6.80 +16 (Host 1)
+38 (Host 2)

- -0.67 -8 (Host 1)
-15 (Host 2)

- +0.60 +8 (Host 1)

+15 (Host 2)

aThe phase transition and virtual clearing temperatures Ty virt are given in °C; Pthe melting enthalpies AHc; are given in cal mol~" -®the values are
extrapolated from a 5% w/w solution in ZLI-4792; dthe optical rotations are given in °; the helical twisting power (HTP) is given in um~"; C = crys-
talline, | = isotropic. The "virtual" clearing temperatures Ty were determined by linear extrapolation from a 5% w/w solution in the Merck mixture ZLI-
4792 (TN =92.8 °C, Ae = 5.3, An = 0.0964). The extrapolated values are corrected empirically for differences in the order parameter. For the pure
substances the phase transitions were identified by optical microscopy, and the corresponding temperatures by differential scanning calorimetry

(DSC).
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Conclusion

In general, the C,-symmetric substructure in compounds (R,R)-
/(S,S)-3 and (R,R)-/(S,S)-4 is quite efficient in inducing a chiral
pitch into the nematic host mixtures Host 1 and Host 2. The
extension of the chiral substructure (4 —3) by the liquid crystal
building block 1 into a more rod-like shape is further boosting
the HTP by roughly a factor of 2. Moreover, the HTP of both
compounds 3 and 4 depends strongly on the LC host mixture:
for the more polar mixture Host 2 it is twice as high as for less

polar Host 1.
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The incorporation of fluorine atoms within the structure of organic compounds is known to exert a significant impact on their elec-

tronic properties, thereby modulating their reactivity in diverse chemical transformations. In the context of our investigation, we ob-

served a striking illustration of this phenomenon. A Michael addition involving gem-difluorovinyl and trifluorovinyl acceptors was

successfully achieved, demonstrating high stereoselectivity. This selectivity was further elucidated through theoretical calculations.

Using this methodology, a series of new a,f-unsaturated amides, both fluorinated and nonfluorinated, were synthesized.

Introduction

The Michael reaction, characterized by the addition of stable
carbon nucleophiles to unsaturated compounds with electron-
withdrawing groups, is a cornerstone in constructing
carbon—carbon and carbon-heteroatom bonds [1]. It is instru-
mental in synthesizing natural products [2-5] and pharmaceuti-
cals [6], underlining its significance in organic chemistry.

Recent advancements have broadened the scope of Michael

donors and acceptors to encompass fluorine-containing com-
pounds, enhancing the reaction's utility in synthesizing fluori-
nated derivatives [7,8]. Shibata and colleagues pioneered the
use of fluorinated Michael donors, notably achieving enantiose-
lective addition of 1-fluorobis(phenylsulfonyl)methane (FBSM)
to a,fB-unsaturated ketones with cinchona alkaloids [9]. Fluori-

nated Michael acceptors usually contain one fluorine atom or a
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trifluoromethyl group in the structure [10-12]. There are also
known examples of gem-difluoroalkenes being used as Michael
acceptors [13-17]. The Michael addition with fluorinated accep-
tors finds application in the synthesis of, among others, fluori-
nated amino acids, which can be a structural motif in many bio-
logically active compounds [18]. There are also known studies
on the incorporation of highly reactive fluorinated Michael
acceptors into peptide structures, which can act as the link be-
tween an active molecule and its cellular target [19,20]. Such
endeavors hint at the potential of fluorinated acceptors in
designing fluorinated peptidomimetics, an area attracting global
research interest [21-24].

In our laboratory, we have explored the synthesis of 3,3,3-
trifluoro- and 2,3,3,3-tetrafluoro-N-substituted propanamides,
contributing to the field of fluorinated amides [25]. We have
also investigated deprotonation at the o position of other fluori-
nated carbonyl derivatives as a route to new building blocks
[26]. Despite the known instability of trifluoromethylated carb-
anions [27], their catalytic application has yielded valuable
products [28-30]. gem-Difluoroalkenes and trifluoroalkenes are
excellent acceptors in the Michael addition reactions. There are
also known examples of the use of gem-difluoroalkenes and
trifluoroalkenes in reactions with Grignard reagents [13,31]. Al-
though, similar compounds are reported to be unstable mole-
cules that are prone to decomposition under reaction conditions
[32,33].

The goal of this work was the formation of gem-difluoro- and
trifluorovinyl Michael acceptors by using organolithium
reagents (Scheme 1), revealing new avenues in fluorinated
unsaturated amide synthesis, which are present in numerous
natural products, pharmaceuticals, and polymers [34-38]. The

obtained a,B-unsaturated amides may represent promising struc-

(0] X
X R! base E H
N = “R?
cFs 1 THF F O
1X=F 3X=F
2X=H 4X=H
R' = alkyl or aryl

Beilstein J. Org. Chem. 2024, 20, 2946—-2953.

tural motifs for further synthesis, e.g., via pericyclic reactions or

nucleophilic additions.

Results and Discussion

We commenced our research by screening the nature of the base
to generate carbanion at alpha position. We chose 2,3,3,3-tetra-
fluoro-N-heptylpropanamide, obtained according to the proce-
dure developed earlier in our laboratory [25], for our model
reaction. The reactions were carried out under inert gas condi-
tions in anhydrous solvents (THF or DCM) at =78 °C for 3 h,
using several bases and electrophiles (Table 1). The use of elec-
trophiles in the first test reactions was to confirm the genera-
tion of a carbanion, which was to be evidenced by a substitu-
tion reaction at the alpha position. We started testing the differ-
ent bases with lithium bis(trimethylsilyl)amide [39]. The reac-
tions did not take place in the presence of LIHMDS (Table 1,
entries 1 and 2), using either benzyl bromide or methyl iodide
as electrophiles. Next, TiCly as metal enolate mediator was
applied. In the presence of both, EtzN as well as N,N,N',N'-
tetramethyl-1,3-propanediamine no reaction was observed
(Table 1, entries 3—6) [40]. With titanium chloride and n-BuLi,
low conversion of the starting material and obtained product
Z-9a was characteristic (Table 1, entry 7). A slightly higher re-
activity was achieved when the BF3:(OEty) was used instead of
TiCly (Table 1, entry 8) [28]. The reactions were monitored by
I9F NMR of the crude mixtures. The full conversion was
reached by applying exclusively n-BuLi, but the formed prod-
uct was not the anticipated a-substituted compound (Table 1,
entry 9). The NMR analysis revealed that the obtained com-
pounds were Michael addition products. The formation of the
presented compounds (Table 1) was due to the earlier genera-
tion of gem-difluoroalkenes by the elimination of one of the
fluorine atoms from the CF3 group, proving that both gem-

difluoroalkenes and the double bond of product Z-9a were

Foo Foo
P Mg, Reso Mo
RZ O RZ O
. 5 6
H H R2
Pyt
RZ O

R2 = n-butyl or tert-butyl
(when base = n-BulLi or tert-BulLi)

Scheme 1: Generation of gem-difluorovinyl and trifluorovinyl Michael acceptors and their use in the synthesis of a,B-unsaturated fluoroamides.

2947



Table 1: Optimization of reaction conditions.

(0] base

N
W)J\N/\(\/)/ . \4/\)\
CF; solvent F o
—78 °C

1a

* 7Z-9a, 10a, E-9a — when base was n-BulLi

Entry Base/Lewis acid, base Electrophile
RX, RCHO

1 LIHMDS, 2 equiv BnBr, 2 equiv

2 LIHMDS, 2 equiv Mel, 2 equiv

3 EtsN, 3 equiv Mel, 2 equiv
TiCly, 1.2 equiv

4 TMPDA, 1.2 equiv Mel, 2 equiv
TiClg, 1.2 equiv

5 Et3N, 3 equiv PhCHO, 2 equiv
TiCly, 1.2 equiv

6 TMPDA, 1.2 equiv PhCHO, 2 equiv
TiCly, 1.2 equiv

7 n-BuLi, 4 equiv PhCHO, 2 equiv
TiCly, 1.2 equiv

8 n-BulLi, 4 equiv PhCHO, 2 equiv
BF3-OEty, 1.2 equiv

9 n-Buli, 4 equiv Mel, 2 equiv

10 n-BuLi, 4 equiv -

Beilstein J. Org. Chem. 2024, 20, 2946—-2953.

Solvent Result

THF n.r2

THF n.r.

DCM n.r.

DCM n.r.

DCM n.r.

DCM n.r.

THF traces of Z-9aP

THF 1:2.8:0.3:traces (1a/Z-9a/10a/E-9a)P
THF 0:1:0.15:traces (1a/Z-9a/10a/E-9a)P
THF 0:1:0.1:0 (1a/Z-9a/10a/E-9a)°

aNo reaction. PDetermined by '°F NMR spectroscopy of crude reaction mixtures.

excellent Michael acceptors. This confirmed that electrophiles
were not involved in the reaction. We therefore focused only on
using n-BuLi, which, as it turned out, acted as both the base and
Michael's donor (Table 1, entry 10).

Having the optimized conditions in hand, we subjected other
2,3,3,3-tetrafluoropropanamides to the same process. Both
amides substituted by electron-withdrawing and electron-donat-
ing groups proved to be suitable substrates for this reaction,
providing the corresponding Michael addition products. These
highly stable compounds were isolated after purification on
silica gel in good yields (Scheme 2) and characterized by spec-
troscopic methods. The reaction proceeded with very high
Z-stereoselectivity (Scheme 2, compounds 9a—-d). In the
I9F NMR spectra of crude mixtures, only trace amounts of
E-isomer of products 9 were identified. The fluorine atom
signals of 9a—d were located at approximately —112 ppm
(triplets, J ~ 27 Hz, Fp) and at =155 to —159 ppm (multiplets,
Fy). The stereochemistry was determined by '"F{'H} NMR
spectroscopy. The observed coupling constants J ~ 2 Hz be-
tween vinylic fluorine atoms were typical and confirmed that

the Z isomers were obtained predominantly [41]. The vicinal

coupling constant between the Fg and H, atoms amounted
approximately 27 Hz in cases of 9a—d. Based on these findings,
we concluded that the dihedral angle between the Fg and H,,
atoms is approximately 150° [42-45]. These data were consis-
tent with DFT calculations (see Supporting Information File 1).
The reaction of the amide 1d with n-BuLi resulted in a
surprising outcome. In this case, product 9d and only traces of
the expected product 10d were received, as indicated by the
19F NMR spectrum of the crude reaction mixture. Interestingly,
for this reaction we also observed that the Z-9d/E-9d products
were obtained in a ratio of 1:0.2. However, the main Z-isomer
was only isolated and fully characterized.

In our subsequent investigation of the 3,3,3-trifluoro-
propanamides substrate 2a—d scope, we observed that gem-
difluoroalkenes produced B-fluoro-unsaturated amides 11a—d
(Scheme 3). In these reactions, we used conditions previously
optimised for derivatives 1la—d (n-BuLi 4 equiv, THF, —78 °C,
3 h). The amides 11a—d preferred HF elimination over engaging
in another Michael reaction, leading to the formation of prod-
ucts 12a—d as illustrated in Scheme 3. This outcome suggests a

significant role of the fluorine atom at the alpha position, where
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Scheme 2: Formation of a,B-difluorinated and a-fluorinated o,B-unsaturated amides.

its electron-withdrawing effect likely influenced the feasibility
of the following Michael addition for compounds 9a-d
(Scheme 2). Interestingly, such a reaction pathway was absent
for derivatives 11a—d, where the alpha-positioned proton exhib-
ited a low pKj,, favouring an easy elimination reaction. This is
supported by the higher yields of products 12a—d compared to
their 11a—d counterparts. The exclusive formation of E isomers
in compounds 11a—d was confirmed by the observed coupling
constants (J ~ 21 Hz) between the vinylic proton and the fluo-
rine atom [41]. Moreover, the vicinal coupling constants be-
tween the Fg and H,, atoms ranging from 25-26 Hz for 11a-d
suggest a dihedral angle of approximately 170° between these
atoms [42-45]. These findings are in alignment with DFT calcu-
lations (see Supporting Information File 1) and corroborate data

for compounds 9a—d.

We further decided to use tert-BuLi in our research, consid-
ering its role as a stronger base and simultaneously as a weak
nucleophile. We first performed the reaction with 2 equiv of
tert-BuLi, which did not yield the expected results. The sub-
strate was still observed in the reaction mixture. Only the use of
4 equiv of base gave the desired findings. The treatment of
compounds la—d and 2a-d, respectively, with terz-BuLi in-
duced the carbanion formation followed by an addition—elimi-
nation reaction, affording the corresponding fluorinated 13a—d
(Scheme 4) and nonfluorinated 14a—d (Scheme 5) unsatu-
rated products. Also this time, for compounds 13a-d, the for-
mation of only Z isomers was observed (Scheme 4). The stereo-
chemistry was determined by 1F{'H} NMR spectroscopy
methods by the observed coupling constants J ~ 6 Hz between

vinylic fluorine atoms [41]. Due to the steric hindrance, these
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Scheme 4: Michael addition of 1a—d with tert-BulLi.

compounds did not serve as good Michael acceptors for the next
step.

Only elimination products 14a—d were obtained from trifluori-
nated amides 2a—d, showing good yields (Scheme 5).

We also tried to perform a substitution reaction by treating com-
pounds 1a and 2a with fert-BuLi, employing methyl iodide as
the electrophile. However, similar to previous reactions, this did
not yield substitution products at the alpha position, but to the
addition—elimination reaction products. More importantly, the
application of 8 equiv of fert-BuLi induced the formation of
N-methylation products (Scheme 6).

Compounds 15a (15a’) and 16a (16a’) existed as two rotamers,
in ratios of 1:1.15 and 1:1.76, respectively, with the predomi-
nant cisoid isomer. Transoid (trans 15a(16a)) isomers
contained a larger substituent at nitrogen located in the oppo-
site direction to the carbonyl group, while cisoid (cis 15a’

(16a’)) isomers featured a smaller substituent at nitrogen locat-
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Scheme 5: Michael addition of 2a—d with tert-BuLi.

ed in the opposite direction to the carbonyl group. We deter-
mined the quantitative ratio as well as the cis/trans configura-
tion of isomers by analyzing the differences in the chemical
shift values in the 'H NMR spectra for NCH3 and NCHj,-
proton groups, based on our previous studies concerning fluori-
nated amides [46,47].

Conclusion

In this study, we have established that tri- and tetrafluorinated
amides, featuring a CF3 group at the a position, serve as effec-
tive motifs for designing stable gem-difluorovinyl and trifluo-

rovinyl Michael acceptors. To our knowledge, this represents

F
tert-BulLi
(0] (8 equiv)
X Mel
TN
cr, 1 THF
-78°C,3h
1laX=F
2aX=H

Scheme 6: Formation of N-methylation products.

Beilstein J. Org. Chem. 2024, 20, 2946—-2953.

the inaugural instance of employing potent bases such as
n-BuLi and tert-BuLi to fulfill dual roles as both base catalysts
and Michael donors. The reactions exhibited remarkable stereo-
selectivity, a finding elucidated by DFT analysis. These results
mark significant progress toward the synthesis of novel fluori-
nated building blocks. Our team is currently exploring the appli-
cation of this methodology to amino acid substrates, aiming to
contribute further to the burgeoning field of fluorinated peptido-
mimetics.

Experimental

See Supporting Information File 1 for the Experimental section.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, DFT calculations,
characterization data, and copies of Iy, 13C, I9F NMR and
TH-13C HSQC spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-247-S1.pdf]
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In this study, novel fluorinated carboxylic acid esters of the generic structure TfO—CH,—(CF,),—COOCHj3 (n = 2,4,6, Tf = triflate)

were synthesized. The triflates were reacted with 2-hydroxy-3.4,5-trimethoxybenzaldehyde via Williamson ether syntheses. The re-

sulting electron-rich compounds were used as aldehydes in the Rothemund reaction with pyrrole to form ester-substituted porphy-

rins. After metalation with Ni(acac), and hydrolysis electron-rich porphyrins were obtained, that are equipped with covalently at-

tached long chain acid substituents. The target compounds have potential applications in catalysis, sensing, and materials science.

The fluorinated aliphatic carboxylic acids (TfO-CH,—(CF,),—~COOCH3) with triflate as leaving group in terminal position are

easily accessible and versatile building blocks for attaching long chain acids (pK, 0-1) to substrates in Williamson ether-type reac-

tions.

Introduction

Metal porphyrins are prosthetic groups in a number of essential
biomolecules, including hemoglobin, chlorophyll, and
cytochromes, supporting processes such as oxygen transport,
photosynthesis, and electron transfer [1-5]. Beyond their essen-
tial biological roles, porphyrins and their derivatives are em-
ployed in a number of applications, acting as catalysts in nu-
merous reactions, including oxidation, reduction, and cycload-
dition [6-10]. Particularly when electron-rich porphyrins act as
reducing agents, e.g. in electrocatalytic hydrogen evolution

reactions, a proton source is needed [11]. In this context, tri-

fluoroacetic acid is very frequently chosen as the proton source,
because it is a strong acid but just not strong enough to destroy
(demetallate) the Ni porphyrin [10]. Covalent attachment of
acids facilitates proton transfer and increases the efficiency
[12]. Three conditions should be met for the target porphyrins
of this study. 1. The acid covalently bound to the porphyrin
should have an acid strength similar to trifluoroacetic acid.
2. The length of the tether with which the acid group is bound
should be sufficient to serve as a proton source for redox reac-

tions at the metal. 3. The electronic properties of the porphyrin,
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especially the low oxidation potential, should not be increased.
We have chosen four-fold meso-3,4,5-trimethoxyphenyl-substi-
tuted Ni porphyrin as the electron-rich system, however, the
post-synthetic modification of this porphyrin proved to be diffi-
cult. Therefore, we have integrated the acid group into the alde-
hyde component of the Rothemund reaction to prepare the
target porphyrin. In initial tests, we have established that tri-
fluoroacetic acid can be replaced by perfluorinated alkyl
carboxylic acids [10]. It was therefore obvious to use a per-
fluoroalkyl chain as a tether. However, a perfluoroalkyl chain as
a substituent on the porphyrin has an electron-withdrawing
effect and thus a negative influence on the oxidation potential.
We have therefore inserted an O—CH; group between the phe-
nyl group of the porphyrin and the perfluoroalkyl chain. The
oxygen atom, especially in the 2-position, should even improve

the electronic properties of the porphyrin.

Results and Discussion

Our synthesis started with the readily available fluorinated sym-
metric diols HO-CH;,—(CF,),-~CH,-OH (n = 2,4,6, see
Scheme 1).

In order to break the symmetry and to generate the acid func-
tion only on one side, benzyl protection was performed. From
diols 1, 2, and 3 statistical mixtures of unprotected, mono-, and
di-protected products were obtained, from which the isolation
of the desired mono-protected products 4 (65%), 5 (50%), and 6
(40%) by chromatography was straightforward. However, the
subsequent oxidation of the alcohol with the usual oxidizing
agents (Jones reagent, KMnOQOy, etc.) was not successful. A
radical oxidation with TEMPO, potassium bromide (KBr), sodi-
um hypochlorite (NaOCl), and sodium bicarbonate (NaHCO3)

HO/\CCT\OH _a,
Fa 24,6
1

o Qé _CF3
\O)LCC)/\O/ Y
F
2,46

HO/\CCJ/\O L
F 2,46

4 65%
2 550%
3 6 40%

O
e)
o
2
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provided acids 7, 8, and 9. A byproduct is obtained during oxi-
dation and it is assumed that this is the molecule oxidized at the
benzyl position (see Supporting Information File 1, compounds
35-40). Work-up and isolation proved to be difficult, and there-
fore, the acids were directly converted into the methyl esters 10
(54%), 11 (52%), and 12 (46%). The benzyl-protecting group
was removed hydrogenolytically to give products 13 (85%), 14
(65%), and 15 (99%). The alcohols were then converted to the
triflates 16 (28%), 17 (41%), and 18 (63%).

We have chosen 3,4,5-trimethoxybenzaldehyde (19) as the
aldehyde component due to its commercial availability. A OH
group was introduced to serve as the nucleophile in the
Williamson ether synthesis with the triflates 16, 17, and 18
(Scheme 2).

Towards this end, 3,4,5-trimethoxybenzaldehyde (19) was iodi-
nated using N-iodosuccinimide (NIS) to give 20 in a yield of
89% [13]. To convert the iodo to an OH group, compound 20
was reacted with CuyO, 2-pyridinaldoxime and CsOH to give
2-hydroxy-3,4,5-trimethoxybenzaldehyde (21, 65%) [13]. In a
subsequent nucleophilic substitution, the fluorinated alkyl
chains of 16, 17, and 18 were linked via a Williamson ether
synthesis to yield 22 (78%), 23 (44%), and 24 (44%).

Compounds 22, 23, and 24 were used as aldehyde components
in the Rothemund-type synthesis of metal-free porphyrins 26
(9%), 27 (18%), and 28 (21%) (see Scheme 3).

Metalation was achieved with nickel acetylacetonate to obtain
the ester-substituted Ni porphyrins 29 (78%), 30 (97%), and 31
(57%). The latter were treated with LiIOH and HCI to give the

o)
HOJ\CC)/\O/
F 2,46
7
8
9
c)
o
d)
-~ \OJ\(C o |\
24,6 F22,4,6 Pz

16 28% 13 85% 10 54% (over 2 steps)
17 41% 14 65% 11 52% (over 2 steps)
18 63% 15 99% 12 46% (over 2 steps)

Scheme 1: Synthesis of the starting materials 16, 17, and 18 for the subsequent Williamson ether synthesis with 2-hydroxy-3,4,5-trimethoxybenzalde-
hyde (21). Conditions: a) KoCOg, benzyl bromide, abs. MeCN, Ny, reflux, 18 h; b) TEMPO, KBr, NaOCI, NaHCO3, MeCN, rt, 76 h; c) MeOH, HoSOy,

reflux, 18 h; d) Pd/C, Hp, EtOH, rt, 24 h; e) Tf,0, pyridine, DCM, rt, 18 h.
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FaC. S/,O o
()// \O/\CCjko/
F
2,4,6
Ox Ox Ox 16,17, 18 Ox F246
a) I b) OH c) O\LCDT(O\
0
X% vre v D

19 20 21 22 78%
89% 65 % 23 44%

Lit. [13]: 99% Lit. [13]: 83% 24 44%

Scheme 2: Synthesis of perfluoroalkyl ester-functionalized aldehydes 22, 23, and 24. Conditions: a) NIS, TFA, NapCOgs, MeCN, reflux, 18 h;
b) Cux0-H>0, 2-pyridinaldoxime, TBAB, CsOH, H>O, N, rt, 18 h; c) Cs,CO3, DMAc, N, rt, 3 h.

R1
O\ F2 2,4,6 H
O\/CC%/O\ + N a) R? R!
U i\ /7
7 7
_0
22 25 R!
23 26 9%
24 27 18%
28 21%
b)
R2 R'
RZ‘RZ L R1 R1
R2 R!
32 94% 29 78%
3339% 30 97%
34 45% 3157%

F 2,46 F 2,46
2 2
o C)\H/OH 0 C>\ﬂ/0\
R2 = fe) R1 = 0
o\ O\

Scheme 3: Porphyrin synthesis. a) Rothemund porphyrin synthesis of metal-free porphyrins 26, 27, and 28; b) metalation of porphyrins with
Ni(acac)y; c) ester hydrolysis to generate the free acids 32, 33, and 34. Conditions: a) 1) 22/23/24, TFA, abs. DCM, Ny, reflux, 30 min, 2) pyrrole,
reflux, 2.5 h, 3) DDQ, reflux, 2 h; b) Ni(acac)y, toluene, reflux, 20 h; c) 1) LiOH, MeOH, rt, 1 h, 2) HCI.
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free acids 32 (94%), 33 (39%), and 34 (45%). The
HPLC-ESIMS analysis of 32, 33, and 34 revealed that two
major atropisomers of each porphyrin had formed. In 32 both
atropisomers exhibit a roughly 1:1 ratio, in 33 we observed a
roughly 1:2 ratio, and in 34 almost only one atropisomer was
formed (see Figures S102, S106, and S110 in Supporting Infor-
mation File 1). We attribute this to the increasing sterical
hindrance of the increasing chain lengths in compounds 32, 33,
and 34, which should favor an alternating sequence of the

chains pointing upward and downward.

Conclusion

This study reports the synthesis of perfluoroalkyl carboxylic
esters with CH,—OT{ groups in the w-position of the type
TtO-CH;,—(CF;),~COOCH;j; (n = 2, 4, 6, Tf = triflate). The
latter compounds were used in Williamson ether reactions with
2-hydroxy-3,4,5-trimethoxybenzaldehyde (21) to prepare the
aldehyde component for a Rothemund-type porphyrin synthesis
of acid-functionalized electron-rich porphyrins. The corre-
sponding Ni porphyrins are potential compounds for electro-
catalysis and sensor applications. The w-triflated, perfluoro-
alkylated carboxylic acids 16, 17, and 18 are easily accessible
and versatile building blocks for connecting long chain acids
(pK, range between 0 and 1) to substrates in Williamson ether-
type reactions.

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data of all
products, and copies of IH, 13C, and 19F NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-248-S1.pdf]
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Selectivity in radical chain oligomerizations involving [1.1.1]propellane — i.e., to make [n]staffanes — has been notoriously chal-
lenging to control when n > 1 is desired. Herein, we report selective syntheses of SFs- and CF3SF4-containing [2]staffanes from
SF5Cl and CF3SF4Cl, demonstrating cases whereby oligomerization is preferentially truncated after incorporation of two bicy-
clopentane (BCP) units. Synthetic and computational studies suggest this phenomenon can be attributed to alternating radical
polarity matching. In addition, single-crystal X-ray diffraction (SC-XRD) data reveal structurally interesting features of the

CF3SF4-containing [2]staffane in the solid state.

Introduction

In various radical additions of X-Y across [1.1.1]propellane (1),
functionalized oligomers known as [n]staffanes — with n > 1,
where n denotes the number of individual [1.1.1]bicyclopen-
tane (BCP) linkers — are often observed and swiftly devalorized
as side-products [1]. However, targeted synthesis of functionali-
zed [n]staffanes as rigid "molecular spacers" as proposed by

Kaszynski and Michl [2-4] could facilitate new developments in

nanotechnology [5], liquid crystal design [6-10], and the study
of energy-transfer [11,12] or electron-transfer [13-17] pro-
cesses. We also posit that lower-order [n]staffanes (i.e., n = 2 or
3) are potentially valuable C(sp3)—rich bioisosteres [18,19] that
have been seemingly overlooked in the medicinal chemistry
arena, in stark contrast to single BCP units over the past 12
years [20-24].
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One plausible explanation for the paucity of applications of
[n]staffanes in materials or biological settings is a synthetic
accessibility issue. For instance, dimerization of substituted
BCPs [25-27] or photochemical appendage of 1 onto an extant
BCP [28-31] are relatively effective tactics for the selective
assembly of certain [n]staffanes; the main caveat is that multiple
synthetic steps are required. On the other hand, while a one-pot
radical chain oligomerization is conceptually appealing, radical
additions of X-Y across 1 in practice can be challenging to
control and often lead to complex mixtures of functionalized
[n]staffanes, n = 1-5 (Figure 1, top) [2,31-34]. Even though
[n]staffanes are often separable by column chromatography, the
yields for a single oligomer across a panoply of different trans-
formations typically range from <1% to ~30% when n > 1 is
desired [35]. To the best of our knowledge, the assembly of
functionalized [r]staffanes from 1 in high yield/selectivity and
in one step via controlled radical oligomerization remains a syn-

thetic challenge.

prior art: one-pot syntheses of [n]staffanes (early examples)

X=Y
p o
1 radical initiation n
Szeimies, 1988 Wiberg, 1990 Michl, 1992
[32] [34] [2]
X =Y =SMe X=H;Y =THF X =H;Y =CO,Me
n=1-4 n=1-5 n=1-5
(49:21:7:4) (36:31:18:12:3) (16:11:5:3:2)

[challenging to control radical chain oligomerization]

innovation: access to [2]staffanes using SF5Cl & CF3SF,CI

&st and F3CF4SMCI
2 3

[alternating radical polarity matching truncates oligomerization]
[synthetic and computational studies]

Figure 1: (Top) highlighting selectivity challenges in the synthesis of
[n]staffanes using excess [1.1.1]propellane (1). (Bottom) selective syn-
thesis of [2]staffanes bearing the SF5 (2) and CF3SF4 (3) groups (this
work).

Herein, we report proof-of-concept that our previous work on
strain-release pentafluorosulfanylation of 1 [36] using SF5Cl
(prepared in house [37] under mild oxidative fluorination condi-
tions [38-44]) can be extended to the selective synthesis of the
associated chloropentafluorosulfanylated [2]staffane (SF5-BCP-
BCP-Cl, 2), based on alternating radical polarity matching in
the chain-propagation steps (Figure 1, bottom) [45-47]. Density
functional theory (DFT) calculations provide insight into our

observed selectivity, and our hypothesis is bolstered by compu-
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tation of relative bicyclopentyl radical philicities. In addition,
we demonstrate that similar reaction conditions can be applied
to the synthesis of the analogous CF3SF,-containing [2]staffane
(CF3SF4-BCP-BCP-Cl, 3). Finally, we examined compound 3
by SC-XRD and found that it undergoes a phase transition as a
function of rate of cooling; this highlights that the [2]staffanes
synthesized during this study are also interesting from a funda-

mental structural standpoint.

Results and Discussion

Over the past few years, our group has begun to establish strain-
release pentafluorosulfanylation as a viable strategy for
C(sp3)—SF5 bond formation [35,48]. For instance, in 2022, we
reported a method for chloropentafluorosulfanylation of
[1.1.1]propellane, i.e., to make SF5-BCP-Cl (4), that ostensibly
proceeds through a radical chain propagation mechanism [36].
Under optimized conditions, we obtained product 4 in 86%
yield, and the corresponding [2]staffane — SF5-BCP-BCP-Cl (2)
— was formed as a minor side-product in 7% yield. While our
original goal was to suppress formation of 2, we later pondered
whether preferential synthesis of compound 2 would also be
possible. Accordingly, we began our screening process by
systematically increasing the equivalents of [1.1.1]propellane
(1) relative to SF5Cl and evaluating the impact on selectivity
(Table 1).

Table 1: Effect of [1.1.1]propellane (1) equivalents relative to SF5Cl on
selectivity?®.

SF5CI
é — e, F5S~Q>CI + FSSMU
n-pentane/Et,O
4 2

1 i, 3h
entry 1 (equiv) 4 (%yield)® 2 (% yield)° 4:2
1 1.0 49% 4% 12:1.0
2 2.0 74% 22% 3.4:1.0
3 3.0 44% 29% 1.5:1.0
4 4.0 54% 40% 1.3:1.0
5 6.0 48% 45% 1.1:1.0
6 8.0 43% 53% 1.0:1.3
7 10 32% 51% 1.0:1.6
8 20 24% 72% 1.0:3.0
9° 6.0 30% 63% (51%)9  1.0:2.1

2A 0.1 M solution of SF5Cl in n-pentane (0.1 mmol) was added to a
0.8 M solution of [1.1.1]propellane in Et,O under Ar atmosphere and
stirred at rt for 3 h. Yield determined by '9F NMR; °SF5Cl was added
portion-wise. disolated yield.

A 0.1 M solution of SF5Cl in n-pentane was added to a 0.8 M
solution of 1 in Et,O at room temperature, and the mixture was

stirred for 3 hours prior to °F NMR analysis. Upon increasing

3135



from 1.0 to 6.0 equiv of 1, we observed the 4:2 product ratio de-
creased dramatically from 12:1 to 1.1:1. Using 8.0 equiv of 1,
the ratio flipped such that 2 became the major product (i.e.,
4:2 = 1:1.3) and was formed in 53% yield. Interestingly, even
with 8.0 equiv of 1, 96% of the material balance could be
accounted for in the formation of these two products alone by
I9F NMR. To the best of our knowledge, this is an exception-
ally rare instance whereby oligomerization of 1 appears to be
stunted beyond formation of the [2]staffane; only trace yields of
putative higher-order staffanes (n > 2) were detected in the
crude reaction mixture. Remarkably, using 20 equiv of 1, the
observed 4:2 product ratio improved to 1:3, with 2 formed in
72% yield. In an even more extreme case, the [2]staffane still
remained the major product formed in 66% yield when using
50 equiv of 1 (!°F NMR signals of presumed higher-order
staffanes became more apparent, though their combined yield
still remained =18%).

Ultimately, we found adding SF5Cl portion-wise — to keep the
"effective" equiv of 1 higher at any given moment — proved to
be a suitable compromise to access 2 in 63% yield by '°F NMR
(51% isolated) using 6.0 equiv of 1 (Table 1). We also demon-
strated that this procedure can be performed on a 4.0 mmol
scale (with respect to SF5Cl) to provide access to 0.5 g of 2 in

Energy (kcal/mol)

2.57 . 2.10

TS1

Q@
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43% isolated yield. Additional details on reaction optimization

can be found in Supporting Information File 1.

Upon increasing the equivalents of 1 during the screening
process, we also found that irradiation with white LEDs was not
necessary to boost product yields, as it was in our previously re-
ported synthesis of 4 [36]. Both our laboratory [36] and the
Qing laboratory [49] have previously observed that SF5Cl addi-
tions to 1 can proceed in the absence of light. Note that recent
work from the laboratories of Cahard and Bizet [50] suggests
that autoxidation of the ethereal solvent could serve as one
possible explanation for initial formation of SFs radicals in the
absence of light to initiate a radical chain reaction. It is also well
established that [1.1.1]propellane participates in radical-chain
reactions (i.e., oligomerization) at room temperature in solution
to form unsubstituted [n]staffanes.

