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Amino acids are vital motifs in the domain of biochemistry, serving as the foundational unit for peptides and proteins, while also

holding a crucial function in many biological processes. Due to their bifunctional character, they have been also used for combina-

torial chemistry purposes, such as the preparation of DNA-encoded chemical libraries. We developed a practical synthesis for

o-heteroaryl-a-amino acids starting from an array of small heteroaromatic halides. The reaction sequence utilizes a photochemical-

ly enhanced Negishi cross-coupling as a key step, followed by oximation and reduction. The prepared amino esters were validated

for on-DNA reactivity via a reverse amidation—hydrolysis—reverse amidation protocol.

Introduction

DNA-encoded chemical library (DEL) technology is a power-
ful tool for hit identification [1,2]. DELs are chemically synthe-
sized libraries in which every member is covalently attached to
a unique DNA sequence serving as a molecular “barcode” [3].
The success of this technology ultimately relies on the quality
and diversity of the libraries. DEL synthesis must employ
DNA-compatible reactions; hence it operates under a limited set
of conditions [4,5]. DELSs are typically produced via split-and-
pool combinatorial chemistry methods. Using bifunctional
building blocks (BBs) can quickly increase the diversity of
these molecular libraries [6]. Hence, DEL practitioners con-

stantly seek access to novel building blocks [7].

Amino acids (AAs) are vital motifs in the domain of biochem-
istry, serving as the foundational unit for peptides and proteins,
while also holding a crucial function in many biological pro-
cesses [8]. Non-canonical amino acids (NCAs) are widely used
in medicinal chemistry [9]. Not surprisingly, they also find
broad use as bifunctional building blocks (BBs) for DELs. In an
early example, an 800-million-members DEL utilized Fmoc-
amino acids as primary diversity elements [10].

The pursuit of achieving the efficient synthesis of a-amino acids

has been an ongoing challenge since 1850, marked by the initial

report of the Strecker condensation [11]. The Strecker synthesis
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and the related Bucherer—Bergs hydantoin formation remains
the most employed approach for producing this family of sub-
strates [12]. Despite its effectiveness, this approach requires
hazardous cyanides and harsh conditions for the subsequent
hydrolysis of the nitrile or the hydantoin. Additionally, it carries
significant limitations in its scope, reducing its overall applica-
bility.

A different approach for the synthesis of a-amino acids involves
the formation of dehydroamino acids and subsequent hydroge-
nation [13,14]. More recently, there have been reports of tech-
niques that utilize phase transfer catalysts (PTCs) to alkylate
glycine derivatives [15,16]. A range of less widely applicable
strategies have been developed as well [17-22].

The above-mentioned methods focus on the synthesis of
a-alkyl-amino acids. Moving to a-aryl-amino acids, the
Clayden group published an excellent asymmetric a-arylation
method to access quaternary amino acids with high enan-
tiomeric purity [23]. The synthesis of formally glycine-derived
tertiary a-aryl-amino acids is much less developed. The most
common strategy for obtaining these substrates is by lithiation
of an aromatic ring followed by coupling with a glycine deriva-
tive (Scheme 1a). For example, this approach was applied to the
synthesis of N-substituted pyrazoles and poly-substituted isoth-
iazoles [24,25]. Glycine derivatives can be reacted with indoles
using copper catalysis or metallophotoredox catalysis [26]. Le

et al. reported the use of the same approach for imidazo[1,2-

a) coupling with glycine derivatives
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alpyridines [27,28]. However, the selectivity of these photo-
redox reactions is driven by the structural properties of the
heteroaromatic ring. During the preparation of this article,
the Meggers group published an outstanding enantioselective
iron-catalyzed a-amination pathway (Scheme 1b) [29]. The
method is widely applicable to a broad range of substrates,
however, it utilizes a catalyst that is not commercially available
and small heteroaromatic rings are underrepresented in the

scope.

Recognizing the importance of small heteroaromatic rings and
the amino acid motif in medicinal chemistry [30-33], and
aiming to expand our in-house DEL BB collection, we sought
to develop a synthetic route capable of providing a broad range
of a-heteroaryl-a-amino acids in a cost-effective manner
(Scheme 1c¢).

Herein, we describe the synthesis and on-DNA validation of
non-canonical a-heteroaryl-a-amino acids. We envisioned that
a-heteroaryl acetates accessed through Negishi coupling can be
used as key intermediates towards NCAs (Scheme 1c). Indeed,
oximation of these motifs followed by reduction gave access to
the desired NCAs.

Results and Discussion
Negishi cross-coupling step
The Negishi reaction provides convenient access to compounds

featuring C(sp2)-C(sp>) bonds. However, the general view is

X NC)S NHR
Li,Mg/[Cu]/hv
J\C)D() + RHN__COOR l\X COOR
X=N,SorC
b) Megger's a-amination
NHBoc
RN COOH BocNHOMSs, [Fe]
( J/k Ny SCOooH
R// |
<4

c) this work
-N
A/&A HN Negishi
coupling
N g \
A=N,0,SorC
®=¢-X X=ClorBr

Scheme 1: Known and improved synthetic strategies to access a-(hetero)aryl-amino acids.

1923



that this transformation is less reliable than its orthogonal coun-
terpart, the Suzuki reaction. Recent years have seen significant
developments in Negishi reaction methodologies [34-39]. In
particular, Alcazar et al. developed continuous flow protocols
for both the generation of alkylzinc halides and for the subse-
quent Negishi cross-coupling reaction [40-44]. We successfully
adapted Alcazar’s protocols for the synthesis of otherwise chal-
lenging heteroaryl-alkyl connections (see Table S1 in Support-
ing Information File 1). We decided to explore the potential of
this methodology for the formation of a-heteroarylacetates. In
particular, we were curious to see whether this methodology
translates well for five-membered heteroarene substrates (e.g.,
thiazoles, pyrazoles, imidazoles) which are usually underrepre-
sented in the peer-reviewed literature in comparison to phenyl
groups or their six-membered counterparts (e.g., pyridines,
pyrimidines) [42]. Furthermore, the increasing importance of
small heteroaromatic rings containing nitrogen, sulfur and/or
oxygen in medicinal chemistry is well depicted by the list of
recently approved drugs by the FDA [31]. Fezolinetant (an NK3
receptor antagonist) and quizartinib (FLT3 inhibitor) are just a
couple of examples among the drugs reaching the market in the

last year.

As shown in Scheme 2, ethyl (bromozinc)acetate (1a) was syn-
thesized in flow by pumping a solution of ethyl 2-bromoacetate
through a pre-activated zinc column (see page 11 in Supporting
Information File 1) [44]. The Reformatsky reagent could be ob-
tained in yields varying from 70 to 90% depending on the acti-
vation state of the column. The yield of the reaction was deter-
mined by titration with iodine (see page 11 Supporting Informa-
tion File 1), affording final concentrations between 0.35 to
0.45 M in THF. The solution can be stored in the fridge under
argon for one week before being used in the Negishi reaction.
With concentrations above 0.4 M we observed crystallization of
ethyl (bromozinc)acetate at the bottom of the vial after a few
hours of storage in the fridge. The solid can be easily re-dis-
solved by gentle heating, and without affecting the product con-

centration and integrity.

After a brief screening, Pd(dba), and X-Phos (in a 1:2 ratio)
were selected as the catalyst system for the Negishi reaction

BrCH,COOEt .

in THF 0.5 M zinc

40 °C, 0.5 mL/min
dry THF, Ar atm.

Scheme 2: Reformatsky reagent production.
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(Supporting Information File 1). Preliminary experiments were
carried out with and without blue light irradiation in the
PhotoCube™ photoreactor [45]. These experiments revealed
that while the conversion of imidazoles and pyrazoles benefits
from irradiation, thiazoles seem to be largely unaffected by the
presence of light (see pages 5 and 6 in Supporting Information
File 1). In the case of indazoles, increased reaction rates were
observed in the presence of light, but the overall yield was the
same for the dark and irradiated experiments. Although these
reactions are typically complete within 4 h in the dark, irradia-
tion with blue light halves the reaction time for many com-
pounds. Overall, these observations are in line with those of
Alcazar et al. [43]. In their work, the authors demonstrated the
formation of a complex between palladium and the organozinc
reagent which is absorbing in the blue region. This complex
then accelerates the oxidative addition of the aryl halide to the
metal, which is usually the rate-limiting step for palladium-cata-
lyzed cross-couplings. Based on these results we decided to
perform all Negishi reactions under blue light irradiation.

With the optimized conditions in hand, we proceeded with the
investigation of the heteroaryl halide scope in batch (Scheme 3).
Thiazoles proved to be challenging substrates typically
affording the desired products in moderate yields (2b—h). While
2-chlorothiazole led to the production of 2b in 44% yield,
2-bromo-5-chlorothiazole only afforded 21% yield (2d). Grati-
fyingly, the reaction selectively proceeded in position 2 of the
ring. Position 4 seems to be inert to the Negishi coupling condi-
tions as illustrated by substrates 2¢ and 2g. Somewhat surpris-
ingly, LCMS analysis indicated that 1g did not go through oxi-
dative addition and remained unreacted. Formation of 2h did
not occur, however, we observed the formation of unidentified
side products. Interestingly, the presence of a free carboxylic
group is well tolerated (2f). Benzothiazole 1i proved to be an
excellent substrate for this reaction, leading to the desired
acetate 2i in high yield. A similar result was obtained for the
furanyl derivative 2j. Pyrazoles were the only substrate class
which clearly benefited from light irradiation (2k—o), displaying
not just a shorter reaction time but also higher yields. Even
unprotected pyrazoles (2k, 2m, 2n) performed well, showing
that N-protection is not mandatory for this transformation.

I, titration

P U

collection
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Reformatsky reagent (2 equiv)

I,,:::I//x Pd(dba), (5 mol %), X-Phos (10 mol %)
o JHAR Nt
‘\/ THF, Ar atm, 30—40 °C, 2 h
1b—z 457 nm LEDs hv 2b-z
X = halogen
o) o) 0
s>_>\— OEt Bra_N OEt N OEt
L T I
N S S
2b 2¢ cl 2d
44% (X = Cl) 62% (X = Br) 21% (X = Br)
o) o) o)
OEt s OEt N OEt
Nlﬁ | />_>¥ . ﬁ
s HO N S
2e o 2f 2g
50% (X = Br) 61% (X = Br) —(X=Br)
(0] e} 0
N>__>>0Et s OFt 0\ OEt
| D /) =
S N
Cl 2h 2i 2j
87% (X = Br) 87% (X = Br)
o)
OEt

-(X=Cl)
O O
OEt
~ Bn/N Nx
CF3
2| 2m
95% (X = Br)
not irradiated: 66%*

2k
73% (X = Br) 80% (X = Br)

not irradiated: 45%* not irradiated: 58%*

(0] (0]
H[“>_>L OEt Ni>—>~OEt NN, OEt
N= (N Y
2n 20 2p
48% (X =Br) 87% (X =Br) 39% (X =ClI) 48% (X =Br)

not irradiated: 26%*
N7 (6] H (0] ; O
\ OEt N N>_>\~ OFEt N>_>L OEt
L L
Z N N
2r 2s 2t
82% (X = Br) —(X=Br) 77% (X = Br)
; O H O Bn o
N OEt N OEt N OEt
r [ W
N/
N N
2v 2z
—(X=Br) —(X=Br)

92% (X =Br)
Scheme 3: Scope of ethyl heteroarylacetates. Isolated yields are given. *Dark reactions were carried out for 4 h.
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3-Bromo- and 3-chloroindazoles offered moderate yields (39%
and 48% for 2p and 2q, respectively), while 5-substituted 2r
was isolated with 82% yield. In contrast to pyrazoles and inda-
zoles, benzimidazoles and imidazoles required the protection of
the aromatic NH group (2s vs 2t; 2v vs 2u). Reactions with
unprotected imidazoles 1s and 1v led to immediate formation of
a precipitate upon addition of the Reformatsky reagent. Surpris-
ingly, 1z did not afford the expected product (2z).

The synthesis of the Reformatsky reagent can be combined with
the Negishi cross-coupling step in a continuous flow manner
[41-43]. Continuous flow chemistry offers superior control over
reaction parameters compared to traditional batch methods. This
approach leads to reproducible reactions, improved safety fea-
tures, and it can facilitate high-throughput screening and rapid
optimization [46,47]. Homogenous heating and mixing in flow
reactors can lead to higher reaction rates and yields. In terms of
photochemistry, continuous flow setups provide enhanced light
irradiation as well [48,49]. These advantages make flow chem-
istry a powerful tool for chemical synthesis and industrial appli-
cations [50,51].

