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The copper-promoted S-cyclopropylation of thiophenols using cyclopropylboronic acid is reported. The procedure operates under

simple conditions to afford the corresponding aryl cyclopropyl sulfides in moderate to excellent yields. The reaction tolerates sub-

stitution in ortho-, meta- and para-substitution as well as electron-donating and electron-withdrawing groups. The S-cyclopropyla-

tion of a thiophenol was also accomplished using potassium cyclopropyl trifluoroborate.

Introduction

Aryl cyclopropyl sulfides are present in many biologically
active compounds, mainly in their oxidized forms. For example,
aryl cyclopropyl sulfones have been used in the preparation of
glucokinase (GK) activators for the treatment of type 2 diabetes
[1-5] while aryl cyclopropyl sulfoximines have been utilized for
the synthesis of modulators of glucokinase regulatory protein
(GKRP) [6-8]. Roniciclib, also named BAY 1000394, is a
pan-cyclin-dependant kinase (CDK) inhibitor that contains an
aryl cyclopropyl sulfoximine and that was developed to treat

patients with untreated small cell lung cancer [6,9].

Aryl cyclopropyl sulfides 1 are also remarkable synthons in
organic synthesis (Scheme 1). For instance, the proton alpha to
the sulfur can be removed by a strong base such as butyllithium,
resulting in the cyclopropyllithium species 2. This carbanion
can then react with alkyl halides to provide the corresponding
alkylated species 3 which can then be opened up by treatment
with mercuric chloride to give the corresponding B-thioaryl
ketone 4 [10]. Reacting 2 with epoxides results in the formation
of the 1-(B-hydroxy)cyclopropyl aryl sulfides 5 [10] while
reaction with formaldehydes [11] or aldehydes [12] affords
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Scheme 1: Synthetic uses of aryl cyclopropyl sulfides 1.

1-(arylthio)cyclopropylcarbinyl alcohols 6. Treating 6 with
Burgess reagent or with hydrobromic acid and zinc bromide
leads to 1-arylthiocyclobutenes 7 [13] and 2-alkyl-substituted
cyclobutanones 8 [11,12], respectively. Treatment of 6 with
hydrobromic acid and zinc bromide in the presence of a thio-
phenol provides the 1,1-di(arylthio)cyclobutane 9 which, upon
reaction with copper(II) triflate and Hiinig's base, rearranges to
give the corresponding 2-(arylthio)-3-alkyl-1,3-butadiene 10
[12]. Reacting methyl 2-phenylthiocyclopropyl ketone 11 with
silyl enol ethers 12 in the presence of dimethylaluminium chlo-
ride leads to the functionalized cyclopentanes 13 via a highly
diastercoselective [3 + 2] cycloaddition reaction [14,15]. The
ring expansion sequence 1 — 2 — 6 — 8 has been used as a
key step in the synthesis of (+)-fragranol [16], (+)-grandisol
[16], (£)-a-cuparenone [17] and (%)-herbertene [17].

Aryl cycloropyl sulfides 1 are most frequently prepared by
cyclopropylation of thiophenols 14 through SN2 reaction with
cyclopropyl bromide (15, Scheme 2a) [2,4] or by SyAr reac-
tion between aryl fluorides 16 and cyclopropanethiol (17,
(Scheme 2b) [6]. Although simple and attractive, these ap-
proaches usually require harsh conditions such as the presence
of a strong base and high temperatures [18]. In addition, an
electron-withdrawing group (EWG) must be present on the aryl
fluoride 16 for the SyAr reaction to proceed. Aryl cyclopropyl
sulfides can also be accessed by the addition of thiophenols 14
to cyclopropenes 18 (Scheme 2¢) [19,20] or to exo-methyl-
enecyclopropanes 20 (Scheme 2d) [21,22]. While these
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methods give access to highly substituted products, the require-
ment for a strong base could jeopardize their application in the
context of synthesis of complex molecules. Furthermore, an
electron-withdrawing group must be present on 18 to enable the
Michael addition with thiol 14. Treatment of 1,3-bis(phenyl-
thio)propanes 22 with butyllithium is another way of accessing
substituted aryl cyclopropyl sulfides 23 (Scheme 2¢) [23]. How-
ever, in addition to requiring a very strong base, the generation
of regio- and stereoisomers from a complex starting material
reduces the attractiveness of this method, particularly with
respect to medicinal chemistry where expedient methods from
easily accessible substrates are needed.