The origin of this innately controlled oligomerization was then
investigated through density functional theory (DFT) calcula-
tions. The free energy profile of the radical chain propagation
sequence was computed at the PWPB95-D4/def2-QZVPP//
PCM(Et,0)-wB97X-D/def2-TZVP level of theory [51-58]
(Figure 2). Following addition of an SFj5 radical to 1 to form
INT1, a Cl atom could be abstracted from SF5Cl via TS1 to

2.50

2

FssMCI

Figure 2: Computed free energy profile for the oligomerization of [1.1.1]propellane (1) following SF5 radical addition at PWPB95-D4/def2-QZVPP//

PCM(Et20)-wB97X-D/def2-TZVP level of theory.
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form 4 or, alternatively, INT1 could be added to another equiv
of 1 via TS2 to form INT2. Although formation of 4 is notably
more thermodynamically favorable than INT2 (AAG =
—9.2 kcal/mol), a small difference in activation free energy is
predicted (AAGi = —1.4 kcal/mol). This, at least in part,
provides an explanation as to how favoring the path to INT2
may be achieved in practice through increasing concentration of
1.

Subsequently, INT2 could abstract a Cl atom from SF5Cl
via TS3 to form 2 or add to a third equiv of 1 through TS4,
leading to INT3. Once again, Cl atom abstraction is thermody-
namically (AAG = —11.7 kcal/mol) and kinetically (AAGT =
-2.8 kcal/mol) favored. However, the AAG? is notably greater
in the second product-determining step than the first product-
determining step, which is consistent with our experimental ob-
servation that 2 forms preferentially over further oligomeriza-
tion.

For another point of comparison, we examined the reactivity of
1 with CF3SF4Cl. This reagent is known to behave comparably
to SFsCl in radical chain reactions [17,59-61] and can also be
prepared conveniently in house [62]. In an analogous equiva-
lents screen, we found that the 5:3 product ratio shifts from
7.7:1 using 1.0 equiv of 1 to 1:2.1 using 20 equiv of 1 (Table 2).
In the latter scenario, 96% of the material balance could be
accounted for in the formation of 5 and 3, indicating oligomeri-
zation is likewise stunted beyond incorporation of two BCP
units. Also similar to pentafluorosulfanylation conditions, we
found that adding CF3SF4Cl portion-wise to 6.0 equiv of 1
enables access to 3 in 60% yield by 19F NMR (53% isolated).

Beilstein J. Org. Chem. 2024, 20, 3134-3143.

Interestingly, we observed that aryl-SF4CIl compounds do not
follow the same selectivity trend as SF5Cl and CF3SF4Cl addi-
tions, suggesting that the controlled oligomerization phenome-
non is quite sensitive to changes in the fluorinated sulfur
reagent scaffold (see Supporting Information File 1 for more
details).

This second instance of controlled oligomerization of 1 using
CF;SF4Cl was also studied at the PWPB95-D4/def2-QZVPP//
PCM(Et,0)-wB97X-D/def2-TZVP level of theory (Figure 3).
Addition of a CF3SF,4 radical to 1 affords INT4, which can
either abstract a CI atom from CF3SF4Cl via TSS to make 5 or
add to another equiv of 1 via TS6 to access INTS. As anticipat-
ed, chlorination of the radical is thermodynamically favored
over addition to 1 (AAG = -10.7 kcal/mol). It is also predicted
here that the free energy of activation is lower for chlorination,
albeit only by 0.4 kcal/mol. This is consistent with the notion
that the kinetic preference can be overcome by increasing the
concentration of 1 relative to CF3SF4Cl. In the second product-
determining step, Cl atom abstraction by INTS via TS7 to make
3 is kinetically favorable over addition of a third equiv of 1 via
TS8 to access INT6, although the preference is not as large as
for formation of 2 (AAG* = —1.3 kcal/mol).

Thus, the predicted trend for both SF5Cl and CF3SF4Cl addi-
tions across 1 indicates a stronger preference for CI atom
abstraction over continued oligomerization in the second prod-
uct-determining step than in the first — in line with our experi-
mental observations. One possible explanation for this phenom-
enon is rooted in better radical polarity matching after incorpo-
ration of the second BCP unit [37,38]. That is, the carbon-

Table 2: Effect of [1.1.1]propellane (1) equivalents relative to CF3SF4Cl on selectivity.?

% _CFsSF Ol F3CF4S~p\rCI + F30F4SM\C|
n-pentane/Et,0O
1 rt,3h 5 3

entry 1 (equiv) 5 (% yield)P 3 (% yield)P 5:3
1 1.0 80% 10% 7.7:1.0
2 2.0 71% 21% 3.4:1.0
3 3.0 65% 31% 2110
4 4.0 55% 40% 1.4:1.0
5 6.0 49% 40% 1.2:1.0
6 8.0 39% 46% 1.0:1.2
7 10 33% 62% 1.0:1.9
8 20 31% 65% 1.0:2.1
gc 6.0 35% 60% (53%)4 1.0:1.7

@A 0.1 M solution of CF3SF4Cl in n-pentane (0.03 mmol) was added to a 0.8 M solution of [1.1.1]propellane in EtoO under Ar atmosphere and stirred
at rt for 3 h. PYield determined by '9F NMR. ¢CF3SF4Cl was added portion-wise. 9Isolated yield.
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CF3SF,4Cl
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Figure 3: Computed free energy profile for the oligomerization of [1.1.1]propellane (1) following CF3SF, radical addition at the PWPB95-D4/def2-

QZVPP//PCM(Et20)-wB97X-D/def2-TZVP level of theory.

centered radicals in both INT1 and INT4 are closer to strong
electron-withdrawing groups than are the radical centers in
INT2 and INTS5, rendering INT1 and INT4 relatively more
electrophilic. Inductive effects drop off steeply with distance,
and it is also established that a substituent (or, e.g., a radical or
cation) on the transannular carbon atom of a bicyclopentyl
moiety can interact through space [35,63,64]. The consequence
is ostensibly that more "nucleophilic" INT2 and INTS are better
matched for Cl atom abstraction from the "electrophilic"”
reagent (SF5Cl or CF3SF4Cl).

To test this hypothesis, we examined computed trends in
various electronic parameters for the INT1-INT3 and the
INT4-INT6 series (Table 3). For instance, across several
charge models (i.e., Hirshfeld [65], NPA [66-68], and CHELPG
[69]), the charge (q) on the carbon atom on which the radical is
centered becomes more negative (or less positive) the farther it
is from either the SF5 or CF3SF, substituent, consistent with the
notion that it becomes more nucleophilic. Moreover, the Aq is
largest between the first two intermediates in both series —
INT1 vs INT2 and INT3 vs INT4 — indicating that the most
dramatic change in bicyclopentyl radical philicity would arise

after incorporation of the second BCP unit.

In addition to charge models, we evaluated global reactivity
indices (w: electrophilicity index [70] and N: nucleophilicity
index [71]) within the conceptual density functional theory
(CDFT) framework [72-74]. The data show that BCP has a
higher N value — thus stronger nucleophilic tendency — com-
pared to both SF5Cl and CF3SF,4Cl. Conversely, comparison of
w values shows significantly higher electrophilicity of SF5Cl
and CF3SF4Cl compared to BCP. These results, coupled with
decreasing w and increasing N when more BCP units are incor-
porated, lend qualitative support to our radical polarity
matching hypothesis. Moreover, assessment of radical Fukui
functions (f%) [75] indicates that both SF5Cl and CF3SF4Cl are
intrinsically more susceptible to radical attack than 1, which is
consistent with the lower computed barriers for Cl atom
abstraction in each case.

These computed trends also potentially account for the fact that
selectivity for the [2]staffane (i.e., truncated oligomerization)
using aryl-SF4Cl reagents was not observed. On the basis of
CDFT results, a model aryl-SF4CI compound (i.e., 5-chloropy-
rimidyl-SF4Cl) was determined to be significantly less "electro-
philic" than SF5Cl or CF3SF4Cl, consistent with a reduction in

the radical polarity matching effect (see Supporting Informa-
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Table 3: Key indices computed to compare reactivity. Partial charges (q) and condensed Fukui functions are evaluated at the reacting carbon or chlo-

rine atom and are in units of elementary charge (e).2

XSF,Cl

~~  mismatched

XF4S‘Q‘CI

X=

*SF4X F @4 XSF,Cl
XF4S . CF3 (5) XF4S cl
X=F orCFj3 matched
1 “electrophilic” ™S\ 1 X= F (2
XF4S °
X= F (INT1) matched CF3 (3)
CF3(INT4) “‘nucleophilic’ 1
X= F (INT2) : = XF4S .
CF3 (INT5) mismatched
X= F (INT3)
CF5 (INT6)
compound g(Hirshfled) q(NPA) q(CHELPG) 0 (e)P o (eV)° N (eV)d
(e) (e) (e)
1 -0.090 -0.069 -0.255 0.235 0.82 1.70
SF5Cl -0.055 -0.160 0.030 0.534 2.48 -0.74
CF3SF,Cl -0.061 -0.150 0.056 0.527 2.52 -0.66
INT1 -0.019 0.092 -0.125 0.307 2.70 2.95
INT2 -0.053 0.073 -0.196 0.347 1.78 3.58
INT3 -0.060 0.065 -0.214 0.345 1.66 3.77
INT4 -0.019 0.092 -0.144 0.301 2.74 2.97
INT5 -0.053 0.073 -0.193 0.346 1.78 3.59
INT6 -0.060 0.064 -0.214 0.345 1.65 3.77

aCalculations performed at the PCM(Eto0)-wB97X-D/def2-TZVP level of theory. PRadical Fukui function. cElectrophilicity index. 9Nucleophilicity index.

tion File 1 for details). This was difficult to predict or ratio-
nalize based on calculation of free energies of activation alone.
Overall, our results suggest that this alternating polarity
matching effect is subtle and subject to mitigation yet can lead
to desirable products if employed thoughtfully.

Lastly, following our synthetic and computational studies,
accessing a CF3SF,-containing [2]staffane in good yield and for
the first time created an opportunity for structural analysis. We
previously reported and contextualized single-crystal X-ray
diffraction (SC-XRD) data on 2 [36]; thus, we proceeded to
grow crystals of 3 suitable for X-ray analysis through slow

evaporation of ethyl acetate.

To our surprise, an initial measurement of 3 at 90 K revealed an
unusually large unit cell (@ = 7.14 A, b = 21.38 A, and ¢ =
44.04 A). Following structure solution and refinement [76], we
found that 3 crystallizes in an orthorhombic space group
P2,2,2; with five symmetry independent moieties (Z' = 5) and
with no solvent present in the unit cell as an inversion twin
(Figure 4). After close examination of the model, we noticed
that the c-axis was roughly divisible by five with a substructure
of Z' = 1. This suggested that the Z' = 5 unit cell may be due to a

phase transition caused by anisotropic contraction [77].

In fact, we confirmed that a phase transition had occurred
following structure determination at 240 K [78,79]. The X-ray
data revealed that 3 crystallizes in the centrosymmetric
orthorhombic space group Pnma in the high temperature phase
(HTP) with cell axes @ = 21.56 A, b =8.95 A, and c = 7.28 A,
in contrast to P212,2 in the low temperature phase (LTP). Note
that the b-axis is roughly 1/5 of the c-axis observed at 90 K (the
axial rearrangement is due to the change in space group). To
discern the approximate temperature of the phase transition, the
unit cell was measured in 20 K increments upon cooling from
260 K down to 100 K; additional details are reported in Sup-
porting Information File 1. Interestingly, the original LTP unit
cell was not detected; instead, only the reduced cell observed in
the HTP was found at all temperatures. However, after warming
the same crystal of 3 back to room temperature, it was rapidly
cooled to 100 K under a stream of N and the larger, disordered
cell was observed once more [80]. (These observations also
prompted us to measure a structure of 2 at 240 K; in this case,
the unit cell is virtually identical at both high and low tempera-
tures, indicating no phase transition had occurred — see Support-
ing Information File 1 for details.)

Accordingly, we gather that the rate of cooling plays an impor-

tant role whereby rapid cooling effectively "shocks" the crystal
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Figure 4: (A) The molecular structure of 3 at 90 K with 5 independent moieties in the asymmetric axis viewed along the b-axis. (B) The asymmetric
unit of 3 at 90 K viewed along the c-axis. Thermal displacement ellipsoids depicted at 50% probability.

of 3, compressing the unit cell isotropically, and ultimately
leads to more disorder in the asymmetric unit [81]. This unex-
pected observation suggests that CF3SF4-containing
[2]staffanes, in particular, warrant additional studies and may be

of interest, e.g., in liquid crystal design.

Conclusion

Suppressing [n]staffane formation beyond n = 1 in radical chain
reactions involving [1.1.1]propellane (1) tends to be more
manageable than controlling oligomerization. However, under
the right circumstances, alternating radical polarity matching
throughout the chain propagation steps could be one way to the-
oretically "switch off" oligomerization beyond formation of a
[2]staffane. Using this logic, our synthetic and computational
study demonstrates that selective one-pot syntheses of
[2]staffanes can be achieved when employing reagents that
serve as radical sources of "extreme" electron-withdrawing
groups (e.g., SFs or CF3SF,), which impact relative philicities
of the bicyclopentyl radical intermediates. Over the course of
this study, we also found that the SFs- and CF3SF,4-containing
[2]staffanes reported herein are structurally interesting in their
own right. Future work will examine potential applications of 2

and 3 and explore tactics for C—Cl bond functionalization.
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The synthesis of tripeptides incorporating new fluorinated heterocyclic hydrazino acids, based on the tetrahydropyridazine scaffold

is described. Starting from simple fluorinated hydrazones, these non-proteinogenic cyclic f-amino acids were easily prepared by a

zinc-catalyzed aza-Barbier reaction followed by an intramolecular Michael addition. Preliminary conformational studies on tripep-

tides including this scaffold in the central position show an extended conformation in solution (NMR) and in the solid state (X-ray).

Introduction

The synthesis of molecules capable of mimicking the various
secondary structures and key functions of proteins is a major
challenge in medicinal chemistry, especially in the fields of pro-
tein—protein interactions [1,2]. Accordingly, the incorporation
of heterocyclic amino acids into peptides stabilizes their sec-
ondary structure and their metabolic stability, which is useful
for numerous applications [3-5]. Indeed, the cyclic structure
considerably reduces the number of possible rotational
conformers, allowing a rational control of the 3D conformation-
al space. Among these cyclic structures, the tetrahydropyri-
dazines, six-atom nitrogenous heterocycles, are found in various
bioactive molecules such as influenza virus neuraminidase in-

hibitors, GABA type A receptor modulators, and regulators of

progesterone receptor or cannabinoid CB1 receptor antagonists
(Figure 1) [6-9].

This tetrahydropyridazine scaffold is also found in numerous
natural linear or cyclic peptides such as svetamycins or
antrimycins as dehydropiperazic acid (Figure 2) [10].

Whereas many publications have been devoted to the synthesis
and structure of piperazic acid derivatives (dehydro, chloro,
hydroxy, ...) [11,12], nothing is known about its f-analog
(Figure 3), although B-amino acids have been shown to strongly
modulate the structural, metabolic, and biological characteris-
tics of peptides [13].
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Figure 3: Piperazic acid and analogues and target trifluoro/difluoromethylated tetrahydropyridazine acids.

Finally, it is well known that fluorine is a very useful tool in
medicinal chemistry as the incorporation of fluorinated groups
(CF3 or CF,H) in organic molecules can modulate their physi-
cochemical (pK,, lipophilicity), structural (additional hydro-
phobic and hydrogen-bond interactions), and biological proper-
ties (metabolic stability, membrane permeability) [14,15].
Alongside the very well-known CF3 group, the CF,H group has
become an essential structural motif in medicinal chemistry due
to its hydrogen-bond donor capacity, its lipophilic character,
and as a bioisostere for alcohol, thiol, or amine groups [16-19].
Thus, the contribution of fluorinated compounds to pharmaceu-
ticals has been crucial for more than half a century [20].

In this context and in our ongoing effort to synthesize fluori-
nated non-proteinogenic linear or cyclic f-amino acids [21,22],
it appeared attractive to build fluorinated B-analogs of dehydro-

piperazic acid (Figure 3). This novel fluorinated amino acid 1

will combine the electronic and structural properties of the fluo-
rinated groups (CF3 or CF,H) and the geometric constraints due
to its partially unsaturated cycle, which could help in the design
of peptidomimetics.

To our knowledge, only a few publications report the synthesis
of tetrahydropyridazines with a carboxylic acid or ester substit-
uent. Firstly, the group of Haupt reported the synthesis of ethyl
esters of tetrahydromethylpyridazine in 20% yield in a mixture
of methanol and water by the reaction of methylhydrazine with
acetylene dicarboxylic esters through the formation of enhy-
drazine (Scheme la), [23]. Later, Tomilov et al. described the
formation of tetrahydropyridazine 3,4,5,6-tetracarboxylic esters
in 42% yield upon the decomposition in chloroform at 60 °C of
methyl diazoacetate in the presence of pyridine and catalyzed
by rhodium(II) acetate (Scheme 1b) [24,25]. More recently, an

unusual [4 + 2]-cycloaddition reaction between electron-poor
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Scheme 1: Reported syntheses of tetrahydropyridazine ester derivatives.

1,2-diaza-1,3-dienes and electron-poor alkenes in refluxing
acetonitrile was reported leading to various substituted tetra-
hydropyridazines in 17-78% yields (Scheme 1c) [26,27].

Nevertheless, these methods are neither relevant for the synthe-
sis of 1 nor appropriate for peptide synthesis. Consequently,
developing a simple and efficient methodology is still chal-
lenging. Our new strategy to synthesize these compounds is
based on an aza-Barbier reaction on difluoro- or trifluoro-
methylated hydrazones. The thus obtained compounds will then
be oxidized and cyclized in order to lead to the expected fluori-
nated tetrahydropyridazines (Figure 4).

Results and Discussion

First, the difluoro- and trifluoromethylated hydrazones 3a—f
were synthesized by condensing the corresponding hydrazide
with the fluorinated aldehyde hemiacetal 2a or 2b (Scheme 2).
Benzyl and tert-butyl carbazate (NH,-NHCbz/NH,-NHBoc)
were chosen as starting materials in order to obtain final build-
ing blocks suitable for peptide synthesis. While the synthesis of
compound 3a was already reported [28], compounds 3b—f are
not described in the literature. All the fluorinated hydrazones
were obtained in good yields and used directly in the next step

without further purification (Scheme 2). In the case of Boc-pro-

tected hydrazones, the reaction must be carefully followed and
reacted less than 2 hours in order to avoid the cleavage of the
Boc group. The hydrazones 3e and 3f substituted by N-Cbz-1-
phenylalanine could easily be synthesized under the same reac-
tion conditions starting from the corresponding hydrazide
amino acid. Compounds 3e and 3f were obtained as a mixture
of conformers (1:1 ratio) which is often observed with N-acyl-
hydrazones [29-31]. Indeed, in theory, N-acylhydrazones can
exhibit four isomers, two due to the E and Z isomers of the
imine group (-N=CH-) and two due to the syn/anti-conformers
of the amide bond (-NH-CO-). Experimentally, the E isomer is
often more stable and so, predominant. The strong correlation
between the NH and CH of the imine observed in 2D 'H-'H
NOE experiments for the two conformers of hydrazones 3e and
3f (see Supporting Information File 1) is in accordance with the
E stereoisomers. Furthermore, another correlation is observed
for one conformer involving the NH of the imine on one side
and the a-proton and the CH, of the Cbz of the phenylalanine
on the other. This correlation is present for one conformer (anti)
and not for the other (syn), and this observation is similar for
hydrazones 3e and 3f (see Supporting Information File 1).
Based on these experimental data we can hypothesize the geom-
etry of the two conformers of hydrazones 3e and 3f is E,syn and
E,anti.

aza-Barbier o Rf CO,Me
Rfm reaction RfWCOZMe 1) oxidation I 2 Rf = CF; CF,H
L N< P = Boc, Cbz, amino acid
“NHP HN\NHP 2) cyclization E

Figure 4: Synthetic strategy to obtain fluorinated tetrahydropyridazines from difluoro- or trifluoromethylated hydrazones.
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Scheme 2: Synthesis of fluorinated hydrazones 3a—f.

Then, hydrazones 3 were reacted with zinc and methyl
2-(bromomethyl)acrylate (4). This aza-Barbier reaction was
performed in a biphasic medium (THF/aqueous solution of satu-
rated NH4Cl) to avoid the formation of the a-methylene-y-
lactam obtained by intramolecular cyclization of the zinc amide
on the ester function, as previously reported [32-35]. The corre-
sponding adducts Sa—f were isolated with good yields from 66
to 88%. In the case of hydrazides Se and 5f, the mixture of dia-
stereomers (1:1 ratio) could not be separated at this stage. Al-
though no stereoselectivity is observed, it can be noticed that
the presence of an amino acid is compatible with the conditions
of the reaction and did not interfere or significantly decrease the
yield of the reaction (Scheme 3).
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Then, the N-carboxylate hydrazides Sa—d were firstly oxidized
with iodine in the presence of potassium carbonate to lead to the
corresponding hydrazones 6a—d in good yields (69-80%). Sur-
prisingly, these conditions were unsuitable for compounds Se
and 5f and led to the formation of numerous byproducts. Fortu-
nately, the replacement of iodine with N-bromosuccinimide
(NBS), previously reported for the oxidation of hydrazine [36],
allowed the expected compounds 6e and 6f to be obtained in
good yields. This methodology was applied to the previous
hydrazides Sa—d giving the corresponding compounds 6a—d in
similar yields. As expected, no isomerization occurred during
the oxidation, leading exclusively to the imine and not the en-
amine. As for the hydrazones 3e and 3f, we assumed that the

Zn (1,2 equiv)

)NI\ . BTWCOZMG
Rf H
3a-f 4
F3C\|/\H/002Me F3CWCOQMG
HN‘NHBoc HN‘NHCbz
5a, 73% 5b, 81%

Fgc COgMe

2

HN
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(o}

z
T

Bn
5e, 66%

Scheme 3: Allylation of fluorinated hydrazones 3a—f to obtain 5a—f.
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hydrazones 6e and 6f were obtained as a mixture of conformers,
E,syn and E,anti (Scheme 4). Surprisingly, the ratio of each
conformer differs for hydrazones 6e (ratio 77:23) and 6f (ratio
52:48).

The last cyclization step was based on an intramolecular
Michael addition carried out in DMF and catalyzed by 10% of

Beilstein J. Org. Chem. 2024, 20, 3174-3181.

potassium carbonate. As previously observed [37], under these
conditions, the 5-endo-trig cyclization was selective and the
lactam resulting from the 5-exo-trig cyclization was not ob-
served. Furthermore, in the case of compounds 7e and 7f, no
competition with the NH of the phenylalanine was observed.
The corresponding tetrahydropyridazines 7a—f were obtained in
moderate to good yields (Scheme 5).

I, or NBS (1.1 equiv)

KoCO3 (1.1 equiv)

RfWCOZMe
HN

RfY\[rCOQMe
|
N

‘NHP CH2CI2, 0°C \NHP
2-3h
5a—f 6a—f
F3CWCOZMe FsC CO,Me HF,C CO,Me HF,C CO,Me
| Y Y Y
N\NHBoc N\NHCbz N\NHBoc N\NHCbz
6a 6b 6¢c 6d

80% (I5), 77% (NBS) 80% (I), 82% (NBS)

F3;C CO,Me

2

~

NH
(S NHCbz

b

Bn
6e
75% (NBS)

Scheme 4: Oxidation of hydrazines 5a—f to obtain hydrazones 6a—f.

69% (1), 73% (NBS)

HFZCWCOQMe
|
N

“NH

(S_NHCb
O)\A/ z

Bn
6f
69% (NBS)

78% (1), 76% (NBS)

Rf\(\n/COQMe K,COj3 (0.1 equiv) Rf CO,Me
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N< N N. N N+ N N "N
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7a, 63% 7b, 94% 7c, 83% 7d, 79%
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7e, 78% 7f, 65%

Scheme 5: Intramolecular cyclization of compounds 6a—f to obtain tetrahydropyridazines 7a—f.
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Concerning compounds 7e and 7f, each diastereomer of the 1:1
ratio mixture could be isolated after purification by flash silica

chromatography.

With dipeptides 7e and 7f stereoisomerically pure, we next
focused our attention on the preparation of novel peptidic struc-
tures to perform some conformational analyses. Starting from

the methyl ester 7, each diastereomer was engaged in a clas-

Beilstein J. Org. Chem. 2024, 20, 3174-3181.

sical sequence of saponification in the presence of LiOH, fol-
lowed by a coupling reaction with L-valine methyl ester hydro-
chloride, to give the corresponding four enantiomerically pure

tripeptides 8 with satisfactory yields over two steps (Scheme 6).

The absolute configuration (S,S,S) of the isomer 8f was
unambiguously assigned by X-ray crystallographic analysis
(Figure 5).

1) LiOH (2.5 equiv) 0
THF/H,0,
Rf | CO2CH;3 0 °C, then rt Rf | H (S°CO,CH3
N<

AN 2) Val(OMe)-HC, N

() NHCbz EDCI, HOBT, O)\(T)/NHCbz
o DIPEA, DMF,

Bn 0 °C, then rt Bn

8e: Rf = CF3
7e or 7f 8f: Rf = CF,H

MI\;)(COZCHB,
}\(?NHCbz

8e, 65%

HF I
ZCMN (S°CO,CHs
%ﬁ(s)/NHCbz

8f, 52%

j/j)J\N (S°CO,CHj
)\(?NHobz

8e,61%

HF
sz/j)kN (S°CO,CH;
%ﬁs)/NHCbz

8f', 44%

Scheme 6: Preparation of tripeptides 8e, 8e’, 8f, and 8f’. Yields refer to the yield over 2 steps.

O
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Bn
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Figure 5: X-ray diffraction of compound 8f.
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Consequently, it was possible to assess the stereochemistry of
the other diastereoisomer 8f” and their precursors 7f and 7f*. On
the other hand, considering the similarities of the 'H NMR
spectra of the CF,H and CFj analogs, by comparison, we could
hypothesize the absolute configuration of compounds 7e and
7e¢’ and consequently of tripeptides 8e and 8e’ (see Supporting
Information File 1).

Next, some preliminary conformational studies were performed.
Firstly, the X-ray crystallographic analysis of compound 8f did
not show any hydrogen-bond pattern and the global structure of
the tripeptide is extended. Secondly, 2D 'H-'H NOE experi-
ments of compound 8f confirmed this result. Indeed, no correla-
tion was observed between the protons of the side chain of the
phenylalanine and those of the valine, suggesting an extended
structure in accordance with the X-ray structure. Furthermore,
the 2D '°F,"H NOE experiments of compound 8f did not show
any specific correlation between fluorine atoms and the protons
of the amino acids (see Supporting Information File 1). Finally,
the low chemical shifts of the amide and carbamate protons
(6.4 ppm for NH of valine and 5.5 ppm for the NH of phenyl-
alanine) indicate that they are not involved in hydrogen bonds.
Furthermore, the 2D 'H-'H NOE NMR spectra and the chemi-
cal shifts of the NH protons of compounds 8f”, 8e, and 8e’ did
not show any significant differences compared to 8f. Overall,
the ability of the new fluorinated B-analogs of dehydropiper-
azic acid to act as f or y-turn is excluded. Interestingly, this

novel scaffold rather promotes extended structures.

Conclusion

To conclude, we have developed a new methodology to
synthesize B-analogs of dehydropiperazic acid incorporating
fluorinated groups. In order to improve the efficiency
of this strategy, the control of the stereoselectivity of the intra-
molecular aza-Michael addition could be envisaged with
various chiral catalysts in further studies. These heterocyclic
hydrazino acids, when incorporated into the peptidic structure,
appear to confer an extended conformation. These interesting
feature results will be further confirmed by the insertion of
these cyclic f-dehydropiperazic acids in longer peptide se-
quences.
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Abstract

The high potential of non-covalent arene—fluoroarene intermolecular interactions in the design of liquid crystals lies in their ability
to strongly promote self-assembly, improve the order and stability of the supramolecular mesophases, and enable tuneability of the
optical and electronic properties, which can potentially be exploited for advanced applications in display technologies, photonic
devices, sensors, and organic electronics. We recently successfully reported the straightforward synthesis of several mesogens con-
taining four lateral aliphatic chains and derived from the classical triphenylene core self-assembling in columnar mesophases based
on this paradigm. These mesogenic compounds were simply obtained in good yields by the nucleophilic substitution (SyFAr) of
various types of commercially available fluoroarenes with the electrophilic organolithium derivatives 2,2'-dilithio-4,4',5,5'-
tetraalkoxy-1,1'-biphenyl (2Li-BPn). In a continuation of this study, aiming at testing the limits of the reaction and providing a
large diversity of structures, a structurally related series of compounds is reported here, namely 1,2,4-trifluoro-6,7,10,11-
tetraalkoxy-3-(perfluorophenyl)triphenylenes (Frn). They were obtained by reacting the above mentioned 2,2’-dilithiobiphenyl de-
rivatives with decafluorobiphenyl, C¢F5—CgFs. These compounds differ from the previously reported series, 1,2,4-trifluoro-
6,7,10,11-tetraalkoxy-3-aryltriphenylenes (PHn), solely by the substitution of the terminal phenyl ring with a pentafluorophenyl
ring. Thus, as expected, they display a Colpe.x mesophase over large temperature ranges, with only small differences in the
mesophase stability and transition temperatures. Furthermore, the presence of the terminal fluorophenyl group enables a subse-
quent second annulation, yielding a new series of extended polyaromatic mesomorphic compounds, i.e., 1,1',3,3',4,4'-hexafluoro-

6,6',7,7',10,10',11,11"-octaalkoxy-2,2'"-bitriphenylene (Gnm) which were found to display a Col,,. mesophase. The specific nucleo-
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philic substitution patterns of the Fn derivatives and the antiparallel stacking mode into columnar structures stabilized by

arene—perfluoroarene intermolecular interactions were confirmed by the single-crystal structure of the alkoxy-free side chain

analog, i.e., 1,2,4-trifluoro-3-(perfluorophenyl)triphenylene (F). UV—vis absorption and fluorescence emission spectroscopies

reveal green photoluminescence with fluorescence quantum yields of up to 33% for the Fn derivatives. The J-aggregation for the

inner fluorine-substituted dimers Gnm is energetically and stereoelectronically more favorable and G66 exhibits thin-film fluores-

cence with a large red-shift of the emission peak.

Introduction

Non-covalent arene—fluoroarene intermolecular interactions
[1,2] are drawing increasing attention due to their critical role in
the engineering of functional and complex supramolecular
assemblies [3-11], ranging from rigid crystalline architectures
[3-8] to soft liquid crystalline materials [9-11]. Their unique
properties originate from the high electronegativity of the fluo-
rine atoms, inserted in the aromatic rings, which considerably
modifies the dipole moment of the corresponding fluorinated ar-
omatic rings with respect to their hydrogenated homologs, thus
influencing their behavior, binding affinities, and optoelec-
tronic properties. These interactions already represent an effec-
tive tool for the design of liquid crystalline materials [3-8].
Rod-like liquid crystalline molecules with fluorine-substituted
arenes are ubiquitous in the displays industry [12]. They are
also gaining importance in the design of m-conjugated poly-
cyclic aromatic discotic liquid crystals (F-DLCs) [13-17] of
interest for organic electronics and optical advanced materials,
as they tend to promote more efficient molecular stacking into
columns than their purely hydrogenated counterparts [18,19],
thereby improving one-dimensional charge transport properties
[20-22] in combination with tunable absorption and emission of
visible light. Polar nematic phase [23] and chiral columnar
phase materials [24] based on polar fluorobenzene rings have
also recently emerged as interesting new classes of fluorous ma-
terials, revealing their enormous potential in the high-tech
fields.

Although, F-DLCs seem to show unique and advantageous
physical properties, their numbers and structural variation types
are very limited due partially to several synthetic challenges
[25-34]. Their syntheses usually are based on the direct trans-
formation of commercial perfluoroarene chemical blocks and
reagents, involving catalyzed C-F-bond activation and cross-
coupling reactions, usually requiring precious transition-metal
catalysts and tedious synthetic routes [28-34]. Therefore, low-
cost and facile synthetic strategies are desired to increase their
structural and functional diversity. In the modern organic syn-
thetic tool-box, the fluoroarene nucleophilc substitution
(SnFAr) reaction possesses many outstanding advantages in the
synthesis of m-conjugated functional molecules: the electro-
philes are plentiful and include cheaply available perfluoro-

benzene, perfluoropyridine, perfluoronaphthalene, decafluoro-

biphenyl, and many other synthesized perfluoroarenes, and the
nucleophiles are also abundant and contain aryllithium, conju-
gated organic dilithium reagents, phenols and benzenethiols,
etc. [35-43].