To assess the advantage of moving from batch to flow, the pro-
duction of compounds 2b and 2i was carried out with the tele-
scoped approach. Despite the difference in the yield being
minimal, the rate of the transformation showed a significant
improvement under continuous flow conditions, leading to reac-

tion completion within 30 minutes (Scheme 4).

Oxime formation
Once the ethyl heteroarylacetates scope was completed we
turned our attention to the incorporation of the amino group.

There are precedents for a-aminations, but we were not able to
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find a method suitable for our needs [52,53]. Benzylic bromina-
tion followed by nucleophilic substitution offers a general ap-
proach for the introduction of the nitrogen atom [54-56]. Conse-
quently, the continuous flow Wohl-Ziegler bromination of 2b
was attempted [57]. Even though we could observe excellent
LCMS-conversion for the mono-brominated compound, we en-
countered several problems related to the stability of the prod-

uct (see Supporting Information File 1).

To circumvent these issues, we came across the possibility of
inserting an oximino group into the benzylic position which can
then be converted into an amino group by reduction. We
reasoned that increasing the sp? fraction and the rigidity of the
whole structure will lead to increased stability of these deriva-
tives. The first exploratory attempts demonstrated the easy
preparation and the high bench stability of the oxime deriva-
tives, therefore we opted to proceed using this route. In this
study, we explored three distinct approaches commonly em-
ployed for the introduction of the oximino group into a mole-
cule. The first approach is based on the generation of the
nitrosonium ion from sodium nitrite under acidic conditions
(Scheme 5, top) [58,59]. Additionally, another very common
method involves the employment of a strong base, typically so-
dium ethoxide or methoxide, in combination with an alkyl
nitrite to promote the incorporation of the oximino group
(Scheme 5, middle) [60,61]. Furthermore, a widely adopted
strategy involves the conversion of a carbonyl group to an
oxime through condensation with hydroxylamine (Scheme 5,
bottom) [62-64].

In order to develop a synthetic approach applicable to several
different substrates, we decided to screen the three methods on

one example from each type of heteroaryl halides. According to

BrCH,COOEt ,
in THF 0.5 M ®—'| zinc |-—|><]7 9
40 °C, 0.5 mL/min 457 nm BPR
dry THF, Aratm. | ... 20 psi R
: NS
k : v haSS COOEt
[ > ' \/
40-50 °C )
./-~:w,x© Pd(dbay),, X-Phos 20 mL coil,
{ VHAR . ;
LA 0.17 mL/min, dry THF, Ar atm. 0.67 mL/min, hv
1
S, COOEt s COOEt
Lo~ I~
N N
2b 2i

47% yield (44% in batch)
productivity up to 2.3 g/h

Scheme 4: Telescoped flow synthesis of heteroarylacetates.

96% yield (87% in batch)
productivity up to 2.9 g/h
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our experimental results, thiazole 2b, benzothiazole 2i and

NaNOy, H* benzimidazole 2t react very well with sodium nitrite in an
o 0 acidic environment (Scheme 6, red section). Among the various
OEt AlkO—/AIkONO OEt subclasses of compounds, pyrazole 21 exhibited a high reactivi-
ty using 7-BuONO and EtONa in ethanol (Scheme 6, red
1. oxidation ) N+OH section). On the other hand, no reaction was observed with
haeg:tr;)te:ergl oxImes indazoles and furans using the first two conditions, requiring the
2. NH,0H, reflux

formation of the ketoesters 4j and 4r first, followed by the
functional group interconversion (FGI) with NH,OH-HCl

Scheme 5: Potential routes for the preparation of oximes. .
prep (Scheme 6, blue and green sections).

(0] . N - o
OEt direct oximation (conditions a or b) . OEt
o) G
N
2

v OH
5
OXigqs:
Iy
20 ()
hydrolysis (c) FGI (f)
o) - o
OH 1. oxidation (d) _ ?~0Et
' 2. esterification (e) @ 6
3 4
conditions

a) aq NaNO, 45 wt %, EtOH, AcOH, 0 °C; b) t-BuONO, EtONa, EtOH, 40 °C; c) LiOH, THF, MeOH, H,0, rt
d) SeO,, dioxane, reflux; e) Etl, NaHCO3, DMF, 40 °C; f) NH,OH-HCI, pyridine, EtOH, reflux

: 0 0 ; O 5 0 :
: n :
: S>_?~0Et s>_2\~0Et N OFt N OEt :
. |, \ / \ | / \ N - \ .
: N  NvOH N  NvOH Z=N  N-OH NvOH
' 5b 100% yield 5i 100% yield 5t 99% yield 51 69% yield :
E conditions a conditions b :

.

2j 4j quant. yield 5] 99% yield

(@)
%
(@]
m
o
Y
o
//
O/
O
m
Y
(@]
//
z/
<
(@] (@]
T m

E O 0 o 0 E
: OEt c OH d OEt 4 OFt;
:HN HN e HN S PN NvOH
2r 3 98% yield 4r  76% yield 5r 97% yield

Scheme 6: Oxime group insertion step.
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The Riley oxidation of the furanyl derivative 2j proceeded
smoothly yielding 4j in quantitative yield. However, obtaining
compound 4r presented some challenges due to the resistance
of ester 2r towards conventional oxidation methods (see Table
S5 in Supporting Information File 1). Consequently, a multi-
step process involving ester hydrolysis and subsequent re-esteri-
fication was necessary to achieve the desired ketoester.

Reduction of the oximes

Oximes are commonly reduced to the corresponding amines
using either palladium on activated carbon and hydrogen gas
[65-68], or with zinc and a Brgnsted acid as source of hydrogen
[68,69]. Both methods were tested and after a brief optimiza-
tion process, zinc dust and HCl in a mixture of EtOH/dioxane
proved to be the best conditions in order to maximize the yield
and limit the amino ester instability issues (see Table S6 in Sup-
porting Information File 1). By slightly adjusting the reaction
time and the temperature, all oxime derivatives underwent
reduction to yield the corresponding amine. The amino esters
were effectively safeguarded against degradation through the
immediate formation of the HCI salt or by Boc-protection. This
procedure allowed us to obtain all the protected amino acids in
a yield that varies from 56 to 74% (Scheme 7).

Gram scale experiment
With the optimized synthetic route, we were able to reach the

final targets in good to excellent overall yields (from 25% to

Beilstein J. Org. Chem. 2024, 20, 1922-1932.

64%, see Scheme 7). To test the robustness of our approach, the
synthesis of compound 6i was carried out on gram scale starting
from 2.1 g of 2-bromobenzothiazole (1i). The gram scale pro-
duction showed comparable results to those obtained in the
small-scale procedure, leading to the formation of 1.8 g (67%
overall yield) of the final product 6i (Scheme 7, bottom).

On-DNA validation

Due to the large complexity of DELs, there is only limited op-
portunity to track the efficiency of individual reactions during
library synthesis. Therefore, BBs need to pass validation before
being used in library synthesis settings. For these bifunctional
amino esters, we performed a three-step validation where they
were first attached to carboxylic acid functionalized DNA head-
piece 7a (first reverse amidation). Next, the ester was hydro-
lyzed to obtain acid 9, and finally, a second reverse amidation
with aniline afforded 10.

Both the reverse amidation and the ester hydrolysis were per-
formed following literature protocols [70,71]. In these experi-
ments, compounds 6b and 6i proved to be unstable under
on-DNA conditions as they failed to form esters 8b and 8i.
Closely related structures, such as a-aminobenzothiazol-2-
ylacetic acid is known to undergo decarboxylation at room tem-
perature [72]. Compound 8t underwent decarboxylation during
the hydrolysis step. Compounds 6j, 61 and 6r passed validation

in moderate to good yields (Scheme 8).

o 1. Zn dust (3 equiv), HCI 4 N in dioxane (9 equiv), EtOH 0
OEt OEt
@ l\\l OH 2a. TEA (8 equiv), Boc,O (2.1 equiv), EtOH, rt, 2 h @ NHR

2b. HCI (2 equiv), 0.2 h

0
[ >_2LoEt >_2¥0|5t Q—?L :>—2L N@_&Loa OEt
/
NHBOC E:[ NH,CI NH cl— Bn’ NH3CI™ NH,CI 6t NHBoc
56% yleld( ) 74% yleld (b) 69% y|e|d( ) 62% yleld (b) 64% ylgld 3%4323'3'(1( )
(25%) (64%) (61%) (34%) (38%) (48%)
éram scale experiment T e
S
@ e — @ S ; .
Negishi coupling Z~N oximation N OH reduction NH3 cl

1i

9.7 mmol, 2.1 g 9.3 mmol, 2.1 g, 96%

6.5 mmol, 1.8 g, 70%
(67%)

9.3 mmol, 2.3 g, quant. yield

Scheme 7: Amino ester production: general scheme, scope and gram scale experiment. The numbers in brackets represent the overall yield for the
synthesis of the amino esters from the Negishi coupling till the reduction/protection step.
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“mal,

9 10

anll

N COOH

a. DMT-MM, MES buffer pH 5.8, H,O, MeCN, rt 16 h
b. NaOH, H,O, rt, 2 h

1st reverse
amidation

NH,

S
[ >
N COOEt
6b

NH,

S

COOEt

COOEt

NH2

COOEt

/ﬁCOOEt

/
@[N
N

6t

COOEt

ester 2nd reverse
hydrolysis amidation
10j
34%

legend

. failed reaction

30-50% yield

@ >50% yield

no reaction attempted

Scheme 8: Reactions scheme and results for the on-DNA experiments. The reported values represent the normalized yield for each reaction (Sup-

porting Information File 1).

Conclusion

In conclusion, by taking advantage of the recent advances in the
Negishi cross-coupling reaction we obtained a broad range of
heteroarylacetates starting from heteroaromatic halides. One
compound from each subclass of medicinal chemistry-relevant
substrates (thiazoles, pyrazoles, etc.) was used for the prepara-
tion of o-heteroaryl-a-amino esters via the insertion of an oxime
group and subsequent reduction step. The procedure relies
solely on readily available and widely used reagents, rendering
our approach well-suited for both industrial and academic

settings. The synthesized amino esters were engaged in a three-

step on-DNA validation protocol, demonstrating their possible
application for DEL production.

Supporting Information

Supporting Information File 1
Experimental part and NMR spectra.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-168-S1.pdf]
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A flow photochemical reaction system for a m-Lewis acidic metal-catalyzed cyclization/radical addition sequence was developed,

which utilizes in situ-generated 2-benzopyrylium intermediates as the photoredox catalyst and electrophilic substrates. The key

2-benzopyrylium intermediates were generated in the flow reaction system through the intramolecular cyclization of ortho-carbon-

yl alkynylbenzene derivatives by the m-Lewis acidic metal catalyst AgNTf, and the subsequent proto-demetalation with trifluoro-

acetic acid. The 2-benzopyrylium intermediates underwent further photoreactions with benzyltrimethylsilane derivatives as the

donor molecule in the flow photoreactor to provide 1H-isochromene derivatives in higher yields in most cases than the batch reac-

tion system.

Introduction

Flow chemistry has been actively studied in recent years as a
method to run a reaction continuously using a flow path or tube,
rather than in a flask [1-16]. This method has attracted much
attention because, unlike a batch reaction system, it allows for
rapid generation of unstable chemical species by controlling pa-

rameters such as flow velocity and mixing properties, and in

some cases makes it possible to achieve reactions that are diffi-
cult to perform using batch chemistry [17-21]. In general, effi-
cient two-phase mixing and heat transfer, as well as ease of
scale-up, are the advantages of using a flow system. In addition,
reproducibility in a liquid-liquid flow system is improved

because the flow velocity and temperature can be precisely con-
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trolled by using a syringe pump and a temperature control unit,
respectively. Moreover, as the reaction mixture continues to
flow and the reaction can be quenched immediately when
necessary, the decomposition of an unstable product under the
reaction conditions can be avoided [22-25]. Furthermore, when
a photoreaction is performed in a flow system, there is an
advantage that the light irradiation efficiency [26-29] is in-
creased. Thus, the flow photochemical process is crucial and

beneficial to product formation.