Organobismuth compounds are organometallic reagents that
possess a C—Bi bond and which can be synthesized from inex-
pensive and low-toxic bismuth salts [24,25]. Due to the border-
line behavior of bismuth as a metal and a ligand, organobis-
muth species have been used as reagents and catalysts in a wide
range of reactions. We reported a portfolio of methods for the
construction of C—C [26-29], C—N [30] and C—O bonds [31-33]
using triaryl- and trialkylbismuthines [34]. We also disclosed
for the first time in 2007 the synthesis of tricyclopropylbismuth
(24) and its use in N-cyclopropylation [35], palladium-cata-
lyzed cross coupling [36] and carbonylative cross-coupling
reactions [37]. Recently, we demonstrated that tricyclopropyl-
bismuth (24) can be used to S-cyclopropylate thiophenols 14,
giving access to aryl cyclopropyl sulfides 1 (Scheme 2f) [38].
While this constituted the first example on the use of an
organobismuth reagent in the construction of C(sp?)-S bonds,
synthetically, the method showed limitations such as the need
for a high excess of tricyclopropylbismuth (24) which transfers
only one cyclopropyl unit out of three to deliver the desired

products in moderate yields.

Cyclopropylboronic acid has been elegantly used by Neuville
and Zhu [39,40], Tsuritani [41], Taillefer [42], Hayashi [43] and
Reddy [44] as a cyclopropylating reagent in N-cyclopropyla-
tion reactions, a transformation which is similar to the Chan
[45], Evans [46], Lam [47] arylation reaction of N-H and O-H
containing substrates. These seminal reports greatly contributed
to the synthesis of cyclopropylated compounds in addition to
expanding the scope of copper-catalyzed reactions in organic
synthesis [48-51]. Our interest in cyclopropylation reactions led
us to explore the use of cyclopropylboronic acid in the O-cyclo-
propylation of phenols. Unfortunately, efficient conditions
could not be identified to perform this seemingly simple exten-
sion of the N-cyclopropylation reaction. Very recently, Engle
and McAlpine disclosed a solution to this problem by devel-
oping a highly efficient protocol for the direct O-cyclopropyla-
tion of phenols using potassium cyclopropyl trifluoroborate

[52]. Surprisingly, and to the best of our knowledge, cyclo-
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Scheme 2: Synthesis of aryl cyclopropyl sulfides.

propylboronic acid or its various ester and potassium trifluoro-
borate derivatives have never been used in S-cyclopropylation
reactions. In light of the relevance of aryl cyclopropyl sulfides
in medicinal and synthetic organic chemistry, we initiated a
program to explore the use of cyclopropylboronic acid (25) as
an S-cyclopropylating agent of thiophenols (Scheme 2g). The
publication of copper-catalyzed methods by Feng and Xu to
S-arylate thiophenols [53] and by Guy to S-arylate alkyl thiols
[54] gave us confidence to proceed ahead with our endeavour

for which we herein report our results.

Results and Discussion

We began by testing the feasibility of S-cyclopropylating 4-tert-
butylbenzenethiol (14a) with cyclopropylboronic acid (25)
using reaction conditions developed by Neuville and Zhu for
the N-cyclopropylation of anilines and amines [39]. Treating

thiophenol 14a with 2.0 equivalents of cyclopropylboronic acid

O

* harsh conditions

* low scope

* EWG required on
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C(W

R! R2

* EWG required on
cyclopropene substrate
EWG

o

« strong base required
* generation of regioisomers

S * non commercial
cyclopropylating reagent
* two cPr groups wasted

S * simple conditions

* broad scope

» commercially available
cyclopropylating reagent

(25), 1.0 equivalent of copper(Il) acetate, 1.0 equivalent of
bipyridine, and 2.0 equivalents of sodium carbonate in dichloro-
ethane at 70 °C for 16 hours provided the desired S-cyclopropy-
lated compound 1a in 86% yield accompanied by only 4% of
the diaryl disulfide side-product 26a (Table 1, entry 1,
dard conditions"). Reducing the catalyst loading by a factor of