We recently reported the high versatility of these intermolecu-
lar interactions in the design of several Janus-like discotic
mesogens (Figure 1) [44-47]. A first study dealt with the
synthesis of two sets of compounds, namely 1,2,3,4-tetra-
fluoro-6,7,10,11-tetraalkxoytriphenylenes (4F-TPn) and
9,10,11,12,13,14-hexafluoro-2,3,6,7-tetraalkoxybenzo[f]tetra-
phenes (6F-BTPn) [44], obtained by the straightforward
nucleophilic substitution of fluoroarenes (SNFAr) between 2,2'-
dilithio-4,4',5,5'-tetraalkoxy-1,1'-biphenyl (2Li-BPn) deriva-
tives and hexafluorobenzene, CgFg (4F-TPn), on the one hand,
and octafluoronaphthalene, C|¢Fg (6F-BTPn), on the other.
With only four alkoxy chains, these polar “Janus” mesogens
[33,44] display a columnar hexagonal mesophase over broader
temperature ranges and higher mesophase stability than the
archetypical 2,3,6,7,10,11-hexa(alkoxy)triphenylene counter-
parts [48], whereas the corresponding hydrogenated 2,3,6,7-
tetraalkoxytriphenylene counterparts (TPn) were not mesomor-
phic. Testing further this approach to evaluate the persistence of
mesomorphism in this family of compounds, another set of
related compounds but with inhomogeneous chain substitution
patterns, namely 7,10-dialkoxy-1,2,3,4-tetrafluoro-6,11-
dimethoxytriphenylene (p-TPFn) and 6,11-dialkoxy-1,2,3,4-
tetrafluoro-7,10-dimethoxytriphenylene (m-TPFn), were syn-
thesized by this method [46]. Both isomers also displayed liquid
crystalline properties, despite an even larger deficit of alkyl
chains, although the inhomogeneous chain distribution had a net
impact on both stability and nature of the mesophases. The
versatility of this synthetic approach allows us to synthesize
another set of mesomorphic compounds, based on a triphenyl-
ene core, 1,2,4-trifluoro-6,7,10,11-tetra(alkyloxy)-3-phenyl-
triphenylenes (PHn, and extended to other aryl derivatives) by
reacting lipophilic 2,2’-dilithiobiphenyl derivatives with the
bulkier pentafluorobiphenyl, C¢Fs—CgHs. All these compounds
display large mesomorphic ranges again, with the final phenyl
ring being immersed with both the aliphatic continuum and the
columns of stacked aromatic cores [45]. All these structural in-

vestigations revealed the great resilience of such a molecular
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2Li-BPn

R/R' = C,Hop41

m-TPFn PHn
LamCol,ec Colhex
COlhex
N

TPn
not LC

p-TPn
not LC

BTPn
not LC

Figure 1: Fluorotriphenylene derivatives and their nonfluorinated homologs obtained by S\FAr from 2,2'-dilithio-4,4',5,5'-tetraalkoxy-1,1"-biphenyl
(2Br-BPn — 2Li-BPn) e.g., 4F-TPn [44], p-TPFn [46], m-TPFn [46], PHn [45], and Fn (this work); BTPn was synthesized by a Suzuki—Scholl reaction

sequence (Scheme S3, Supporting Information File 1).

system to important structural changes, and the essential role of
the fluorinated phenyl moieties in the induction and stability of
liquid crystalline mesophases.

The present study focuses on synthesizing new, structurally-

related series of m-conjugated aromatic compounds (Figure 1)

based on a simple triphenylene core and evaluating the meso-
morphic and optical properties. Specifically 1,2,4-trifluoro-
6,7,10,11-tetraalkoxy-3-(perfluorophenyl)triphenylenes (Fn,
Figure 1), bearing a terminal fluoroarene ring was obtained
using the same reaction as previously reported for PHn
(Figure 1) [45], between 2,2’-dilithiobiphenyl derivatives but
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this time with the electrophile decafluorobiphenyl C¢Fs—CgFs5
instead of C¢H5—C¢Fs (Fn, n = 3—-12, Scheme 1). The presence
of the terminal fluoroarene group in Fn enables to exploit
further the SNFAr procedure, as demonstrated for 4F-TPn and
6F-BTPn [44], through a subsequent second annulation reac-
tion. This results in a second series of extended m-conjugated ar-
omatic mesomorphic compounds, 1,1',3,3',4,4'-hexafluoro-
6,6',7,7',10,10',11,11'-octaalkoxy-2,2'-bitriphenylene (Gnm,
nm=4,5, 6, Scheme 1), with the possibility to synthesize mol-
ecules with dissymmetrical chain substitution patterns. The in-
vestigation has two main objectives. First, it seeks to explore
and understand the impact of the fluorination of the pendant
ring on both the self-organization and optical properties of these
compounds by comparing the properties of Fn with those of
partially fluorinated PHn and non-fluorinated BTPn. Such com-
parison is critical for optimizing materials for specific applica-
tions. Second, the presence of this terminal fluoroarene group
provides a basic platform to expand this chemistry, enabling
access to new m-extended molecular systems that might be chal-
lenging to synthesize through conventional synthetic routes.
This dual focus highlights the study’s potential to advance both
the design of functional materials and the development of inno-
vative synthetic methodologies.

The mesomorphous properties of these two sets of compounds
were investigated by polarized optical microscopy (POM),
differential scanning calorimetry (DSC), and small-and wide-
angle X-ray scattering (S/WAXS) and compared to related fluo-
rinated and non-fluorinated homologs. The results showed that
the Janus Fn derivatives exhibit a hexagonal columnar liquid

OR

OR
Br O 1. n-BuLi, THF, —78 °C
O Br 2. C4F5-CeFs, 40 °C

RO

OR
2Br-BPn

1. n-BuLi, THF, -78 °C

2. F4/F5/F6, 40 °C
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crystal phase (Colyey), With clearing temperatures decreasing
gradually with the elongation of the alkoxy side-chains, from
nearly 200 °C for the shortest homologs down to ca. 100 °C for
the dodecyloxy derivative. The larger lath-like compounds,
Gnm, exhibit a rectangular columnar phase (Col,e.) also over
large temperature ranges from ambient up to 183 and 164 °C,
respectively. The unsymmetrically alkoxy-substituted deriva-
tive, G48, also displays a Col.. over a similar temperature
range. The compounds’ photophysical properties have also been
studied in various solutions and thin film: G66 emitted green
light in solution with an absolute photoluminescent quantum
yield of ca. 33%.

Results and Discussion

Synthesis and characterization

We have recently generalized a very efficient “palladium-free”
synthesis for the preparation of a variety of triphenylene deriva-
tives (Figure 1) [44-47] based on the nucleophilic substitution
of various electrophilic perfluoroarenes, including CgFoHy,
CgFg, CoFg, and C¢F5-Ph, by nucleophilic organolithium
reagents. e.g., 2,2’-dilithio-4,4",5,5’-tetrakis(alkoxy)-1,1’-
biphenyls, 2Li-BPn, prepared in situ from the reaction between
3,3’,4,4’-tetra(alkoxy)-2,2’-dibromo-1,1’-biphenyl, 2Br-BPn,
and n-BuLi at low temperature. All new Frn compounds were
prepared as previously described by reaction of 2Li-BPn with
decafluorobiphenyl, C¢Fs-CgF5 (Scheme 1). The starting mate-
rials 2Br-BPn were prepared in high yield via FeCls-oxidative
coupling of 1,2-dialkoxy-4-bromobenzene (Scholl reaction).
The new triphenylene derivatives, F3-F12, were prepared in
moderate to high yields (51-73%). In addition, three bitripheny-

F3, R= 03H7, 56%
F4, R = C4Hg, 51%
F5, R = C5H11, 73%
F6,R = CGH13, 56%
F8, R = C8H17, 58%
F10,R = C10H21, 55%
F12,R = C12H25, 53%

G55, R = R' = CsHy4, 45%
G66,R=R'= CGH13, 42%
G48,R = CgH17, R'= C4H9, 50%

R'O

OR'

Scheme 1: Synthesis, yields, and nomenclature of 1,2,4-trifluoro-6,7,10,11-tetraalkoxy-3-(perfluorophenyl)triphenylene (Fn, n = 3-12) and corre-
sponding 1,1',3,3',4,4'-hexafluoro-6,6',7,7',10,10',11,11'-octakisalkoxy-2,2"-bitriphenylene dimers (G55, G66 and G48).
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lene derivatives were synthesized in a subsequent annulation
step from Fn derivatives: the in situ prepared 2Li-BP5/6 was
reacted with F5/6 to yield the symmetrical discotic dimers,
G55/G66 respectively, in an average yield of 42-45%
(Scheme 1). The reaction of 2Li-BP8 with F4 was also success-
fully tested, and allowed the preparation of the unsymmetrical
discotic dimer G48, obtained in 50% yield, opening great possi-
bilities in structural variations. The facile synthesis of G55,
G66, and G48 demonstrates again the versatility of this synthe-
tic method. The synthesis and detailed characterization of com-
pounds F6 and G66 have been the subject of a preliminary
patent description. This documentation describes the methodol-
ogies employed for their preparation, the analytical techniques
used to confirm their structures, and the data obtained

confirming their identities [49].

Two additional compounds were synthesized to complete this
study: the derivative with no alkoxy chains (F) was prepared to
grow single crystals suitable for X-ray analysis (Scheme S2 in
Supporting Information File 1) in order to confirm the annula-
tion reaction pattern, and 2,3,6,7-tetrakishexyloxy-10-phenyl-
triphenylene (BTP6, Scheme S3), the non-fluorinated isomer of
F6 and PH6 (Figure 1), for probing the effect of fluorinated
rings and the decisive role of arene—fluoroarene interactions in
both mesomorphism induction and stabilization. Thus, 2Li-BP
was reacted with C¢F5—CgF5 to produce 2-perfluorophenyl-
1,3,4-trifluorotriphenylene (F), in 37% yield and 2,3,6,7-tetra-
kishexyloxy-10-phenyltriphenylene (BTP6) was synthesized
via consecutive Suzuki coupling and Scholl reaction in a total
yield of 77%.

The synthesis, molecular structures, nomenclature, and synthe-
tic yields of all compounds are shown in general Scheme 1. All
prepared molecules were fully characterized by NMR (!H, 1°F
and 13C), HRMS, and CHN analysis (Figures S1-S32, Support-
ing Information File 1), and all the results agree with the pro-
posed molecular structures.

Single-crystal structure of F

Suitable single crystals of compound F for X-ray analysis were
obtained by slow evaporation of an ethyl acetate/ethanol solu-
tion (Figure 2, and Supporting Information File 1, Figures S33,
S34 and Tables S1-S3). The crystal structure unequivocally
confirms that the reaction pattern between 2Li-BP and perfluo-
robiphenyl, effectively yielded the desired 1,2,4-trifluoro-3-
(perfluorophenyl)triphenylene and that the annulation occurred
at the expected positions. The similarity of the 'F NMR spec-
tra of F and alkoxy-substituted derivatives, Fn, showing 6
single peaks, corresponding to the 8 different fluorine atoms at
almost identical positions (Figures S8—S14 and S21 in Support-

ing Information File 1), confirms that the pattern of the annula-
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tion reaction is the same for all triphenylene derivatives. Thus,
compound F crystallizes in an orthorhombic crystallographic
system (Pccn space group, no. 56) [50] with unit cell dimen-
sions a = 13.2645(2) A, b = 5.5284(1) A, and ¢ = 22.7571(3) A;
the unit cell contains 8 molecules, which gives a calculated mo-
lecular density of 1.688 g cm™.

Figure 2: Single crystal structure of 1,2,4-trifluoro-3-(perfluoro-
phenyl)triphenylene (F) viewed along the main axes: ORTEP diagram
showing 50% thermal ellipsoid probability: carbon (gray), fluorine
(green), and hydrogen (white).

In more details, the crystal structure reveals two short intramo-
lecular F---H hydrogen contacts in the triphenylene core part
with lengths of 2.047 Aand 2.114 A, respectively (see Figure
S33 in Supporting Information File 1). The triphenylene part of
the molecule is rather flat, with, however, a substantial planar
deviation of the pending perfluorophenyl group, forming a large
tilt of ca. 45°. From the view along the b-axis, it can be seen
that the flat triphenylene cores stack perfectly on top of each
other, but with the pending fluoroarene group being alternately
distributed from one side to the other, likely for steric
hindrance, thus maximizing the fluoro—arene interactions by
superimposing hydrogenated phenyl segments with fluoroarene
ones (Figure S34 in Supporting Information File 1). Conse-
quently, the triphenylene core—core distance is 3.83 A and
almost identical to the stacking distance in the columnar
mesophase as measured by wide-angle X-ray scattering. Due to
the efficient space filling and fluoroarene polar m-interaction,
neighboring F molecules stack in an antiparallel way with a
slippering distance of 1.697 A from each other. Of course, with
the presence of the lateral aliphatic chains, the cores rotate in
order to maximize aliphatic—aromatic segregation whilst

preserving fluoro—arene interactions.
Liquid crystal properties

Prior to investigating the mesomorphism of Fn and Gnm com-

pounds, their thermal stability was first examined by thermal
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gravimetric analysis (TGA) under a N, atmosphere in the
dynamic mode. The TGA curves (Figure S35 and Table S4 in
Supporting Information File 1) show that all compounds
undergo two thermal decomposition processes; an initial ther-
mal event with a decomposition temperature (Tgec, at weight
loss 5%) between 283-332 °C for Fn and above 340 °C for
Gnm, probing their excellent thermal stability.

All Fn and Gnm compounds display mesophases at room tem-
perature. Their optical textures and phase-transition behaviors
were observed via hot stage polarizing optical microscopy
(POM). POM images were systematically captured during the
cooling process at a cooling rate of 1 °C/min after the com-
pounds were heated into the isotropic liquid (Figure 3 and
Figure S36 in Supporting Information File 1). The liquid crys-
talline phases of the Janus triphenylenes, F3 to F12, all showed
optical textures of a hexagonal columnar mesophase. Slowly
cooled from its isotropic liquid state, F6 grew up into broken,
fan-shaped color plates among a large dark area, with straight
line defects, characteristic of the hexagonal columnar
mesophase. The discotic dimers Gnm displayed a dense optical
texture with dendritic- and flower-like features, with small frac-
tion of dark area, which could be possibly attributed to a reduc-
tion of the mesophase symmetry.

Figure 3: POM textures, observed between crossed polarizers of
Janus and dimer, F6, F12, G66, and G48, respectively, as representa-
tive examples. More images can be seen in Supporting Information
File 1 (Figure S36).

The results of the differential scanning calorimetry (DSC) are
summarized in Figure 4 (see also Supporting Information File 1,
Figures S37, S38 and Table S5 for details), confirming the
POM observations and their room temperature behaviors (no
crystallization is observed even at low temperature, except for
F12). Compounds with shorter alkyl chains, F3, F4, and F5,

possess almost the same clearing temperatures near 190 °C,
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whereas from F6 to F12, the clearing temperature gradually
lowers from 176 down to 112 °C. When comparing Fn and
PHn (Figure 4) [45], both types of compounds show a high-
range columnar mesophase at high temperature with almost
identical clearing temperatures, which decrease gradually with
the elongation of the alkoxy side-chains. The only difference is
the emergence of a more ordered, 3D phase for some PHn de-
rivatives observed on cooling at lower temperature. As ex-

pected, neither F or BTP6 are mesomorphic.

Temperature (°C)
@
o

F3 PH3 F4

Compounds (Fn, PHn and BTP6)

PH4 F6 PH6BTP6 F8 PH8 F10 PH10 F12 PH12

Figure 4: Comparative bar graph summarizing the thermal behavior of
Fn, BTP6, and PHn derivatives (2nd heating DSC data).

As for the larger fluorine derivatives Gnm (G55, G66, and
G438), they all possess enantiotropic columnar mesophases right
from room temperature up to 183 (G55), 164 (G66), and ca.
120 °C (G48). Compared to the previously synthesized non-
fluorous pentyloxy homolog, showing a monotropic Cole.
phase [51,52], core fluorination surely plays a positive role in
the induction of mesomorphism.

The mesophases of Fn and Gnm compounds were fully charac-
terized by small- and wide-angle X-ray scattering (S/WAXS) at
several temperatures (Figure 5, Figures S39—-S41 and Table S6
in Supporting Information File 1). The X-ray patterns of the Fn
compounds exhibit one main, sharp, and intense reflection in
the small-angle range, and an additional small peak indexed as
(20) for F3 and F4, or two peaks indexed as (11) and (20), re-
spectively, for F10 and F12, confirming unambiguously the
hexagonal symmetry (F5, F6, and F8 only show the intense
small-angle reflection). In addition, they all show a broad
diffuse scattering and a sharp and intense diffraction peak in the
wide-angle region, assigned respectively to as h¢p, for the disor-
dered chains, and hy;, for the long-range core—core stacking re-
sulting from strong polar— interactions. The correlation length

of the stacking was calculated by the Debye—Scherrer formula,

3268



which correspond to ca. 15-25 stacked molecules (Table 1).
This coincides with the high clearing temperatures and high
stability of the columnar mesophase of Fn. Overall, the behav-
iors of Fn and PHn compounds are very similar, with only
minor deviations of the isotropic temperatures.

3.0x104
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2.5x10% T=30°C h,
S 2.0x10%1
U
>1.5x10%1
2
& 1.0x10%
£
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Figure 5: Representative S/WAXS patterns of Fn and Gnm com-
pounds.

The single structure shows that the flat triphenylene cores
almost stack perfectly on top of each other, with an alternation
of the pending fluorinated phenyl groups by superimposition of
one of the hydrogenated rings of the triphenylene segment
above the trifluoroarene one, in order to maximize fluoro—arene
intermolecular interactions between the molecules (Figure S34
in Supporting Information File 1). It also shows that the

pending fluorophenyl makes an angle of ca. 45° with the tri-
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phenylene plane (see also DFT below). Despite this conforma-
tional distortion, the molecular thickness, /.4, obtained by
dividing the molecular volume with the columnar cross section,
is not drastically increased (Table 1); &, ranges between 3.62
and 3.73 A, very close to the stacking distance between consec-
utive cores measured by S/WAXS (3.42 A < h, < 3.62 A),
confirming that the triphenylene mesogens pile up in the
columns with no or little tilt, reminiscent of the stacking ob-
served in the crystal structure. It would thus consist of the piling
of the triphenylene cores with the protruding fluorophenyl seg-
ments partly mixed with the aliphatic medium, with specific
orientations of the triphenylenes (multiple of 120° orientations
which contribute to the average circular cross-section of the
columns) in order to maximize both the intermolecular interac-
tions through the superimposition of fluoroarene segments and
(alkylated) arene ones, partly similar to the crystal structure,
and the homogeneous distribution of the chains around the
columns, in agreement with the hexagonal symmetry. Both sets
Fn and PHn show rather similar variation of the cross-sectional
area, increasing homogeneously with n, as well as similar mo-
lecular thickness throughout (A and /), Figure S41 in Sup-
porting Information File 1). Consequently, both the packing of
Fn and of PHn in the Colex phase must be very similar, with
no effect of the pending group nature (CgHs vs CgFs) on the
mesophase stability. A proposed model for the supramolecular
organization of Fr in the Colyex phase is shown in Figure S42

of Supporting Information File 1.

The bitriphenylene Gnm materials exhibit different X-ray
patterns, with a multitude of sharp peaks, that could be indexed
according to a rectangular lattice (p2gg symmetry) [50],
confirming the reduction of the phase symmetry and well-
defined interfaces between aliphatic continuum, hydrogenated
aromatics, and fluorinated arenes. The S/WAXS patterns of the
three compounds are also identical, independently of the chain
length or the chain distribution, and the lattice expansion with
temperature is not significative. However, the stacking appears
to be less effective than for the Janus derivatives as the signal
corresponding to core—core stacking is not as sharp and intense,
corresponding to a decrease of fluoroarene—arene interactions.
This agrees with an increase of the molecular thickness (see
hmol values, Table 1), likely due to some electrostatic and steric
repulsion between fluorine atoms within the inner core. DFT
shows that both triphenylene segments do not lie in the same
plane and that the overall molecule is slightly twisted. Never-
theless, the molecules still stack on top of each other in
columns, maintaining the segregation between the various
regions as in polyphilic molecules [9,10,54] and, since the mol-
ecules have a more anisotropic shape, the columnar cross-
section cannot adopt a circular shape but rather an elliptical one,

hence their arrangement into a rectangular lattice (Figure S43 in

3269



Table 1: Mesophases’ parameters.

Beilstein J. Org. Chem. 2024, 20, 3263-3273.

Cpds Phase Temp.2 ad/pb AP hri(E) hen® Vino®/pd Amol®
F3 Colhex 120 16.73 242.44 3.53 (67)/4.41 895/1.26 3.69
F3 Colhex 180 16.71 241.77 3.64 (56)/4.40 938/1.20 3.88
F4 Colhex 50 17.57 267.38 3.45 (64)/4.42 968/1.26 3.62
F4 Colhex 120 17.74 272.60 3.55 (65)/4.31 1010/1.21 3.71
F5 Colhex 40 18.46 295.14 3.44 (79)/4.44 1074/1.22 3.64
F5 Colhex 100 18.52 297.08 3.52 (83)/4.38 1111/1.18 3.74
F5 Colhex 160 18.57 298.57 3.62 (59)/4.37 1161/1.13 3.89
F6 Colhex 70 19.31 32278 3.48 (72)/4.47 1203/1.17 3.73
F6 Colhex 150 19.56 331.25 3.60 (47)/4.58 1270/1.11 3.83
F8 Colhex 50 21.43 397.59 3.46 (79)/4.30 1410/1.13 3.55
F8 Colhex 130 21.46 398.76 3.58 (42)/4.40 1485/1.07 3.72
F10 Colhex 30 22.79 450.03 A2 3.45 (78)/4.37 1612/1.10 3.58
F10 Colhex 100 23.09 461.88 A2 3.54 (42)/4.36 1629/1.09 3.64
Fi12 Colhex 30 24.30 511.40 A2 3.45 (75)/4.38 1829/1.08 3.58
Fi12 Colhex 80 24.47 518.53 A2 3.51 (47)/4.40 1886/1.04 3.64
G55 Colyee 40 35.20/25.46 896.19 A2 3.57 (-)/4.28 1778/1.17 4.04
G55 Colyee 100 35.26/25.55 900.89 A2 3.68 (—)/4.45 1853/1.12 4.11
G55 Colyee 160 35.32/25.74 909.00 A2 3.72 (-)/4.51 1952/1.06 4.31
G66 Colyee 50 37.18/26.80 996.42 A2 3.56 (—)/4.36 2009/1.13 4.03
G66 Colyee 90 37.32/26.65 994.58 A2 3.66 (—)/4.48 2066/1.10 4.15
G66 Colyee 140 37.46/26.53 993.81 A2 3.75 (-)/4.50 2152/1.05 4.33
G48 Colyee 30 36.78/26.61 978.71 A2 3.54 (67)/4.39 1985/1.14 4.06
G48 Colyee 70 36.98/26.54 981.45 A2 3.59 (—)/4.45 2036/1.11 4.15
G48 Colyee 110 37.14/26.31 977.15 A2 3.66 (—)/4.39 2098/1.08 4.29

aTemperature of experiment (°C); Plattice parameter, a/b (A) and area, A (Az), A = a?/3/2 (for Colney) = a x b ( for Colyge), Ngoi: Number of columns
per lattice: Ngo| = 1 for Colhex, Ngol = 2 for Colee; Caverage face-to-face stacking distance (A) between consecutive mesogens, hy, determined from
scattering maximum from SWAXS pattern, and &, correlation length (A) calculated by Debye—Scherrer formula; h¢p, average distance (A) between
molten chains; 9molecular volume (A3) and density (g-cm=3) calculated from partial volumes of reference substances: Vinol = Var + Ven, the sum of the
volume of the aromatic part, Vy (from reference compounds) and the volume of the chains, Vep, [53], p = MW/(Na*Vino)); ®columnar slice thickness (A),

hmot = NeolVmol/A (A).

Supporting Information File 1). For Gnm, the mesomorphism is
thus essentially driven by microsegregation between the various
molecular constituents.

Photophysical properties: UV-vis absorption
and photoluminescence

UV-vis absorption and fluorescence spectra of the synthesized
fluorine polycyclic aromatic hydrocarbons Frn and Gnm were
measured in solution (in various solvents) and thin film and the
results are summarized in Figure 6 and Table S7 in Supporting
Information File 1; F6 and G66 were chosen as representative

examples.

F6 and G66 show almost identical UV—-vis absorption spectra,
both of them possessing a very broad absorption band below
400 nm with two maxima at ca. 380 nm for the strongest peak,
and at ca. 360 nm for the smaller one (Ay,g = 284 nm for PHS),

with no or little influence of the solvent polarity (Figure 6a).
This may suggest that the sigma-bonded F6 and G66 have no
conjugation in their ground states, the electron density being lo-
cated on one triphenylene moiety (see DFT). G66 shows a
stronger absorption band than F6, with expected € values in the
range of 10% and 10° L-mol~!.cm™, respectively, as G66 pos-
sesses two triphenylene units whereas F6 only one.

Both compounds, however, display substantially different
photoluminescent behavior. Both F6 and G66 show a single,
broad emission band with a peak maximum around 410-430 nm
for F6 (A, = 402 nm for PH8) and 460-500 nm for G66, with
absolute quantum yields of 30% and 32%, respectively. Further,
their fluorescence spectra in solutions show some solvent
polarity influence, with a substantial red shift as the solvent
polarity is increased. In thin film, the single luminescence
maximum is shifted to 450 nm (518 nm) and 610 nm for F6
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Figure 6: Absorption (a) and emission (b) spectra of F6 and G66,
measured in different solvents at a concentration of 1 x 10~ mol/L and
in solid-state thin film.

(PHS8) and G66, respectively. The thin film emission of G66 is
red-shifted by about 120 nm compared with its solution, while
the one of F6 is red-shifted only by 30 nm. This huge differ-
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ence in thin film emission can be explained via their intermolec-
ular slipped J-type aggregation, supported by S/WAXS and pro-
posed the model of Col,.. mesophase [55-57].

DFT computation

For a deeper understanding of the electronic properties of these
fluorine triphenylenes, we performed some DFT computation of
F1 and G11 with the shortest methyl chain, and the results are
summarized in Figure 7 and Figure S44 in Supporting Informa-
tion File 1. First, the theoretically optimized molecular struc-
ture of F1 agrees well with the single crystal structure of F: the
triphenylene core is planar and the side arm perfluorophenyl
group is rotated by a few degrees due to the F---F repulsion on
different rings. G11 exhibits a similar twist between the two tri-
phenylene cores. Further, the calculated HOMO electron cloud
of F1 (5.8 eV; =5.89 eV for PH1) and G11 (-5.60 eV) both
are located on a triphenylene core, which explains the simi-
larity of their UV-vis absorption spectra. Their LUMO electron
density maps distribute across to the side arm for F1 (-1.88 eV;
—1.78 eV for PH1) and to the other triphenylene core for the
dimer G11 (-1.78 eV). The m-conjugation of excited states
results in a difference of their HOMO and LUMO energy
levels: the fluorine dimer G11 possesses higher HOMO and
LUMO energy levels than that of the monomer F1, with a
smaller HOMO-LUMO energy gap (3.92 eV for F1 versus 4.11
eV for PH1). The DFT results thus agree pretty well with the
fluorescence spectra in solution: G66 shows a fluorescence
peak at 470-500 nm, while F6 has peaks located between
410-430 nm. It is noted that G66 shows deeper red-shifted fluo-
rescence than F6, with peaks of 610 nm and 450 nm, respec-
tively. The J-type aggregation for G66 in thin film and liquid

crystalline state is energetically favorable for the arene—perfluo-
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Figure 7: DFT calculated frontier molecular orbitals and optimized molecular structures for F1 and G11.
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roarene overlap stacking and related stereoelectronic effects,
which results in more than 100 nm red-shift of the fluorescence

peak.

Conclusion

We have successfully prepared seven fluorine triphenylenes (F3
to F12) with various alkyl chain lengths and three bitripheny-
lene dimers (G55, G66, and G48) with different molecular
symmetry by the SyAr reaction. This “palladium-free” reaction
between 2Li-BPn and CgF5—CgF5 possesses several advantages:
easily available starting chemicals, low cost, efficient, and
versatile, displaying the potential to synthesize more compli-
cated fluoroarene molecules and polymers. These fluorine-con-
taining triphenylenes Fn and dimers Gnm display Colpex and
Col;e. mesophases, respectively, with high stability of the
columnar mesophases due to strong arene—perfluoroarene polar
mi-interactions and related stereoelectronic effects. These Janus-
type Fn compounds exhibit high clearing temperatures, and no
crystalline phase, thus a very broad columnar mesophase range.
Further, the sigma-bonded triphenylene dimers Gnm display an
enantiotropic Col... mesophase including room temperature.
These m-conjugated materials are advantageous for further in-
vestigation in device applications. The aromatic core fluori-
nation changes the electronic structures of the triphenylenes,
and their supramolecular arene—perfluoroarene slipped stacks
(J-aggregate) result in G66 with orange-yellow color fluores-

cence in the solid state.

Supporting Information

Synthesis (Schemes S1-S3) and characterization, 1H, 13C,
and 19F NMR (Figures S1-S21), HRMS (Figures
S$22-832), EA, single crystal X-ray structures (Figures S33,
S34, Tables S1-S3), TGA (Figure S35, Table S4), POM
(Figure S36), DSC (Figures S37, S38, Table S5), S/'WAXS
(Figures S39-S43, Table S6), optical properties (Table S7),
and DFT (Figure S44, Table S8).

Supporting Information File 1
Experimental part.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-270-S1.pdf]
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2-Fluorobenzofurans underwent efficient nickel-catalyzed coupling with arylboronic acids through the activation of aromatic C-F

bonds. This method allowed us to successfully synthesize a range of 2-arylbenzofurans with various substituents. The reaction,

which proceeded under mild conditions, involved B-fluorine elimination from nickelacyclopropanes formed by the interaction of

2-fluorobenzofurans with zero-valent nickel species. This protocol facilitates orthogonal coupling reactions of aromatic C-F and

C-Br bonds with arylboronic acids.

Introduction

The metal-catalyzed activation of aromatic carbon—fluorine
(C-F) bonds is widely recognized as a challenging task in syn-
thetic organic chemistry owing to their high bond dissociation
energy compared to other aromatic C-X (X = Cl, Br, I) bonds
[1-7]. This activation is essential for the late-stage functionali-
zation of stable C-F bonds in complex molecules with reactive
functional groups, providing an orthogonal approach to com-
plex molecule synthesis. Despite considerable efforts to develop
various catalytic systems, the activation of aromatic C—F bonds

often requires high temperatures [1-7]. Therefore, methods for

activating aromatic C—F bonds at ambient temperature remain
underdeveloped.

We have developed efficient metal-mediated methods for acti-
vating (i) vinylic [8-13] and (ii) allylic C-F bonds [14-18] using
B-fluorine elimination under mild conditions. In these studies,
(i) we discovered zirconium-mediated B-fluorine elimination
from zirconacyclopropanes A, which are generated by treating
1,1-difluoroethylenes with a zirconocene equivalent (ZrCps,

Scheme 1a) [8]. The resulting 1-fluorovinylzirconocenes B then
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undergo palladium-catalyzed coupling with aryl iodides to
produce arylated fluoroethylenes. Additionally, (ii) we ob-
served that electron-deficient 2-(trifluoromethyl)-1-alkenes
strongly interact with electron-rich zero-valent nickel species to
form nickelacyclopropanes C [15-17]. These intermediates
enable C—F bond activation through the formation of nickelacy-
clopentenes D with alkynes, followed by p-fluorine elimination,
leading to defluorinative coupling between these components
(Scheme 1b).

Among aromatic fluorides, we have targeted 2-fluorobenzofu-
rans 1 for C-F bond activation [19]. These compounds, which

(a) previous work: vinylic C—F

Beilstein J. Org. Chem. 2025, 21, 146—154.

we prepared efficiently via 5-endo-trig cyclization of f,f-
difluoro-o-hydroxystyrenes [20,21], possess a C—C double bond
with an electron-deficient carbon atom owing to the nearby
fluorine and oxygen atoms. We expected that 2-fluorobenzofu-
rans 1 could form nickelacyclopropanes E upon treatment with
zero-valent nickel species. Subsequent B-fluorine elimination
from these intermediates E would facilitate the activation of ar-
omatic C-F bonds (Scheme 1c¢). In this study, we demonstrate
nickel-catalyzed defluorinative cross-coupling [22-37] of
2-fluorobenzofurans 1 with arylboronic acids 2 at ambient tem-
perature, with nickelacyclopropanes E serving as crucial inter-
mediates for the activation of aromatic C—F bonds.

ZGCz

Ro/yAr

RO 4 ad
F

zr(ll)

cat. Pd F

cat. Pd | Arl

ZGC2
RO ! F B-fluorine elimination
A

(b) previous work: allylic C—F

Z F
R ON/ rC P2
F

B

R? R R
cat. Ni R3
F3C + \ R3 or
R? R3 R3SiH H
R! F,C~ "R2
F
Ni(0) , \ ' R3SiH
R
R3
3 —_—
R B-fluorine
c elimination F2C

(c) this work: aromatic C—F

ﬁ (H0>2B

N|(0)l

cat Ni ‘_7/.

NiF_2 NiAr2

elimination

Scheme 1: C-F bond activation through B-fluorine elimination via metalacyclopropanes.
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Results and Discussion

First, we explored optimal conditions for nickel-catalyzed
defluorinative coupling using 2-fluoronaphtho[2,1-b]furan (1b)
and m-tolylboronic acid (2b) as model substrates (Table 1).
When 1b was reacted with 2b at 80 °C using Ni(cod),
(10 mol %) as a catalyst, PCy3 (20 mol %) as a ligand, and
K»CO3 (2.0 equiv) as a base, the desired arylated naphthofuran
3bb was obtained in 75% yield (Table 1, entry 1). Reducing the
reaction temperature improved the yield of 3bb, reaching a
quantitative yield when the reaction was performed at room
temperature (Table 1, entry 3). Reducing the catalyst loading to
5 mol % slightly affected the yield of 3bb, which was 90%
(Table 1, entry 4). Next, we evaluated various additives with
5 mol % of Ni(cod), to stabilize regenerated zero-valent nickel
species (Table 1, entries 5-8). While phosphine ligands such as
triphenyl phosphite were ineffective (Table 1, entry 5), the
inclusion of chelating dienes improved the yield of 3bb
(Table 1, entries 6-8). Among these, 5 mol % of 1,5-cycloocta-
diene (cod) proved to be the most effective additive, affording
3bb in 95% yield (Table 1, entry 8). Additionally, by reducing
the equivalents of 2b to 1.0 equiv and K,COj3 to 1.2 equiv, we
achieved the highest yield of 98% for 3bb (Table 1, entry 9).