Recently, we reported a sequential transformation consisting of
am-Lewis acidic metal-catalyzed cyclization [30-45] and subse-
quent photochemical radical addition [46-54], which affords
1H-isochromene derivatives 3 through three catalytic cycles
(Scheme 1a) [55]: catalytic cycles I and II and a photoredox
cycle of the photocatalyst [56,57] (see Supporting Information
File 1 for the overall catalytic cycles). In catalytic cycle I, the
key cationic components, 2-benzopyrylium intermediates A, are
generated in situ by the activation of the alkyne moiety of
ortho-carbonyl alkynylbenzene derivatives 1 in the presence of
the m-Lewis acidic metal catalyst [M]X [AgNTf, or Cu(NTf,),]
and subsequent intramolecular cyclization followed by proto-
demetalation with trifluoroacetic acid (TFA). In catalytic cycle
I, photoexcitation of the generated 2-benzopyrylium intermedi-
ates A under light irradiation facilitates single-electron transfer
(SET) from benzyltrimethylsilane derivatives 2 as the donor
molecule, initiating further radical reactions through the forma-
tion of radical cations B. Nucleophilic arylmethyl radicals C,
which are generated from radical cations B by desilylation,
undergo an addition reaction with 2-benzopyrylium intermedi-
ates A, giving rise to the corresponding radical cation. Catalytic
cycle II is completed through a SET from D, a reduced form of
the photoredox catalyst 2-benzopyrylium intermediates A, to
the generated radical cation, affording 1H-isochromene deriva-
tives 3. The photoredox cycle is also completed with the regen-
eration of cations A through SET from D.

The most distinctive feature of this sequential transformation is
that the in situ-generated 2-benzopyrylium intermediates A are
used not only as an electrophile but also as a photoredox cata-
lyst. However, as this reaction is carried out under relatively
harsh conditions (i.e., light irradiation, use of an excess amount
of TFA), the stability of products 3 was a concern. Indeed,
subjecting product 3a to the optimal reaction conditions with
either AgNTf, or Cu(NTf,), resulted in the significant degrada-
tion of 3a, although the degradation of 3a was partially
suppressed when AgNTf, was used (Scheme 1b). Accordingly,
we envisioned that the characteristics of the flow photochemi-
cal process, i.e., efficient light irradiation and immediate separa-
tion of the formed product from the reaction system, would be

suitable for this sequential reaction. Here, we report the results
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(b AgNTf, or Cu(NTf,), (10 mol %)
P(4-CF3CGH4)3 (20 mol 0/0)
TFA (5 equiv) recovery
of 3a

1,2-dichloroethane (0.1 M)
50 °C, 1 h, under Ar
blue LED (448 nm)

AgNTf2 CU(Nsz)z
recovery of 3a (%) 40 20

)
XN Ph
(0]
Me Ph
3a

Scheme 1: (a) Sequential m-Lewis acidic metal-catalyzed cyclization/
photochemical radical addition for the formation of 1H-isochromene
derivatives 3 and its plausible catalytic cycles. (b) Stability of 3a under
the optimal reaction conditions of the batch reaction.

of our investigation on the use of a flow photochemical reac-
tion system to improve the yield of the present sequential trans-

formation.
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Results and Discussion

At the outset of our studies to optimize the flow reaction condi-
tions, we employed AgNTTf, as the m-Lewis acidic metal cata-
lyst because of its high solubility in 1,2-dichloroethane (1,2-
DCE) [58] and ability to partially suppress the degradation of
the product formed (Scheme 1b). When designing a flow reac-
tion system for the present sequential transformation, we
considered the fact that the transformation involves three cata-
lytic cycles. In particular, given that catalytic cycle I (see
Scheme 1a) generates, e.g., key cationic components, 2-benzo-
pyrylium intermediates A without light irradiation, it is neces-
sary to ensure that the reaction time of catalytic cycle I is not
affected by the timescale of the flow reaction. Therefore, we
adopted a dual syringe system in which two solutions are mixed
before being introduced into the photoreactor (volume: 1.0 mL)
(Table 1, top right). After several trials, we decided to fill
syringe A with o-alkynylacetophenone 1a and syringe B with
AgNTf,, P(4-CF3CgHy)3, benzyltrimethylsilane (2a, TMSBn),
and TFA (see Supporting Information File 1 for details). At this

Table 1: Screening of reaction conditions in the flow reaction system?.

TMSBnN 2a (10 equiv)
Ph AgNTf, (x mol %)
é P(4-CF3CGH4)3 (y mol %) Ph
TFA (5 equiv) (\ X
(zM)

1,2-dichloroethane ©
Me 25 °C, flow rate R (mL/h) Me Ph
1a blue LED (450 nm) 3a
0.1 mmol

syringe A: R/2 mL/h (1ain 1,2-DCE)

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

time, the volumes of the solutions placed in the two syringes
were adjusted to be approximately the same. The initial condi-
tions of the flow reaction were based on those of the batch reac-
tion [0.1 mmol of 1a, 10 pmol (10 mol %) of AgNTf;, 20 umol
(20 mol %) of P(4-CF3CgHy)3, 1.0 mmol (10 equiv) of 2a, and
0.5 mmol (5 equiv) of TFA under light irradiation (blue LED:
Amax = 448 nm) at 50 °C for 1 h in 1 mL (total volume) of 1,2-
DCE] [55] with a flow rate of 3 mL/h (light irradiation time:
20 min in the flow reaction, 1 h in the batch reaction). As
shown in Table 1, product 3a was obtained in moderate yield
(entry 1: 42%, cf. batch reaction: 76%). Lowering the reaction
temperature to 25 °C reduced the yield (Table 1, entry 2: 35%),
but decreasing the amount of the phosphine ligand from
20 mol % to 5 mol % markedly improved the yield (Table 1,
entry 3: 53%). Even when the flow rate was increased from 3
mL/h to 24 mL/h (light irradiation time was shortened from
20 min to 2.5 min), the yield of 3a was maintained (Table 1,
entry 4: 53%). Under these conditions, no improvement in yield
was observed when the premixing zone (0.7 mL) was provided

blue light (A = 450 nm) irradiation

syringe A

quenched
by
thermally controlled) ag NaHCO3

syringe B

volume of premixing volume of light irradiation

syringe B: R/2 mL/h (all other reactants/reagents in 1,2-DCE) zone: 0.7 mL zone: 1.0 mL
Entry  AgNTf, P(4-CF3CgHy4)3 Conc. of 1a Flow rate Premixing Yield of 3a Recovery of 1a
(x mol %) (v mol %) (zM) (R mL/h) zone (mL) (%)P (%)P
1° 10 20 0.1 3 none 42 0
2 10 20 0.1 3 none 35 22
3 10 5 0.1 3 none 53 1
4 10 5 0.1 24 none 53 0
5 10 5 0.1 24 0.7 52
6 5 2.5 0.1 24 none 26 14
7 5 2.5 0.1 24 0.7 49 0
8 5 2.5 0.05 24 0.7 61 0
9 2 1 0.05 24 0.7 28 28
10d 5 2.5 0.05 24 0.7 77 0

aUnless otherwise noted, all reactions were carried out in a flow photochemical reactor (volume: 1.0 mL, Aynay = 450 nm) using a dual syringe system,
as shown in the table scheme. Syringe A: 0.1 mmol of 1ain 1,2-DCE (0.55 mL). Syringe B: AgNTf,, P(4-CF3CgHg4)3, TMSBn (2a), and TFA in 1,2-
DCE (0.45 mL); byield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard; At 50 °C. dReaction was con-
ducted on a 0.5 mmol scale. Syringe A: 0.5 mmol of 1a in 1,2-DCE (5.4 mL). Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 umol (2.5 mol %) of
P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA in 1,2-DCE (4.6 mL).

1975



(Table 1, entry 5: 52%); however, the effect of adding the
premixing zone was remarkable when the amount of AgNTf,
was reduced by half (5 mol %; Table 1, entry 6 vs entry 7: 26%
vs 49%). These results suggest that the generation of 2-benzo-
pyrylium intermediates A, (i.e., catalytic cycle I) requires a
certain reaction time (at this flow rate: ca. 2 min). Moreover, the
yield of 3a was improved when the concentration of 1a was
lowered from 0.1 M to 0.05 M (Table 1, entry 8: 61%). Mean-
while, further reducing the catalyst loading from 5 mol % to
2 mol % resulted in a significant decrease in yield (Table 1,
entry 9: 28%). When the reaction was scaled up from 0.1 mmol
to 0.5 mmol of 1a in consideration of the dead volume of the
flow reactor, the product 3a was obtained in markedly im-
proved yield (Table 1, entry 10: 77%) [59] which was compa-
rable to that of the batch reaction (76%). Notably, however, the
present flow reaction was performed at 25 °C (batch: 50 °C)
with half the amount of AgNTf; (flow: 5 mol %, batch:
10 mol %), and the light irradiation time was shortened to only
2.5 minutes (batch: 1 h). Thus, under the optimal conditions

Table 2: Scope of substrates?@.

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

(Table 1, entry 10), the flow reaction system proved extremely
useful for improving the efficiency of the present photochemi-

cal sequential transformation.

With the optimal flow reaction conditions in hand, we next in-
vestigated the scope of substrates 1 by introducing a series of
substituents to the terminal phenyl group. The results of the
batch reaction system are also shown for comparison in Table 2
(right-hand side) [55]. As expected, the use of the flow reaction
system significantly increased yields, although the yields ob-
tained in the reactions of substrates having an electron-donat-
ing methoxy group were low to moderate regardless of the sub-
stitution pattern (Table 2, entries 1, 2, and 6). Indeed, when a
methoxy group was introduced at the para-position, product 3b
was obtained in low yield (Table 2, entry 1: 14%). Because this
yield was lower than that obtained in the batch reaction (48%),
the flow reaction conditions for 1b were thoroughly reconsid-
ered (see Supporting Information File 1 for details). As a result,
extending the premixing time and the light irradiation time

R1 AgNTTf, (5 mol %)
O P(4-CF3CgHy)3 (2.5 mol %)
2 TFA (5 equiv
RY Z RS e e sives © e
. 1,2-dichloroethane (0.05 M)
O 0 2a (10 equiv)
R5 25 °C, flow rate (24 mL/h)
Me blue LED (450 nm)
1 syringe A: 12 mL/h (1 in 1,2-DCE) 3
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)
Entry 1 R? R2 RS R4 RS 3 Yield of 3 Batch reaction using AgNTf,. Yield
(%)P of 3 (%)Pc
1 1b MeO H H H H 3b 14 48d
2¢ 1b 3b 54
3 1c Me H H H H 3c 76 21
4 1d Br H H H H 3d 57 10
5 1e CF3 H H H H 3e 77 65
6 1f H MeO H H H 3f 39 40
7 1g H Me H H H 3g 75 50
8 1h H Br H H H 3h 68 63
9 1i H CF3 H H H 3i 65 42
10 1j H H Me H H 3j 76 72
11 1k H H H F H 3k 79 -
12 1l H H H H F 3l 75 -

aUnless otherwise noted, all reactions were carried out in the flow photochemical reactor (volume: 1.0 mL, Amax = 450 nm) having a 0.7 mL premixing
zone using a dual syringe system with a flow rate of 24 mL/h (12 mL/h for each syringe) at 25 °C. Syringe A: 0.5 mmol of 1 in 1,2-DCE (5.4 mL).
Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 pmol (2.5 mol %) of P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA
in 1,2-DCE (4.6 mL). ®Yield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard. Substrates 1 were not recov-
ered in all cases. All products 3 were isolated before structural assignment. “Batch reaction conditions (see ref. [55]): Unless otherwise noted, all reac-
tions were carried out using blue LED (Amax = 448 nm), 0.1 mmol of 1, 1.0 mmol (10 equiv) of TMSBn (2a), 10 pmol (10 mol %) of AgNTfp, 20 pmol
(20 mol %) of P(4-CF3CgH4)3, and 5 equiv of TFA in 1,2-DCE (1.0 mL: 0.1 M of 1) at 50 °C for 1 h. 9At 0 °C for 6 h. €The flow photochemical reactor
having a 1.1 mL premixing zone using a dual syringe system with a flow rate of 6 mL/h (3 mL/h for each syringe).
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(Table 2, entry 2) led to an improved yield; the obtained yield
was higher than that of the batch reaction system even when
half the amount of AgNTf, was used with the temperature
reduced to 25 °C (flow: 54% vs batch: 48%). Meanwhile, the
reaction of substrate 1¢ having a methyl group as a weak elec-
tron-donating group at the para-position afforded product 3¢ in
high yield (Table 2, entry 3: 76%). In addition, the reaction of
1d having a bromo group resulted in a moderate yield, but with
a significant improvement compared with the batch reaction
(Table 2, entry 4: 57% vs 10%). The reaction of 1e substituted
with a strong electron-withdrawing trifluoromethyl group
afforded the product 3e in high yield (Table 2, entry 5: 77%),
again confirming the high efficiency of the flow reaction system
(batch: 54%). Next, the effects of the substituent at the meta-po-
sition were investigated. Substrate 1f having a methoxy group
afforded compound 3f in only moderate yield (Table 2, entry 6:
39%), similar to the batch reaction (40%). The reactions of sub-
strates having a methyl, bromo, or trifluoromethyl group gave
the corresponding products 3g—i, respectively, in good yields
(Table 2, entries 7-9). The ortho-methyl-substituted substrate 1j
was also compatible, affording product 3j in good yield
(Table 2, entry 10: 76%). This yield was comparable to that of
the substrate having a methyl group at the para- or meta-posi-
tion, despite the steric hindrance of the ortho-substituent

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

(Table 2, entry 10 vs entries 3 and 7). When a fluoro group was
introduced to the tethering phenyl backbone, a high yield was
obtained regardless of whether it was introduced at the 6- or
7-position (Table 2, entries 11 and 12).