"stan-

two under oxygen atmosphere led to a dramatic reduction in the
yield of the reaction (Table 1, entry 2). Performing the reaction
under oxygen with a stoichiometric amount of copper(Il)
acetate also proved unsuccessful and afforded mainly the disul-
fide product, suggesting a deleterious effect of oxygen (Table 1,
entry 3). Yet, to our surprise, performing the reaction under
argon also negatively impacted the yield of the reaction
(Table 1, entry 4), showing that air is the ideal (and also most
convenient) atmosphere for this reaction. Changing the solvent
for toluene, dichloromethane, dimethylformamide or DMF/H,O
(4:1) led to lower yields of the desired aryl cyclopropyl sulfide
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Table 1: Optimization of the reaction conditions for the copper-promoted S-cyclopropylation of thiophenol 14a with boron-based cyclopropylating

reagents.
cyclopropylboron reagent
(2.0 equiv)
SH  Cu(OAc), (1.0 equiv) S
Bipy (1.0 equiv) \/ . S.
Na,CO3 (2.0 equiv) S
DCE, air
14a 70 °C, 16 h 1a 26a
standard conditions
cyclopropylboron reagent Me
OH o) AN
>—8 >—8 B, >—BF3K
OH o) 09
25 27 28 (0] 29
0]
Entry  Change from "standard conditions"? Yield 1a (%)P  Yield 26a (%)°
1 no change? 86 4
2 0.5 equiv of Cu(OAc); instead of 1.0 equiv under O instead of air 10 0
3 O, instead of air 19 62
4 argon instead of air 45 4
5 toluene, DCM, DMF or DMF/H,0 (4:1) instead of DCE <40 0
6 50 °C instead of 70 °C 7 20
7 1,10-phenanthroline instead of bipy 81 0
8 1.5 equiv of cPrB(OH), (25) instead of 2.0 and 1.0 equiv of Na,COg3 85 14
9 1.5 equiv of cPrB(OH), (25) instead of 2.0 and 1.0 equiv of Cs,CO3 instead of 92 6
2.0 equiv of Na,CO3
10 1.5 equiv of cPrB(OH), (25) instead of 2.0, 1.0 equiv of Cs,COj instead of 2.0 equiv of 85 14
NayCO3 and 6 h instead of 16 h

11 27 instead of cPrB(OH); (25) 0 85¢
12 28 instead of cPrB(OH), (25) 0 96°
13 29 instead of cPrB(OH), (25) 23 30

aStandard conditions: 4-tert-butylbenzenethiol (14a, 1.0 equiv), cyclopropylboronic acid (25, 2.0 equiv), Cu(OAc), (1.0 equiv), bipyridine (1.0 equiv),
Na,CO3 (2.0 equiv), dichloroethane (0.1 M), 70 °C, 16 h, air. ®Yields of isolated pure products. °Conversion calculated by NMR.

1a (Table 1, entry 5) while decreasing the temperature to 50 °C
almost completely shut down the reaction (Table 1, entry 6).
1,10-Phenanthroline was found to be the only viable alternative
to bipyridine (Table 1, entry 7), with other ligands commonly
used in copper-catalyzed reactions such as proline and 2,2,6,6-
tetramethyl-3,5-heptanedione giving yields under 15%.
Reducing the number of equivalents of boronic acid 25 and so-
dium carbonate was found to be well tolerated, giving a compa-
rable yield as the "standard conditions" (Table 1, entry 8).
While changing the inorganic base to potassium phosphate trib-
asic or potassium carbonate gave yields below 75%, we found
that cesium carbonate provided a net increase in the yield of the
reaction (Table 1, entry 9). Attempts at reducing the reaction
time led to a minor erosion in the yield of the reaction (Table 1,
entry 10). Replacing cyclopropylboronic acid (25) with cyclo-
propylboronic acid pinacol ester (27) or cyclopropylboronic
acid MIDA ester 28 afforded 85% and 96% of the correspond-
ing diaryl disulfide 26a, respectively, with no obsevable traces