Under the optimized conditions, we investigated the substrate
scope using 2-fluorobenzofurans 1 and arylboronic acids 2
(Scheme 2). The coupling reaction was efficient with 2-fluo-

robenzofuran (1a) when reacted with phenylboronic acid (2a) as

Table 1: Screening of conditions for coupling of 1b with 2b.

Ni(cod), (X mol %)
PCys (2X mol %)
additive (Y mol %)

Beilstein J. Org. Chem. 2025, 21, 146—154.

well as arylboronic acids containing electron-donating groups,
such as a methyl group at the 3-position (2b), two methyl
groups at the 2- and 5-positions (2¢), and a tert-butyl group at
the 4-position (2d). The reaction with 3,5-dimethoxyphenyl-
boronic acid (2e), which has electron-withdrawing groups on
the aromatic ring, also yielded a satisfactory result of 73%. Ad-
ditionally, using 2-fluoronaphtho[2,1-b]furan (1b), the reaction
with phenylboronic acid (2a) and arylboronic acids with a
methyl group at the 3-position (2b) or a tert-butyl group at the
4-position (2d) also produced high yields (94-98%). For aryl-
boronic acid 2f, which has a methoxy group at the 4-position,
the use of potassium phosphate as a base resulted in a 94% yield
of 3bf. For arylboronic acid 2g, which features a strongly elec-
tron-withdrawing trifluoromethyl group, we optimized the cou-
pling reaction using potassium phosphate as a base and increas-
ing the nickel catalyst loading to 20 mol %, achieving a yield of
78% for the desired product 3bg. When 2-naphthylboronic acid
(2i) was employed, its solubility was enhanced using a mixed
solvent system of toluene, methanol, and water, which effec-
tively promoted the reaction and resulted in a 70% yield of 3bi.
Furthermore, when methoxy- and ethoxy-substituted benzofu-
rans 1c and 1d were used, the corresponding coupling products
3ca and 3da were obtained with yields of 67% and 65%, re-
spectively.

Additionally, in the coupling reaction of 2-fluorobenzothio-

phene (4) with 2a, increasing the amount of Ni(cod); to

F
(. 0L
(HO),B

1b 2b
(1.2 equiv)
Entry X Additive Y
1 10 - -
2 10 - -
3 10 - -
4 5 - -
5 5 P(OPh)3 5
6 5 nbd® 5
7 5 chdd 5
8 5 cod® 5
of 5 cod® 5

K>CO3 (2.0 equiv)
toluene-H,0 (5:1)

temp., time

Temp. Time (h) 3bb (%)
80 °C 24 758

40 °C 72 912

rt 72 quant.@
rt 28 90P

rt 58 120

rt 58 93P

rt 58 93P

rt 52 95P

rt 14 98P

aYield was determined by 'H NMR spectroscopy using CH2Br» as an internal standard. Plsolated yield. °nbd = 2,5-norbornadiene. 9chd = 1,4-cyclo-
hexadiene. €cod = 1,5-cyclooctadiene. 22b (1.0 equiv) and K,COj3 (1.2 equiv).
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Ni(cod), (5 mol %)

PCy3 (10 mol %)
cod (5 mol %)

ﬁ (HO)2B I

1
(1.0 .2 equiv)

KoCO3 (1.2-2.0 equiv)
toluene-H,0 (5:1)
rt, 13-17 h

3ab 96%

3aa 77%

3ac 83%

T T

3ad 99% 3ae

A

3bb 98%

73%2 3ba 96%

) c)/ OQ

3bd: R = t-Bu 94%
3bf: R = OMe 94%
3bg: R = CF5 78%b°

3bi 70%°

3bh: R = CO,Et 54%

3ca 67%

5 20

3da 65%

Scheme 2: Synthesis of 2-arylbenzofurans 3 via the coupling of 1 with 2. Isolated yields are given. 2Ni(cod)2 (10 mol %), PCy3 (20 mol %), and cod
(10 mol %). PNi(cod), (20 mol %), PCy3 (40 mol %), and cod (20 mol %). °K3POy4 (1.2 equiv) was used as a base. 9Toluene—-MeOH-H,0 (5:1:1) was

used as a solvent.

20 mol % without adding extra cod yielded 48% of the desired
product 5 (Scheme 3). This result indicates that the reaction is
applicable to benzothiophenes as well as benzofurans.

Moreover, we successfully introduced two distinct aryl groups
onto a benzofuran ring through orthogonal coupling reactions,
exploiting the reactivity difference between C-F and C-Br
bonds (Scheme 4). Using a palladium catalyst, 5-bromo-

Ni(cod), (20 mol %)

2-fluorobenzofuran (le) was coupled with [4-(trifluoro-
methyl)phenyl]boronic acid (2g). In this reaction, only the C—Br
bond was transformed while the C-F bond remained intact,
yielding 2-fluoro-5-[4-(trifluoromethyl)phenyl]benzofuran (1f)
in 95% yield. Subsequently, nickel-catalyzed defluorinative
arylation of 1f with phenylboronic acid (2a) efficiently pro-
duced 2-phenyl-5-[4-(trifluoromethyl)phenyl]benzofuran (3fa)
in 81% yield.

S\ _F PCys (40 mol %)
/) +
(HO),B K,CO3 (1.2 equiv)
toluene-H,0 (5:1)
4 2a

. i, 17 h
(1.0 equiv)

Scheme 3: Synthesis of 2-phenylbenzothiophene (5).
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O _F
o)
) F (29, 1.4 equiv) Q /
Pd(PPhs), (5 mol %)
Br e K3PO, (3.6 equiv)
H,0 (6.0 equiv
20 ( quiv) FsC 1 95%

dioxane, 80 °C, 12 h

(HO).B :

(2a, 1.0 equiv)

Ni(cod), (5 mol %)
PCys (10 mol %)

cod (5 mol %)

K5>CO3 (1.2 equiv)

FsC

3fa 81%

toluene-H,0 (5:1)

rt, 15 h

Scheme 4: Orthogonal approach to 2,5-diarylbenzofuran 3fa.

Next, we explored the mechanism of the coupling reactions be-
tween 2-fluorobenzofurans 1 and arylboronic acids 2. Because
these reactions proceed under mild conditions despite involving
aromatic C—F bond activation [19], direct oxidative addition of
C-F bonds is unlikely (Scheme 5, path a). Instead, the reactions
are thought to proceed through a formal oxidative addition in-
volving nickelacyclopropane intermediates E [15-17,38,39],
which are generated from 2-fluorobenzofurans 1 and zero-
valent nickel species (Scheme 5). Following B-fluorine elimina-
tion, this results in a formal oxidative addition to form benzofu-
ranylnickel(II) fluorides F, which then undergo transmetalla-

tion with arylboronic acids 2 to produce intermediates G

o)

@

1

|
G

E

Ni(0)
path a

path b

—_—
B-fluorine
elimination

F
Ar?B(OH),
2
path c

Scheme 5: Possible mechanisms.

N,-F

0}

(Scheme 5, path b). Alternatively, a direct transition from E to
G via transition state H is also possible (Scheme 5, path c).
Ultimately, reductive elimination from G yields the coupling
products 3.

The following experiments were performed to elucidate the
mechanism. Under the same conditions as the coupling reaction,
stoichiometric amounts of Ni(cod),, PCy3, and cod were treated
with fluoronaphthofuran 1b at room temperature for 13 h,
excluding boronic acid 2a (Scheme 6). The reaction was moni-
tored using '9F and 3'P NMR spectroscopy. The 'F NMR

analysis showed that 79% of 1b remained and revealed a new

oxidative
addition

reductive
elimination

Ar?B(OH),
2

o)

iAr2
NIAr

G

F--B(OH), | ¥
-"Ni--Ar?
H
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broad double doublet peak at 55.0 ppm (Jgp = 53, 42 Hz) rela-
tive to internal CFg (8 = 0.0 ppm). The 3!P NMR spectrum
depicted broad singlet peaks at 32.0-33.4 ppm and
38.6—40.5 ppm, appearing in a 1:1 ratio. These new peaks were
attributed to nickelacyclopropane Ey,, which was formed in 19%
yield. No peaks corresponding to benzofuranylnickel(II) fluo-
ride Fy,, which would arise from the oxidative addition of 1b to
nickel(0), were detected [40]. High-resolution mass spectrome-
try (HRMS) analysis of the reaction mixture also supported the
formation of Ey, (calcd, 804.4474; found, 804.4449). Addition-
ally, 79% of 1b remained, while the catalytic reaction between
1b and 2a was completed in 13 h, yielding 3ba in 96%
(Scheme 2). These findings suggest that nickelacyclopropanes
E and 2-fluorobenzofurans 1 are in equilibrium (see Scheme 5).
Consequently, in the absence of arylboronic acids 2, the
consumption of 1 was suppressed. Upon adding phenylboronic
acid (2a, 1.0 equiv) to the above reaction mixture, the coupling
proceeded, producing 3ba in 70% yield, with neither complex

Ni(cod), (1.0 equiv)

Beilstein J. Org. Chem. 2025, 21, 146—154.

Ey nor Fy, observed (Scheme 6). These results suggest that
nickelacyclopropanes E are initially formed and facilitate a
formal oxidative addition. Notably, the absence of F in the reac-
tion mixture indicates that fluorine elimination and transmetal-
lation occur simultaneously between E and the arylboronic
acids 2, leading to the formation of G (Scheme 5, path c). The
intermediates G then undergo reductive elimination to yield 3.

To assess the impact of halogen substituents, we also examined
reactions of 2-halogenated benzofurans 1a-X (1a-Cl: X = Cl;
la-Br: X = Br; 1a-I: X =1I) with (3-methylphenyl)boronic acid
(2b) (Table 2). Both 2-chlorobenzofuran (1a-Cl) and
2-bromobenzofuran (1a-Br) hardly yielded 3ab under the opti-
mized conditions for 1a (Table 2, entries 2 and 3), while the
reaction of 2-iodobenzofuran (1a-I) resulted in a much lower
yield (32%) of 2-arylbenzofuran 3ab (Table 2, entry 4) com-
pared to that of 1a (X = F, quant.). The strong interaction be-
tween fluorine and boron in H likely facilitates f-fluorine elimi-

F
O _F PCy; (2.0 equiv) 0 © NiF(PCys)2
Q / cod (1.0 equiv) 1b + Q Ni(PCys)2 Q
K>CO3 (1.2 equiv) 79%
toluene-H,0 (5:1)
1b rt, 13 h Ep 19% Fp, N.D.
PhB(OH), 0

(2a, 1.0 equiv)
rt, 6 h

3ba 70%

Scheme 6: Formation of nickelacyclopropane Ey, in a stoichiometric reaction.

Table 2: Effect of halogen substituents.

Ni(cod), (5 mol %)
PCy3 (10 mol %)

cod (5 mol %)

o Ol
/ +
@7/ (HO),B

1a 2b
(1.2 equiv)
Entry 1a-X
1 1a
2 1a-Cl
3 1a-Br
4 1a-l

K,CO3 (2.0 equiv)
toluene-H,0 (5:1)

rt, 17 h
X 3ab (%)2
F quant.
Cl trace
Br 1

| 32

aYjeld was determined by "H NMR spectroscopy using CHoBr» as an internal standard.
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nation and transmetallation. Thus, the considerably different
result observed with 1a is attributed to the distinct mechanistic
aspects of the metalacyclopropanation/f-fluorine elimination

sequence influenced by the fluorine substituent.

Conclusion

In summary, we have presented a nickel-catalyzed method for
synthesizing 2-arylbenzofurans through aromatic C—F bond ac-
tivation, with the formation of metallacyclopropanes as an
essential step. This protocol allows for the late-stage transfor-
mation of C-F bonds, as demonstrated by the orthogonal activa-
tion of both aromatic C—F and C-Br bonds, thereby facilitating
the synthesis of complex 2-arylbenzofurans. Given that natural
and synthetic 2-arylbenzofurans often exhibit considerable bio-
logical activities and are important in pharmaceuticals and agro-
chemicals [41-47], we expect that this method will provide a
novel and efficient approach for producing these valuable com-
pounds.

Experimental

General: '"H NMR, !3C NMR, '°F NMR, and *!P NMR were
recorded on a Bruker Avance 500 or a JEOL ECS-400 spec-
trometer. Chemical shift values are given in ppm relative to
internal Mey4Si (for I'H NMR: § = 0.00 ppm), CDClj (for
13C NMR: & = 77.0 ppm), CgFg (for 19F NMR: & = 0.0 ppm),
and H4POy (for 3P NMR: & = 0.0 ppm). IR spectra were re-
corded on a Horiba FT-730 spectrometer. Mass spectra were
measured on a JEOL JMS-T100GCV or a JEOL JMS-T200GC
spectrometer. All the reactions were conducted under argon or
nitrogen.

Materials: Column chromatography was conducted on silica
gel (Silica Gel 60 N, Kanto Chemical Co., Inc.). Toluene and
N.N-dimethylformamide (DMF) were purified by a solvent-
purification system (GlassContour) equipped with columns of
activated alumina and supported-copper catalyst (Q-5) before
use. 1,4-Dioxane and methanol were distilled from sodium, and
stored over 4 A molecular sieves. Unless otherwise noted, mate-
rials were obtained from commercial sources and used directly

without further purifications.

Typical procedure for coupling of 2-fluorobenzofurans 1
with arylboronic acids 2: To the mixture of 2-fluoro-
naphtho[2,1-b]furan (1b, 56 mg, 0.30 mmol), (3-methyl-
phenyl)boronic acid (2b, 41 mg, 0.30 mmol), Ni(cod), (4.2 mg,
0.015 mmol), PCyj (8.2 mg, 0.029 mmol), 1,5-cyclooctadiene
(1.8 pL, 0.015 mmol), and K,CO3 (50 mg, 0.36 mmol) were
added toluene (3.0 mL) and H,O (0.6 mL). After stirring at
room temperature for 13 h, the reaction mixture was diluted
with HyO. Organic materials were extracted with diethyl ether

three times. The combined extracts were washed with brine and

Beilstein J. Org. Chem. 2025, 21, 146—154.

dried over NapSQOy. After removal of the solvent under reduced
pressure, the residue was purified by silica gel column chroma-
tography (hexane/EtOAc = 10:1) to give 3bb (76 mg, 98%) as a
white solid. 'H NMR (500 MHz, CDCl5) & 8.15 (d, J = 8.2 Hz,
1H), 7.93 (d, J = 8.2 Hz, 1H), 7.75-7.67 (m, 4H), 7.58 (ddd, J =
8.2, 6.9, 1.2 Hz, 1H), 7.49-7.46 (m, 2H), 7.35 (dd, J = 7.7,
7.6 Hz, 1H), 7.16 (d, J = 7.6 Hz, 1H), 2.44 (s, 3H); 13C NMR
(126 MHz, CDCl3) & 155.6, 152.3, 138.5, 130.5, 130.4, 129.1,
128.8, 128.7, 127.6, 126.2, 125.3, 125.1, 124.6, 124.5, 123 .4,
121.9, 112.3, 100.3, 21.5; IR (KBr): 3051, 1606, 1487, 1387,
1280, 1255, 1163, 1053, 991, 935, 789, 690 cm™!; HREIMS
m/z: [M]* caled for C19H 40, 258.1045; found, 258.1035.

Supporting Information

Supporting Information File 1

Detailed experimental procedures and spectral data.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-8-S1.pdf]
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The CF,H group can act as a hydrogen bond donor, serving as a potential surrogate for OH or SH groups but with a weaker hydro-

gen bond donation ability. Here, we describe a series of CF,H group-containing moieties that facilitate hydrogen bond interactions.

We survey hydrogen bond donation ability using several established methods, including "H NMR-based hydrogen bond acidity de-

termination, UV—vis spectroscopy titration with Reichardt's dye, and 'H NMR titration using tri-n-butylphosphine oxide as a hydro-

gen bond acceptor. Our experiments reveal that the direct attachment of the CF,H group to cationic aromatic systems significantly

enhances its hydrogen bond donation ability, a result consistent with theoretical calculations. We anticipate that this chemistry will

be valuable for designing functional molecules for chemical biology and medicinal chemistry applications.

Introduction

Hydrogen bonding interactions are ubiquitous non-covalent
forces in chemistry and biology [1-4]. In canonical hydrogen
bond (HB) donor—acceptor pairs, the donor typically comprises
an electronegative heteroatom, such as oxygen, nitrogen, or
sulfur, and a positively charged hydrogen atom, which interacts
with a lone pair on the acceptor. Apart from these common
heteroatom-containing hydrogen bond donors, certain
carbon-hydrogen moieties can also act in this way, although in

a substantially weaker capacity [5-14]. Of particular interest is

the difluoromethyl group, CF,H, which exhibits hydrogen bond
donating character due to the highly polarized F,C-H bond
(Figure 1) [14-24]. This functional group is often used to mimic
hydroxy or thiol groups but exhibits slower acid dissociation
[25] and different lipophilicity [19,20,26-28]. For these reasons,
it is an attractive synthetic target [29-43] and an important
bioisostere in drug design and biochemical studies [30,44-46].
Despite the value of these applications, few experimental

studies have been conducted to quantify the thermodynamics of
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Figure 1: Examples of solid state structures exhibiting CFoH group-mediated hydrogen bond interactions [16,18,21]. Hydrogen bonding interactions

involving the CF2H group are highlighted in orange.

CF,H group-mediated hydrogen bond interactions [19,20].
Here, we present a series of CF,H-containing constructs and a
detailed assessment of the corresponding hydrogen bond dona-
tion energetics. We expect this information to be useful for the
rational application of the CF,H group in drug development and
molecular design.

Previous quantum mechanical calculations revealed that the
CF,H---O binding energy (AE) ranges from 1.0 kcal/mol to
5.5 kcal/mol [14,15,18,21]. In addition, as measured by hydro-
gen bond acidity [47,48] which is derived from the 'H NMR
chemical shift difference of a given proton in DMSO-dg and
CDCls, the CF,H group is generally a stronger donor than the
methyl group but substantially weaker than the OH or amide
NH groups [19,20]. These results collectively indicate that, al-
though the CF,H group mimics hydroxy or thiol groups, it is a
generally less effective hydrogen bond donor. Given that the
HB donation ability of a particular functional group usually in-
creases with increasing Brgnsted acidity [49] we chose to incor-
porate the CF,H group into the backbone of N-methylpyri-
dinium cations and related analogs (Figure 2). We anticipated
that such cationic constructs would enhance the Brgnsted
acidity of the CF,—H bond by stabilizing the conjugate base of
the CF,H group, in turn, increasing the hydrogen bond dona-
tion ability. Additionally, to minimize the effects of counter-
ions, such as the bromide and fluoride anions [50], on HB inter-
actions, all ionic compounds were synthesized with tetrafluoro-

borate, a classical weakly coordinating anion.

Results and Discussion

We first assessed the hydrogen bond acidity, A, of these CF,H-
containing compounds using an established method
[19,20,47,48]. This convenient approach relies on comparing
the '"H NMR chemical shift of a hydrogen bond donor in
DMSO-dg to that of it in CDCl3. The HB donor presumably
interacts strongly with hydrogen-accepting DMSO [51], but
barely with CDCl3, which has a weak hydrogen bond accep-
tance ability [51], so the magnitude of the solvent-induced
chemical shift difference, AaDMSO—CDCB = 6DMSO - 6CDC13
should positively correlate with the HB donation ability. Ac-
cordingly, the A value can be defined as A = 0.0065 +
0.133A3pMmso-cpciz- We determined the ASpyso-cpciz values
for a series of hydrogen bond donors. Our experiment with
neutral HB donors reproduced literature results (Table 1, com-
pounds 10, 11, and 12) [20,22,47] and revealed an expected
trend in HB donation ability; for example, compound 1a is a
weaker HB donor than 3a. However, due to limited solubility,
the 'H NMR spectroscopic studies of organic salts in CDClj,
including 1b and 3b, did not produce observable signals. To
solubilize the salts better, we substituted deuterated nitro-
methane (CD3NO;) for CDCl3. Because of the nearly identical
hydrogen donation and acceptance abilities of nitromethane
(a=0.22 and B = 0.06, respectively) and chloroform (a = 0.20
and B = 0.10) [51], Adpmso-cpanoz and Adpmso-cpcis should
follow a similar trend. Our 'H NMR experiments showed a
strong linear correlation between Adpmso-cp3No2 and
Adpmso-cpeis for neutral HB donors (R? = 0.985, Figure S15
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Figure 2: Hydrogen bond donors investigated in this study. For all cationic species, the counteranion is BF4
dashed line box.

~. The reference HB donors are in the

Table 1: Summary of Adpmso-cpcis: A0pmso-cp3noz, and A values of select HB donors.2

Adpmso-cocis (ppm) A Adpmso-meNo2 (PPM)

1a O)ﬂa 0.31 0.047 0.26
1b O)ﬁa - - 0.32
2a @% 0.31 0.048 -
Me
N
3a @ ) 0.47 0.069 0.39
N
Me
/
N+
3b \ - - 0.37
\
Me
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Table 1: Summary of ASpmso-cpcis: Adpmso-cpano2s and A values of select HB donors.2 (continued)

4a 0.30

4b Pz —

5a 0.53

6a 0.54
4.66
10 (4.69)
0.44
11 (0.43)
12 RE
FF
0.08

e,
NO

2

0.046 -

- 0.27
0.077 -
0.078 0.35
0.63

eap 3.90
0.065

(0.064) 0.29
0.16

(0.16)° 0.84
0.017 0.09

aFor all cationic species, the counteranion is BF4~. PLiterature values are shown in parentheses.

in Supporting Information File 1), confirming that CD3;NO, can
be used to determine HB acidity (Table 1 and Figures S1-S13
in Supporting Information File 1). Based on the
AdpmMmso-cp3No2 Values, we can rank the relative HB donation
ability of the CF,H-containing salts as 3b > 1b > 4b, a result
consistent with the expected Brgnsted acidity. Even so, the
Adpmso-cpiNo2 values of N-methylated CF,H-containing
organic salts are generally smaller than those of the correspond-
ing neutral precursors. This observation contradicts our initial
prediction that introducing a quaternary nitrogen would en-
hance the HB donation ability of the CF,H group. It is also at

odds with the experimental and theoretical results described

below. We tentatively attributed the discrepancies to the
involvement of other possible solute—solvent interactions, such
as solute dipolarity, polarizability, and dispersion [47]. Osten-
sibly, these interactions can vary significantly as the charge of
the solute changes, complicating the Ad-based direct assess-

ment of HB acidity.

To quantify the HB donation ability of both neutral and cationic
species on a single scale, we chose an alternative strategy based
on an established UV-vis spectroscopy titration method [52]
with Reichardt's dye [53-55] as an indicator. These experiments

measure the blue shift of Reichardt's dye upon complexation
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with an HB donor (Figure 3A, and Figures S13-S18 in Support-
ing Information File 1), from which the dissociation constant
(Kq) of the HB complex can be determined. A smaller K4 value
corresponds to a more stable complex, indicating a stronger HB
donor. We employed this protocol to investigate a series of HB
donors in anhydrous acetonitrile (Figure 3B). Acetonitrile is
weakly HB accepting (a = 0.19) [51] and was thus chosen to
attenuate the competition between the solvent and the dye with
the HB donor. As shown in Figure 3B, in our hands, the K4 of
the phenol-Reichardt's dye HB adduct determined is consistent
with the reported value [52]. Some of our other results, howev-
er, were puzzling. For example, according to our titration data,
1a is a better HB donor than 12. This observation is inconsis-
tent with the corresponding A values (Table 1), which typically
provide reliable measurements of the HB donation ability of
neutral compounds. We attribute the inconsistency to several
factors. First, because the binding affinity is determined solely
by the absorbance change of Reichardt's dye, the apparent Ky
value only represents the overall ability of a compound to serve
as an HB donor. For compounds bearing multiple HB donating
sites, such as 1b, the HB interactions involving individual func-
tional groups cannot be quantified separately, leading to poten-
tially ambiguous results (Figure 3C). Reports in the literature
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show that the UV—vis absorption of the Lewis basic Reichardt’s
dye disappears in the presence of some cationic HB donors
[52]. We found similar results with 3b and likewise ascribe the
unexpectedly small K4 to such limitations of this assay
(Figure 3C and Figure S19 in Supporting Information File 1).
Overall, despite the convenience, this UV—-vis titration method
may not be broadly applicable for quantifying the HB donation

ability of some CF,H group-containing substrates.

To quantify better the thermodynamics of CF,H group-medi-
ated hydrogen bond interactions, we investigated the HB dona-
tion ability of the CF,H group by 'H NMR titration with tri-n-
butylphosphine oxide (n-Bu3PO) as a reference HB acceptor
(Figure 4A and Figures S20-S40 in Supporting Information
File 1). Unlike a previous method that relied on 3'P NMR spec-
troscopy [52], our titration monitors the HB complex formation
by 'H NMR chemical shift change, thereby allowing the inter-
actions of individual HB donating moieties with n-BusPO to be
probed (Figure 4B and C). Moreover, we used anhydrous
deuterated acetonitrile (CD3CN) as the solvent, in which both
neutral and ionic compounds exhibited appreciable solubility. In
this way, we were able to determine the HB donation ability of
CF,H-containing compounds on a single scale.

A) hydrogen bond donation ability quantification with Reichardt's dye
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N ~ hypsochromic shift /3 _
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Figure 3: Hydrogen bond donation ability determined by UV-vis spectroscopy titration. A) Formation of HB complexes of Reichardt's dye and HB
donors. B) Kq values of Reichardt's dye—hydrogen bond donor complexes. For all cationic species, the counteranion is BF4~. C) Possible interactions

that interfere with the titration outcomes.
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Figure 4: A) HB complex formation between a donor and tri-n-
butylphosphine oxide. B) 'H NMR spectra of 2b (5.0 mM) in the pres-
ence of different concentrations of tri-n-butylphosphine oxide in an-
hydrous CD3CN at 298 K. The 'H NMR signals of the CF5H group are
indicated in red. C) Determination of the dissociation constant (Kg) of
the n-BugPO---2b HB complex by fitting the data to a single-site binding
model.

As shown in Figure 5, we determined dissociation constants
(Kq) of n-BuzPO---HB donor complexes, revealing several
general trends. First, we found that CF,H groups attached to an
extended aromatic system are stronger HB donors (2a > 1a,
2b > 1b, and 6a > 5a > 4a), likely due to the increased Brgnsted
acidity of the CF,—H bond. Similarly, cationic donors generally
exhibited substantially higher HB donation ability than the
neutral precursors, as indicated by ten to thirty-fold decreases in
K4 values (Figure 5, 1-4). These two enhancing effects are,
however, not strictly additive. For example, comparing 1a and
2a, a two-fold decrease in the K4 value was observed. Between
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1a and 1b, there is a 31-fold change; between 2a and 2b, the
difference is 17-fold. In contrast, the HB interactions involving
2b are marginally stronger than those involving 1b. Similar
trends were also seen with 4 and 5. These observations suggest
that the delocalization of the positive charge in an extended
system reduces its ability to facilitate CFyH-mediated HB inter-
actions. Analogously, cationic CF,H-containing molecules
bearing electron-donating methoxy groups are also weak HB
donors (7b vs 1b). Furthermore, the cationic activation of HB
donors is negligible when the quaternary nitrogen is para rather
than ortho to the CF,H group (4 vs 5). These findings indicate
that the presence of either a quaternary nitrogen or an extended
aromatic system can enhance the HB donation ability of the
CF,H group, but the effects are more pronounced when they are

close to the CF,H group.

We also compared the HB donation ability of different classes
of compounds. In neutral CF,H-containing HB donors, the
phenylsulfonyl group (12) is generally a stronger activator than
heteroaryl (1a—6a) or electron-deficient aryl groups (13). In
contrast, pyridinium and benzimidazolium (1b-5b) systems
show substantially higher capacities to enhance the HB dona-
tion ability of the CF,H group, underscoring the distinct nature
of these constructs. Although many of the CF,H HB donors
studied here can promote relatively strong hydrogen bonding
interactions with n-Bu3PO, even the strongest CF,H HB donor
(3b) is still 30 times weaker than phenol (10), corresponding to
about a 2 kcal/mol reduction in binding energy at 25 °C. These
results reveal the fundamental differences between the C-H
bond and the O-H bond as HB donors and provide important
quantitative information for applying the CF,H group as an OH

group mimic.

We next attempted to establish correlations of experimentally
determined HB donation ability, in terms of Kq or AGexp, with
other easily accessible parameters. We first calculated the Gibbs
free energy of formation (AG_,) of the HB complexes of HB
donors with trimethylphosphine oxide (Me3PO), which models
n-BusPO as a hydrogen bond acceptor, and compared these
values with experimental data. We realized that such an analy-
sis oversimplified the system by neglecting to account for
potential contributions from different conformers possibly
involved in HB interactions. To rectify this problem, we
searched for two possible structures for each Me3PO-HB
donor pair, where the HB donor adopts a different conforma-
tion in each HB complex. Values for AG_,. were then calcu-
lated as the weighted average of the free energy of each HB
complex as

AGge = —RT In [(P Me3PO-~HB,a + 1} Me3PO-~-HB,b)/ (P Me3PO | HB,a + MesPO | HB,b )J 0]
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Figure 5: Hydrogen bond donation ability of various donors as quantified by the dissociation constant (Ky) of the HB complex with tri-n-butylphos-
phine oxide at 298 K in anhydrous CD3CN. The K4 for 6b was not determined due to the formation of non-HB-mediated adducts (Figure S34 in Sup-
porting Information File 1). The corresponding experimental Gibbs free energy of binding (AGexp) is calculated based on the Ky values. The predicted
Gibbs free energy of binding (AG¢zc) was calculated at the PCM(MeCN)-M06-2X/6-31+G(d,p) level of theory. The counteranion for all cationic

species is BF4~.

in which Pye3po...HB,a and Ppe3po...HBb are the percent
populations of the HB complex of Me3PO with the donor
conformer a and b, respectively; Pme3po | HB,a and

PMe3po | HB,b are the percent populations of Me3PO and the

corresponding HB donor conformer as two non-interacting mol-
ecules (see Supporting Information File 1 for details). We found
a strong linear correlation between AGexp and AGe,)c obtained
at the PCM(MeCN)-M06-2X/6-31+G(d,p) level of theory
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(Figure 5 and Figure 6A). These results demonstrate the relia-
bility of this relatively efficient computational approach for
predicting the HB donation ability of CF,H-containing mole-
cules.

We further conducted natural bond orbital (NBO) [56] second-
order perturbation analysis [57] to estimate the interaction ener-
gies (Ep po ™) of the oxygen lone pairs (LPs) of Me3PO with
the H-CF,Ar antibonding orbital (6*). Such hyperconjugative
interactions indicate the magnitudes of the charge transfer from
the LPs to the o* orbitals and are considered the major contribu-
tors to hydrogen bonding [57]. Using this analysis, strong linear
correlations were found between Ej p_, 5+ and Adpmso-_cpci3 Or
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Adpmso-cp3no2 values (Figure 6B,C and Supporting Informa-
tion File 1, Figures S44 and S45), implicating specific orbital
interactions between the HB donating and accepting motifs that
are responsible for chemical shift differences. In contrast, a rel-
atively weak inverse association was observed between AGey,,
and Adpmso_cpci3 values for neutral hydrogen bond donors
(Figure 6D). This result suggests that the CF,H:--O interactions
are likely to be a predominant contributor to the binding be-
tween HB donating and accepting molecules but other weak
intermolecular forces, collectively, may also play a role. This
proposal is further supported by the weaker linear relationship
between AGeyp and Eyp—, o+ (Figure 6E and Figure S46 in Sup-
porting Information File 1).
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Collectively, these results indicate that the Adpmso-_cpci3 or
AdpmMmso-cp3No2 measurement can discriminate CF,H HB
interactions from other non-covalent forces. In this way, it is
possible to parse the HB donating contribution of the CF,H
functional group within a given class of compounds, such as
neutral or cationic donors, as shown here. One limitation of this
approach is that it does not directly provide information about
binding affinity or energy, particularly between HB donors and
acceptors as molecular entities rather than as a collection of
separate functional groups. In contrast, NMR titration experi-
ments quantify the binding affinities and energies between
CF,H-containing molecules and n-Bu3PO as the concatenation
of many non-covalent forces. For example, our experiments
showed that some Cx,—H bonds, such as those of the pyri-
dinium ring, can serve as good HB donors (Figure 5). Because
Car—H bonds and the CF,H group have comparable HB dona-
tion abilities, care needs to be taken when assigning specific
contributions of each to the observed binding affinities. Even
so, 'H NMR titration experiments with phosphine oxides still
allow us to partially resolve these two forces by monitoring the
proton of the CF,H group. Such issues are particularly salient
when quantification methods that rely only on acceptor read-
outs, such as the Reichardt’s dye-based UV-vis titration,
rendering results that are difficult to interpret (Figure 3).
Overall, to survey the HB donating ability of the CF,H-contain-
ing molecules systematically, a combination of NMR titration
and ASppmso_cDel3 Of AdpMso-cD3NO2 measurements is desir-
able.