Next, the effects of a carbonyl substituent, instead of a methyl
ketone substituent, were investigated (Table 3). First, the reac-
tion was performed with phenyl ketone 1m, but product 3m was
obtained in low yield (Table 3, entry 1: 7%). This yield was
lower than that obtained in the batch reaction (30%), and
because 28% of 1m were recovered, the flow reaction condi-
tions were further examined (see Supporting Information File 1
for details). Although the yield of 3m was improved to 19%
(Table 3, entry 2) by increasing the temperature of the
premixing zone from room temperature to 50 °C and reducing
the flow rate from 24 mL/h to 6 mL/h (light irradiation time was
extended from 2.5 min to 10 min), it did not exceed the yield of
the batch reaction. In contrast, aldehyde 1n having a simple
phenyl group gave product 3n in good yield (Table 3, entry 3:
72%). Because the yield of this flow reaction was better than
that of the batch reaction (65%), the reactions of aldehydes with
a series of substituents introduced to the terminal phenyl group
were further investigated (Table 3, entries 4-7). Aldehydes
having an electron-donating methyl group and an electron-with-

Table 3: Sequential transformation of phenyl ketone 1m and aldehydes 1n—r2.

"

AgNTf, (5 mol %)
P(4-CF3CgHa)s (2.5 mol %)

Z I . Ph/\SiMeg TFA (5 equiv)

O o 2a (10 equiv) 1,2-dichloroethane (0.05 M)
25 °C, flow rate (24 mL/h)
R? blue LED (450 nm)
1 syringe A: 12 mL/h (1 in 1,2-DCE) 3
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)
Entry 1 R! R2 R3 3 Yield of 3 Recovery of 1 Batch reaction using AgNTf,. Yield
(%)P (%)P of 3 (%)°

1 1m Ph H H 3m 7 29 30
2de 1im 3m 19 0
3 1n H H H 3n 72 0 65'
4 10 H Me H 30 82 5 -
5 1p H Br H 3p 75 0 34
6 1q H CF5 H 3q 63 18 -
7® 1r H H Me 3r 73 8 -

aUnless otherwise noted, all reactions were carried out in the flow photochemical reactor (volume: 1.0 mL, Amax = 450 nm) having a 0.7 mL premixing
zone using a dual syringe system with a flow rate of 24 mL/h (12 mL/h for each syringe) at 25 °C. Syringe A: 0.5 mmol of 1 in 1,2-DCE (5.4 mL).
Syringe B: 25 pmol (5 mol %) of AgNTfp, 12.5 pmol (2.5 mol %) of P(4-CF3CgH4)3, 5 mmol (10 equiv) of TMSBn (2a), and 2.5 mmol (5 equiv) of TFA
in 1,2-DCE (4.6 mL). ®Yield was determined by NMR analysis using 1,1,2,2-tetrabromoethane as an internal standard. All products 3 were isolated
before structural assignment. “Batch reaction conditions: unless otherwise noted, reactions were carried out using 0.1 mmol of 1, 1.0 mmol (10 equiv)
of TMSBn (2a), 10 pmol (10 mol %) of AgNTfp, 20 pmol (20 mol %) of P(4-CF3CgH4)3, and 5 equiv of TFA in 1,2-DCE (1 mL: 0.1 M of 1) at 50 °C for
1 h. 9The flow photochemical reactor having a 0.5 mL premixing zone using a dual syringe system with a flow rate of 6 mL/h (3 mL/h for each syringe).
eThe temperature of the premixing zone was increased to 50 °C. 'The reaction was performed using 0.05 M of 1 and 2.5 equiv of TFA for 2 h.
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drawing bromo group at the para-position of the phenyl moiety
gave products 3o and 3p, respectively, in high yields (Table 3,
entries 4 and 5). The aldehyde 1q bearing a strong electron-
withdrawing trifluoromethyl group at the para-position gave
product 3q in moderate yield (Table 3, entry 6: 63%), with the
recovery of substrate 1q (18%). The reaction of ortho-methyl-
substituted aldehyde 1r afforded the product 3r in high yield
when the temperature of the premixing zone was increased to
50 °C (Table 3, entry 7: 73%).

The scope of donor molecules 2b and 2¢ having an electron-
withdrawing trifluoromethyl group and an electron-donating
methoxy group [60,61] at the para-position of the benzyl-
trimethylsilane, respectively, was also investigated in the
present flow reaction system (Scheme 2). As expected, the flow
reaction of 2b having a trifluoromethyl group afforded product
3s in higher yield (50%) than that of the batch reaction (18%)
under the optimal reaction conditions. In contrast, in the flow
reaction of 2¢ having a methoxy group, product 3t was ob-
tained in a markedly lower yield (32%) than that of the batch
reaction (54%). However, extending the light irradiation time
by reducing the flow rate from 24 mL/h to 6 mL/h (light irradia-
tion time: 24 mL/h = 2.5 min, 6 mL/h = 10 min) significantly
improved the yield of 3t (78%), presumably because of the
retardation of the desilylation process (from B to C in

Scheme 1a).

AgNTf, (5 mol %)
P(4-CF3C6H4)3 (25 mol %)

1a Ph
TFA (5 equiv) | XX
+
. 12-dichloroethane (0.05 M) O
Ar™ "SiMes 55 o¢ flow rate (24 mL/h) Mé \—Ar
(10 equiv) blue LED (450 nm) 3

2b: Ar =4-CF3CgH;-
2c: Ar = 4-MeOCgHy4-

syringe A: 12 mL/h (1ain 1,2-DCE)
syringe B: 12 mL/h (all other reactants/reagents in 1,2-DCE)

yield of 3 (%) flow reaction cf. batch reaction (ref. [55])
3s: Ar = 4-CF3CgHg- 50 18
3t Ar=4-MeOCgH,- 32 (78) 54

Scheme 2: The reaction with benzyltrimethylsilane derivatives 2.
aFlow rate was 6 mL/h and premixing zone was 0.2 mL.

Conclusion
We have demonstrated a flow reaction system for a m-Lewis
acidic metal-catalyzed cyclization/photochemical radical addi-

tion sequence, affording, in most cases, the 1H-isochromene de-

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

rivatives in higher yields than the batch reaction system, even
with the amount of the r-Lewis acidic metal catalyst reduced by
half. In the present sequential transformation, the key cationic
species, 2-benzopyrylium intermediates, were generated in situ
through the AgNTf,-catalyzed intramolecular cyclization of
ortho-carbonyl alkynylbenzene derivatives and subsequent
proto-demetalation with TFA. Further photoreactions of
2-benzopyrylium intermediates with benzyltrimethylsilane de-
rivatives as the donor molecule were conducted in the flow
photoreactor. We confirmed that the flow reaction system is an
excellent method for improving the efficiency of the present
sequential transformation, avoiding product degradation under
photochemical reaction conditions. Further investigation of
other flow photochemical reactions using in situ-generated

organic cations is in progress in our laboratory.

Supporting Information

Supporting Information File 1

The exploratory investigation, experimental procedures,
and characterization data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-173-S1.pdf]

Supporting Information File 2

Copies of NMR spectra.

[https://www beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-173-S2.pdf]

Funding

This work was partially supported by a Grant-in-Aid for Scien-
tific Research on Innovative Areas “Hybrid Catalysis for
Enabling Molecular Synthesis on Demand” (JP17H06447) and
a Grant-in-Aid for Transformative Research Areas (A) “Green
Catalysis Science for Renovating Transformation of Carbon-
Based Resources” (JP23H04908) from MEXT, Japan and a
Grant-in-Aid for Young Scientists (JP19K15552) from JSPS.

Author Contributions

Masahiro Terada: conceptualization; funding acquisition; meth-
odology; project administration; resources; supervision; visuali-
zation; writing — original draft; writing — review & editing. Zen
Iwasaki: data curation; formal analysis; investigation; valida-
tion; visualization. Ryohei Yazaki: data curation; formal analy-
sis; investigation. Shigenobu Umemiya: data curation; formal
analysis; investigation; methodology; supervision; writing —
review & editing. Jun Kikuchi: conceptualization; funding
acquisition; investigation; methodology; project administration;

supervision; visualization; writing — review & editing.

1978


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-173-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-173-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-173-S2.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-173-S2.pdf

ORCID® iDs

Masahiro Terada - https://orcid.org/0000-0002-0554-8652
Shigenobu Umemiya - https://orcid.org/0000-0002-1793-856X
Jun Kikuchi - https://orcid.org/0000-0001-9892-8832

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. Ehrfeld, W.; Hessel, V.; Léwe, H. Microreactors; Wiley-VCH:
Weinheim, Germany, 2000. doi:10.1002/3527601953

2. Yoshida, J. Basics of Flow Microreactor Synthesis; Springer: Tokyo,
Japan, 2015. doi:10.1007/978-4-431-55513-1

3. Noél, T., Ed. Organometallic Flow Chemistry; Topics in Organometallic
Chemistry, Vol. 57; Springer International Publishing: Cham,
Switzerland, 2016. doi:10.1007/978-3-319-33243-7

4. Mason, B. P.; Price, K. E.; Steinbacher, J. L.; Bogdan, A. R;
McQuade, D. T. Chem. Rev. 2007, 107, 2300-2318.
doi:10.1021/cr050944¢c

5. Ahmed-Omer, B.; Brandt, J. C.; Wirth, T. Org. Biomol. Chem. 2007, 5,
733-740. doi:10.1039/b615072a

6. Watts, P.; Wiles, C. Chem. Commun. 2007, 443—-467.
doi:10.1039/b609428¢g

7. McMullen, J. P.; Jensen, K. F. Annu. Rev. Anal. Chem. 2010, 3, 19-42.
doi:10.1146/annurev.anchem.111808.073718

8. Yoshida, J.; Kim, H.; Nagaki, A. ChemSusChem 2011, 4, 331-340.
doi:10.1002/cssc.201000271

9. Wiles, C.; Watts, P. Green Chem. 2012, 14, 38-54.
doi:10.1039/c1gc16022b

10. Kirschning, A.; Kupracz, L.; Hartwig, J. Chem. Lett. 2012, 41, 562-570.
doi:10.1246/cl.2012.562

11.McQuade, D. T.; Seeberger, P. H. J. Org. Chem. 2013, 78, 6384—6389.
doi:10.1021/jo400583m

12.Elvira, K. S.;i Solvas, X. C.; Wootton, R. C. R.; deMello, A. J.
Nat. Chem. 2013, 5, 905-915. doi:10.1038/nchem.1753

13. Pastre, J. C.; Browne, D. L.; Ley, S. V. Chem. Soc. Rev. 2013, 42,
8849-8869. doi:10.1039/c3cs60246]

14.Cambié, D.; Bottecchia, C.; Straathof, N. J. W.; Hessel, V.; Noél, T.
Chem. Rev. 2016, 116, 10276-10341.
doi:10.1021/acs.chemrev.5b00707