of the desired S-cyclopropylated product 1a (Table 1, entries 11
and 12). Interestingly, however, potassium cyclopropyl tri-
fluoroborate (29) provided the desired aryl cyclopropyl sulfide
1a in 23% yield, albeit with 30% of the diaryl disulfide side-
product 26a (Table 1, entry 13). Although encouraging, it was
clear that the S-cyclopropylation with cPrBF3;K (29) would
necessitate extensive optimization and therefore, we decided to
pursue our work with cPrB(OH), (25).

With our optimized reactions conditions in hand (i.e., Table 1,
entry 9), we embarked on exploring the scope of the copper-
promoted S-cyclopropylation of thiophenols using cyclopropyl-
boronic acid (25, Scheme 3). Our studies showed that the reac-
tion can be performed on unsubstituted benzenethiol as well as
on para- and meta-methylbenzenethiols, affording the corre-
sponding products 1b—d in 84 to 99% yield. Substitution of the
aryl ring at the ortho-position resulted in a considerable drop in

the efficiency of the process, as indicated by compound 1e
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SH HO Cu(OAc), (1.0 equw =
X N LI
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Scheme 3: Substrate scope in the copper-promoted S-cyclopropylation of thiophenols 14 using cyclopropylboronic acid (25). Numbers in paren-

theses indicate the yield of isolated pure diaryl disulfide side-products 26.

which was obtained in a moderate 57% yield. In line with those
results, cyclopropyl(3,5-dimethylphenyl)sulfane (1f) was ob-
tained in 76% yield while the 2,4-isomer 1g was produced in a
low 31% yield. Electron-withdrawing groups such as a fluorine,
bromine, chlorine, trifluoromethyl and a nitro group as well as
electron-donating groups such as a methoxy group at the para-
position were found to be well tolerated, as indicated by aryl
cyclopropyl sulfides 1Th—m which were obtained in yields
ranging from 72 to 95%. Moving the bromine from the para- to
the meta-position resulted in a substantial reduction in the yield
of the reaction, as shown by compound 1n. Compound 1o
possessing a methyl ester at the ortho-position was prepared in
44%, a yield which is consistent with the one obtained for the
ortho-methyl product 1e. Compound 1o indicates some level of
tolerance towards functional groups that can be used a poste-
riori to modify the product. Diaryl disulfides 26 were isolated in
yields ranging from 2 to 36%, depending on the thiophenol.
Attempts at S-cyclopropylating benzyl mercaptan, an alkylthiol,
failed to deliver the desired product.

Engle and McAlpine recently reported a very efficient, simple
and general protocol for the O-cyclopropylation of phenols
using potassium cyclopropyl trifluoroborate (29) that leads to
the corresponding aryl cyclopropyl ethers in good to excellent

yields [52]. We wanted to study the transposibility of these
conditions to the S-cyclopropylation of thiophenols. In the
event, treating 4-tert-butylbenzenethiol (14a) with 3.0 equiva-
lents of potassium cyclopropyl trifluoroborate (29) in the pres-
ence of 0.1 equivalents of copper(Il) acetate, 0.1 equivalents of
1,10-phenanthroline, 2.0 equivalents of potassium carbonate
under oxygen atmosphere at 70 °C for 20 hours in a 3:1 mix-
ture of toluene and water afforded the aryl cyclopropyl sulfide
1a in 38% along with 8% of the corresponding side-product 26a
and 24% of recovered starting material 14a (Scheme 4). These
results are encouraging and demonstrate that the Engle/
McAlpine conditions are applicable, to some extent, to the
S-cyclopropylation of thiophenols. It is reasonable to believe
that thorough optimization of the reaction conditions should
result in a more efficient process. Efforts towards this goal are
in progress in our laboratory and results will be reported in due
course.