Conclusion

In conclusion, we have identified a series of CF,H-containing
compounds that can serve as HB donors. We employed several
experimental methods to quantify HB donation ability, includ-
ing (i) '"H NMR chemical shift-based hydrogen bond acidity, A
value, measurements, (ii) UV—vis spectroscopic titrations with
Reichardt’s dye, and (iii) '"H NMR titrations using n-Bu3zPO as
a reference HB acceptor. Our studies revealed that the 'H NMR
titrations, although tedious, offered reliable binding affinity data
for HB complexes involving neutral and cationic donor mole-
cules. This technique can be employed as a general approach
for quantifying the energetics of HB interaction-enabled
binding processes. Additionally, the free energies of HB com-
plexation calculated at the PCM(MeCN)-M06-2X/6-31+G(d,p)
level correlate well with our experimental data, allowing for
binding affinity predictions. Lastly, we found a linear relation-
ship between Adpmso-cpcis or Adpmso-cp3No2 and hyper-
conjugative Me3PO(LP)— 0*y_cppa interaction energies, pro-
viding a quick and feasible estimation of the intrinsic HB dona-
tion ability of the CF,H moiety. Further studies of the nature of
hydrogen bonding interactions involving the CF,H group are

underway.
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An efficient and eco-friendly approach for synthesizing difluoromethyl- and aryldifluoromethyl-substituted polycyclic imidazoles

was established via a visible-light-promoted radical cyclization reaction. This method employed the readily accessible and inexpen-
sive CFoHCO,H or PhCF,COOH, along with benzimidazoles bearing unactivated alkenes and PhI(OAc), as substrates, and

proceeded without the need of any base, metal catalyst, photocatalyst or additive. In total, 24 examples were examined, and all of

them successfully underwent cyclization reaction to produce the target products in good to excellent yields. Mechanistic studies

revealed that the reaction proceeds via a radical pathway.

Introduction

Organofluorine compounds continue to play important roles in
pharmaceuticals and agrochemicals nowadays, largely due to
the unique ability of fluorinated groups to influence the physi-

cochemical and biochemical properties of molecules [1-3].

Among the various fluorinated functionalities, the difluoro-
methyl (CF,H) group and its aryl-substituted derivative, the
benzylic difluoromethylene (PhCF;) group, stand out as particu-

larly valuable in drug design. The CF,H group can serve as a
lipophilic isostere for hydroxy (OH), amino (NH3), and thiol
(SH) groups, thereby enhancing the efficacy and selectivity of
therapeutic agents [4-6]. Similarly, the PhCF, group offers
unique properties that can modify the activity and pharmacoki-
netic profiles of drugs [7]. Prominent examples include panto-

prazole, a widely used proton-pump inhibitor (PPI) featuring a
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CF,H group; deracoxib, another drug that also incorporates a
CF,H moiety in its structure; and a MET inhibitor specifically
designed with a PhCF; group (Figure 1a) [8-10]. As a result,
there is a pressing need for the development of efficient
methods for incorporating both the CF,H and PhCF, groups
into diverse molecular frameworks, particularly those with
bioactivity properties.

The benzimidazole core is widely recognized as a vital pharma-
cophore in medicinal chemistry due to its special biological ac-
tivity [11-13]. In particular, the tricyclic benzimidazole skeleton
is ubiquitous in many bioactive compounds and therapeutic
agents (Figure 1b) [14-16]. Recent studies have shown that
fluorinated benzimidazole derivatives exhibit improved phar-
macokinetic properties [17], which has further sparked interest
in their development. Consequently, constructing benzimida-
zoles bearing the CF,H and PhCF, groups has garnered signifi-
cant attention. However, despite this growing interest, only a
limited number of research groups have reported the direct
difluoromethylation/cyclization reaction of benzimidazoles with
alkenes for the syntheses of difluoromethylated tricyclic
benzimidazoles to date. For example, in 2023, Chen and
co-workers pioneered an electrochemical approach for the
difluoromethylation and cyclization reaction of unactivated
alkenes within benzimidazole molecules using CF,HSO,Na
[18]. Subsequently, in 2024, Jin [19] and Yang [20] developed
visible light-induced difluoromethylation strategies for unacti-

vated alkenes within benzimidazoles using different CF,H

Beilstein J. Org. Chem. 2025, 21, 234-241.

sources (CF,HSO,Na and ([Ph3PCF,H]*Br"), respectively
(Scheme 1a). Despite these advances, the above methods still
suffer from several limitations, including a narrow substrate
scope, the reliance on expensive metal catalysts and excess ad-
ditives, and the need for multistep synthesis of difluoromethy-
lating reagents. These drawbacks restrict their broader applica-
bility in drug design to some extent. Besides, the incorporation
of the PhCF, group into tricyclic imidazoles has never been re-
ported according to our best knowledge. Therefore, it is essen-
tial to explore environmentally friendly, cost-effective synthe-
tic approaches for the construction of both difluoromethylated
and aryldifluoromethylated benzimidazoles.

Inspired by previous work in radical chemistry, we turned our
attention to difluoroacetic acid (CF,HCOOH) and a,a-difluo-
robenzeneacetic acid (PhCF,COOH), both of which are inex-
pensive and readily available industrial raw materials. In 2019,
Gouverneur and co-workers reported a hydrodifluoromethyla-
tion of unactivated alkenes, wherein a CF,H radical was gener-
ated from CF,HCOOH using (diacetoxyiodo)benzene (PIDA)
and light [21]. This CF,H radical then added to the double bond
to form a new alkyl radical, which underwent hydrogen atom
abstraction to yield the hydrodifluoromethylation product.
Building upon this work, we hypothesized that if the newly
formed alkyl radical could undergo intramolecular cyclization
with an aromatic ring, instead of hydrogen abstraction, it could
enable the construction of polycyclic structures. Thus, as part of

our ongoing interest in radical cyclization reactions [22-26], we

(a) selected examples of biaoctive molecules containing CF,H or PhCF, group

/ MeO FE
N
H (")é \\ OM F o
N~ ¢ OH
' OMe -
N N\ V7
HoNL
HF,G-O s NS0
7\
(¢}
pantoprazole deracoxib MET inhibitor

(b) selected examples of biaoctive molecules containing a tricyclic imidazole skeleton
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N
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Figure 1: Selected examples containing tricyclic imidazole, CFoH or PhCF» group.
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L

2 examples, 83-85% yield
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blue LEDs

(b) this work

/

RCF,COOH

R=HorPh

PhI(OAC), R "\EN\ CF2R
THF, rt 2N
72 W white LED

24 examples, up to 85% yield

O environmentally friendly visible light as energy source

O easily accessible CF,HCOOH and PhCF,COOH as the radical source

O additive-, base-, transition-metal-catalyst-, photocatalyst-free

Scheme 1: Strategies for the synthesis of difluoromethylated and difluoroarylmethylated tricyclic imidazoles.

report here a sustainable and efficient protocol for synthesizing
difluoromethylated and aryldifluoromethylated polycyclic
imidazoles via visible-light-promoted cyclization of unacti-
vated alkene-containing imidazoles with CF,HCOOH or
PhCF,COOH, and PIDA under additive-, base-, and metal cata-

lyst-free conditions (Scheme 1b).

Results and Discussion

Initially, 1-(pent-4-en-1-yl)-1H-benzo[d]imidazole (1a),
CF,HCOOH, and PIDA were chosen as the template substrates
for this radical difluoromethylation and cyclization reaction
(Table 1). Employing PIDA as the promoter, THF as the sol-

vent, and 72 W white LED as the light source, the desired prod-
uct 3a formed in 85% isolated yield at room temperature
(Table 1, entry 1). We found that the hypervalent iodine reagent
was of significant importance for the present transformation
(Table 1, entries 2 and 3), and PIDA was the most efficient
promoter. Changing THF to other solvents, such as DCM,
EtOH, DMF, CH3CN, EtOAc, or DMSO, resulted in a lower
yield (Table 1, entries 4-9). Furthermore, variations in the
amounts of PIDA or CFoHCOOH led to diminished yields
(Table 1, entries 10-13), and conducting the reaction under air
instead of nitrogen significantly lowered the yield (Table 1,

entry 14). Control experiments showed that the absence of
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Table 1: Optimization of reaction conditions.?

/

G

1a (1.0 equiv)

CF,HCOOH

2 (7.0 equiv)

PIDA (4.0 equiv)

Beilstein J. Org. Chem. 2025, 21, 234-241.

CF,H

THF, rt, N2

72 W white LED

3a

WO\'/OT( F3C\H/O\I/O\H/CF3 WO\'/O\[(
(0] (0] o) le} (e} (e}
X
| =
Br
PIDA PIFA 4-Br-PIDA
Entry Variation from the standard conditions Yield (%)°
1 none 85
2 PIFA 37
3 4-Br-PIDA trace
4 DCM instead of THF trace
5 EtOH instead of THF NR
6 DMF instead of THF 13
7 CH3CN instead of THF 17
8 EtOAc instead of THF 12
9 DMSO instead of THF 12
10 PIDA (3.0 equiv) instead of PIDA (4.0 equiv) 62
11 PIDA (5.0 equiv) instead of PIDA (4.0 equiv) 80
12 2 (6 equiv) instead of 2 (7.0 equiv) 78
13 2 (8 equiv) instead of 2 (7.0 equiv) 83
14 air instead of No 55
15 without PIDA NR
16 40 W white LED instead of 72 W white LED 42
17 dark 40

@Reaction conditions: 1a (0.2 mmol), 2 (1.4 mmol), and PIDA (0.8 mmol) in solvent (2 mL) irradiated with 72 W white LEDs at room temperature for

12 h under a N, atmosphere. NR no reaction. Plsolated yield.

PIDA resulted in no reaction (Table 1, entry 15), while the use
of a 40 W light source or the absence of visible light also
reduced the product yield (Table 1, entries 16 and 17).

With the optimized conditions in hand (Table 1, entry 1), the
generality of the visible-light-promoted radical difluoromethla-
tion/cyclization reaction was first investigated (Scheme 2). We
were delighted to observe that the benzimidazole ring exhibited
good tolerance for both electron-withdrawing groups such as
fluorine (—F), bromine (-Br), and chlorine (—Cl), as well as
electron-donating substituents like methoxy (-OMe) and methyl

(-Me), yielding the corresponding 6-membered tricyclic imida-

zoles in moderate to good yields (3b—h). Benzene rings substi-
tuted with halogen atoms (-F, —Cl, —Br) were also suitable for
this transformation, efficiently giving the desired products in
yields of 65-80% (3b, 3e—g), thus facilitating further functio-
nalization possibilities. Notably, substrates with substituents at
the sterically hindered 7-position of the benzimidazole ring also
successfully underwent smooth cyclization, leading to the for-
mation of products 3¢ and 3d. Furthermore, the methodology
was compatible with 5,6-disubstituted N-alkenylbenzimida-
zoles, including those with -difluoro, -dichloro, -dibromo, and
-dimethyl substitutions, resulting in the production of the antici-

pated products in yields ranging from moderate to good (3e-h).
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4
N
N S PIDA (4.0 equiv) N A CF,R
NG +  CF,RCOOH T
; \\M/\/ THF, rt, N, N
n 72 W white LED n
n=01,2 R=H, Ph
1 2 3
Br N
N CFoH N CF,H I\ \ CFaH
\5\ N eret N\ 7N
N
N5\ OMe
3a, 85% 3b, 77% 3c, 66% 3d, 67%
3e, 70% 3f, 80% 39, 65% 3h, 45%

MeOZC

x—N

NN N \ CF,H
I A\ CFQH I \ CF2H /[ \ 2 | P N\ CF2H
PR N Me0,C~ N MeO,C™ N

3i, 42% 3j, 70%

3k, 80% 31, 66%

B N o N N CF,H N CFH N
L Lo C I
cl N N N

3m, 53% 3n, 48% 30,47% 3p, 44% 3q,70% —CF,H

Br N
N F,Ph CRoPh - F N
) o N CF,Ph ) \ CF2Ph
N > A N
N OMe F

3r, 50%°? 3s, 40%°2
3v, 45%°2 3w, 47%2

3t, 32%°2 3u, 52%*2

MeOZC

N
J[: N CF,Ph
MeOQC N

3x, 37%"°

Scheme 2: Substrate scope of the protocol. Reaction conditions: 1 (0.2 mmol), 2 (1.4 mmol), and PIDA (0.8 mmol) in solvent (2 mL) irradiated with
72 W white LEDs at room temperature for 12 h under a No atmosphere. Yields refer to isolated yield. 2x,a-Difluorobenzeneacetic acid (2 equiv) was

used.

Afterwards, we shifted our focus to substrates containing a
single imidazole ring and discovered that the radical difluoro-
methylation and subsequent cyclization of unactivated olefin-

containing imidazoles proceeded efficiently, generating the

CF,H-substituted bicyclic imidazoles with yields ranging from
moderate to high (specifically, 3i yielded 42%, 3j yielded 70%,
and 3k yielded 80%). The relatively lower yield of 3i can be at-
tributed to the formation of side products due to the presence of
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the phenyl ring. Furthermore, terminal olefins with varying
chain lengths also reacted successfully, resulting in 5-mem-
bered and 7-membered cyclized products (31-p) with yields be-
tween 44% and 66%. The lower yields in these cases might be
due to the low reactivity of the intermediate C (Scheme 3),
which may have made it less likely to undergo the desired trans-
formation. To broaden application of this strategy, we tested
other substrates as well. For instance, we successfully con-
verted the N-alkenyl 2-arylbenzimidazole substrate into the
desired product (3q). Finally, we examined the substrates for
the radical aryldifluoromethylation/cyclization reaction (for
details about optimization conditions, please see Supporting
Information File 1). We were delighted to find that when

2-fluorophenylacetic acid was employed as the fluorine source,

(a) control experiments

/

w ©[N/> + PhI(OCOCF,H),
N

Beilstein J. Org. Chem. 2025, 21, 234-241.

a wide range of benzimidazole substrates were also compatible
with this reaction. For example, substrates with a bromine atom
occupying the 4-position and a methoxy group at the 7-position
could be successfully converted into the target products (3s and
3t). In addition, doubly substituted benzimidazoles (3u-w),
as well as the single imidazole (3x), were also found to be
applicable. This demonstrates the versatility of our methodolo-
gy and its potential for further exploration in diverse chemical

spaces.

To gain a deeper understanding of the mechanism behind the
observed reaction, we conducted a series of control experi-
ments as outlined in Scheme 3a. Initially, we performed the
model reaction with 1a and PhI(OCOCF,H),, which resulted in

72 W white LED ©:N\ CF,H
THF, rt, Ny N

3a (85% yield)

N
o
N

(b) proposed mechanism

CF,HCOOH

standard conditions

L~
scavenger (3 equiv) N
scavenger 3a 3a
BHT trace
TEMPO trace

PIDA OCOCF,H

CF,HCOOH —y—= Ph—I.

A

hv
CF,HCOO' CF,H-
HOAc OCOCF,H i ;
1a
HF,COCO._ . CO; 1
B Ph

SET ©['\§ H /—CFH
N

Phl + CF,HCOO~

N
©: N CFZH
N

3a

Scheme 3: Control experiments and plausible mechanism.

) N H —CFH
o
(- "

CF,HCOOH
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the formation of product 3a with an 85% yield. This finding in-
dicated that PhI(OCOCF;,H), played a crucial role as an inter-
mediate in the reaction. Subsequently, we introduced 3 equiva-
lents of a radical scavenger (either TEMPO or BHT) into the
reaction mixture, which significantly impeded the progress of
the desired reaction. Therefore, on the basis of the above experi-
mental results and previous reports [21,27-30], we proposed a
possible reaction mechanism (Scheme 3b), taking CF,HCOOH
as the illustrative example. Initially, a double ligand exchange
between PIDA and CF,HCOOH would generate
PhI(OCOCF,H), A. Homolysis of A under visible light (72 W
white light) produced an iodanyl radical B and a CF,H radical.
The CF;H radical regioselectively added to 1a to form interme-
diate C. Subsequently, intermediate C could be converted into
the radical intermediate D via intramolecular radical cycliza-
tion. A single-electron-transfer (SET) process then occurred be-
tween the radical B and the radical D, resulting in the genera-
tion of cationic intermediate E, difluoroacetate anion and Phl.
Finally, the product 3a was obtained after the deprotonation by
difluoroacetate anion.

Conclusion

In summary, we have successfully developed a sustainable and
efficient method for synthesizing difluoromethylated and aryl-
difluoromethylated polycyclic imidazoles through visible-light-
promoted radical reactions. In contrast to previous reports, we
achieved high yields of tricyclic and bicyclic imidazoles under
additive-, base-, and metal catalyst-free conditions utilizing
difluoroacetic acid and a,a-difluorobenzeneacetic acid as the
readily available fluorine sources. The significant advantages of
this approach, including its environmental friendliness and cost-
effectiveness, position it as a valuable strategy in drug design

and the synthesis of fluorinated compounds.

Supporting Information
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Experimental procedures, product characterization, and
copies of NMR spectra.
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Fluorinated amino acids are essential building blocks in the spheres of protein engineering and medicinal chemistry. In the last

decades, a large number of different synthetic strategies have been developed to produce a large variety of fluorinated amino acids.

Still, obtaining fluorinated amino acids in great quantities can be challenging, or the corresponding pathways are heavily time-

consuming and synthetically challenging. In this context, chiral Ni(II) complexes can be powerful tools to obtain tailor-made

non-canonical amino acids. In this work, we wanted to take advantage of this strategy and extend the range of this method to

include additional fluorinated amino acids. We synthesized two fluorinated analogs of phenylalanine, which are still unexplored in

the context of peptide and protein chemistry. Furthermore, both diastereomers of trifluoroleucine were synthesized, demonstrating

that the described strategy can also be applied to synthesize enantio- and diastereomerically pure y-branched fluorinated amino

acids. This work further underlines the importance of chiral Ni(II) complexes in the synthesis of fluorinated amino acids.

Introduction

Non-natural amino acids are pivotal in protein engineering and
drug development. Over 30% of approved small-molecule drugs
today contain non-canonical amino acid building blocks [1,2].
In peptide and protein engineering, non-natural amino acids sig-
nificantly increase the respective range of tools used to modify
a series of peptide and protein-related properties such as

stability, specificity, and folding. In this regard, fluorinated

amino acids are particularly important. Incorporation of fluori-
nated groups into the sequence of peptides and proteins can, for
instance, regulate the respective hydrophobicity, alter the
folding properties, and improve cell permeability [3-5].

Despite the evidence that unnatural amino acids play a signifi-

cant role in the mentioned areas, synthesizing these building
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blocks can still be a major challenge [6]. A potent strategy in
this regard is the utilization of chiral nickel complexes. In
recent years, the Soloshonok working group demonstrated the
synthesis of non-natural amino acids using the corresponding
chiral Ni(II) complex [7]. In addition to the high enantiomeric
purity of the corresponding products, the scale of the reaction,
which extends into the hectogram range, is a major strength of
this method. In this context, Han et al. could show that the
trifluorinated variant of a-aminobutyric acid, trifluoroethyl-
glycine (TfeGly), can be synthesized on a 100 g scale with great
enantiomeric purity [8]. The critical step here is the alkylation
of the Ni(II) complex with the corresponding fluorinated alkyl
iodide. The aryl moiety of the Ni(II) complex blocks the top
face of the complex, ensuring the high diastereoselectivity of
this transformation. In principle, synthesis on a gram-scale
permits the study of highly fluorinated systems. Recently, we
introduced fluoropeptides consisting nearly exclusively of fluo-

Hohmann et al., 2022 [13]

F CO5H
MfeGly
B NHFmoc

DfeGly

COoH

F F  NHFmoc
DfpGly

F3C

COzH

F F  NHFmoc
PfpGly

FSC/H/COZH

NHFmoc
(2S,3S)-TfVal

Fng\‘/COZH

NHFmoc

(2S,3R)-Tfval
FsC CO,H

NHFmoc
(2S,3R)-Tflle

COxH

NHFmoc
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rinated building blocks, which could only be accomplished by
having the corresponding fluorinated amino acids in gram quan-
tities [9,10]. In the last decades, others have also demonstrated
that chiral Ni(I) complexes can be used to synthesize fluori-
nated amino acids [11,12]. Recently, our working group
presented the synthesis of a broad range of fluorinated deriva-
tives of different canonical and non-canonical amino acids
(Scheme 1) [13]. Besides the linear fluorinated versions of
a-aminobutyric acid and norvaline, the B-branched fluorinated
amino acids such as trifluorovaline and trifluoroisoleucine were
synthesized on a gram-scale with excellent enantiomeric puri-
ties.

In this work, we increase the scope of this methodology even
further. First, we present the synthesis of two fluorinated, aro-
matic amino acids: (2,3,5,6)-tetrafluoro-4-trifluoromethyl-
phenylalanine ([2.3.5.6F]TfMePhe, 2) and bis(trifluoro-

CO,H

: NHFmoc
(2S,4S)-TfLeu

F3C\‘/\‘/C02H
N

HFmoc
(2S,4R)-TfLeu

bisTfMePhe this work

FsC__~__CO,H
NHFmoc
(28S,3S)-Tflle

Scheme 1: Previous work for obtaining different fluorinated amino acids and target fluorinated amino acids described in the context of this work.
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methyl)phenylalanine (bisTfMePhe, 3) (Scheme 1). Neither
amino acid has, to our knowledge, been described in the context
of peptide chemistry yet. In general, fluorinated aromatic amino
acids are essential building blocks that allow a modification of
aromatic—aromatic interactions. For example, our group high-
lighted the influence of different fluorinated phenylalanine
analogs on the aggregation rate of amyloid-forming NFGAIL
peptides [14]. Amino acids 2 and 3, with their respective fluori-
nation pattern, might be fascinating compounds in this context.
As already stated, chiral Ni(II) complexes can be used to
synthesize fluorinated analogs of aliphatic canonical amino
acids. Recently Naulet et al. presented a strategy for the synthe-
sis of hexafluoroleucine (HfLeu) using a slightly modified
version of the respective Ni(II) complex [12]. Furthermore, we
introduce our attempts to synthesize the trifluorinated deriva-
tives of leucine: (25,4S5)-trifluoroleucine ((25,4S)-TfLeu) and
(2S,4R)-trifluoroleucine ((25,4R)-TfLeu) (Scheme 1). Here, we
were especially interested in exploring the applicability of the
Ni-based strategy to the synthesis of y-branched amino acids.

Results and Discussion

Aromatic amino acids

First, we concentrated our efforts on synthesizing the aromatic,
fluorinated amino acids (Scheme 2). The corresponding alkyl
bromide precursors were commercially available. We screened

a broad range of reaction conditions such as temperature, base,

Beilstein J. Org. Chem. 2025, 21, 659-669.

solvent, and reagent equivalents to optimize the alkylation reac-
tion for both bromides 4 and 5 (Table 1 and Table 2). For Ni(II)
complex of [2.3.5.6F]TfMePhe (6), firstly we screened differ-
ent inorganic and organic bases (Table 1, entries 1-3) and 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) was identified as
optimal delivering a yield of alkylated complex of 60%
(Table 1, entry 4). With DBU as base different solvents
differing in polarity have been tested. At room temperature,
acetonitrile proved best and increased the yield to 88%
(Table 1, entry 11). Lowering the temperature to 0 °C led to a
final yield of 94%. At these conditions (DBU, MeCN and 0 °C)
the base and bromide equivalents were further modified but no
further increase in yield could be achieved. Thus, 1.5 equiv
DBU with 1.05 equiv alkyl bromide in MeCN at 0 °C have been
identified as optimal conditions for the Ni complex formation
(Table 1, entry 12). By employing these conditions, the reac-
tion was carried out on a decagram-scale, and the respective
alkylated Ni(II) complex 6 was isolated with an excellent yield
of 95% and high diastereomeric purity of 90% de (Scheme 2).

In contrast, the optimal conditions to obtain the Ni(I) complex
of bisTfMePhe have differed significantly. Here, sodium
hydride (NaH) was identified as optimal base leading to a yield
of 85% when using DMF as solvent at 0 °C to room tempera-
ture (Table 2, entry 4). Testing different base equivalents, sol-

vents, solvent mixtures and temperatures didn’t lead to any

Cl CFs Cl . Cl
Cl Br Cl Br Cl
F CF3
CF3 (;Fs F -
0._0 . N 4 0.0~
\ 7 f (1.5 equiv) \NI/O ° (1.05 equiv) \ 7 T CF,
/ VAN /
0" 'N CFs NaH ngFequ.v) 07N DBU (15equiv) © N
MeCN, 0°C, 2 h
0°C,then23°C,2h [gram-scale] F
[gram-scale] 9
>99% de >89% de
78% 95%
F3C CO,H F CO,H
NHF
1. HCIIDME, 60 °C, 2 h moce . NHFmoc 1. HCIDME, 60 °C, 2 h
2. FmocOsu (1.0 equiv), CF3 3 2. FmocOsu (1.0 equiv),
Na,CO3 (2.0 equiv) >99% ee >90% ce Na,CO3 (2.0 equiv)
H,O/acetone, 23 °C, 16 h quant. 67% H,O/acetone, 23 °C, 16 h

[gram-scale]

Scheme 2: Synthesis of fluorinated aromatic amino acids 2 and 3.

[gram-scale]
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Table 1: Optimization of the reaction conditions for the alkylation step using bromide 4.

cl F cl
Cl Br~ Cl
F CF4
F F
N oo 4 N o._oFf
Ni f Ni f CF;
(o) N/ \N base (equiv) (¢} N/ \N
| solvent (M), T, t | F
YR® SAv)
Cc Cl
Entry Base Base [equiv]  Alkyl bromide [equiv] T[°C] Solvent Solvent [M] Yield [%]2
1 NaH 1.50 1.05 0-rt DMF 0.50 56
2 KOH/MeOH 1.50 1.05 0-rt DMF 0.50 51
3 KOt-Bu 1.50 1.05 0t DMF 0.50 41
4 DBU 1.50 1.05 0-rt DMF 0.50 60
5 DBU 1.50 1.05 0-rt NMP 0.50 60
6 DBU 1.50 1.05 0t THF 0.50 57
7 DBU 1.50 1.05 0t DMI 0.50 64
8 DBU 1.50 1.05 0-rt MeCN 0.50 70
9 DBU 1.50 1.05 0-rt MeCN 0.30 63
10 DBU 1.50 1.05 0-rt MeCN 0.70 69
11 DBU 1.50 1.05 rt MeCN 0.50 88
12 DBU 1.50 1.05 0 MeCN 0.50 94
13 DBU 1.10 1.05 0 MeCN 0.50 90
14 DBU 2.00 1.05 0 MeCN 0.50 77
15 DBU 1.50 1.50 0 MeCN 0.50 72
16 DBU 1.50 2.00 0 MeCN 0.50 47

aDetermined by '®F NMR using 2-chloro-4-fluorotoluene as an internal standard.

yield improvement (Table 2, entries 7-13). Herein, using
dimethylformamide (DMF), different equiv of alkyl bromide
were further screened resulting in a yield of 93%. Thus,
1.5 equiv NaH with 1.5 equiv alkyl bromide in DMF at 0 °C to
room temperature have been identified as optimal conditions
(Table 2, entry 16). With optimized conditions in hand, the
respective alkylated Ni(II) complex was isolated in a good yield
of 78% and with excellent diastereomeric purity of >99% de
(Scheme 2). Both alkylated Ni(Il) complexes (6 and 7) were
hydrolyzed under standard conditions (HCI/DME 60 °C, 2 h),
and the subsequent fluorenylmethoxycarbonyl (Fmoc) protec-
tion with FmocOsu led to the formation of the desired fluori-
nated amino acids. Here, Fmoc-[2.3.5.6F]TfMePhe (2) was iso-
lated in a yield of 67% and a good enantiomeric purity of
90% ee. Fmoc-bisTfMePhe (3) was obtained even in a quantita-
tive yield and with a great enantiomeric excess of >99% ee
(Scheme 2).

Trifluorinated derivatives of leucine

The fluorinated alkyl iodide is commercially available but
costly. Thus, we aimed at establishing an appropriate synthesis
for this iodide. Our previous work showed that fluorinated alkyl
iodides can be efficiently synthesized in gram-scale from the
respective fluorinated alcohols using alkyl nonaflates as a key
intermediate [13]. Based on these results, 3,3,3-trifluoro-2-
methylpropan-1-ol (8) was selected as the starting material. We
started our efforts by screening the reaction conditions to obtain
the corresponding nonaflate. To our surprise, the corresponding
yields of this transformation were rather unsatisfying (data not
shown). Unfortunately, the yield could not be significantly im-
proved by varying all essential reaction parameters. Therefore, a
different strategy for the synthesis of alkyl iodides was investi-
gated. A tosylate functionality was employed as a leaving group
in the iodination reaction. Finally, the desired fluorinated tosyl-

ate 9 could be isolated on a gram-scale in a moderate yield of
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Table 2: Optimization of the reaction conditions for the alkylation step using bromide 5.

Cl

Cl
Br

N CFs
N

CF;

0.0

AN

NCT :
O™ °N N|

Cl 1
Entry Base Base [equiv]  Alkyl bromide [equiv]
1 DBU 1.50 1.05
2 KOH/MeOH 1.50 1.05
3 KOt-Bu 1.50 1.05
4 NaH 1.50 1.05
5 NaH 1.10 1.05
6 NaH 2.00 1.05
7 NaH 1.50 1.05
8 NaH 1.50 1.05
9 NaH 1.50 1.05
10 NaH 1.50 1.05
11 NaH 1.50 1.05
12 NaH 1.50 1.05
13 NaH 1.50 1.05
14 NaH 1.50 1.05
15 NaH 1.50 1.05
16 NaH 1.50 1.50
17 NaH 1.50 2.00

base (equiv)
solvent (M), T, ¢

Cl
Cl
CF;
N, o_o0
Ni f
0" °N \Nl CF4
Cl
7
T[°C] Solvent Solvent [M] Yield [%)2
0—rt DMF 0.50 79
0-rt DMF 0.50 51
0-rt DMF 0.50 59
0-rt DMF 0.50 85
0-rt DMF 0.50 70
0-rt DMF 0.50 50
0 DMF 0.50 70
rt DMF 0.50 55
0-rt NMP 0.50 53
0-rt THF 0.50 65
0-rt THF/DMF 0.50 57
0-rt MeCN 0.50 56
0-rt DMI 0.50 61
0-rt DMF 0.30 30
0-rt DMF 0.70 48
0-rt DMF 0.50 93
0-rt DMF 0.50 27

aDetermined by '9F NMR using 2-chloro-4-fluorotoluene as an internal standard.

27% (Scheme 3a). Subsequently, the iodination of the tosylate
has been optimized regarding temperature and time and
optimized conditions at 80 °C for 24 h (Table 3, entry 3)
resulted in the synthesis of the desired fluorinated alkyl iodide
10 with a great yield of 8§7%. However, scaling up on gram-
scale, a slightly decreased yield of 70% was achieved
(Scheme 3a).

With the fluorinated alkyl iodide precursor 10, the correspond-
ing alkylation reaction with the Ni(I) complex 1 was con-
ducted under previously optimized conditions for the synthesis
of Fmoc-Tflle [13] in terms of base (NaH) and solvent (DMF)
and thoroughly screened in terms of base equivalents, concen-
tration and temperature (Table 4).

By adjusting the base to 1.3 equivalents and carrying the reac-

tion at 0 °C, the yield of the transformation could be improved

from 30% to 62% (Table 4, entry 1). By applying the respec-
tive conditions, both Ni(II) complexes of TfLeu were synthe-
sized with an excellent overall total alkylation yield of 68%.
Since two desired diastereomers are formed in this case, they
had to be subsequently separated from one another. This was
accomplished using flash column chromatography. The respec-
tive Ni(II) complexes of TfLeu (11a, 11b) could be isolated
with excellent diastereomeric purities of 95 and 97% de. Both
alkylated Ni(II) complexes were then hydrolyzed under stan-
dard conditions (HCI/DME 60 °C, 2 h), and the subsequent
fluorenylmethoxycarbonyl (Fmoc) protection with FmocOsu
led to the formation of the desired fluorinated amino acids.
However, only one isomer could be isolated, requiring several
chromatographic purification steps (EtOAc/n-pentane, 2%
AcOH). Hence, in the here described case, the final hydrolysis
and Fmoc protection resulted the enantiomerically pure isomer
Fmoc-(2S,4R)-TfLeu (12a), isolated in a good yield of 40% and
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a) TsCl (1.5 equiv)
pyridine (3.0 equiv)

DMAP (0.1 equiv) Nal (1.5 equiv),

DCM, 0 °C, 1 h, then 23 °C, 16 h DMI, 80 °C, 24 h
\g/\OH [gram-scale] \g/\OTs [gram-scale] Y\I
CF; CF, CF3
8 9 10
27% 70%
b) of
Cl
N o0
Ni T 1. HCI/DME, 60 °C, 2 h FsC CO,H
Cl (e} N/ \N "',,/L E \‘/\r
cl | CFs 2 FmocOsu (1.0 equiv) NHFmoc
O O Na,CO; (2.0 equiv), .
\g/\l H,O/acetone, 23 °C, 16 h 97% ee
CF3 L 11a 40%
N o_o0 10 39%
Ni” f (1.0 equiv)
o /X
N NaH (1.3 equiv), cl
DMF
O O 0°C,2h cl
Cl
1 N
\ /OTO
Ni H
/ . : 1. HCI/DME, 60 °C, 2 h
W WA, FsC : CO,H
' 2. FmocOsu (1.0 equiv) :  NHFmoc
‘ O Na,COs (2.0 equiv), 120
HzO/acetone, 23 °C, 16 h intractable for isolation
Cl 11b
29%

Scheme 3: a) Gram-scale synthesis of fluorinated alkyl iodide precursor 10; b) Synthesis of trifluorinated leucine analogs 12a and 12b.