15. Plutschack, M. B.; Pieber, B.; Gilmore, K.; Seeberger, P. H.
Chem. Rev. 2017, 117, 11796-11893.
doi:10.1021/acs.chemrev.7b00183

16. Buglioni, L.; Raymenants, F.; Slattery, A.; Zondag, S. D. A.; Noél, T.
Chem. Rev. 2022, 122, 2752-2906. doi:10.1021/acs.chemrev.1c00332

17.Nagaki, A.; Kim, H.; Yoshida, J. Angew. Chem., Int. Ed. 2008, 47,
7833-7836. doi:10.1002/anie.200803205

18.Kim, H.; Min, K.-I.; Inoue, K.; Im, D. J.; Kim, D.-P.; Yoshida, J. Science
2016, 352, 691-694. doi:10.1126/science.aaf1389

19. Seo, H.; Katcher, M. H.; Jamison, T. F. Nat. Chem. 2017, 9, 453—456.
doi:10.1038/nchem.2690

20. Otake, Y.; Nakamura, H.; Fuse, S. Angew. Chem., Int. Ed. 2018, 57,
11389-11393. doi:10.1002/anie.201803549

21.Nagaki, A.; Yamashita, H.; Hirose, K.; Tsuchihashi, Y.; Yoshida, J.
Angew. Chem., Int. Ed. 2019, 58, 4027-4030.
doi:10.1002/anie.201814088

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

22.Nagaki, A.; Ichinari, D.; Yoshida, J. Chem. Commun. 2013, 49,
3242-3244. doi:10.1039/c3cc40392k

23.Moon, S.-Y.; Jung, S.-H.; Bin Kim, U.; Kim, W.-S. RSC Adv. 2015, 5,
79385-79390. doi:10.1039/c5ra14890a

24.Degennaro, L.; Maggiulli, D.; Carlucci, C.; Fanelli, F.; Romanazzi, G.;
Luisi, R. Chem. Commun. 2016, 52, 9554-9557.
doi:10.1039/c6cc04588j

25.Nauth, A. M.; Lipp, A.; Lipp, B.; Opatz, T. Eur. J. Org. Chem. 2017,
2099-21083. doi:10.1002/ejoc.201601394

26.Tucker, J. W.; Zhang, Y.; Jamison, T. F.; Stephenson, C. R. J.
Angew. Chem., Int. Ed. 2012, 51, 4144-4147.
doi:10.1002/anie.201200961

27.Hernandez-Perez, A. C.; Collins, S. K. Angew. Chem., Int. Ed. 2013,
52, 12696—12700. doi:10.1002/anie.201306920

28. Elliott, L. D.; Knowles, J. P.; Koovits, P. J.; Maskill, K. G.; Ralph, M. J.;
Lejeune, G.; Edwards, L. J.; Robinson, R. I.; Clemens, I. R.; Cox, B.;
Pascoe, D. D.; Koch, G.; Eberle, M.; Berry, M. B.; Booker-Milburn, K. I.
Chem. — Eur. J. 2014, 20, 15226—15232. doi:10.1002/chem.201404347

29.Talla, A.; Driessen, B.; Straathof, N. J. W.; Milroy, L.-G.; Brunsveld, L.;
Hessel, V.; Noél, T. Adv. Synth. Catal. 2015, 357, 2180-2186.
doi:10.1002/adsc.201401010

30. Asao, N.; Nogami, T.; Takahashi, K.; Yamamoto, Y. J. Am. Chem. Soc.
2002, 124, 764—765. doi:10.1021/ja017366b

31.Yao, T.; Zhang, X.; Larock, R. C. J. Am. Chem. Soc. 2004, 126,
11164-11165. doi:10.1021/ja0466964

32. Patil, N. T.; Yamamoto, Y. Chem. Rev. 2008, 108, 3395-3442.
doi:10.1021/cr050041j

33. Rudolph, M.; Hashmi, A. S. K. Chem. Commun. 2011, 47, 6536—-6544.
doi:10.1039/c1cc10780a

34. Shiroodi, R. K.; Gevorgyan, V. Chem. Soc. Rev. 2013, 42, 4991-5001.
doi:10.1039/c3cs35514d

35. Saito, K.; Kajiwara, Y.; Akiyama, T. Angew. Chem., Int. Ed. 2013, 52,
13284-13288. doi:10.1002/anie.201308303

36. Obradors, C.; Echavarren, A. M. Chem. Commun. 2014, 50, 16-28.
doi:10.1039/c3cc45518a

37.Terada, M.; Li, F.; Toda, Y. Angew. Chem., Int. Ed. 2014, 53, 235-239.
doi:10.1002/anie.201307371

38. Dorel, R.; Echavarren, A. M. Chem. Rev. 2015, 115, 9028-9072.
doi:10.1021/cr500691k

39. Debrouwer, W.; Heugebaert, T. S. A.; Roman, B. I.; Stevens, C. V.
Adv. Synth. Catal. 2015, 357, 2975-3006.
doi:10.1002/adsc.201500520

40. Asiri, A. M.; Hashmi, A. S. K. Chem. Soc. Rev. 2016, 45, 4471-4503.
doi:10.1039/c6¢s00023a

41.Lauder, K.; Toscani, A.; Scalacci, N.; Castagnolo, D. Chem. Rev. 2017,
117, 14091-14200. doi:10.1021/acs.chemrev.7b00343

42.Zhang, Z.; Smal, V.; Retailleau, P.; Voituriez, A.; Frison, G.;
Marinetti, A.; Guinchard, X. J. Am. Chem. Soc. 2020, 142, 3797-3805.
doi:10.1021/jacs.9b11154

43.Raj, A. S. K.; Narode, A. S.; Liu, R.-S. Org. Lett. 2021, 23, 1378-1382.
doi:10.1021/acs.orglett.1c00038

44. Greiner, L. C.; Arichi, N.; Inuki, S.; Ohno, H. Angew. Chem., Int. Ed.
2023, 62, €202213653. doi:10.1002/anie.202213653

45.Das, S. Asian J. Org. Chem. 2023, 12, €202300267.
doi:10.1002/ajoc.202300267

46.Beatty, J. W.; Douglas, J. J.; Cole, K. P.; Stephenson, C. R. J.
Nat. Commun. 2015, 6, 7919. doi:10.1038/ncomms8919

47.Nakajima, K.; Miyake, Y.; Nishibayashi, Y. Acc. Chem. Res. 2016, 49,
1946-1956. doi:10.1021/acs.accounts.6b00251

1979


https://orcid.org/0000-0002-0554-8652
https://orcid.org/0000-0002-1793-856X
https://orcid.org/0000-0001-9892-8832
https://doi.org/10.1002%2F3527601953
https://doi.org/10.1007%2F978-4-431-55513-1
https://doi.org/10.1007%2F978-3-319-33243-7
https://doi.org/10.1021%2Fcr050944c
https://doi.org/10.1039%2Fb615072a
https://doi.org/10.1039%2Fb609428g
https://doi.org/10.1146%2Fannurev.anchem.111808.073718
https://doi.org/10.1002%2Fcssc.201000271
https://doi.org/10.1039%2Fc1gc16022b
https://doi.org/10.1246%2Fcl.2012.562
https://doi.org/10.1021%2Fjo400583m
https://doi.org/10.1038%2Fnchem.1753
https://doi.org/10.1039%2Fc3cs60246j
https://doi.org/10.1021%2Facs.chemrev.5b00707
https://doi.org/10.1021%2Facs.chemrev.7b00183
https://doi.org/10.1021%2Facs.chemrev.1c00332
https://doi.org/10.1002%2Fanie.200803205
https://doi.org/10.1126%2Fscience.aaf1389
https://doi.org/10.1038%2Fnchem.2690
https://doi.org/10.1002%2Fanie.201803549
https://doi.org/10.1002%2Fanie.201814088
https://doi.org/10.1039%2Fc3cc40392k
https://doi.org/10.1039%2Fc5ra14890a
https://doi.org/10.1039%2Fc6cc04588j
https://doi.org/10.1002%2Fejoc.201601394
https://doi.org/10.1002%2Fanie.201200961
https://doi.org/10.1002%2Fanie.201306920
https://doi.org/10.1002%2Fchem.201404347
https://doi.org/10.1002%2Fadsc.201401010
https://doi.org/10.1021%2Fja017366b
https://doi.org/10.1021%2Fja0466964
https://doi.org/10.1021%2Fcr050041j
https://doi.org/10.1039%2Fc1cc10780a
https://doi.org/10.1039%2Fc3cs35514d
https://doi.org/10.1002%2Fanie.201308303
https://doi.org/10.1039%2Fc3cc45518a
https://doi.org/10.1002%2Fanie.201307371
https://doi.org/10.1021%2Fcr500691k
https://doi.org/10.1002%2Fadsc.201500520
https://doi.org/10.1039%2Fc6cs00023a
https://doi.org/10.1021%2Facs.chemrev.7b00343
https://doi.org/10.1021%2Fjacs.9b11154
https://doi.org/10.1021%2Facs.orglett.1c00038
https://doi.org/10.1002%2Fanie.202213653
https://doi.org/10.1002%2Fajoc.202300267
https://doi.org/10.1038%2Fncomms8919
https://doi.org/10.1021%2Facs.accounts.6b00251

48.Ermanis, K.; Colgan, A. C.; Proctor, R. S. J.; Hadrys, B. W.;
Phipps, R. J.; Goodman, J. M. J. Am. Chem. Soc. 2020, 142,
21091-21101. doi:10.1021/jacs.0c09668

49. Xiong, T.; Zhang, Q. Chem. Soc. Rev. 2021, 50, 8857—-8873.
doi:10.1039/d1cs00208b

50. Alfonzo, E.; Hande, S. M. ACS Catal. 2020, 10, 12590-12595.
doi:10.1021/acscatal.0c03851

51.Kikuchi, J.; Kodama, S.; Terada, M. Org. Chem. Front. 2021, 8,
4153-4159. doi:10.1039/d1qo00657f

52. Schlegel, M.; Qian, S.; Nicewicz, D. A. ACS Catal. 2022, 12,
10499-10505. doi:10.1021/acscatal.2c02997

53. Takemura, N.; Sumida, Y.; Ohmiya, H. ACS Catal. 2022, 12,
7804-7810. doi:10.1021/acscatal.2c01964

54.Miura, T.; Yoritate, M.; Hirai, G. Chem. Commun. 2023, 59,
8564—8567. doi:10.1039/d3cc02361¢c

55. Terada, M.; Yazaki, R.; Obayashi, R.; lwasaki, Z.; Umemiya, S.;
Kikuchi, J. Chem. Sci. 2024, 15, 6115-6121. doi:10.1039/d4sc00808a

56. Prier, C. K.; Rankic, D. A.; MacMillan, D. W. C. Chem. Rev. 2013, 113,
5322-5363. doi:10.1021/cr300503r

57.Romero, N. A.; Nicewicz, D. A. Chem. Rev. 2016, 116, 10075-10166.
doi:10.1021/acs.chemrev.6b00057

58. Cu(NTf2)2 which was also the effective catalyst in our batch system
(ref. [55]) did not solve well in 1,2-DCE.

59. Benzyltrimethylsilane (2a), which was not consumed in the
corresponding radical reaction, was almost completely recovered.

60. Maruyama, T.; Mizuno, Y.; Shimizu, |.; Suga, S.; Yoshida, J.
J. Am. Chem. Soc. 2007, 129, 1902—-1903. doi:10.1021/ja068589a

61.Montanaro, S.; Ravelli, D.; Merli, D.; Fagnoni, M.; Albini, A. Org. Lett.
2012, 74, 4218-4221. doi:10.1021/01301900p

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.20.173

Beilstein J. Org. Chem. 2024, 20, 1973-1980.

1980


https://doi.org/10.1021%2Fjacs.0c09668
https://doi.org/10.1039%2Fd1cs00208b
https://doi.org/10.1021%2Facscatal.0c03851
https://doi.org/10.1039%2Fd1qo00657f
https://doi.org/10.1021%2Facscatal.2c02997
https://doi.org/10.1021%2Facscatal.2c01964
https://doi.org/10.1039%2Fd3cc02361c
https://doi.org/10.1039%2Fd4sc00808a
https://doi.org/10.1021%2Fcr300503r
https://doi.org/10.1021%2Facs.chemrev.6b00057
https://doi.org/10.1021%2Fja068589a
https://doi.org/10.1021%2Fol301900p
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.173

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Photoredox-catalyzed intramolecular nucleophilic amidation

of alkenes with B-lactams

Valentina Giraldit'-2, Giandomenico Magagnano¥!, Daria Giacomini':2,
Pier Giorgio Cozzi'2 and Andrea Gualandi 1:2

Full Research Paper

Address:

Department of Chemistry “G. Ciamician”, ALMA MATER
STUDIORUM - Universita di Bologna, Via Gobetti 85, 40129 Bologna,
Italy and 2Center for Chemical Catalysis - C3, ALMA MATER
STUDIORUM - Universita di Bologna, Via Gobetti 85, 40129 Bologna,
Italy

Email:
Andrea Gualandi” - andrea.gualandi10@unibo.it

* Corresponding author  } Equal contributors
Keywords:

B-lactam; acridinium photocatalyst; alkenes; amides; intramolecular
radical reaction; photoredox catalysis

Abstract

Beilstein J. Org. Chem. 2024, 20, 2461-2468.
https://doi.org/10.3762/bjoc.20.210

Received: 23 July 2024
Accepted: 19 September 2024
Published: 01 October 2024

This article is part of the thematic issue "Photocatalysis and
photochemistry in organic synthesis".

Guest Editor: T. Noél

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

The direct nucleophilic addition of amides to unfunctionalized alkenes via photoredox catalysis represents a facile approach

towards functionalized alkylamides. Unfortunately, the scarce nucleophilicity of amides and competitive side reactions limit the

utility of this approach. Herein, we report an intramolecular photoredox cyclization of alkenes with f-lactams in the presence of an

acridinium photocatalyst. The approach uses an intramolecular nucleophilic addition of the B-lactam nitrogen atom to the radical

cation photogenerated in the linked alkene moiety, followed by hydrogen transfer from the hydrogen atom transfer (HAT) catalyst.

This process was used to successfully prepare 2-alkylated clavam derivatives.

Introduction

Access to nitrogen radicals for the functionalization of alkenes
is a field under active investigation [1-4], as it gives the possi-
bility to directly introduce nitrogen into an alkyl chain (alkene
carboamination) to obtain valuable nitrogen-containing mole-
cules [5,6]. Among several N-centered radicals, such as aminyl,
amidyl, or iminyl radicals, N-heterocyclic amidyl radicals were
largely underinvestigated despite their importance as intermedi-
ates or relevant N-heterocyclic products in medicinal chemistry
[7-10].

Recently, photoredox catalysis has emerged as a novel area of
research [11,12], particularly focusing on innovative ap-
proaches to synthesize natural or bioactive compounds [13]. In
the carboamination of alkenes, amides are used in photoredox
cyclizations under proton-coupled electron transfer (PCET)
conditions [14-17]. An alternative method to generate N-amidyl
radicals uses activated N—O amide derivatives capable of gener-
ating amidy] radicals through fragmentation [18,19]. The direct
formation of amidyl radicals in the presence of a carbon alkyl
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chain could lead to a competitive 1,5-hydrogen atom transfer
(1,5-HAT) [20-22], limiting the direct functionalization of
amides with alkenes under photoredox conditions. Another
viable approach for amide functionalization through photoredox
catalysis involves the nucleophilic addition, in the presence of
base, of an amide to a radical cation obtained by oxidation of an
unfunctionalized alkene moiety (Figure 1A) [23-25]. The
nucleophilic attack of the nitrogen atom on the oxidized C=C
double bond results in the formation of a radical intermediate
after deprotonation. This radical intermediate can proceed
through various pathways (e.g., HAT, oxidation) to yield the
desired final product.

In the functionalization of amides with alkenes under oxidative
conditions, the oxidation potential of the alkene plays a pivotal
role in the oxidation to a radical cation through photoredox ca-
talysis [26]. Alkenes that are less functionalized possess a
higher oxidation potential, necessitating the use of potent photo-
catalysts (PC) that act as oxidants in the excited state [27]. The
direct functionalization of amides with alkenes has been a rela-
tively underexplored area in research, as evidenced by the
limited number of examples reported in the literature. An inter-
esting observation was made by the Nicewicz group during
their investigation of the hydrofunctionalization reaction of
unsaturated amides and thioamides [28]. They have found that
the oxygen atom of the amide group, rather than the nitrogen
atom, acted as a nucleophile, leading to the formation of 2-oxa-
zolines and 2-thiazolines. Another recent example of intramo-

lecular nucleophilic attack induced by photocatalytic oxidation

A) a challenging reaction

Beilstein J. Org. Chem. 2024, 20, 2461-2468.

was reported by Yoon et al. with tosylamide derivatives [29].
Specifically, amides were employed in a photoredox cycliza-
tion process using a strong photooxidative acridinium catalyst
such as the Fukuzumi catalyst (I, Figure 1B) [30,31]. Through
tailored molecular design, it is possible to enhance the oxida-
tion capability of these catalysts, enabling the utilization of less
reactive alkenes and even aromatic molecules such as toluene
[32].

Until now, heterocyclic amides such as pf-lactam compounds
have not been employed in alkene carboaminations. However,
photoredox catalysis could be applied to a suitable B-lactam
intermediate decorated with an alkene moiety to achieve N-H
addition and cyclization to the fused bicyclic system of clavams
(Figure 2A).

Clavulanic acid (1, Figure 2B) belongs to the family of clavam
B-lactam compounds and is well known as a potent f-lactamase
inhibitor [33,34]. It is produced by the filamentous bacterium
Streptomyces clavuligerus, but in low yield. Various clavams
2-5 have been identified (Figure 2B), either through isolation as
natural metabolites or obtained by synthetic methods [35-43].
The inhibitory activity of f-lactamases is exhibited by those
congeners with a (3R,5R)-configuration, such as clavulanic acid
(1), whereas clavams with other configurations are not lacta-
mase inhibitors, although some of these have antifungal or anti-
bacterial properties [35]. In the literature, oxacepham scaffolds,
the 6-membered fused bicyclic analog of clavams, were pre-
pared from appropriately substituted unfused precursors by

, NHRZ  PC NHR2 base g RO HAT
LUNRZ i
‘ light . -
TR 9 N R/} or—e

B) examples of Fukuzumi’s derivatives

Me

X

I: X = Me, *E,x = 2.06 V vs SCE
(Fukuzumi'’s catalysts)

Il: X=F, *Eox =2.20 V vs SCE
ll: X =Cl, *Eox =2.21 V vs SCE

IV: *Ey =2.09 V vs SCE

Me Me Me Me
= =
~t | Tt l
N t-Bu N t-Bu
Me -l
BF4~ v
BF4~

Figure 1: A) Photoredox amidocyclization reaction. B) The strongly oxidizing Fukuzumi catalyst (I) used in the functionalization of alkenes by amides,

and more recent variants.
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Figure 2: A) Access of clavam derivatives by intramolecular
photoredox reaction of alkenes. B) Clavulanic acid and its derivatives.
C) Construction of the oxacepham scaffold by radical cyclization.

intramolecular C-radical addition to alkene functionalities [44].
The utilization of radical conditions has prevented the effective
nucleophilic opening of the lactams.

Notably, all reported structures have alkyl or aryl substituents in
position 3 of the clavam ring. Conversely, clavams substituted

O ¥ Zn(OAc)y, 0.6 equi
n(OAc),, 0.6 equiv
J/:NH ' HO&%\W .
o R3 toluene, 60 °C
6 7a-h

R2
Zn(OAc), 0.6 equiv
+ -

toluene, 60 °C
Tc—f

TBS = t-BuMe,Si

Beilstein J. Org. Chem. 2024, 20, 2461-2468.

with alkyl chains at the 2-position, to the best of our knowledge,
have not been previously reported and are absent from common
organic compound databases. To explore potential biological
effects, a simple and modular approach to these molecules is
thus required. Based on this, we decided to use photoredox
chemistry to access 2-alkylclavams through a simplified synthe-
tic pathway. We investigated the intramolecular nucleophilic
addition of the nitrogen atom of the f-lactams to photooxidized
alkenes (Figure 2A), and our findings are presented in this
study.

Results and Discussion

The initial phase of our investigation involved the synthesis of
suitable starting compounds for the following oxidative cycliza-
tion. For this purpose, a series of 4-alkoxy-f-lactams contain-
ing an alkene group was readily synthesized starting from com-
mercially available 4-acetoxy-2-azetidinone (6) by nucleophilic
displacement of the 4-acetoxy group with allylic alcohols
promoted by Zn(OAc); (see compounds 8a—h, Scheme 1) [45].
Similarly, enantiopure derivatives 10c—f were synthesized from
the commercially available -lactam 9, a key intermediate for

the industrial preparation of carbapenems.

Starting from the reaction conditions reported by Nicewicz and
Morse [28], we optimized the conditions with compound 8c as
the model substrate for the photoredox cyclization (Table 1).
The reaction was carried out in DCM with acridinium PC IV
(5 mol %), 50 mol % of PhSSPh as HAT catalyst, and lutidine
(50 mol %) as the base.

Upon 72 hours of irradiation with a blue light at 456 nm, the
product 11c¢ was obtained in a satisfactory yield as a mixture of
diastereoisomers in a 1.4:1 ratio (Table 1, entry 1). Assignment

of the relative configurations as cis or trans was achieved by

8a:R'"=R2=R3=H, 71%

8b: R' = R?= Me, R3=H, 50%
8c:R'=Ph,R2=R3=H, 74%

8d: R' = 4-MeOCgH,, R2= R3 = H, 85%
8e: R = 3-thiophenyl, RZ= R3=H, 63%
8f: R'=R2=Ph, R3=H, 92%

8g: R'= Ph, R2= H, R3 = n-CgH11, 76%
8h: R'= OCH,Ph, R2= H, R3= H, 72%

10c: R'=Ph, R?=H, 68%

., L0
10d: R' = 4-MeOCgHg, R2 = H, 73%
NH & _R?

10e: R'= 3-thiophenyl, R2= H, 66%
10f: R'=R2=Ph, 56%

Scheme 1: Preparation of alkenyl B-lactam derivatives for the intramolecular photoredox reaction.
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Table 1: Intramolecular cyclization of B-lactams induced by photoredox conditions.2

IV, 5 mol %
PhSSPh, 50 mol %

);( 2,6-lutidine, 50 mol %
R DCM (0.3M)

72 h
456 nm blue light, 40 W

(maijor)

entry deviation from standard conditions

absence of IV
absence of light
reaction time 14 h
20 mol % PhSSPh, 20 mol % 2,6-lutidine
DMF solvent
MeCN solvent
DCE solvent
l instead of IV
0 3CzCIIPN instead of IV

= © 0o N O O~ WN =

g .
o) i 0
> +
Nt N\‘{/Ph
o Aopn O

()-trans-11c

Cov Y
BCZCCIIIIPN

()-cis-11c
(minor)

conversion to 11¢, %P¢ drd
72 (70) 1.4:1
0 J—

0 J—
traces —
49 1.4:1
0 J—
68 1.4:1
49 1.4:1
60 1.4:1
0 J—

aThe reactions were conducted under irradiation with a Kessil blue light (40 W) for 72 hours on a 0.05 mmol scale. ®Conversion determined by
TH NMR analysis of the crude reaction mixture. ®In parentheses: isolated yield after purification by flash column chromatography. 9Trans/cis dr deter-

mined by 'H NMR analysis on the crude reaction mixture.

'H NMR analysis, considering the chemical shifts of the proton
in the a-position of the f-lactam nitrogen atom and the geminal
protons in the benzylic position (see Supporting Information
File 1). The difference in the chemical shifts of these protons in
the two isomers could be attributed to the influence of the
anisotropy of the neighboring carboxy group of the p-lactam
and could be correlated with the configuration at the bridge-
head stereocenter [46]. This analysis revealed the preferred for-

mation of the trans- over the cis-isomer.