Table 3: Optimization of the reaction conditions for the synthesis of the
alkyl iodide 10.

Y\OTS Nal (1.5 equiv) \;/\l

CF3 DMI, T, t CF3
9 10
Entry TI°C] Time [h] Yield [%]2
1 100 24 0
2 60 24 40
3 80 24 87
4 80 72 87
5 80 3 31

aDetermined by '9F NMR using 2-chloro-4-fluorotoluene as an internal
standard.

with excellent enantiomeric purity of 97% ee. The configura-
tion was determined by analyzing the 'H NMR spectrum in the
0 = 2.8-1.7 ppm region, which displayed the characteristic dia-
stereotopic hydrogen atoms of this compound, as previously re-
ported by Biava et al. [15]. Unfortunately, the corresponding
(28,4S)-isomer 12b was intractable for isolation (yield < 5%)
despite numerous attempts.

Conclusion

This work described the stereoselective and gram-scale synthe-
sis of a highly attractive palette of fluorinated amino acids pre-
pared for application in solid-phase peptide synthesis. First, two
different fluorinated variants of phenylalanine were synthe-
sized, which have yet to be described in the context of peptide

chemistry. The several CF3 groups employ a strong inductive
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Table 4: Optimization of the reaction conditions for the synthesis of alkylated complexes 11a and 11b.

Cl Cl Cl
Cl Cl Cl
Y\I
CF;
N 10 N N
\N_/O o (1.0 equiv) \N'/ofo \NI/O:/[/O .
| i + H
N M1 /
O"N N NaH (equiv) O"N N7 CF5 O"N N “~"NCF,
' DMF ! '
g o SRS SA®
Cl Cl Cl
1 11a 11b
Entry NaH [equiv] DMF [mL/mmol of complex] T [°C] Yield [%)2
1 1.3 5 0 62
2 1.3 5 rt 31
3 1.3 5 -10 20
4 1.3 2.50 rt 7
5 1.3 2.50 0 41
6 3 5 rt 24
7 3 5 0 33
8 3 2.50 rt 36
9 3 2.50 0 31

aDetermined by '9F NMR using 2-chloro-4-fluorotoluene as an internal standard.

effect on the aromatic ring structure, making these amino acids
highly interesting building blocks for modification of
aromatic—aromatic interactions in the context of protein folding,
interaction and function. Furthermore, the synthesis of both
isomers of trifluoroleucine was described. (2S,4R)-Trifluo-
roleucine could be isolated on a milligram-scale in good yields
and excellent enantiomeric purities, representing a viable syn-
thetic route for these building blocks adding another strategy to
the repertoire of published syntheses for this fluorinated deriva-
tive of natural leucine. Further attempts to the isolation of the
second isomer will be made. Overall, this work further under-
lines the potential of chiral nickel complexes in synthesizing
fluorinated amino acids. The diverse range of fluorinated amino
acids that can be synthesized from a single starting material is a
unique feature of this method, making it an important corner-
stone of fluoropeptide chemistry.

Experimental

General information

Air- and hydrolysis-sensitive reactions were carried out under
exclusion of air and water in Schlenk vessels at a Schlenk unit/
oil pump vacuum under nitrogen atmosphere. The stated reac-
tion temperatures are the respective values of the silicone oil

heating bath. All reactions were stirred with an electric magnet-

ic stirrer. 'H, 13C, and '9F NMR spectra were measured at room
temperature with a JEOL ECP 600 (JEOL, Tokyo, Japan)
device. MestReNova Version 10.0.0 (Mestrelab Research S. L.,
Santiago de Compostela, Spain) was used to analyze the respec-
tive spectra. The chemical shifts are given in parts per million
(ppm). The 'H and '3C NMR chemical shifts were referenced
against the specific internal solvent residual peaks (CDCls,
CD30D) and given to tetramethylsilane as internal standard (6 =
0.00 ppm). High-resolution mass spectra (HRMS) of the ob-
tained compounds were measured on an Agilent 6220 ESI-TOF
MS instrument (Agilent Technologies, Santa Clara, CA, USA)
using a spray voltage of 4 kV. The prepared samples were
injected into the spray chamber using a syringe pump with flow
rates of 10 to 40 uL/min. The desolvation gas was adjusted to
15 psi. Other parameters were optimized for maximal abun-
dance of [M + H]*, [M + Na]*, or [M + K]*. High-resolution
electron ionization mass spectra (HREIMS) were measured on a
MAT 711 (Varian MAT, Bremen, Germany). Electron energy
for EI was set to 70 eV. Infrared spectra (IR) were measured on
an ALPHA 1II (Bruker, Billerica, USA) spectrometer. Character-
istic absorption bands are given in wave numbers (cm™1). Qual-
itative thin-layer chromatography (TLC) was carried out on alu-
minum plates coated with silica gel 60 F254 (Merck, Darm-
stadt, Germany). The TLC plates were analyzed using UV light
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at 254 nm. Flash chromatography was performed on silica gel
60 M from Macherey-Nagel (grain size of 40—-63 um). The
conditions are given in the form “(A/B = a:b)”, where A/B
refers to the solvents used as mobile phase and a:b to their
volume ratio. Analytical high-performance liquid chromatogra-
phy (HPLC) was used to determine the purity of the obtained
Fmoc-protected amino acids. The respective HPLC runs were
carried out on a Primaide DAD system (VWR/Hitachi,
Germany). The system works with a low-pressure gradient con-
taining a HPLC pump (1110) with a 6-channel solvent degaser,
an organizer, an autosampler (1210) with a 100 pL sample loop,
a column oven (1310) and a diode array detector (1430). A
Kinetex C18 (2) column (5 um, 250 Ax46 mm, Phenomenex,
Torrance, CA, USA) was used. H)O and MeCN, both contain-
ing 0.1% (v/v) TFA, served as eluents. Fmoc-protected amino
acids were detected at 220 nm. For a chiral analysis, a
CHIRALPAK ZWIX(-) column ((R,R)-ACHSA immobilized
on 3 pm silica gel, 250 X 4 mm, Chiral Technologies Europe,
Illkirch Cedex, France) was used. MeCN/MeOH/H,O mixture
with 50 mM formic acid and 25 mM diethylamine was used as
eluent. A flow rate of 0.5 mL/min was applied and the detec-
tion of the respective compounds occurred at 280 nm. Data
analysis was carried out with the EZChrom ELITE software
(version 3.3.2 SP2, Agilent). Ni(II) complex 1 was synthesized
according the procedure described by Romoff et al. [16]. Sodi-
um hydride was used as a 60% dispersion in mineral oil. Tri-
ethylamine was dried over CaH, and distilled freshly before
use. Perfluorobutanesulfonyl fluoride was dried over CaCl,
and freshly distilled before use. Other chemicals were used
without further purification and obtained from commercial
sources.

Synthesized compounds

3,3,3-Trifluoro-2-methylpropyl 4-methylbenzene-1-sulfo-
nate (9): 8 (5.00 g, 39.0 mmol, 1.0 equiv), was dissolved in
DCM (48.8 mL). p-Toluenesulfonyl chloride (11.15 g,
58.5 mmol, 1.5 equiv) and DMAP (0.48 g, 3.9 mmol, 0.1 equiv)
were added and the mixture was cooled to 0 °C before pyridine
(9.41 mL, 117.0 mmol, 3.0 equiv) was added. After 1 h of stir-
ring, the reaction was warmed to room temperature and further
stirred for 16 h. Subsequently, the mixture was diluted with
H>0O (25 mL) and extracted with DCM (2 X 40 mL). The
combined organic phases were then washed with aq HC1 (2 M,
12 mL), saturated aqueous NaHCOj solution (12 mL), and
brine (12 mL). Afterward, the combined organic phases were
dried over NaySQy, filtered, and dried in vacuo for 16 h. The
crude product was purified via flash-column chromatography
(n-Pen/EtOAc, 10:1). The product 9 was obtained as a colorless
oil (2.99 g, 10.6 mmol, 27%). 'H NMR (600 MHz, CDCl3) &
7.81-7.76 (m, 2H), 7.39-7.34 (m, 2H), 4.16 (dd, J = 10.3,
5.3 Hz, 1H), 3.97 (dd, J = 10.3, 6.8 Hz, 1H), 2.62-2.54 (m, 1H),
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2.46 (s, 3H), 1.23-1.15 (m, 3H) ppm; '°F NMR (565 MHz,
CDCl3) 6 —71.53 (d, J = 9.4 Hz, 3F) ppm.

1,1,1-Trifluoro-3-iodo-2-methylpropane (10): A mixture of 9
(7.44 g, 26.4 mmol, 1.0 equiv) and 1,3-dimethyl-2-imidazoli-
none (DMI) (8.8 mL) was heated to 80 °C before Nal (5.94 g,
39.6 mmol, 1.5 equiv) was added and the reaction mixture was
stirred for 24 h. The crude product was purified by vacuum dis-
tillation (4 x 102 mbar). The product 10 was obtained as color-
less liquid (4.41 g, 18.5 mmol, 70%). 'H NMR (600 MHz,
CDCl3) & 3.44 (dd, J = 10.3, 3.5 Hz, 1H), 2.97 (t, J = 10.1 Hz,
1H), 2.53-2.43 (m, 1H), 1.29 (d, J = 6.9 Hz, 3H) ppm;
19 NMR (565 MHz, CDCl3) 8 =72.74 (d, J = 7.9 Hz) ppm.

Ni(II)-Schiff base complex of [2.3.5.6F]TfMePhe 6: Under
inert conditions and at 0 °C, DBU (2.23 mL, 15.0 mmol,
1.5 equiv) was added dropwise to a mixture of 1 (6.0 g,
9.97 mmol, 1.0 equiv) and 4 (1.77 mL, 10.5 mmol, 1.05 equiv)
in dry, vented MeCN (20 mL). After 2 h of stirring at 0 °C, H,O
(30 mL) was added. After 1 h of stirring, the precipitated prod-
uct was filtered, washed with H,O (15 mL), and dried in vacuo
at 60 °C to give 6 (7.81 g, 9.39 mmol, 95%, 91% purity deter-
mined by analytical HPLC) as an orange solid. The crude was
used without further purification. IH NMR (600 MHz, CDCl3)
0 8.88 (d, J = 2.2 Hz, 1H), 8.07 (d, J = 9.3 Hz, 1H), 7.79 (dd,
J=28.2,2.2Hz, 1H), 7.62 (p, J = 5.7 Hz, 2H), 7.49 (dt, J = 9.0,
4.4 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.33 (dt, J = 6.3, 2.0 Hz,
1H), 7.15 (dd, J = 9.3, 2.8 Hz, 1H), 6.88 (d, J = 7.7 Hz, 1H),
6.63 (d, J = 2.8 Hz, 1H), 4.30 (d, J = 12.7 Hz, 1H), 4.13 (dd, J =
10.1, 5.9 Hz, 1H), 3.83 (dd, J = 13.4, 10.0 Hz, 1H), 3.58 (dt, J =
12.7, 3.4 Hz, 1H), 3.55-3.49 (m, 1H), 3.39 (dt, J = 11.0, 6.1 Hz,
1H), 3.22 (d, J = 12.7 Hz, 1H), 3.08 (dd, J = 13.4, 6.0 Hz, 1H),
2.78-2.58 (m, 1H), 2.37-2.24 (m, 1H), 2.08 (td, J = 11.0,
5.9 Hz, 1H), 1.65 (m, 1H); 13C NMR (151 MHz, CDCl3) &
180.1, 176.4, 171.6, 144.7, 141.1, 134.9 (2C), 133.8, 133.7
(20), 133.6, 133.1, 132.5, 132.2 (2C), 131.3, 130.9, 130.1,
129.8, 129.6, 127.5 (2C), 127.3 (2C), 127.3, 126.1, 124.4 (2C),
71.5, 68.3, 63.2, 58.7, 31.0, 29.1, 23.9; 19F NMR (565 MHz,
CDCl3) 8 —=56.23 (t, J = 20.7 Hz), —140.45 (dq, J = 28.6, 11.9,
11.1 Hz); ATR-FTIR (neat): 3587, 2975, 2868, 1634, 1500,
1333, 1249, 1137, 870, 820, 709 cm™!; HRMS (ESI-TOF) m/z:
[M + Na]™ calcd for C35H»3C13F7N3NiO3, 853.9916; found,
853.9958.

Ni(II)-Schiff base complex of bisTfMePhe 7: Under inert
conditions and at 0 °C, NaH (1.0 g, 24.9 mmol, 1.5 equiv) was
added slowly to a mixture of 1 (10.0 g, 16.6 mmol, 1.0 equiv)
and 5 (4.64 mL, 24.9 mmol, 1.5 equiv) in dry, vented DMF
(19.9 mL). The reaction was stirred at room temperature for 2 h.
Afterwards, H,O (50 mL) was added. After 1 h of stirring, the
precipitated product was filtered, washed with H,O (20 mL),
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and dried in vacuo at 60 °C. The crude material was purified by
flash column chromatography (SiO;, 10 — 100% EtOAc in
diethyl ether) to yield 7 as a red solid (10.7 g, 12.9 mmol, 78%,
99% purity determined by analytical HPLC). 'H NMR
(600 MHz, CDCl3) 8§ 8.90 (d, J = 2.2 Hz, 1H), 8.18 (d, J =
9.3 Hz, 1H), 7.81 (s, 1H), 7.66 (dd, J = 8.2, 2.2 Hz, 1H),
7.67-7.59 (m, 2H), 7.55-7.47 (m, 1H), 7.37 (dt, J = 6.6, 1.8 Hz,
1H), 7.34 (d, J = 8.2 Hz, 1H), 7.26 (d, J = 1.5 Hz, 2H), 7.15 (dd,
J=9.3,2.6 Hz, 1H), 6.89 (dt,J = 7.7, 1.0 Hz, 1H), 6.64 (d,J =
2.6 Hz, 1H), 4.25 (d, J = 12.7 Hz, 1H), 4.20 (dd, J = 7.8,
4.0 Hz, 1H), 3.41-3.32 (m, 1H), 3.30 (dd, J = 11.1, 5.9 Hz, 1H),
3.18 (dd, J = 13.8, 7.8 Hz, 1H), 3.17 (d, J = 12.7 Hz, 1H), 3.10
(dd, J = 13.7, 3.9 Hz, 1H), 2.86 (dddd, J = 19.2, 14.0, 6.6, 3.8
Hz, 1H), 2.49 (dddd, J = 13.7, 11.0, 9.6, 8.3 Hz, 1H), 2.45-2.34
(m, 1H), 2.07-2.01 (m, 1H), 1.99 (dt, J = 11.1, 5.4 Hz, 1H);
13C NMR (151 MHz, CDCl3) & 180.1, 177.4, 171.4, 141.3,
138.3, 134.9, 133.8, 133.7, 133.5, 133.1, 133.1, 132.4, 132.1,
131.9, 131.2, 130.9, 130.1, 130.0, 129.9, 129.6, 127.5, 127.3,
126.9, 126.0, 124.3 (20), 124.1, 122.3, 121.5, 71.2, 70.9, 63.3,
58.6, 40.7, 30.8, 23.7; '9F NMR (565 MHz, CDCl3) § —62.57
(s); ATR-FTIR (neat): 3062, 2982, 2868, 1638, 1463, 1278,
1133, 894, 820, 705 cm™!; HRMS (ESI-TOF) m/z: [M + Na]*
caled for C3gHy6Cl3FgN3NiO3, 850.0167; found, 850.0181.

Ni(IT)-Schiff base complexes of (25,4R)-TfLeu 11a, (25,4S)-
TfLeu 11b: Under inert conditions and at 0 °C, NaH (0.13 g,
5.4 mmol, 1.3 equiv) was added slowly to a mixture of 1 (2.0 g,
4.16 mmol, 1.0 equiv), and 10 (1.0 g, 4.16 mmol, 1.0 equiv) in
dry, vented DMF (5 mL). The reaction was stirred at 0 °C for
2 h. Afterwards, H,O (10 mL) was added. After 1 h of stirring,
an additional amount of H,O (5 mL) was added, and the reac-
tion mixture was stirred for further 1 h. Afterwards, the precipi-
tated solid was filtered and washed with H,O/DMF (1:2,
20 mL). The resulting diastereomeric crude products were puri-
fied and separated via flash-column chromatography (chloro-
form/acetone, 3:1) to yield to 11a (25,4R) (1.18 g, 1.7 mmol,
39%) and 11b (25,4S) (0.87 g, 1.22 mmol, 29%) as red solids.
11a: 'H NMR (600 MHz, CDCl5) & 8.86 (s, 1H), 8.00 (d, J =
9.2 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.62-7.46 (m, 3H), 7.35
(d, J = 8.1 Hz, 1H), 7.30 (d, J = 7.4 Hz, 1H), 7.13-7.08 (m,
1H), 6.90 (d, J = 7.6 Hz, 1H), 6.59-6.56 (m, 1H), 4.32-4.25 (m,
1H), 3.80 (dd, J = 12.0, 3.9 Hz, 1H), 3.64 (dt, J = 19.7, 10.5 Hz,
1H), 3.52 (dt, J = 10.6, 5.9 Hz, 1H), 3.35 (dd, J = 11.4, 5.7 Hz,
1H), 3.19 (d, J = 12.6 Hz, 1H), 2.84 (t, J = 12.6 Hz, 1H),
2.72-2.50 (m, 3H), 2.27 (dt,J = 13.9, 7.1 Hz, 1H), 2.14 (s, 1H),
2.06 (dt,J = 11.6, 5.8 Hz, 1H), 1.41 (td, J = 12.6, 3.9 Hz, 1H),
0.44 (d, J = 6.8 Hz, 2H) ppm; '3C NMR (151 MHz, CDCl3) d
180.07, 177.89, 170.35, 140.69, 134.95, 133.69, 133.51, 132.66,
132.46, 132.11, 131.17, 130.58, 130.01, 129.52, 128.74, 127.49,
127.29 (d, J = 4.4 Hz), 125.97, 124.48, 71.36, 67.22, 63.04,
58.61, 35.99, 34.58, 34.40, 30.96 (d, J = 15.8 Hz), 24.03, 23.17,
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11.07 ppm; '°F NMR (565 MHz, CDCls) & -73.96 (d, J =
9.2 Hz) ppm.

11b: '"H NMR (600 MHz, CDCl3) & 8.84 (s, 1H), 8.01 (d, J =
9.4 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.54 (q, J = 9.2 Hz, 2H),
7.47 (t,J = 7.6 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.26 (d, J =
6.9 Hz, 1H), 7.10 (d, J = 9.3 Hz, 1H), 6.85 (d, J = 7.6 Hz, 1H),
6.57 (s, 1H), 4.30 (d, J = 12.6 Hz, 1H), 3.92 (dd, J = 10.8,
4.8 Hz, 1H), 3.61 (q, J = 10.2 Hz, 1H), 3.52 (1, J = 8.4 Hz, 1H),
3.36 (dd, J = 11.5, 5.6 Hz, 1H), 3.19 (d, J = 12.6 Hz, 1H),
2.75-2.48 (m, 3H), 2.36-2.24 (m, 2H), 2.15 (s, 1H), 2.07-2.02
(m, 2H), 1.07 (d, J = 7.0 Hz, 3H) ppm; 13C NMR (151 MHz,
CDCl3) & 179.95, 178.16, 170.72, 140.60, 134.92,
133.80-133.43 (m), 132.63, 132.34 (d, J = 9.3 Hz), 131.18,
130.53, 130.00, 129.59 (d, J = 8.7 Hz), 128.50, 127.43, 127.22
(d, J = 19.1 Hz), 125.98, 124.25, 71.38, 68.54, 63.06, 58.50,
37.65, 34.44 (d, J = 27.1 Hz), 34.08 (d, J = 26.7 Hz), 30.90,
24.12, 14.86 ppm; '°F NMR (565 MHz, CDCl3) & —73.28 (d,
J =9.0 Hz) ppm.

(S)-2-(((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-
(2,3,5,6-tetrafluoro-4-(trifluoromethyl)phenyl)propanoic
acid [tetrafluoro(trifluoromethyl)phenylalanine,
[2.3.5.6F]TfMePhe] (2): At room temperature, aq HCI (3 M,
15.4 mL, 46.3 mmol, 5.0 equiv) was added to a stirring solu-
tion of 6 (7.70 g, 9.26 mmol, 1.0 equiv) in DME (30.9 mL). The
resulting mixture was stirred at 60 °C for 2 h. After cooling to
room temperature, the precipitated ligand was filtered and
washed with H>O (15 mL). The filtrate was concentrated under
reduced pressure to a volume of 30 mL. Again, the precipitated
ligand was filtered and washed with H,O (15 mL). Both frac-
tions of the ligand were united and dried in vacuo at 40 °C. To
the filtrate, MeCN (18.5 mL) and EDTA-Na, (3.45 g,
9.26 mmol, 1.0 equiv) were added and the reaction mixture was
stirred at room temperature for 2 h. Subsequently, the solution
was treated with aq NaOH (18 M) to pH 7 and Na,COs3 (1.96 g,
18.5 mmol, 2.0 equiv) was added. FmocOSu (3.12 g,
9.26 mmol, 1.0 equiv) was dissolved in acetone (37.0 mL) and
added dropwise to the reaction mixture. After 17 h of stirring at
room temperature, MeCN and acetone were removed under
reduced pressure, H,O (40 mL) was added, and the mixture was
treated with aq HCI (6 M) to pH 2. The resulting solution was
extracted with EtOAc (4 x 40 mL), dried over Na;SQy, filtered,
and concentrated in vacuo. The crude material was purified by
flash column chromatography (SiO,, 0 — 10% MeOH in
DCM) to yield 2 as a yellow solid (3.36 g, 9.26 mmol, 67%,
91% purity determined by analytical HPLC). 'H NMR
(600 MHz, CDCl3) 6 7.77 (d, J = 7.6 Hz, 2H), 7.64-7.55 (m,
2H), 7.37 (tt, J = 7.6, 0.9 Hz, 2H), 7.28 (td, J = 7.4, 1.2 Hz, 2H),
4.65 (d, J = 4.7 Hz, 1H), 4.51 (dd, J = 9.3, 5.5 Hz, 1H),
4.34-4.20 (m, 2H), 4.14 (t,J = 7.0 Hz, 1H), 3.42 (dd, J = 14.0,
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5.5 Hz, 1H), 3.33-3.23 (m, 1H); '3C NMR (151 MHz, CDCl5)
5 173.3, 158.4, 148.0 (2C), 146.2 (2C), 145.1 (2C), 142.6 (2C),
128.8 (2C), 128.1 (2C), 126.1 (2C), 123.3, 120.9 (3C), 108.9,
68.2, 54.1, 48.2, 26.9; 9F NMR (565 MHz, CDCl3) 5 —57.00
(1), —141.58 (td), —142.21 to —144.04 (m); ATR-FTIR (neat):
3313, 3066, 2945, 1698, 1492, 1263, 1146, 966, 738 cm™!;
HRMS (ESI-TOF) m/z: [M — H]™ caled for CosH;sF7NOy,
526.0894; found, 526.0871.

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(3,5-
bis(trifluoromethyl)phenyl)propanoic acid [bis(trifluoro-
methyl)phenylalanine, bisTfMePhe] (3): At room tempera-
ture, aq HC1 (3 M, 21.4 mL, 64.0 mmol, 5.0 equiv) was added
to a stirred solution of 7 (10.6 g, 12.8 mmol, 1.0 equiv) in DME
(42.7 mL). The resulting mixture was stirred at 60 °C for 2 h.
After cooling to room temperature, the precipitated ligand was
filtered and washed with H,O (20 mL). The filtrate was concen-
trated under reduced pressure to a volume of 40 mL. Again, the
precipitated ligand was filtered and washed with H,O (20 mL).
Both fractions of the ligand were united and dried in vacuo at
40 °C. To the filtrate, MeCN (25.6 mL) and EDTA-Na, (4.77 g,
12.8 mmol, 1.0 equiv) were added and the reaction mixture was
stirred at room temperature for 2 h. Subsequently, the solution
was treated with aqg NaOH (18 M) to pH 7 and Na,COs3 (2.71 g,
25.6 mmol, 2.0 equiv) was added. FmocOSu (4.32 g,
12.8 mmol, 1.0 equiv) was dissolved in acetone (51.2 mL) and
added dropwise to the reaction mixture. After 17 h of stirring at
room temperature, MeCN and acetone were removed under
reduced pressure, H,O (50 mL) was added, and the mixture was
treated with aq HCI (6 M) to pH 2. The resulting solution was
extracted with EtOAc (4 x 50 mL), dried over Na;SQy, filtered,
and concentrated in vacuo. The crude material was purified by
flash column chromatography (SiO;, 20 — 100% EtOAc in
diethyl ether) to yield 3 as an off-white solid (6.90 g,
12.8 mmol, 100%, 84% purity determined by analytical HPLC).
TH NMR (600 MHz, CDCls) 5 7.91-7.85 (m, 2H), 7.82 (s, 1H),
7.76 (ddd, J = 7.7, 2.4, 1.5 Hz, 2H), 7.61-7.52 (m, 2H), 7.36
(td, J = 7.5, 4.0 Hz, 2H), 7.25 (tdd, J = 7.4, 2.8, 1.1 Hz, 2H),
4.48 (dd, J = 9.7, 4.9 Hz, 1H), 4.33-4.19 (m, 2H), 4.14 (t,J =
7.4 Hz, 1H), 3.41 (dd, J = 14.2, 4.9 Hz, 1H), 3.12 (dd, J = 14.0,
9.7 Hz, 1H); '3C NMR (151 MHz, CDCl3) & 174.7, 158.4,
145.2 (2C), 142.5 (2C), 142.5, 132.6 (2C), 131.0 (2C), 128.7
(2C), 128.1 (2C), 126.2 (2C), 125.8, 124.0, 121.5, 120.9 (20),
68.1, 56.4, 48.3, 38.12; 19F NMR (565 MHz, CDCl3) & —63.42
(s): ATR-FTIR (neat): 3305, 3066, 2971, 1681, 1451, 1278,
1119, 983, 734 cm™!; HRMS (ESI-TOF) m/z: [M + Na]* calcd
for CpgH19FgNOy, 546.1116; found, 546.1080.

(2S,4R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-
5,5,5-trifluoro-4-methylpentanoic acid [Trifluoroleucine,
TfLeu] (12a): At room temperature aq HCI (3 M, 2.70 mL,
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8 mmol, 5 equiv) was added to a stirring solution of 11a
(1.21 g, 1.60 mmol, 1.0 equiv) in DME (5.33 mL). The result-
ing mixture was stirred at 60 °C for 2 h. After cooling at room
temperature, the precipitated ligand was filtered and washed
with H,O (10 mL) leading to further precipitation of ligand.
Again, the precipitated was filtered and washed with H,O
(5 mL). Both fractions of the ligand were combined and dried in
vacuo at 40 °C. To the filtrate, MeCN (3.20 mL) and EDTA-
Na, (0.54 g, 1.60 mmol, 1.0 equiv) were added and the reaction
mixture was stirred at room temperature for 2 h. Subsequently,
the solution was treated with aq NaOH (48%) to pH 8 and
Na;CO3 (0.34 g, 3.20 mmol, 2.0 equiv) was added. FmocOSu
(0.54 g, 1.60 mmol, 1.00 equiv) was dissolved in acetone
(6.40 mL) and added dropwise to the reaction mixture. After
17 h of stirring at room temperature, MeCN and acetone were
removed under reduced pressure. The mixture was treated with
aq HCI (2 M) to pH 2. The resulting solution was extracted with
EtOAc (6 X 40 mL), dried over NaySQy, filtered, and concen-
trated in vacuo. The crude material undergone two purification
steps by flash column chromatography (SiO,, EtOAc/n-Pen, 2%
AcOH) to yield 12 a as a white solid (0.26 g, 0.64 mmol, 40%)
according to literature [15]. IH NMR (600 MHz, CD30D): d
7.78-7.73 (m, 2H), 7.67-7.61 (m, 2H), 7.35 (tq, J = 7.5, 1.0 Hz,
2H), 7.27 (td, J = 7.5, 1.2 Hz, 2H), 4.85 (s, 2H), 4.38-4.33 (m,
2H), 4.26-4.16 (m, 2H), 2.44-2.36 (m, 1H), 2.19 (dt, J = 14.3,
6.2 Hz, 1H), 1.64 (ddd, J = 14.3, 8.6, 7.1 Hz, 1H), 1.13 (d, J =
7.0 Hz, 2H) ppm; '3C NMR (151 MHz, CD30D) & 173.65,
157.23, 144.00, 143.81, 141.29, 129.28, 127.45, 126.82 (d, J =
4.3 Hz), 124.90, 119.58 (d, J = 3.1 Hz), 66.58, 52.13, 47.10,
35.12 (q, J = 26.5 Hz), 31.73, 12.43 (d, J = 3.7 Hz) ppm;
19F NMR (565 MHz, CD3;0D) & -74.50 (d, J = 8.2 Hz) ppm;
ATR-FTIR (neat): 3392, 3022, 2920, 1698, 1522, 1446, 1262,
1170, 1050, 740 cm™!; HRMS (ESI-TOF) m/z: [M + Na]" calcd
for Co4H,oF3NOy, 430.1236; found, 430.1288.
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When present within an organic molecule, the C—F bond tends to align in predictable ways with neighbouring functional groups,

due to stereoelectronic effects such as hyperconjugation and electrostatic attraction/repulsion. These fluorine-derived conformation-

al effects have been exploited to control the shapes, and thereby enhance the properties, of a wide variety of functional molecules

including pharmaceutical agents, liquid crystals, fragrance chemicals, organocatalysts, and peptides. This comprehensive review

summarises developments in this field during the period 2010-2024.

Introduction

In the art of origami, a practitioner takes a piece of paper and
imposes a series of folds in order to transform it into an object
that has an intricate three-dimensional shape. This concept can
also be applied in the molecular world. Starting with a flexible
small molecule, a practitioner can impose certain changes to its
chemical composition such that the new molecule has a better-
defined three-dimensional shape. Such “small molecule
origami” can offer practical benefits. For example, if a drug
molecule is pre-organised into the target-binding conformation,
it should exhibit the desirable twin characteristics of high poten-
cy (since target binding will incur little entropic cost) and high

selectivity (since off-target interactions will be minimised) [1].

There are several methods by which the conformations of small
molecules can be controlled, but in this review we will focus
upon one particular method, which is the installation of fluo-
rine atoms into the structure.

The C-F bond has certain fundamental characteristics that
enable it to serve as an effective conformational tool (Figure 1)
[2-4]. First, the C-F bond is quite short at only ~1.35 A (cf.
~1.09 A for C-H, or ~1.43 A for C-0). The short length of the
C-F bond, and the compact size of the fluorine atom itself,
means that fluorine can be incorporated into an organic mole-

cule as a replacement for hydrogen without drastically altering
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the molecular volume. Second, the C-F bond is highly
polarised. This means that any molecular conformation in
which the C-F dipole is oriented antiparallel to another dipole
within the molecule, or in which the fluorine atom is located
close to a positively charged atom, will be stabilised. Third, the
C-F bond has a low-lying o* antibonding orbital, the larger
lobe of which is located behind the carbon atom. This empty
orbital is available to mix with any nearby filled orbital in a
process known as hyperconjugation, and any molecular confor-

mation in which such mixing can occur, will be stabilised [5-7].

1.35A

G*C>C<)<>F =)

n

Figure 1: Fundamental characteristics of the C—F bond.

Putting all these concepts together, it is possible to conceive of
a process whereby a conformationally flexible lead compound
is rigidified in a predictable and desired way, by decorating it
with an appropriate pattern of fluorine substituents.

The purpose of this review is to examine cases where this idea
has been put into practice. This topic has previously been
reviewed [8], but in the time that has elapsed since that prior
publication the field has expanded considerably and so we
believe that an updated account is warranted. In the present
review, we have chosen to organise the material according to
the functional group near to which the fluorine substituent can
be introduced. We will start with the simplest scaffolds —
alkanes — then we will progress to ethers, alcohols, sugars,
amines (and their derivatives), carbonyl compounds, peptides,
and finally sulfur-containing compounds. By arranging the ma-
terial in this way, we hope that newcomers to the field might be
able to readily envisage ways to apply these concepts to their

own scaffolds of interest.

Review

1 Alkanes

The simplest organic scaffolds are the alkanes. In such mole-
cules, C—C bond rotations often have low energy barriers, and
they often deliver conformers that are similar in energy, and this
means that many alkanes have considerable conformational
flexibility. In this section, we will investigate the conformation-
al outcomes that follow from replacing one or more hydrogens
of an alkane with fluorine. Depending upon the precise fluori-
nation pattern, different conformational outcomes will follow;

usually, but not always, greater rigidity is seen. This section
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will commence by examining linear alkanes, then it will move

on to examine cycloalkanes.

In the case of linear alkanes, we will first consider what
happens if fluorine is introduced at the end of the chain. The
installation of fluorine converts the alkyl chain from a non-polar
into a polar motif (I, Figure 2). This has several implications.
For example, if the C—C(F) bond rotates, the orientation of the
terminal C—F bond dipole changes, and this can alter the overall
dipole moment of the molecule. Indoles 1-3 illustrate this point
(Figure 2) [9]. The non-fluorinated indole 1 has an unvarying
molecular dipole moment of 1.90 D. In contrast, the monofluo-
rinated analogue 2 can access three different staggered rotamers
2a—c about the C-C(F) bond; all three of these rotamers have
similar energies, but their molecular dipole moments vary
considerably depending on whether the C-F dipole is aligned
with or against the dipole of the indole moiety. A similar phe-
nomenon occurs with the difluorinated analogue 3. The fluori-
nated molecules 2 and 3 can be said to have a “chameleonic”
character [9-14]: they have the ability to change polarity to suit
their environment. This is a potentially valuable property in the
context of drug design, because chameleonic fluorinated mole-
cules such as compounds 2 and 3 might be expected to pass
more easily through cell membranes, a manoeuvre which
requires some level of solubility in both aqueous and organic

environments.

Another consequence of introducing polar C-F bonds at the end
of an alkyl chain, is that the terminal C—H bond also becomes
polarised. In the case of the difluoromethyl group, the terminal
hydrogen bears a partial positive charge and is able to act as a
H-bond donor (II, Figure 2). This can influence the conforma-
tion of the molecule if there is a H-bond acceptor suitably posi-
tioned elsewhere in the molecule (e.g., 4 vs 5, Figure 2) [15-17].
The ability of the difluoromethyl group to serve as a H-bond
donor has also proven to be useful for optimising drug—target
interactions [18-20], but since that application does not involve

conformational control it is outside the scope of this review.

Another way to fluorinate the end of an alkyl chain is with a
1,2-difluoro pattern. The vicinal difluoro motif is able to sam-
ple different rotamers (e.g., with the C—F bonds aligned either
gauche or anti). Crucially however, such rotamers have differ-
ent energies. When the C—F bonds are aligned gauche, the
vacant o* orbital of each C-F bond is able to mix with the filled
o orbital of an adjacent C—H bond, and this hyperconjugative
interaction stabilises the gauche conformer (III, Figure 2). The
anti conformer does not benefit from this hyperconjugative
stabilisation, and it is ~1 kcal-mol™! higher in energy. Thus, we
now have a situation where the fluorinated structural motif is

not a passive chameleon as was seen above for the 1,1-difluoro
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Figure 2: Incorporation of fluorine at the end of an alkyl chain.

pattern, but rather it exerts its own conformational character
[21]. The 1,2-difluoro motif has been exploited in the design of
bioactive molecules [22,23] such as the histone deacetylase
(HDAC) inhibitors 6 and 7 (Figure 2). The presence of the 1,2-
difluoro moiety in 6 leads to greater potency and selectivity for
certain HDAC isoforms, attributable to the higher polarity of
the fluorinated motif with its gauche-aligned C-F bonds [22].

We will now consider what happens when fluorine is intro-
duced into the middle of an alkyl chain. If two fluorines are at-
tached to the same carbon (i.e., a 1,1-difluoro pattern), a subtle

but important perturbation occurs to the shape of the alkyl

5-fold more |

potent than 1

| 7 at HDACS |

chain: the C—C(F,)-C angle widens to ~117° (I, Figure 3). This
can be attributed to the electron-withdrawing character of the
fluorine atoms, which accumulates high electron density within
a small volume and allows the C—C bonds to spread further
apart from one another [2]. An alternative explanation for this
phenomenon is provided by Bent’s rule [24], which predicts
that the C-F bonds will have greater p character and the
C(F,)-C bonds will have greater s character, with an accompa-
nying deviation of the central carbon atom away from a
perfectly tetrahedral shape. A functional outcome of C—C(F,)-C
angle widening in gem-difluoroalkanes is seen in the rates of the

ring-closing methathesis reactions of the dienes 8 and 9
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(Figure 3) [25]. The fluorinated substrate 9 cyclises much more
efficiently than the non-fluorinated substrate 8, and this was at-
tributed to a thermodynamic effect, i.e., a more favourable
accommodation of a wider C—C(F,)—C angle within the cyclic
product 11. Another illustration of the geometric perturbation
caused by the wider C—C(F;,)-C angle comes from the stearic
acids 12 and 13 (Figure 3); the gem-difluorinated analogue 13
has substantially greater conformational disorder compared to
the non-fluorinated stearic acid 12 (Figure 3) [26].

If two fluorines are introduced into the middle of an alkyl chain
in a 1,2-pattern, several competing factors arise that can influ-
ence the molecular conformation [27]. One factor is hypercon-
jugation: conformations in which the 0*_p orbitals are aligned
with either oc_y orbitals (I, Figure 3), or, to a lesser extent,
oc_c orbitals, will be favoured. Another factor is simple sterics:
conformations in which the flanking alkyl moieties are further
apart from one another will be favoured. A third factor is
polarity: for example, conformations in which the two C-F
bonds are aligned gauche will be favoured in water due to their
high molecular dipole moment. A final layer of complexity is
afforded by the stereochemistry of the 1,2-difluoroalkane motif:
the various conformational factors described above will aggre-
gate differently depending upon whether the 1,2-difluoro stereo-
chemistry is threo or erythro. For example, the diastereoiso-
meric difluorinated stearic acids 14 and 15 (Figure 3) are found
to have very different physical properties [28]. When deposited
into a monolayer above a water phase, the threo-isomer 14
occupies a small molecular area and packs efficiently, and this
was attributed to the ready ability of this stereoisomer to adopt
an extended alkyl chain in which the C-F bonds are aligned
gauche. In contrast, the erythro-isomer 15 occupies a larger mo-
lecular area and requires a higher pressure to achieve a
monoloayer, and this was attributed to the partial tendency of
this stereoisomer to adopt a bent alkyl chain. Another example
of the use of the 1,2-difluoro moiety to influence the shape of
an alkyl chain is seen in the HDAC inhibitors 16 and 17
(Figure 3) [29]. The threo-isomer 16 is found to be consistently
more potent across a panel of HDAC isoforms than the erythro-
isomer 17, and this was taken as evidence that an extended
zigzag conformation of the alkyl chain is required for binding to
HDAC.

If two fluorines are introduced into the middle of an alkyl chain
in a 1,3-pattern, a new conformational effect emerges. The 1,3-
C-F bonds tend to avoid a parallel alignment, due to dipolar
repulsion (III, Figure 3) [30-32]. This phenomenon can be
harnessed to control molecular conformations in a predictable
way, and once again the stereochemistry is important. For ex-
ample, compare the natural product analogues 18 and 19
(Figure 3) [30,33]. Compound 18 contains a 1,3,5-trifluoro-
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alkane moiety with syn,syn-stereochemistry, and it is found to
adopt a bent alkyl chain which is necessary for the avoidance of
parallel 1,3-difluoro alignments [30]. Compound 19 also
contains a 1,3,5-trifluoroalkane moiety, but it has anti,anti-
stereochemistry and now this portion of the alkyl chain is able
to adopt an extended zigzag conformation without incurring any
parallel 1,3-difluoro alignments [33].

Other fluorine patterns have been shown to control molecular
conformation when embedded in the middle of an alkyl chain
[34], for example the 1,1,3-trifluoro motif [35], the 1,1,3,3,-
tetrafluoro motif [36] and the 1,1,4,4-tetrafluoro motif [36]. In
general, the conformational outcomes in such systems can be
understood in terms of an aggregate of the various conforma-

tional influences already described (i.e., I-III, Figure 3).

We will now consider what happens when fluorine is intro-
duced across much, or all, of an alkyl chain. The extreme case
is a perfluoroalkane, in which every hydrogen is replaced with a
fluorine (e.g., I, Figure 4). Perfluoroalkanes are not usually
thought of in terms of controllable molecular conformations,
but there is one aspect of their conformational behaviour that
merits discussion here. The carbon chain in perfluoroalkanes
deviates in a precise way from an ideal zigzag conformation:
each C—C—C—C dihedral angle is #165°, and when propagated
along the chain this slight deviation from antiperiplanarity leads
to a gradual helical twist (20, Figure 4) [37]. The enantiomeric
helix is also possible. Various explanations have been offered
for this helical propensity, but the current understanding is that
the slight twist enables better oc_c — 0*c_p hyperconjugation
[38].

If just one fluorine atom is attached to every carbon of an alkyl
chain (e.g., II, Figure 4), then a structure results that is concep-
tually intermediate between alkanes and perfluoroalkanes. Such
structures, dubbed “multivicinal fluoroalkanes”, have interest-
ing conformational properties that are dependent upon the
stereochemistry [39-42]. For example, the diastereoisomeric
1,2,3-trifluoroalkanes 21-24 (Figure 4) adopt distinct conforma-
tions, governed in each case by the avoidance of parallel 1,3-
C-F bonds and the maximisation of oc_yg — 0*c_r hyperconju-
gation [43]. Notably, the overall shape of diastereoisomer 22
closely mimics that of 2-benzyl-2,3-dihydrobenzofuran (over-
laid in Figure 4), a structural motif that is commonly found

within bioactive natural products.

Having seen that the conformations of multivicinal fluo-
roalkanes can be altered by changing the stereochemistry, it
follows that other physical properties can be altered, too [44].
For example, consider compounds 26 and 27 (Figure 4), which

are fluorinated analogues of the multiple sclerosis drug gilenya
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(25) [45]. The syn,anti-fluorinated stereoisomer 26 has a much
higher water solubility than gilenya (25), attributable to the
presence of new polar bonds in 26 (although the different alkyl
chain lengths in 25 and 26 should also be acknowledged).
Notably, the all-syn fluorinated stereoisomer 27 displays a
further increase in water solubility, even compared to the
syn,anti-stereoisomer 26, highlighting the dramatic impact that
a seemingly minor stereochemical change can have upon physi-

cal properties.

Another functional context in which multivicinal fluoroalkanes
have been explored is in liquid crystals [8,40]. Liquid crys-
talline materials require the molecules to be rod-shaped, and to
have a dipole moment that is oriented perpendicular to the long
axis of the molecule. The strategic incorporation of multi-fluo-
rine patterns has been investigated as a method for simulta-
neously modulating both of these molecular characteristics, i.e.,
the molecular shape and the dipole moment. For example, com-
pound 28 (Figure 4) contains six vicinal fluorines with all-syn
stereochemistry [46]. This molecule adopts a helical conforma-
tion which maximises 1,2-difluoro gauche alignments and
minimises 1,3-difluoro parallel alignments. (Note that the helix
in this case is much “tighter” than the perfluoroalkane helix de-
scribed above.) The helical conformation of 28 leads to a low
molecular dipole moment, because every C—F bond can be
paired with another that has the opposite orientation. In
contrast, compound 29 (Figure 4) divides the six fluorines into
two groups of three, separated by an ethylene spacer [47]. The
same helical conformation is maintained, but the interruption of
the fluorine pattern means that the C-F dipoles no longer all
cancel each other out, and this results in a very high calculated
molecular dipole (p = 7.15 D).

Having concluded our survey of linear alkanes, we will now
focus on cyclic systems [48].

When fluorine is introduced into a small cycloalkane (Figure 5),
the preferred pucker is determined through a competition be-
tween hyperconjugation (e.g., oc_yg — 0*c_g) and steric effects.
For fluorocyclobutane (30) and fluorocyclohexane (32), the
preferred conformation is the one in which fluorine is equato-
rial [48], with sterics playing the dominant role. In fluorocy-
clopentane (31), the preferred conformation has historically
been difficult to conclusively pin down, with different studies
identifying different candidates for the global minimum includ-
ing an envelope with fluorine axial (31a); an envelope with
fluorine equatorial (31¢); or, most recently, an intermediate
twist conformation (31b) [48]. Multiple fluorines can some-
times provide better control. For example, all-syn-1,2,3,4-tetra-
fluorocyclopentane (33) appears to prefer an envelope confor-

mation with fluorine in the axial position [49]. Another exam-

Beilstein J. Org. Chem. 2025, 21, 680-716.

ple of conformational control via multiple fluorines is seen with
the trifluorinated cyclohexene 34: this molecule prefers the half-
chair conformation in which oc_yg — 0*c_g hyperconjugation
with the flanking methylene groups is maximised (Figure 5)
[50].

When discussing small-ring cycloalkanes, it is impossible to
ignore a substantial research effort that has focused upon multi-
fluorinated cyclohexanes [40,48,51]. Notable examples that
have been synthesised and studied include all-syn 1,3,4-trifluo-
rohexane [52], 1,1,3,3-tetrafluorocyclohexane [53], all-syn-
1,2,3,4-tetrafluorocyclohexane [54], all-syn-1,2,4,5-tetrafluoro-
cyclohexane [55-61], and various stereoisomers of 1,2,3,4,5,6-
hexafluorocyclohexane [62] including the iconic all-syn-isomer
[63-71]. These molecules have been shown to have a variety of
fascinating properties and applications, mostly associated with
their very high molecular dipoles. However, since the fluori-
nation patterns in these cases do not really control or alter the
ring pucker, they are outside the scope of this review.

Finally, we will examine larger-ring cycloalkanes. Large rings
have more degrees of freedom than small rings, and hence they
offer interesting opportunities and challenges in terms of con-
formational control. For example, consider cyclododecane (35,
Figure 5). This molecule has a global minimum energy confor-
mation that features a square shape, but this conformation
suffers from steric clashes between 1,4-pairs of hydrogen atoms
on the inside of the macrocycle, and so it is only slightly
preferred over multiple other possible conformations. Fluorine
has the ability to stabilise the square conformation. The key
consideration is that 1,1-difluoroalkanes have a wide
C-C(F,)-C angle, as previously discussed; this wide angle is
favourably accommodated at the corner positions of the square
shape (e.g., 36, Figure 5) because it alleviates the transannular
hydrogen clashes [72]. This effect proves to be quite general: it
can be harnessed to force the cyclododecane macrocycle into
different shapes by positioning two CF, groups in different rela-
tive locations around the macrocycle (e.g., 37, Figure 5), and it
can be applied to larger macrocycles too [73]. Most strikingly,
this effect has been exploited to modulate the aromas of
fragrance compounds (e.g., compounds 38 and 39, Figure 5) by
fine-tuning the shape of the macrocycle [74,75].

2 Ethers

We now turn our attention from alkanes to what is arguably the
simplest heteroatom-containing functional group: the ether. The
presence of oxygen within a carbon chain offers several new
opportunities for engagement by an introduced fluorine atom.

First, we will consider what happens if fluorine is introduced

onto one of the carbons that is directly attached to oxygen
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Figure 5: Incorporation of fluorine into cycloalkanes.

(Figure 6). This makes possible a hyperconjugative interaction
between a lone pair on oxygen and the o* orbital of the C—F

bond (I, Figure 6) [76]. This interaction biases the rotational
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profile about the O—C(F) bond, such that the endo orientation of
the C—F bond (as depicted in I, Figure 6) is lower in energy than
the exo conformer (not shown). This is an example of the

anomeric effect [77].

The anomeric effect can be visualised perhaps most clearly
when the ether moiety is embedded within a small ring [78,79].
For example, consider the diastereoisomeric BACE-1 inhibitors
40 and 41 (Figure 6). The preferred ring pucker for each of 40,
41 positions the C-F bond in an axial position, allowing ng —
o*c_g hyperconjugation. The shape adopted by diastereoisomer
41, with a pseudoaxial orientation of the pendant aryl moiety, is
better for target-binding and hence 41 is a ~10-fold more po-
tent inhibitor of BACE-1 than 40.

Several further examples of cyclic ethers will be examined in
section 5 (sugars).

The anomeric effect applies in acyclic ethers, too. Consider the
non-fluorinated scaffold, Ph—O—CHj (42, Figure 6). This mole-
cule preferentially adopts a planar conformation [80]. The
planar conformation suffers slightly from a steric clash be-
tween the methyl group and an aryl hydrogen, but this is
outweighed by the favourable conjugation of the m-system with
the lone pair in the 2p orbital of the sp2-hybridised oxygen
atom. When one fluorine is introduced into this scaffold in the
form of a fluoromethyl group (43, Figure 6), the gross confor-
mation is little changed, but notably the fluorine preferentially
resides at an endo position (oriented back towards the aryl
moiety) which enables ng — o*c_g hyperconjugation [81].

Progressing to the difluoromethyl system (44, Figure 6): now
there is a very different situation because the molecule is quite
disordered [81,82]. Rotamers about both Ar—O and (Ar)O-C
bonds are now observed with similar energies; this notably
includes conformations in which the difluoromethyl group is or-
thogonal to the aryl plane (as depicted in Figure 6). The accessi-
bility of the orthogonoal conformation of 44 can be rationalised
by a new effect, namely, hyperconjugation between the
m-system and the o* orbital of the O—C(F) bond (II, Figure 6).
Overall, 44 is a disordered molecule which has potentially use-
ful chameleonic polarity (and also lipophilic H-bond-donor
ability).

Progressing to the trifluoromethyl system (45, Figure 6): now
there is an even stronger tendency for the fluorinated group to
be oriented orthogonal to the aryl plane [80]. This can be ex-
plained by two factors. First, m = 0*o_c(F) hyperconjugation is
stronger in the trifluoromethyl case. Second, the steric demand
of the trifluoromethyl group would cause a significant clash

with the aryl moiety in the planar conformation.
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The increased accessibility of the orthogonal conformation of
highly fluorinated ethers is also seen when Ar—-O—CF,- is a
linker moiety. For example, consider compound 47 (Figure 6),
which is a fluorinated analogue of the antipsychotic drug, aripi-
prazole (46). The presence of the fluorine atoms in 47 causes a

change in the conformation of the aryl ether moiety from planar

in 46 [83] to orthogonal in 47 [84], leading to different overall
molecular shapes for compounds 46 and 47. Another illustra-
tion of this phenomenon is seen with the macrocycles 48 and
49, which are simplified analogues of a known BACE-1 inhibi-
tor [85]. In the non-fluorinated macrocycle 48, the aryl ether

moiety features a planar conformation, whereas in the fluori-
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nated macrocycle 49, the aryl ether moiety adopts an orthogo-
nal conformation which necessitates substantial reorganisation
elsewhere in the macrocycle including a cis-amide on the oppo-

site side of the molecule.

We now consider what happens if fluorine is introduced onto a
carbon that is one atom further away from the ether oxygen
(Figure 7). So doing introduces the opportunity for a new
stereoelectronic phenomenon: a gauche effect for the O-C-C-F
moiety (I, Figure 7). If the vicinal C—O and C-F bonds align
gauche to one another, two stabilising hyperconjugative interac-
tions can take place (i.e., oc_g — 0*c_f and oc_g — 0*c_o,
with the former likely to be stronger). This is only a subtle
effect, with the gauche conformer just ~0.3 kcal-mol~! lower in
energy than the anti conformer (not shown) [86], but it can
nevertheless have a significant impact upon molecular proper-
ties.

The fluorine—oxygen gauche effect has been exploited to influ-
ence the properties of liquid crystals [86,87]. For example, the
vicinal fluoroether 50 (Figure 7) can adopt a low-energy confor-
mation in which the terminal C-F bond aligns gauche to the
vicinal C-O bond. This orientation of the C-F bond enlarges
the overall molecular dipole moment which is oriented perpen-
dicular to the long axis of the molecule; as described earlier,

this an important feature in liquid crystalline materials.
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Now consider the case where two fluorine atoms are introduced
onto the same carbon (e.g., 51, Figure 7) [88,89]. This situation
is more complex. The gg conformer, in which both fluorines are
gauche to oxygen, benefits from multiple hyperconjugative
interactions (i.e., oc_g — 0*c_f and oc_g — 0%c_p) and it is
also the most polar conformation, so it is favoured in water.
However, the gg conformer suffers from Lewis F---O repulsion.
In contrast, the ga and ag conformers have less hyperconjuga-
tion but also less F---O repulsion, and are less polar. Since all
three conformers are close in energy, the difluoroethyl ether
moiety in 51 can be considered to have chameleonic polarity.

3 Alcohols

We now progress from ethers (section 2) to a closely related
class of molecules, namely, the alcohols. The focus here in
section 3 will be mostly on simple examples; more complex
poly-ol examples will be discussed in section 4 (sugars).

Taking the example of a simple alcohol such as ethanol,
consider what happens when a fluorine atom is introduced
vicinal to the hydroxy group (Figure 8). As was seen with ethers
(I, Figure 7), there is again a subtle preference for the
O-C—C-F motif to adopt a gauche conformation [44]. This is
attributable in part to the hyperconjugation phenomenon (I,
Figure 8). In several published crystal structures of vicinal
fluorohydrins, the F-C—C-O motif adopts a gauche conforma-
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tion as expected [90-93]. This gauche preference can induce
different overall shapes to be adopted by diastereoisomeric
vicinal fluorohydrins (e.g., 52 and 53, Figure 8) [94,95],
marking this motif as a potentially valuable tool for molecular
design.

Additional stabilisation of the gauche conformation of vicinal

fluorohydrins can also be afforded by an intramolecular H-bond

(II, Figure 8) [96-98]. Fluorine is a weaker H-bond acceptor
than oxygen or nitrogen [99-101], but F---H attraction can still
be significant in some contexts [102,103] and the intramolecu-
lar H-bond depicted in II (Figure 8) can have a significant
impact upon the properties of vicinal fluorohydrins [97].

The possibility of intramolecular H-bonding in vicinal fluoro-

hydrins has important consequences for the molecules’ intermo-
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lecular interactions too. The intramolecular H-bond makes the
hydroxy group a weaker intermolecular H-bond donor [104]
(e.g., 55 vs 54, Figure 8). This runs counter to a longstanding
assumption [105] that the inductive effect of fluorine should
always make the hydroxy group a stronger H-bond donor. For
non-rigid molecules, the greater the population of intramolecu-
larly H-bonded conformers, the worse the hydroxy group will
be as an intermolecular H-bond donor [106]. To be clear, fluo-
rine can make the hydroxy group a stronger intermolecular
H-bond donor in certain circumstances, for instance in highly-
fluorinated alcohols (e.g., hexafluoroisopropanol) [107], or in
rigid molecules where intramolecular H-bonding is not possible
[104] (e.g., 56, Figure 8); but it is not a universal phenomenon.

The issue of intra- vs intermolecular H-bonding of vicinal
fluorohydrins can complicate matters if the hydroxy group is re-
quired for target binding. A series of (fluorinated) protease in-
hibitors illustrates this point (57 and 58, Figure 8) [108]. The
non-fluorinated lead compound 57 is a natural product known
as pepstatin; the backbone of 57 adopts a bent conformation
when bound to the protease enzyme, and the hydroxy group of
57 interacts with catalytic aspartate residues in the active site.
The fluorinated pepstatin analogue 58 was predicted to be pre-
organised into the bent conformation and hence be a more po-
tent inhibitor than 57. Compound 58 was indeed found to be
more potent than 57 (Figure 8), but the magnitude of the
improvement was very small. This might be because fluorine
delivered competing outcomes: on one hand, fluorine-derived
conformational pre-organisation may have delivered an entro-
pic benefit for target binding, but on the other hand, fluorine
also may have caused a reduction of the H-bond-donor acidity
of the hydroxy group of 58. (See section 6, which focuses on
carbonyl compounds, for a further explanation of the predicted

conformation of 58.)

Finally, two structural variations on the hydroxy group should
be mentioned. First, if the hydroxy group is acylated (i.e., to
generate an ester), the gauche O—C—C-F conformation is
favoured over anti more strongly than was seen for the parent
alcohol (e.g., energy difference between gauche and anti =
1.0 kecal-mol™! for esters; 0.3 kcal-mol™! for alcohols) [109].
This is likely due to enhanced hyperconjugation effects in the
ester case (i.e., oc_.g — 0*c_p and oc_yg — 0*c_o, I1I,
Figure 8). Examples of this phenomenon are seen in the crystal
structures of compounds 59 and 60 (Figure 8), which are syn-
thetic precursors of B-fluorinated amphetamines; both of 59 and
60 feature a gauche O—C—C-F alignment regardless of other
nearby functionality [110].

Second, if the hydroxy group becomes protonated under acidic

conditions, the gauche TO-C—C-F conformation becomes
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dramatically more favoured over anti (e.g., energy difference
between gauche and anti = 7.2 kcal-mol™!). This is due to a new
charge-dipole phenomenon (IV, Figure 8) that adds to the
hyperconjugation and intramolecular H-bonding phenomena
[96].

The conformational effects of fluorination in these two deriva-
tives (i.e., esters and protonated alcohols) have been little
exploited to date in the design of functional molecules [111].
However, one standout example that features both an ester
moiety and an amino group will be discussed later, in section 5
of this review [112].

4 Sugars

We have examined several classes of molecules of gradually in-
creasing complexity, progressing from alkanes (section 1) to
ethers (section 2) and then alcohols (section 3). Throughout, we
have seen that the introduction of fluorine can influence the mo-
lecular conformations in useful ways. We will now consider a
more complex class of molecules in which the fluorine-derived
conformational effects seen in all three of the preceding

sections are united: namely, sugars.

Sugars are ubiquitous molecules in biology. Their functions
permeate every aspect of life, including as essential compo-
nents of oligonucleotide structure; as principal players in metab-
olism and energy storage; as motifs for the post-translational
modification of proteins; and as partners in myriad supramolec-
ular recognition processes. Therefore, methods for controlling
the conformations of sugars are likely to have diverse and valu-
able applications in biotechnology and medicine.

The structure of a sugar molecule offers several potential loca-
tions where fluorine can be introduced. Typical patterns include
the introduction of -CHF- or —CF,— as a replacement for the
ring oxygen, or for one (or more) of the -CH(OH)- groups, or
for the anomeric oxygen. The various conformational outcomes
that flow from making such modifications are discussed below.
It should be noted that introducing fluorine into sugars has
many other effects, too, e.g., modulating lipophilicity [44,113-
115], enabling target-binding interactions to be elucidated
[116,117], or providing the opportunity for '°F and !8F
imaging. Other reviews have covered many of these aspects
[118,119], but here we will focus exclusively on the conforma-

tional aspects.

We will first consider how fluorination can affect the ring
pucker (Figure 9).

For pyranoses (i.e., six-membered ring sugars), the classic 4C|

chair conformation is usually strongly preferred. This confor-

691



Beilstein J. Org. Chem. 2025, 21, 680-716.

fluorination sites:

replace CH(OH) or O
with CHF, CF», etc

4C4 pucker
AcO 0 E
AcO —_——
OAc
61a
CF3
F
OBn
62a

1C4 pucker

OAc 7

O

OAc  OAc 61b (preferred)

OH
(¢}
CF3
OBn

OBn
62b (preferred)

OBn

X 0 “CCls

63 (X = F)
64 (X = OBn)

/ NH
109 9% 4&

0 \X1 (0]

1 1
)

OH X2

67:X'=H,X2=F
68:X'=F,X2=H

L/)(NH
BnO N/&o

OBn

69: X=0
70: X = CHF

Figure 9: Controlling the ring pucker of sugars through fluorination.

R-OH
y OBn OBn OBn
] TMS-OTf 0
B0 )"LH " s | H 0(91%/ — > BrOs o) S
F (‘)Bn \

when X =F

Y

)

X N
~N
65 (X = F): a/p = 1:2

66 EX=O)Bn)?(x/B=3:1 )\

Y
¥

692



mation tends to be maintained even if one or several fluorines
are introduced as replacements for hydroxy groups at positions
C-1 and/or C-2 and/or C-3 and/or C-4, regardless of stereo-
chemistry and even if 1,3-difluoro repulsion is incurred
[44,117,120-122]. However, there are certain special circum-
stances where fluorination can invert the pucker. For example,
in pentopyranoses (i.e., sugars lacking an exocyclic carbon), the
ring pucker can be inverted by placing fluorine at C-1 with
appropriate stereochemistry, due to a strong anomeric effect
(61, Figure 9) [123]. In another example, the ring pucker of a
pentopyranose was observed to be inverted when the
—CH(OH)- moiety at C-2 was replaced with a —C(F)(CF3)-
moiety with appropriate stereochemistry (i.e., 62, Figure 9)
[124]; in this case, the bulky CF3 group presumably has a

strong tendency to occupy the equatorial position.

Up to now, we have seen that fluorine has a rather limited
ability to influence the pucker of the six-membered ring of
pyranoses. However, it must be remembered that pyranoses are
reactive molecules that can undergo, e.g., glycosylation, and it
emerges that fluorine can play a much more significant confor-
mational role during the dynamics of such chemical reactions
[125-130]. Glycosylation reactions (e.g., 63 — 65 and 64 — 66,
Figure 9) proceed via an oxocarbenium intermediate. If fluo-
rine is located at C-2, an electrostatic attraction might be ex-
pected between the partially negative fluorine and the positive-
ly charged C=0O* moiety, and this interaction would favour one
of the half-chair conformations of the oxocarbenium intermedi-
ate (Figure 9) [131,132]. Also, in the preferred pucker, the C-F
bond is oriented orthogonal to the C=0 group, which makes the
carbonyl more electrophilic through mixing of the m*c-q orbital
with the o*c_p orbital. These combined effects enhance both
the rate and the B-stereoselectivity of the glycosylation reaction
(e.g., 63 = 65 vs 64 — 66, Figure 9) [129]. Of course, the fluo-
rine substituent remains in the product, which may or may not
be advantageous depending on the particular biological context.

Let us now consider furanoses (i.e., five-membered ring
sugars). Five-membered rings are inherently more flexible than
six-membered rings, so there is more scope for fluorine to influ-
ence the pucker. When fluorine is introduced anywhere across
C-1-C-3 as a replacement for a hydroxy group (e.g., 67 and 68,
Figure 9), the preferred ring pucker is dictated by the maximisa-
tion of oc_g — o0*c_p hyperconjugative interactions, and this
affords different puckers depending on the fluorine stereochem-
istry [133]. In this sense, the fluorine substituents are per-
forming a similar role to a hydroxy group, so this is a “confor-
mationally conservative” situation. It should be noted that one
of the reasons why C-2 fluorinated nucleosides (e.g., 67 and 68)
have become especially popular in the field of medicinal chem-

istry [133-137], is that the presence of fluorine at C-2 confers
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enhanced stability towards hydrolysis, through destabilising the

oxocarbenium intermediate [136].

Another way that fluorine can alter the shapes of furanoses, is
by replacing the ring oxygen. For example, compare the
nucleotide derivatives 69 and 70 (Figure 9). When the ring
oxygen of 69 is replaced with a fluoromethylene group in 70,
the latter molecule adopts an unusual envelope conformation in
which the fluorinated carbon is projected above the ring plane,

stabilised by dual oc_g — 0*c_p hyperconjugation [138].

Let us now consider ways in which fluorine can influence bond
rotations outside the sugar ring (Figure 10). We will focus
initially on the C-5-C-6 bond. In natural sugars, rotation about
the C-5—C-6 bond is influenced by the stereochemistry at C-4,
because a parallel alignment of the 1,3-hydroxy groups at C-4
and C-6 is unfavourable. Fluorine can achieve the same effect
whether located at C-4, or C-6, or both (e.g., 71 and 72,
Figure 10) [119]. Another way in which fluorine can control the
rotation of the C-5-C-6 bond is seen when a C-6-fluorinated
sugar is converted into an oxocarbenium ion (e.g., 73,
Figure 10). The C-6—F bond of 73 preferentially orients over the
sugar ring, due to a combination of electrostatic attraction be-
tween the partially negative fluorine atom and the positively
charged C=0* moiety, and oc_y — o*c_p hyperconjugation.
The fluorine atom thus shields the top face of the oxocarbe-
nium ion, and this has flow-on effects on the rate and stereose-

lectivity of subsequent glycosylation reactions [139].

Another important rotatable bond that lies outside the sugar
ring, is the C-1-O anomeric bond in glycosides (highlighted in
74, Figure 10). This anomeric bond serves as a linker between
the sugar and the rest of the glycoside; rotation about this bond
can dramatically change the overall shape of the molecule,
which in turn can affect its target-binding ability [140]. Fluo-
rine can be used to control the rotation of the anomeric bond,
through several means as described below.

“Carbasugars” are sugar analogues in which the ring oxygen is
replaced with carbon. We have already seen an example of such
a structure (i.e., 70, Figure 9). Carbasugars are of broad interest
because they can be used to create non-hydrolysable glycoside
mimics; however, they are poor mimics of genuine glycosides
in terms of the rotational profile about the anomeric bond. In
true glycosides (e.g., 74, Figure 10), the anomeric bond typical-
ly does not rotate freely; instead, it is biased towards one partic-
ular rotamer due to ng = 0*c1_os5 hyperconjugation. This op-
portunity for hyperconjugation is lost with the carbasugar
glycosides, and hence the anomeric bond in 75 tends to rotate
more freely and this can compromise supramolecular binding

interactions. However, the natural rotameric profile can be

693



Beilstein J. Org. Chem. 2025, 21, 680-716.

fluorination sites:

replace CH(OH) or O
with CHF, CF5, etc

X 1
X X |
= X0 —= O = 1. o) w
HO HO - “HO |
|
71: X = OH or gOH OH OHOH | disfavoured OH OHJ
o Ix |
X X ; X ;
X ' & | I
20 —=— o) —~ o] ‘
HO Hogﬁt T Ho |
72: X = OH or FOH OH OH OH : disfavoured OH OH:
H +
H O\ F---O+ attraction
H < F
BnoO" “OBn 6C-H — ¢*C—F
OBn r 1
73 | |
I I
I I
I I
I I
I I
I I
I I
I I
! n(0) - ¢*C-0 !
OH . :
I
Y ' Ho o :
HQ%o =2l ISP |
HO = HO' “OH !
]
74:X=0 O\Me . OH  no conformational ~ OH !
75: X =CH, I control |
76: X = CF» e !
. | !
1 | 1
1 | 1
] | ]
1 ~— 1
I
| ; |
| | |
1 | 1
]
E - - :
HO ~  lmmmmmmmmmmmmmmmmmoommm oo
OH FTTT Tt Ty
HO _oH o\ oH i compound X target binding |
o - OH ,/’I 77 o ++ :
; hN 78 CH; - |
3 - ! 79 (RECHF  ++ !
HO,C OH 77-80 ! 80 (S)-CHF  + |
]
FTTTTTTTT T DTS
OH 81:X=0 | — | :
H o OH 82: X = CH, ! \/r/ » .
Yo X J-OH 83 X=(R}CHE -~ Y !
84: X = (S)-CHF ™~ .
OH d 85: X = CF, 8 I

Figure 10: Controlling bond rotations outside the sugar ring through fluorination.