The optimal PC for the reaction was acridinium salt IV
(Table 1, entry 1), while the Fukuzumi catalyst (I), commonly
employed by Nicewicz et al., was less effective (Table 1, entry
9). 3CzCIIPN, an organic dye belonging to the class of ther-
mally activated delayed fluorescence (TADF) dyes commonly
employed nowadays in photoredox catalysis [47], was tested in
our reaction. This dye was chosen due to its oxidizing proper-
ties, and it ranks among the most oxidizing agents within this
class of compounds (E1,;[*PC/PC*"] = +1.56 V vs SCE) [48],
but it proved ineffective in our reaction (Table 1, entry 10). The
reaction was successfully conducted in various solvents, such as
DCM, DCE, and MeCN (Table 1, entries 1, 7, and 8). However,
DMF failed to yield the desired product (Table 1, entry 6).
Shortening the reaction time to 14 hours resulted in minimal

product formation (Table 1, entry 4), while reducing the amount

of PhSSPh and lutidine to 20 mol % led to a lower yield
(Table 1, entry 5).

With the optimized reaction conditions in hand, we submitted
the previously prepared 4-alkoxy-p-lactam substrates 8a—h to
photoredox conditions (Scheme 1), and the salient results are re-
ported in Scheme 2. Unfortunately, the substrates 8a.,b
displayed low reactivity due to their significantly higher oxida-
tion potential compared to the excited photoredox catalysts
(>2.5 V vs SCE) [49]. However, other derivatives exhibited a
satisfactory product yield ranging from moderate to good. Sub-
strate 8d exhibited an enhancement in reaction diastereoselec-
tivity, resulting in the isolation of product 11d with a dr of 6.7:1
in favor of the trans-diastereoisomer. Remarkably, the forma-
tion of a fully substituted quaternary center was possible, as ob-
served for the product 11g, where the frans-diastereoisomer was
favored.

In this study, enantiopure 3-(1’-(fert-butyldimethylsilyl)ethyl)-
B-lactams 10c—f were also tested. Products 12¢—f were obtained
with moderate to good yield, underscoring the feasibility of the
methodology for the C3-substituted B-lactam moiety. The con-
figuration at the newly formed stereocenter in the five-mem-
bered ring was attributed by 'H NMR analysis for 11¢. More-

over, the configuration was also confirmed by NOE studies on
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IV, 5 mol %
0 PhSSPh, 50 mol %
2,6-lutidine, 50 mol %

DCM (0.3 M)
R’ 72h

456 nm blue light , 40 W

o n-CeHis

119, dr 1.4:1, 47%
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H

H
N 2 + /l;'/
R N 2
o Zz( S ;;Z(R
R R1 R R1

(x)-trans-11 ()-cis-11
(major) (minor)

OTBS IV, 5 mol %
PhSSPh, 50 mol %

.0
2,6-lutidine, 50 mol %
NH . _R? >
o] DCM (0.3 M)
R'I

72h
456 nm blue light , 40 W

12c, dr 1.2:1, 65% 12d, dr 5.6:1, 65%

OTBS

12e,dr 1.6:1,40%  12f, dr> 20:1, 31%

Scheme 2: Photoredox-catalyzed intramolecular N-alkylation reactions of various B-lactams. The transi/cis dr was determined by "H NMR analysis of

the crude reaction mixture.

the two isolated diastereoisomers, which confirmed the
preferred trans-isomer formation (see Supporting Information
File 1).

Analysis of the dr values revealed that the diastereoselectivity
of the nucleophilic attack of the f-lactam on the radical cationic
intermediate was influenced by stereoelectronic factors. Com-
pounds unsubstituted at position C-3 of the pB-lactam ring,
11d-h, showed modest stereoselectivity with a higher dr (6.7:1)

for compound 11d, which has an electron-donating methoxy
group on the phenyl substituent. Derivatives with a 3-OTBS
side chain, 12c—e, displayed moderate diastereoselectivity,
except for the higher diastereoselectivity achieved for 12f (dr
20:1), probably due to steric effects, albeit at the expense of a
reduced isolated yield.

Across all tested substrates, nucleophilic attack predominantly

occurred at the homobenzylic position, leading to the regiose-
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lective formation of clavam derivative with 2-benzylic substitu-
tion due to aryl stabilization of the radical intermediate (see

mechanistic discussion below).

We briefly investigated whether this protocol could be adapted
to other lactams, allowing for a practical synthesis of bicyclic
structures. The resulting bicyclic lactam substrate could serve as
a foundation to access pyrroloisoquinoline alkaloids [50,51].
The model substrate 14 was synthesized in a two-step process
starting from succinimide (Scheme 3). Through a simple reac-
tion in toluene at 80 °C in the presence of Zn(OAc);, the hemi-
aminal derivative 13 underwent substitution with cinnamyl
alcohol, resulting in the isolation of 14 with a satisfactory yield.
Under optimized reaction conditions, the photocatalytic cycliza-
tion occurred by producing trans-15 in 35% yield as the single

diastereoisomer.

For the reaction mechanism, we propose a mechanistic hypoth-
esis according to the study by Nicewicz and Nguyen (Figure 3)
[23]. The incorporation of electron-donating groups into the
acridinium core, as in catalyst IV, enhances charge transfer by
stabilizing the mesityl moiety. Conversely, the introduction of
tert-butyl groups increases the life time of the excited state [52-
56]. As a consequence, the PC IV is a strong oxidant in the
excited state and displays unique oxidizing properties
(E1[*PC*/PC'] = +2.09 V vs SCE) [55,56]. The *PC* species
can oxidize the unsaturated lactam, thereby producing the corre-
sponding radical cation intermediate A. The low stabilization by
amide-bond resonance of the cyclic four-membered -lactam
[57,58] ensures a good nucleophilicity of the nitrogen atom to

i) NaBH,, EtOH

Beilstein J. Org. Chem. 2024, 20, 2461-2468.
0]
/I;N(H \\\\
A
*PC"‘

/ &

hv PhS
PhS_
SPh o .
B Ar
PhSH

Figure 3: Tentative mechanism for the photo-cyclization reaction.

.

efficiently attack the radical cation A, giving the bicyclic radical
intermediate B. Amide is an ambident nucleophile, and oxygen
attack of radical cation A is also conceivable to give the corre-
sponding imidate [28]. In our reaction, O-addition is disfavored
due to the formation of an unsaturated four-membered ring as

O/A/—Nko
H

OQOEt

*

ii) HCI, EtOH, 0 °C N
13, 57%
© N 130Et Zn(OAc), é/\—)\
. toluene 0Ny O/\/
p 80 °C N
HO/\/\© 14, 71%
IV, 5 mol %

PhSSPh, 50 mol %
2,6-lutidine, 50 mol %

72h

O
(e}
14

DCM (0.3 M)
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P
>

=3

(£)-15, dr > 20:1, 35%

Scheme 3: Synthesis of the model substrate 14 and its photoredox-catalyzed intramolecular N-alkylation reaction. The trans/cis dr was determined by

"H NMR analysis of the crude reaction mixture.
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final product, characterized by significant ring strain [59].
Under light irradiation, PhSSPh is in equilibrium with the corre-
sponding thiyl radical, which is subsequently reduced to thio-
phenolate by PC®, originating from the reduction of *PC*. The
reduction potential of PhS™/PhS* (Epeq = +0.45 V vs SCE)
[60,61] is sufficient to oxidize the radical form of IV
(PC*/PC* = -0.57 V vs SCE) [55,56]. Finally, PhS~ is proto-
nated and HAT from thiophenol to B furnishes the final prod-
uct, closing the HAT cycle. Additionally, lutidine acts as a
proton shuttle between the lactam NH unit and thiophenolate.

Conclusion

To conclude, we have employed a photoredox methodology to
access clavam and pyrrolyloxazole intermediates, showing the
possibility of using the nucleophilic nitrogen atom of B-lactams
under photoredox conditions. The acridinium catalyst IV was
able to oxidize the C=C double bond present in the substrates to
access the corresponding radical cation. The reaction shows
high regioselectivity and good to moderate diastereoselectivity
with satisfactory yield. The limitation, which will be further
addressed by a more powerful catalyst, is related to the unreac-
tivity of unsubstituted alkenes due to their higher oxidation
potential. Biological studies concerning the new derivatives will
also be a subject of future investigations.
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The rising popularity of bioconjugate therapeutics has led to growing interest in late-stage functionalization (LSF) of peptide scaf-

folds. a,f-Unsaturated amino acids like dehydroalanine (Dha) derivatives have emerged as particularly useful structures, as the

electron-deficient olefin moiety can engage in late-stage functionalization reactions, like a Giese-type reaction. Cheap and widely

available building blocks like organohalides can be converted into alkyl radicals by means of photoinduced silane-mediated

halogen-atom transfer (XAT) to offer a mild and straightforward methodology of alkylation. In this research, we present a metal-

free strategy for the photochemical alkylation of dehydroalanine derivatives. Upon abstraction of a hydride from

tris(trimethylsilyl)silane (TTMS) by an excited benzophenone derivative, the formed silane radical can undergo a XAT with an

alkyl bromide to generate an alkyl radical. Consequently, the alkyl radical undergoes a Giese-type reaction with the Dha derivative,

forming a new C(sp>)-C(sp>) bond. The reaction can be performed in a phosphate-buffered saline (PBS) solution and shows post-

functionalization prospects through pathways involving classical peptide chemistry.

Introduction
The construction of C(sp3)—C(sp>) bonds is a highly important
target in synthetic organic chemistry. Historically, polar conju-

gate additions have been a benchmark method for constructing

these bonds by functionalizing an electron-deficient olefin

[1-3]. Recently, however, radical-based approaches have also

gained widespread attention for their unique advantages in these

3274


https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:alberto.luridiana@unica.it
https://doi.org/10.3762/bjoc.20.271

transformations [4]. Radical chemistry often exhibits comple-
mentary reactivity to two-electron pathways and can be per-
formed with high selectivity, atom economy, and functional
group tolerance [5]. A well-known radical pathway for the func-
tionalization of an electron-deficient olefin is the Giese reaction
(Figure 1) [6,7]. This reaction involves the hydroalkylation of
the olefin via radical addition (RA), followed by either hydro-
gen-atom transfer (HAT) or single-electron transfer (SET) and

protonation.

Traditionally, alkyl radicals have been produced from alkyl
halides, using azobisisobutyronitrile (AIBN) as initiator,
promoting a tin-mediated XAT (Figure 1a) [8,9]. However, tin-
based compounds are highly toxic and require harsh conditions

for the initiation event.

Fortunately, a renaissance in the field of photochemistry has
introduced new ways of generating radicals like photoredox ca-
talysis and via electron donor—acceptor (EDA) complexes [10-
13]. These advances, coupled with modern electrochemical
methods, chemical reactor engineering and light emitting diodes
(LED), have eliminated the need for thermal radical activation,
resulting in milder and safer reaction conditions [14-16]. Given
the toxicity of tin-based compounds, there has been significant
interest in developing alternative halogen-atom-transfer
reagents. Borane, alkylamine, and silane compounds have

emerged as effective XAT reagents upon photocatalytic activa-

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

tion (Figure 1b) [17-21]. A photocatalytic HAT or SET gener-
ates the corresponding boryl, a-amino or silyl radical, which
can abstract a halogen atom from alkyl halides to form the cor-

responding alkyl radical.

However, the use of TTMS as a XAT reagent had already been
established by Chatgilialoglu et al. [22] under non-photoredox
conditions, MacMillan et al. [23] sparked renewed interest in
silanes as XAT reagents by generating a tris(trimethylsilyl)silyl
radical through photoredox catalysis for arylation reactions
[22,23]. In 2018, Balsells et al. [24] reported a similar strategy
to generate alkyl radicals and explored the feasibility of a
Giese-type reaction (Figure 1c¢). More recently, Gaunt et al. [25]
showed that irradiation of alkyl iodides combined with TTMS
leads to the formation of an alkyl radical, which can be used in
a Giese-type reaction without the need of a photocatalyst
(Figure 1d) [25]. Noél et al. [26] have further extended this ap-
proach to include alkyl bromides (Figure 1e) [26]. Despite the
effectiveness of the photolysis, benzophenone derivatives have
also been shown to enhance the productivity of silane-mediated

conjugate additions, using alkyl halides [27].

Amid the growing popularity of biomolecular drug candidates,
the late-stage modification of peptide scaffolds has gained sig-
nificant importance [28]. A particularly interesting class of
amino acids for late-stage diversification consists of dehy-

droamino acids (Dha). Dha derivatives have shown modifica-

— Giese reaction

state-of-the-art:
Balsells et al. [24] (c)

0 . HAT
— R —— >R
R .U,f\/\EWG RA — ~ SEwe SET ~ S EWG R-@ o~ - si R~
=Br + =~ - - " - | =
then H* EWG EWG
— halogen atom transfer
tin mediated (a) Gaunt et al. [25] (d)
AIBN
R- X +  BusSnH A BusSn- X + R
Rl + 2 Ewg — ¢ — Si — R\/\EWG
photocatalytic (b)
( B “ Noél et al. [26] (e)
R- X — PC— ® L Si J R -
R-Br + 2> "= 'si ) > R~
N EWG (E: :m .m) EWG
— this work

H ) lil °
NTHJ + R-Br -PC- & -Si> - \6
PBS, 25 °C

Dha derivative alkyl bromide

buffered aqueous solution

¢ mild metal-free reaction conditions

R
® |ate-stage functionalization

Figure 1: Giese reaction: Radical addition on olefins with an electron-withdrawing group (EWG) followed by a HAT or SET and protonation; halogen-
atom transfer: (a) tin-mediated XAT, (b) XAT initiated by a photocatalyst (PC) and mediated by boranes (B), silanes (Si) or alkylamines (N); state-of-
the-art: (c) silane-mediated alkylation initiated by a photocatalyst, (d) silane-mediated alkylation initiated by photolysis of alkyl iodides, (e) silane-medi-
ated alkylation initiated by photolysis of alkyl bromides in flow; this work: silane-mediated alkylation of Dha derivatives initiated by a photocatalyst.
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tion potential by means of polar, metal-, or organo-catalyzed
and radical additions [29-36]. As such, Dha derivatives make an
excellent candidate for exploring a photochemical Giese-type
reaction [37]. To foster a physiological reaction environment,
reactions can be conducted in aqueous solution, meeting impor-

tant requirements with regard to bioorthogonal chemistry [38].

Considering previous research that demonstrated photochemi-
cal hydrogen atom abstraction by benzophenone derivatives
from trialkylsilyl hydrides [27], as well as advances in alkyl
radical formation using these hydrides, we sought to combine
these findings. Herein, we report a photochemical alkylation
methodology targeting the olefin moiety of Dha derivatives,
conducted in an aqueous solution for the aforementioned bio-

orthogonal advantages.

Results and Discussion

Inspired by previously conducted research concerning benzo-
phenone hydrogen-atom transfer and silane-mediated activation
of alkyl bromides to perform a photochemical Giese reaction,
methyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (1) and bromo-
cyclohexane (2) were dissolved in CH3CN (0.1 M) together
with a stoichiometric amount of tris(trimethylsilyl)silane and a
substoichiometric amount of (4-methoxyphenyl)(4-(trifluoro-
methyl)phenyl)methanone (BP 1) (Table 1) [26,27].
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The reaction was performed in batch, using a 390 nm Kessil
UV-A lamp, stirring at 600 rpm overnight at 25 °C (see Sup-

porting Information File 1 for a more detailed optimization).

The initial reaction, using CH3CN as solvent, led to formation
of methyl 3-cyclohexyl-2-(1,3-dioxoisoindolin-2-yl)propanoate
(3, 51% yield, 85% conv.; Table 1, entry 1). To demonstrate the
importance of the photocatalyst, BP 1 was excluded (Table 1,
entry 2), resulting in a slightly higher conversion and a de-
crease in product formation (38% yield, 90% conv.), meaning
BP 1 increases the productivity of the reaction. Having estab-
lished that the reaction works in CH3CN, we evaluated its
compatibility with water. To our delight, the reaction in water
provided full conversion and a higher yield than the one ob-
served in CH3CN (58% yield, 100% conv.; Table 1, entry 3).
These conditions were further refined by adding of phosphate-
buffered saline and decreasing the amount of (TMS)3SiH to
1.1 equiv, as no further increase in yield was noticed during the
optimization. Similar to the reaction in deionized water, all
entries with PBS solution reached a full conversion. While the
yield of the reaction with a 0.1 M PBS solution was slightly
lower than that of the reaction in deionized water (44% yield,
100% conv.; Table 1, entry 4), a 0.2 M PBS solution resulted in
an increased yield (60% yield, 100% conv.; Table 1, entry 5).
Upon increasing the concentration of the PBS solution to 0.4 M,

Table 1: Methyl 2-(1,3-dioxoisoindolin-2-yl)acrylate (1, 0.5 mmol), bromocyclohexane (2, 1.25 mmol), tris(trimethylsilyl)silane (0.55 mmol),
(4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methanone (0.1 mmol), PBS 0.2 M solution (2.5 mL), A = 390 nm, 25 °C, overnight. The yield of 3 was

calculated by TH NMR with 1,1,2-trichloroethene as external standard.

(TMS)3SiH (1.1 equiv)

O
BP 1 (0.2 equiv) PhthN
PhthN i o t OMe
\H)J\OMe
PBS 0.2 M [0.1 M] O
1 2 390 nm, overnight, 25 °C 3
1.0 equiv 2.5 equiv
O
TMS
X TMS\S'i
| _— TMS™"H
MeO CF3
BPI (TMS)3SiH
Entry Deviation from the reaction conditions Conversion 1 (%) NMR yield 3 (%)

1 CH3CN instead of PBS 0.2 M; 1.5 equiv (TMS)3SiH 85 51
2 CH3CN instead of PBS 0.2 M; no BP I; 1.5 equiv (TMS)3SiH 90 38
3 H20 instead of PBS 0.2 M; 1.5 equiv (TMS)3SiH 100 58
4 PBS 0.1 M instead of PBS 0.2 M 100 44
5 none 100 60
6 PBS 0.4 M instead of PBS 0.2 M 100 60
7 3 hours 100 67
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no change in yield was observed (60% yield, 100% conv.;
Table 1, entry 6). Lastly, the optimal reaction time was deter-
mined to be 3 hours (67% yield, 100% conv.; Table 1, entry 7).

: o}
NT\) + R=Br
DHA derivative alkyl bromide
1.0 equiv 2.5 equiv

= = = primary alkyl bromides?
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Having optimized the reaction conditions, a scope of primary,
secondary, and tertiary alkyl bromides and different Dha deriva-

tives was investigated (Figure 2).

(TMS)3SiH (1.1 equiv)

BP 1 (0.2 equiv) . (0]
Nj)
PBS 0.2 M [0.1 M] R
390 nm, 3o0r4 h,25°C 327
(0] (0] (0] O

PhthN PhthN PhthN PhthN PhthN PhthN PhthN
j)ko O OMe \HKOMe %OMe %OMe

¢ |)2 t |)7 ¢ |) 3 | J\

Me Me Ph BPin o OMe |N|
N
Boc

4 5 6 8 9 10
58% 50% 60% 36% 46% 47% 53%

- - - - secondary alkyl bromides®

o)
PhthN PhthN PhthN PhifN PhthN
T)J\OMePhthNT)J\ Phtth)J\ t j)k t j)k 7)1\ T)J\OMe
rMe

(\Me

O\IBOC

Me Me O NBoc
11 12 13 14 15 16 17
62% 50% (dr=6:1)  58% (dr = 2:1) 51% 67% 56% 67%
- - -~ tertiary alkyl bromides® --------------------------------
o (0] 0] 0]

Phtth)k

’{/Me

|
:
1

Phtth)J\OMe Phtth)kOMe |
1

1

1

o)
1

1

1

1

1

1

1

1

1

18 3

60% 56%

--- Dha derivatives®? - ---------"--------------

o o P
Phtth)kN e, Phtth)J\N OMe
@ ok

23 24
39% 62% (dr = 1:1)

Boc O

1
_N
Boc \HJ\OMe

Phtth)J\

’<M/Ph

(0]

I,EOC o) Cbz
| OMe
Cbz’Nj)J\OMe {'J)L

272
35% (dr = 1:1)

@

25

32% 86%

Figure 2: Alkyl bromide and Dha derivative scope. Reaction conditions: Dha derivative (0.5 mmol), alkyl bromide (1.25 mmol), tris(trimethylsilyl)silane

(0.55 mmol), (4-methoxyphenyl)(4

-(trifluoromethyl)phenyl)methanone (0.1 mmol), PBS 0.2 M solution (2.5 mL), A = 390 nm, 25 °C. 24 hours of reac-
tion time, ®3 hours of reaction time. The isolated product yields are reported.
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A slight modification of the reaction protocol was used in
regard to primary and tertiary alkyl bromides, requiring a longer
reaction time (4 hours instead of 3 hours) to achieve full

conversion.

The reaction worked well with aliphatic primary bromides
(4-10). However, a longer chain length slightly decreased
the yield, comparing compound 4 (58%) to compound 5
(50%). The reaction was not influenced by the presence
of phenyl rings, as the yield of compound 6 (60%) was
comparable to the yield of 4. Besides, the introduction
of a boronic pinacol ester group, useful for subsequent post-
functionalization, compound 7 was achieved in a relatively
lower yield of 36%. Interestingly, the reaction also worked
adequately for primary alkyl bromides with electron-with-
drawing groups as demonstrated in compounds 8 (46%) and 9
(47%). Moreover, primary alkyl bromides like bromomethy-
lazetidines as used in compound 10 (53%) also resulted in
decent yields. Acyclic secondary alkyl substrates all resulted in
good yields (11-13, 50-62%). For the secondary alkyl sub-
strates, a higher yield was notably obtained for compound 13
with a longer chain length than for 12. Similarly, the secondary
cyclic alkyl substrates used in compound 18 (60%) and 3 (56%)
worked well for this reaction. Besides, oxygen-containing
compounds 14 and 15 were obtained in yields of 51% and 67%
and medicinally interesting groups like the azetidine in
compound 16 (56%) and the piperidine in compound 17 (67%)
also resulted in good yields. Concerning tertiary alkyl
substrates, acyclic alkyl substrates used in compound 19 (68%)
and 20 (53%) as well as cyclic alkyl substrates like bromo-
methylcyclohexane used in compound 21 (61%) and bromo-
adamantane in compound 22 (58%) were obtained in satisfac-

tory yields.

Subsequently, different Dha derivatives were subjected to the
optimized reaction conditions, using bromocyclohexane (2) as
the alkyl bromide. In order to explore the effect of the presence
of an amide moiety in the Dha derivatives, a tertiary amide was
firstly used to exclude selectivity issues arising from the hydro-
gen atoms of the amide functionality, yielding compound 23 in
synthetically useful yield (39%). Interestingly, a secondary
amide was formed in a higher yield of compound 24 (62%)
compared to a Dha with a tertiary amide on the same position.
Alternatively, the use of a double Boc-protected Dha resulted in
a rather low yield of compound 25 (32%), while varying one
Boc-protecting group with a Cbz-protecting group increased the
yield substantially to 86% for compound 26. In addition, the use
of a cyclic, N-Cbz-protected Michael acceptor, derived from
proline, allowed for preparation of compound 27 with a 35%
yield in 4 hours without control of diastereoselectivity (dr =
1:1).

Beilstein J. Org. Chem. 2024, 20, 3274-3280.

Finally, to prove that the optimized reaction also works at a
larger scale, the model reaction was carried out on a 2.2 mmol
scale (Figure 3), obtaining a slightly elevated yield (67%) com-
pared to compound 3, which was previously formed at a
0.5 mmol scale.

(TMS)3SiH (1.1 equiv)
BP 1 (0.2 equiv) 0

o 2 (2.5 equiv) Phtth)J\OMe
PhthN .

\H)J\OMe
PBS 0.2 M [0.1 M] O

390 nm, 4 h, 25°C
67%

1 3
1.0 equiv

Figure 3: Scaled-up reaction. Reaction conditions: Dha derivative

(2.2 mmol), alkyl bromide (5.4 mmol), tris(trimethylsilyl)silane

(2.4 mmol), (4-methoxyphenyl)(4-(trifluoromethyl)phenyl)methanone
(0.4 mmol), PBS 0.2 M solution (10.8 mL), A =390 nm, 25 °C, 4 hours,
isolated product yield.

Conclusion

In conclusion, a photochemical methodology to promote the
metal-free alkylation of dehydroalanine derivatives was de-
veloped, by means of silane-mediated alkyl bromide activation.
The biocompatibility of the reaction enabled by the PBS solu-
tion and the mild photochemical reaction conditions makes the
transformation useful for late-stage functionalization under
physiological conditions. Besides, the reaction was successful-
ly scaled up by roughly four times, leading to a slight increase
in chemical yield.

Supporting Information

Supporting Information File 1

IH NMR, 13C NMR, and HRMS spectra of all the
synthesized compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-271-S1.pdf]
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