694



restored by replacing the -CH,— moiety of the carbasugar with
a —CF,— moiety (e.g., 76, Figure 10), because the electron-with-
drawing character of the fluorine substituents enables reason-

ably effective ng — 0*c_c(F) hyperconjugation to occur [141].

Another way to influence the rotameric profile of the anomeric
bond in glycosides, is to replace the anomeric oxygen with a
(fluorinated) carbon. For disaccharides (e.g., 77, Figure 10), we
have already seen that the lone pairs on the anomeric oxygen
play a role in restricting rotation about the anomeric bond, due
to ng — 0*c1_os5 hyperconjugation. Therefore, if the anomeric
oxygen is replaced with CH, (e.g., 78, Figure 10), the anomeric
bonds are able to rotate more freely, and this manifests in a
reduced binding affinity for the protein target by 78 compared
to 77. However, upon progressing to a CHF linkage (e.g., 79
and 80, Figure 10), the molecule becomes more rigid again, this
time due to dual oc_y — 0*c_p hyperconjugation. Notably, dif-
ferent conformations are preferred by the epimeric fluorinated
analogues 79 and 80: analogue 79 is a good match for the parent
disaccharide and retains its protein-binding affinity, whereas 80

loses some affinity [142].

A related class of compounds are the phosophosugars (e.g., 81,
Figure 10). Phosphosugars play important roles in a variety of
metabolic processes, as well as constituting the backbone of
oligonucleotides. Sugar phosphonates (i.e., with a CH; linkage
between sugar and phosphorus, e.g., 82, Figure 10) are of
interest as non-hydrolysable isosteres, but a better match in
terms of pK, and C—C-P angle is achieved with mono- or diflu-
orophosphonates (e.g., 83-85, Figure 10) [143,144]. In the case
of the monofluorophosphonates, conformational effects can also
be important [145-147]. For example, the diastereoisomeric
monofluorophosphonates 83 and 84 were compared in their
ability to bind to a phosphosugar-processing enzyme. Epimer
84 was found to bind with 100-fold higher affinity than epimer
83, and this was attributed to a lower-energy binding conforma-
tion in the case of 84 which benefited from oci_yg = o*c_p
hyperconjugation [146,147].

5 Amines

We now turn to a very important and diverse class of mole-
cules: the amines. Nitrogen-containing compounds are highly
represented in many fields, including the pharmaceutical and
agrochemical industries. It transpires that incorporating fluo-
rine atoms nearby to nitrogen can affect the molecular proper-
ties of amines in several useful ways, notably including their
conformations. In this section we will commence by examining
fluorine-derived conformational control in simple linear amines,
then we will move on to cyclic amines. Next, we will examine
some important derivatives of amines, such as amides and

sulfonamides. Throughout, the emphasis will mostly be on bio-
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active molecules, but finally this section will conclude by exam-
ining a different type of molecular function, namely,

organocatalysis.

When fluorine is positioned beta to nitrogen, the fundamental
stereoelectronic interactions that arise (I-III, Figure 11) are
conceptually similar to those that we have already seen with
oxygen-containing molecules. The dominant interaction is an
electrostatic attraction between the amine, which is typically
protonated at neutral pH, and the partially negative fluorine
atom (I, Figure 11) [96]. This attraction has the outcome of
favouring a gauche F-C—C-N" alignment. This gauche align-
ment can be further stabilised by two additional interactions:
hyperconjugation (II, Figure 11) [148], and intramolecular
hydrogen bonding (IIl, Figure 11) [149].

These effects have been exploited to control the conformations
of simple bioactive amines such as y-aminobutyric acid
(GABA, 86, Figure 11) [150-155]. GABA is a neurotransmitter
that binds to a variety of different GABA receptors, and infor-
mation about the target-binding conformations of GABA at
these various receptors can be gleaned by investigating fluori-
nated GABA analogues (e.g., 87-90). For example, the enan-
tiomeric analogues 87 and 88 have similar activity at the
GABA receptor, and this suggests that the binding conforma-
tion of GABA has an extended N*—C—C—-C segment, since both
fluorinated analogues 87 and 88 have a favourable gauche
alignment of the C-N and C-F bonds in this conformation
[150]. Further information can be obtained by incorporating a
second fluorine atom. The difluorinated analogue 89 is found to
have no activity at GABA whereas the difluorinated analogue
90 has some activity, and this suggests that the binding confor-
mation of GABA has a bent C—C-C-C(O) segment since this
conformation is disfavoured for 89 and favoured for 90 [151].

The B-fluoroamine gauche preference has been exploited to
control the shapes, and hence to elucidate the bioactive confor-
mations, of other simple linear amines too. A gauche alignment
of the vicinal C-N and C-F bonds is consistently seen [156],
whether the scaffold is a primary amine (e.g., tetrafluorovaline,
91 [157]), a secondary amine (e.g., N-methyl-p-aspartate(92)
[158,159]), or a tertiary amine (e.g., a fluorinated analogue of
the antidepressant drug, citalopram 93 [160]).

We now turn our attention to cyclic amines. Fluorine has been
shown to be capable of modifing the conformations of a variety
of N-heterocycles, ranging in size from four- to eight-mem-
bered rings [48,161-163]. In each case, the conformational
outcome is determined by an interplay between electrostatic
effects (I, Figure 11), hyperconjugation (II, Figure 11), intra-

molecular H-bonding (III, Figure 11), and sterics. For example,
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consider the G-quadruplex ligand 94 (Figure 11). This mole-
cule contains two pyrrolidine moieties, the NH groups of which
interact with the DNA bases and sugars, respectively. When
fluorine is incorporated beta to each of the pyrrolidine nitro-
gens (i.e., 95, Figure 11), the pucker of each ring changes due to
electrostatic attraction between the partially negative fluorine
and the protonated amine. These conformational changes alter
the DNA-binding mode, such that the pyrrolidine NH groups of
95 now interact with the DNA phosphates rather than the bases
or the sugars [164].

Progressing now to a six-membered ring system, consider the
scaffold, pipecolic acid (96, Figure 11) [165,166]. This mole-
cule is a ring-expanded analogue of proline, and derivatives of
it are found within several natural products and drugs. The
pucker of the six-membered ring of 96 is quite important for
bioactivity, because different puckers project the carboxyl sub-
stituent in different orientations (equatorial vs axial). Normally,
the pucker with an equatorial carboxyl group is favoured. This
pucker is maintained in the difluorinated analogue 97
(Figure 11); in this conformation, in addition to the favourable
equatorial placement of the carboxyl group, all of the
interactions I-IIT (Figure 11) are satisfied. In contrast, the dia-
stereoisomeric difluorinated analogue 98 favours the opposite
pucker; in this case, the electrostatic attraction between the
partially negative fluorine and the protonated amine (I,

Figure 11) outweighs the equatorial preference of the carboxyl

group.

Another cyclic amine in which the conformation can be con-
trolled by fluorine, is the natural product balanol (99, Figure 11)
[112,167-172]. Balanol is an ATP mimic that inhibits protein
kinase Ce (PKCe), an enzyme that is implicated in cancer. How-
ever, compound 99 also inhibits off-target kinases including
protein kinase A (PKA). Fluorination was investigated as a
strategy for altering the conformation of the central seven-mem-
bered nitrogen heterocycle, and hence possibly improving the
selectivity for PKCe. A variety of fluorination patterns were in-
vestigated (100-103, Figure 11), which were found to induce
subtly different conformations of the seven-membered ring
through an interplay of the conformational influences I-III
(Figure 11) and sterics. Promisingly, these different shapes were
found to successfully alter the PKCe/PKA selectivity, with one
analogue (100) displaying higher potency and selectivity for
PKCe than balanol itself [112]. This key result was alluded to
earlier (in section 3 of this review, during the discussion of
acylated alcohols), since compound 100 also features a
F-C-C-O(acyl) moiety.

We conclude our examination of amines by considering a final

impact of fluorination, which is that the amino group becomes
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less basic when an inductively electron-withdrawing fluorine
atom is nearby. This effect can be exploited to adjust the
charge-state of a drug molecule, which can help in optimising
the drug’s target-binding and/or bioavailability [154,173-181].
For example, consider the analgesic drug fentanyl (104,
Figure 11). This drug contains a piperidine moiety, which is
protonated at physiological pH and forms a salt bridge with an
aspartate residue in the binding site of the u-opioid receptor.
One of the drawbacks of fentanyl (104) is that it is not selective
towards injured tissue: it also binds to p-opioid receptors in
healthy tissue, causing side-effects. To overcome this drawback,
a fluorinated analogue of fentanyl ((+)-105) was developed
[177]. The electron-withdrawing fluorine substituent of 105
lowers the pK,y of the piperidine moiety to 6.8, such that it is
only protonated at acidic pH. Since low pH is a hallmark of
injured tissue, compound 105 maintains analgesic activity at the
site of injury while offering fewer side-effects.

The magnitude of the pK,y-lowering effect varies with the
number of fluorines, and with their proximity to the amino
group. But there is another aspect to the modulation of pK,y of
amines by fluorine: conformation matters, too [182]. If the
F-C-C-N alignment is gauche (as in 105, Figure 11), the pK,y
will be lowered by ~1 log unit compared to the non-fluorinated
amine. However, if the F-C—C-N alignment is anti, the effect is
stronger and the pK,y will be lowered by ~2 log units. Clearly it
is important to bear this in mind when utilising fluorine to opti-

mise the properties of nitrogen-containing drugs.

Having concluded our examination of fluorinated amines, let us
now focus upon some important derivatives of amines, namely
amides and sulfonamides.

Model studies with simple B-fluoroamides (e.g., 106 and 107,
Figure 12) reveal that such molecules consistently adopt confor-
mations in which the F-C—C-N dihedral angle is gauche [183-
185]. This situation is reminiscent of that already seen with
B-fluoroamines, although the predominant driving force with
B-fluoroamides is now hyperconjugation (I, Figure 12). For sec-
ondary amides, i.e., those that contain an NH group, the
nitrogen-bound hydrogen sometimes makes a close contact with
the fluorine (e.g., 106), but this not always the case (e.g., 107),
suggesting that the NH---F interaction (i.e., II, Figure 12) is not
a dominant one.

The gauche preference of f-fluoroamides has been exploited to
control the conformations of a variety of bioactive molecules
[186]. For example, the activity of the GPR119 receptor agonist
108 (Figure 12) can be modulated through fluorination [187]:
either an increase or a decrease in potency is seen dependent on

the fluorine stereochemistry, suggesting that the bioactive con-
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formation is favoured for one stereoisomer (109) and
disfavoured in the other (110). Another context in which the
B-fluoroamide gauche effect has frequently been exploited is
N-acylpyrrolidines, a structural motif found within many bioac-
tive molecules (e.g., the fibroblast activation protein (FAP) in-
hibitors 111 and 112, Figure 12) [188-192]. When fluorinated
analogues of N-acylpyrrolidines are prepared, dramatic differ-
ences in biological activity are sometimes seen between the
fluorinated stereoisomers (e.g., 111 and 112) [189]. This differ-
ence can be attributed to a conformational effect, whereby fluo-
rine controls the pucker of the 5-membered ring through
oc_pg — o*c_p hyperconjugation. Further examples of this phe-
nomenon will be presented in section 7 (peptides).

It was stated above that the NH---F interaction (i.e., II,
Figure 12) is not dominant. However, this interaction has been
successfully exploited within the slightly different structural
context of anilides (e.g., 113-115, Figure 12) [193]. Anilide 113
is a GPCR receptor antagonist. The fluorinated analogues 114
and 115 were found to have very different levels of potency, at-
tributed to different conformations due to the NH---F interac-
tion. This information was subsequently applied to generate
next-generation antagonists with even higher potency than 114
(not shown), by building a new ring structure onto the molecule
to reinforce the optimal conformation suggested by 114.

Related to amides are the sulfonamides (e.g., III, Figure 12).
The sulfonamide functional group is found within a wide
variety of important bioactive compounds. There is emerging
evidence that the conformations of sulfonamides can be produc-
tively influenced through fluorination in a similar manner to
that seen with amides. For example, the pucker of an
N-tosylpyrrolidine 116 can be altered through fluorination
(117), due to a preference of the F-C—C-N moiety to adopt a
gauche conformation [194]. Suprisingly, this “fluorine-sulfon-
amide gauche effect” appears to have been exploited only very
rarely in molecular design [194-198], suggesting that there may
be considerable scope for this under-utilised conformational

tool to be applied more widely in the future.

Throughout this section focusing on amines and their deriva-
tives, most of the applications of fluorine-derived conformation-
al control have been in the bioactives space. To conclude this
section, a different application will be examined, namely

organocatalysis.

Some important examples of organocatalysts are shown in
Figure 13, including proline (118), an N-heterocyclic carbene
(NHC, 119), a proline derivative 120, an imidazolidinone 121,
and a cinchona alkaloid 122. These structures are quite diverse,

and they operate via different catalytic mechanisms, but they

Beilstein J. Org. Chem. 2025, 21, 680-716.

are all N-heterocycles and they all offer the opportunity for con-
formational modulation through fluorination (see green high-
lights in 118-122) [199,200].

The first general strategy is to employ fluorine to control the
ring pucker of the organocatalyst [36,201-205]. For example,
incorporating fluorine at the 4-position of proline increases the
enantioselectivity of a proline-catalysed transannular aldol reac-
tion (123 — 124, Figure 13) [206]. The improved selectivity of
the fluorinated catalyst compared to proline itself can be attri-
buted to conformational organisation of the activated intermedi-
ate (I, Figure 13), due to oc_yg — 0*c_p hyperconjugation and
electrostatic attraction between the partially negative fluorine
and the C=N* moiety. In another example, incorporation of
fluorine into a NHC catalyst enhances the enantioselectivity of
an intermolecular Stetter reaction (125 — 127, Figure 13). The
improved selectivity can again be attributed to oc_g — 0*c_p
hyperconjugation, which imposes a curvature onto the Breslow
intermediate (I, Figure 13).

The second general strategy is to employ fluorine to control
rotation of the organocatalyst’s exocyclic bonds [202,207-216].
For example, a fluorinated proline-derived catalyst delivers high
enantioselectivity in an epoxidation reaction (128 — 129,
Figure 13). The high selectivity can be attributed to
rigidification of the activated intermediate through the “fluo-
rine—iminium gauche effect” (III, Figure 13), with one of the
aryl groups effectively shielding the front face of the molecule
[208]. A similar concept is seen with imidazolidone-type cata-
lysts in the context of a Michael reaction (130 — 131,
Figure 13) [214]. Fluorine can be used to bias the rotation about
an exocyclic C—C bond of the catalyst, due to electrostatic
attraction between the partially negative fluorine and the C=N"
moiety, and comparing the performance of the fluorinated cata-
lysts then provides information about which rotamer is optimal
for enantioselectivity (IV, Figure 13). A final example of the
control of exocyclic bond rotations of an organocatalyst is seen
with the cinchona alkaloids, operating as phase-transfer agents
in the fluorination reaction of a f-ketoester (132 — 133,
Figure 13) [212]. The presence of fluorine within the catalyst
restricts the rotation of an exocyclic bond, due to electrostatic
attraction between the partially negative fluorine and the C=N"*
moiety (V, Figure 13), and this delivers superior enantiocontrol

compared to the non-fluorinated catalyst.

6 Carbonyl compounds

We will now turn our attention towards molecules that contain a
C=0 double bond. We previously saw examples of such mole-
cules when we were considering acylated derivatives of alco-
hols (section 3) and amines (section 5); however, in those cases

we were considering the effect of fluorination on the “oxygen
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Figure 13: Effects of incorporating fluorine into organocatalysts.

side” or the “nitrogen side” of the carbonyl group, whereas in  If a fluorine atom is positioned at the a-position of a secondary
this section we will consider the effect of fluorination on the amide (i.e., I, Figure 14), there is a strong tendency for the C-F

“carbon side” (Figure 14). and C=0 bonds to align antiparallel. This tendency can be ratio-
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nalised through a combination of dipole minimisation, and
attraction between the fluorine and the nitrogen-bound hydro-
gen [217-220]. Notably, the conformation depicted in I
(Figure 14) causes the carbon chain of the amide to deviate
from the usual zigzag shape: the substituents R! and R are
projected in front of, and behind, the amide plane, respectively.
This phenomenon has been exploited to control the conforma-
tions of bioactive molecules. For example, amide 134
(Figure 14) is an autoinducer involved in the bacterial quorum
sensing (QS) response. The fluorinated analogues 135 and 136
were designed as QS inhibitors [221]. In analogue 135, the fluo-
rine substituent causes the carbon chain to be projected above
the amide plane, successfully mimicking the receptor-bound
conformation of the natural ligand 134, and it emerges that ana-
logue 135 is a more potent QS inhibitor than the stereoisomeric
analogue 136. Another illustration of this conformational phe-
nomenon is seen with the HDAC inhibitors 137 and 138
(Figure 14) [222]. The fluorinated analogue 138 is more potent,
and this can be attributed to fluorine-derived conformational

preorganisation of the key hydroxamic acid moiety in 138.

Further examples of the “a-fluoroamide effect” will be seen in
section 7 (peptides).

It was stated above that the preferred conformation of an a-fluo-
roamide can be attributed to two separate phenomena, i.e.,
dipolar minimisation and F---HN attraction (I, Figure 14). It is
possible to dissect these two phenomena through the study of
structural variations. For example, in compound 139 (Figure 14)
there are additional fluorine substituents one carbon further
away from the carbonyl group [223]. The lowest-energy confor-
mation of 139 features a close contact between one of the
B-fluorines and the NH group, speaking to the generality of the
F---HN interaction. On the other hand, consider tertiary amides
(e.g., 140 and 141, Figure 14), in which there is no NH group.
o-Fluorinated tertiary amides typically do not have a single,
dominant conformation: instead, a variety of rotamers about
F-C-C=0 are accessible, governed by an interplay between
dipolar effects and the avoidance of steric repulsion [224-228].
Compound 140 is the natural acetylcholinesterase (AChE) in-
hibitor, piperine [229]. At first glance, the fluorinated analogue
141 is a poor mimic of the low-energy conformation of 140.
Intriguingly, however, compound 141 retains or even exceeds
the AChE inhibitory activity of 140. This can be explained by
considering that piperine (140) adopts a higher-energy confor-
mation when bound to AChE [230], and this higher-energy con-
formation is successfully mimicked by 141.

We now turn our attention towards other types of carbonyl com-
pounds, namely esters and ketones (e.g., II and III, Figure 14).

As was seen above for a-fluorinated tertiary amides, in a-fluori-
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nated esters and ketones there is no possibility for any F---HN
interaction. As might therefore be expected, no single dominant
conformation of II and III is typically observed; instead, rota-
tion about the F-C—C=0 dihedral leads to twin minima at ~0°
and ~180° [231-233]. These two conformations usually have
quite similar energies but different dipole moments, and hence
the polarity of the surrounding medium can influence which
conformation predominates. The lack of a strong inherent con-
formational preference of a-fluorinated esters and ketones
perhaps explains why biological applications of such molecules
are quite rare [234]. There is, however, a notable effect in terms
of chemical reactivity. a-Halogenated ketones are generally
regarded as being good substrates for nucleophilic addition and
substitution reactions (e.g., 142 — 143, Figure 14), but perhaps
surprisingly, a-fluorinated ketones are an exception and they
display low reactivity. This can be explained by considering
that the most reactive conformation of a-haloketones features an
orthogonal alignment of the C—X and C=0 bonds (Figure 14),
in which mixing of the 0*c_x and m*c-q orbitals can occur; this
conformation is disfavoured for a-fluoroketones due to a clash

between the fluorine lone pairs and the m-orbital [233].

7 Peptides

In previous sections of this review, we examined the conforma-
tional effects of fluorination upon amides, either on the
“nitrogen side” (section 5) or the “carbon side” (section 6).
Now we will go further and examine some more complex
oligoamide scaffolds, namely, peptides and proteins. These are
archetypal systems in which the 3D structure determines func-
tion; hence, methods for controlling the conformations of
peptides and proteins are likely to have valuable applications in

biotechnology and medicine.

The amino acid upon which most attention has been focused
by the fluorine chemistry community to date, is proline
(Figure 15).

Fluorination at the 4-position of the proline ring (144 and 145,
Figure 15) has several conformational outcomes [235-239].
First, the pucker of the ring system can be biased towards either
the C*-endo or the C*-exo conformation, depending on the fluo-
rine stereochemistry (I and II, Figure 15): this can be attributed
to oc_g — o*c_p hyperconjugation in each case. Second, the
cis/trans ratio of the amide bond preceding the fluoroproline
residue is affected: while cis-4-fluoroproline can accommodate
a cis-amide configuration relatively easily (III, Figure 15),
trans-4-fluoroproline strongly favours the frans-amide
configuration due to ng — m*c=g hyperconjugation (IV,
Figure 15). Third, the barrier to cis/trans isomerisation of the
preceding amide bond is affected: cis-4-fluoroproline has a

higher barrier to rotation while trans-4-fluoroproline has a
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lower barrier (V and VI, Figure 15), and this is consistent with These various conformational effects have been widely
the transition state of the isomerisation reaction having a C*-exo  exploited to modulate the properties of proline-containing

ring pucker. peptides and proteins [238-240].
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The first example that we will consider involves a small
peptide, and we will focus on the ring pucker. Peptide 146 is a
thrombin inhibitor (Figure 15); its target-binding conformation
features a C*-exo pucker of the proline ring [241]. Analogue
147, which contains a trans-4-fluoroproline residue, is more
potent than 146 because the proline ring of 147 is pre-
organised into the required C*-exo pucker. By contrast, ana-
logue 148, which contains a cis-4-fluoroproline residue, is less

potent.

The second example involves a larger peptide, and we will
consider not just the ring pucker, but the thermodynamics and
kinetics of cis/trans amide isomerisation, too. Peptide 149
(Figure 15) is a simplified and truncated model of the protein
collagen. Like collagen, peptide 149 self-assembles into a triple
helix in which all of the amide bonds are frans and all of the
hydroxyproline residues have the C*-exo pucker. If the
hydroxyproline residues of 149 are replaced with trans-4-fluo-
roproline (150, Figure 15), the resulting triple helix forms more
quickly and is more stable [242]. The accelerated self-assembly
of 150 can be attributed to a lowering of the cis/trans amide
isomerisation barrier by fluorine (VI, Figure 15), while the
greater thermodynamic stability of the self-assembled structure
of 150 can be attributed, in part, to a stabilisation of both the
trans-amide (IV, Figure 15) and the C4-exo pucker (II,
Figure 15) by fluorine.

The third example illustrates how fluoroprolines can be used as
tools for interrogating the structures and functions of entire pro-
teins [243-254]. Green fluorescent protein (GFP, Figure 15)
folds into a barrel shape, with the majority of its proline
residues (nine out of ten) adopting the C*-endo pucker. When
all of these prolines are replaced with cis-4-fluoroproline (151,
Figure 15), the resulting protein maintains fluorescence proper-
ties and is a “superfolder”: it exhibits faster folding kinetics,
and its folded state has enhanced stability [255]. This is
consistent with the C*-endo pucker being favoured by cis-4-
fluoroproline. In contrast, when all of the proline residues are
replaced with frans-4-fluoroproline (not shown in Figure 15),
the resulting protein fails to fold correctly and lacks fluores-

cence.

It is also possible to fluorinate at other positions of the proline
ring. For example, in 3-fluoroprolines (not shown in Figure 15),
analogous conformational effects are observed to those
already described for 4-fluoroprolines, as would be expected
since both series of molecules contain an N-C-C-F motif
[256,257].

Let us now turn our attention away from fluoroprolines, and

towards other types of fluorinated peptides.
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The fluoroalkene motif has frequently been employed within
peptidomimetic structures, where it can serve as an effective
isostere of the amide bond [258-261]. For example, a peptide
known as Leu-enkephalin (152, Figure 16) is a potent ligand of
the delta opioid receptor, but it has a poor pharmacokinetic
profile due, in part, to its low lipophilicity. Replacement of one
of the amide bonds of 152 with a fluoroalkene 153 increases the
lipophilicity while retaining much of the receptor-binding activ-
ity [262]. In contrast, the non-fluorinated alkene analogue 154
loses receptor-binding activity, and this suggests that the fluo-
rine in 153 serves the important function of mimicking the
H-bond-accepting character of the carbonyl group of 152. The
fluoroalkene moiety of 153 is rigid, of course, so at first glance
this example might appear to be outside the scope of this
review, focusing as we are upon controlling molecular confor-
mation. However, the fluoroalkene moiety of 153 does affect
the conformation of a flanking segment of the peptidomimetic:
in the synthetic precursor 155 (Figure 16), X-ray crystallogra-
phy reveals a gauche alignment of the F-C—C-N moiety, as

would be expected due to hyperconjugative stabilisation

(oc_y = 0*c_p).

Another way to install fluorine on the backbone of a peptide, is
to do so between the amino and carboxyl groups of one of the
amino acids. This is difficult in the case of a-amino acids,
because geminal fluoroamines are typically unstable [263]; but
richer opportunities arise with backbone-extended amino acids
such as f-, y-, and d-amino acids [264-270]. We have already
seen an example of a backbone-fluorinated y-amino acid (i.e.,
58, Figure 8, section 3); previously, compound 58 was consid-
ered as an example of a vicinal fluoro-alcohol, but now we
can view the structure more holistically as a peptide that
contains a backbone-fluorinated y-amino acid, in which confor-
mational control is exerted not just within the HO-C-C-F seg-
ment as discussed in section 3, but also within the F-C-C=0
segment.

Another application of fluorinated backbone-extended amino
acids is in the conformational control of helical peptide
foldamers (Figure 16). For example, consider the §-peptides
156 and 157 [271]. These peptides differ only in the configura-
tion of a single fluorinated stereocentre, yet they have dramati-
cally different conformations: f-peptide 156 adopts a 14-helical
shape, stabilised by favourable N-C—C-F and F-C—-C=0 align-
ments, whereas B-peptide 157 is forced out of the helical shape
(not shown). Next, consider the y-peptides 158 and 159 [272].
The erythro-difluorinated y-peptide 158 adopts a 9-helical
shape (Figure 16), due to favourable N-C—C-F and F-C-C-F
and F-C-C=0 alignments, whereas the threo-difluorinated
y-peptide 159 is disrupted away from this helical shape (not

shown). A similar contrast between erythro- and threo-difluori-
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nated stereoisomers is seen within the a,y-hybrid peptide scaf-
fold 160 and 161 [273]. Notably, the fluorines are the sole
source of chirality in peptides 158-161. Finally, consider the
peptoids 162 and 163 [274]. The non-fluorinated peptoid 162
has the ability to adopt a helical conformation in which all of
the amides are cis; but this helix is only a minor fraction of the
total population of 162 in solution. The helical propensity is in-
creased in the fluorinated analogue 163, because the cis-amides
are stabilised by a dipolar interaction between the carbonyl

oxygen and the 8" first carbon of the sidechain.

To conclude our survey of fluorinated peptides, we will focus
upon cyclic examples.

An attractive feature of the cyclic peptide architecture, is that it
becomes possible to control the shape of a bioactive epitope by
altering a distant part of the macrocycle [275]. This concept has
been explored with the cyclic RGD-containing peptides
164-167 (Figure 17) [276]. In these molecules, the shape of the
integrin-binding RGD motif can be varied by changing the
fluorination pattern within the y-amino acid at the opposite side
of the macrocycle. This alteration in the shape of the RGD
motif translates into significant differences in the effects that
164-167 have upon cell adhesion and cell spreading. For exam-
ple, cyclic peptides 164 and 165 inhibit the spreading ability of
cells on a fibronectin-enriched extracellular matrix, while
peptides 166 and 167 are less active; this suggests that a bent-
shaped y-turn about the glycine residue, as seen in 164 and 165,
is optimal for binding to fibronectin-recognising integrins such
as a3 integrin.

Another cyclic peptide scaffold in which conformation has been
altered by fluorination, is the natural product unguisin A (168,
Figure 17). Incorporation of different 1,2-difluoro patterns
within the y-amino acid residue leads to different overall molec-
ular shapes 169—-172 [277,278], and these shape changes affect
the ability of the cyclic peptide scaffold to act as a supramolec-

ular host for binding a chloride anion guest [279].

The anion binding concept is taken further with the macrocycle
173 (Figure 17) [280]. This is a rather exotic cyclic hexapep-
tide comprising an alternating sequence of a- and y-amino
acids, and in which the y-amino acids contain an embedded
fluorosugar moiety. Peptide 173 adopts a “bracelet”-type con-
formation in which the macrocycle is quite flat and several of
the amide bonds are oriented perpendicular to it, stabilised by
an antiparallel alignment of each F-C—C=0 moiety. This con-
formation enables supramolecular aggregation to form
nanopores that are capable of transporting several different
types of anions (e.g., NO3~, ClI7, SCN™, Br") across a mem-
brane.
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8 Sulfur-containing compounds

For this final section, we will consider a class of compounds
that is only just beginning to be explored in the context of fluo-
rine-derived conformational control. Sulfur-containing com-
pounds are found in a variety of important arenas, including as
bioactives, as metal ligands, and as light-harvesting materials.
Evidence is beginning to emerge that the conformations of
sulfur-containing compounds can be controlled in valuable

ways through fluorination.

In some instances, the conformational effects are similar to
those that we have already seen elsewhere in this review. For
example, consider the aryl thioethers 174 and 175 (Figure 18).
By analogy with the oxygen ethers presented in section 2, fluo-
rinated thioethers such as 174 and 175 tend to favour conforma-
tions in which the (Ar)C-S bond is orthogonal to the aryl
system [281,282]. In the thioether case, this tendency can be at-
tributed primarily to a steric effect rather than the hyperconju-
gation phenomenon that was discussed in the context of oxygen

ethers.

Another fluorinated sulfur-containing compound in which the
conformational properties should be somewhat familiar in light
of previous discussions in this review, is the vicinal fluorothio-
ether 176 (Figure 18). In compound 176, there is a preference
for the vicinal C-F and C-S bonds to align gauche, and this can
be attributed to oc_g — 0*c_p hyperconjugation [283]. Now,
however, a new point of interest arises: the partial charge on
sulfur can be manipulated in several different ways, and this can
affect the conformation. For example, oxidation of 176
furnishes sulfoxide 177 or sulfone 178, and in these oxidised
analogues the “fluorine—sulfur gauche effect” is strengthened
[283,284]. The stronger gauche effect in 177 and 178 is mostly
attributable to a greater electrostatic attraction between fluorine
and sulfur. Another way in which the partial charge on sulfur
can be increased, and the gauche effect thereby strengthened, is
through metal complexation (e.g., 176-Ag* and 176-Au™,
Figure 18) [285].

Another unique feature of sulfur-containing compounds is their
ability to engage in attractive 1,5-F---S interactions. For exam-
ple, compound 179 favours a planar conformation in which a
lone pair on fluorine can mix with the o* orbital of the S-C
bond (Figure 18) [286]. This new type of hyperconjugation
[287] enables compound 179 to successfully mimic the shape of
a previously developed splicing modulator drug 180 while
offering superior potency and pharmacokinetic properties. The
1,5-F---S interaction has also been exploited to control the con-
formations of oligothiophenes (e.g., 181-183) [288], an impor-
tant class of materials that have light-harvesting and semicon-

ductor applications [289].
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Figure 17: Fluorinated cyclic peptides.

Conclusion

We have seen that the C—F bond tends to align in predictable
ways with neighbouring functional groups such as ethers, alco-
hols, amines, amine derivatives, carbonyl groups, and sulfur-
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containing moieties. In all cases, the favoured bond alignments
can be understood in terms of simple stereoelectronic phenome-
na such as hyperconjugation and electrostatic attraction/repul-

sion.
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These conformational effects can deliver several different types
of advantages in functional molecules. In some instances, the
C-F bond endows a molecule with the ability to change its
polarity to suit its environment (a “conformational chameleon”).
In other instances, the C—F bond allows a molecule to conserva-
tively mimic the shape of a different molecule such as a natural
product, while simultaneously offering some other kind of
benefit (e.g., enhanced pharmacokinetic properties). In other
instances, the C—F bond causes an otherwise flexible molecule
to be rigidified, such that out of an ensemble of previously
accessible conformations, a single conformation becomes domi-
nant (application to entropy-driven enhancement of target-
binding). Finally, in some instances the introduction of a C-F

bond can cause a molecule to adopt an entirely novel shape.

Throughout this review, we have seen how such advantages
have been expressed across a wide variety of molecular scaf-
folds, encompassing bioactive agents, functional materials,
organocatalysts, peptide foldamers, supramolecular hosts, and

even fragrance chemicals.

In the future, it seems likely that creative new expressions of
these ideas will continue to arise, fuelled by ever-evolving syn-
thetic fluorination methods [290]. It is the authors’ hope that
our review article might contribute in a small way to this expan-
sion, by inspiring readers to consider applying the principles of
fluorine-derived conformational control to their own molecular

scaffolds of interest.
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