Conclusion

In conclusion, we developed a simple protocol for the S-cyclo-
propylation of thiophenols using cyclopropylboronic acid. The
reaction is promoted by copper(Il) acetate and tolerates elec-
tron-withdrawing and electron-donating groups at the ortho-,

meta-, and para-positions of the aryl ring to afford the corre-
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1a: 38%
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Scheme 4: Copper-catalyzed S-cyclopropylation of 4-tert-butylbenzenethiol (14a) using potassium cyclopropyl trifluoborate (29).

sponding aryl cyclopropyl sulfides in moderate to excellent
yields. This protocol provides an efficient alternative to our pre-
viously reported method for the S-cyclopropylation of thiophe-

nols using tricyclopropylbismuth.

Experimental

General information

Unless otherwise indicated, all reactions were run under argon
in flame-dried glassware. Commercial reagents were used with-
out further purification. Cu(OAc), (97%) was purchased from
Strem Chemicals. Anhydrous solvents were obtained using an
encapsulated solvent purification system and were further dried
over 4 A molecular sieves. The evolution of reactions was
monitored by analytical thin-layer chromatography using silica
gel 60 F254 precoated plates. Flash chromatography was per-
formed employing 230-400 mesh silica using the indicated sol-
vent system according to standard techniques. Proton nuclear
magnetic resonance spectra were recorded on a 300 or 600 MHz
spectrometer. Chemical shifts for 'H NMR spectra are recorded
in parts per million from tetramethylsilane with the solvent
resonance as the internal standard (chloroform, 6 7.26 ppm).
Data is reported as follows: chemical shift §, multiplicity
(s = singlet, d = doublet, t = triplet, dd = doublet of doublet,
ddd = doublet of doublet of doublet, td = triplet of doublet,
m = multiplet), coupling constant J in Hz and integration.
Melting points are uncorrected.

General procedure for the synthesis of aryl

cyclopropyl sulfides

A sealed tube equipped with a magnetic stirring bar was
charged under ambiant air with cyclopropylboronic acid (25,
0.6 mmol, 1.5 equiv), cesium carbonate (0.4 mmol, 1.0 equiv),
Cu(OAc); (0.4 mmol, 1.0 equiv), 2,2'-bipyridine (0.4 mmol,
1.0 equiv) and thiophenol 14 (0.4 mmol, 1.0 equiv). Dichloro-
ethane (0.1 M) was added, the tube was sealed and heated at
70 °C for 16 hours. The reaction mixture was cooled to room
temperature and aqueous NH4OH 25% (5 mL) was added. The
reaction mixture was stirred for a few minutes, transferred in a
separatory funnel and extracted with DCM (3 x 5 mL). The
combined organic layers were washed with brine (2 x 10 mL),

dried over anhydrous Na,SO,4 and concentrated under reduced

pressure. The residue was purified by flash column chromatog-
raphy using the indicated solvent system to afford the corre-
sponding aryl cyclopropyl sulfide 1 and diaryl disulfide 26 as a

side-product.

(4-(tert-Butyl)phenyl)(cyclopropyl)sulfane (1a) and 1,2-
bis(4-(tert-butyl)phenyl)disulfane (26a). The general proce-
dure was followed on 0.425 mmol scale starting from 4-(tert-
butyl)benzenethiol (14a). The residue was purified on silica gel
(100% Hex) to afford 1a (80.4 mg, 92%) and 26a (4.2 mg, 6%)
as a colorless oil and a white solid, respectively. 1a: Spectral
data was identical to literature compound [38]. 'H NMR
(300 MHz, CDCl3) 6 7.33 (s, 4H), 2.23-2.16 (m, 1H), 1.33 (s,
9H), 1.08-1.02 (m, 2H), 0.73-0.68 (m, 2H). 26a: mp
65.0-68.5 °C. Spectral data was identical to literature com-
pound [55]. 'H NMR (300 MHz, CDCl3) & 7.44 (d, J= 8.7 Hz,
2H), 7.33 (d, J = 8.4 Hz, 2H), 1.30 (s, 9H).

Cyclopropyl(phenyl)sulfane (1b). The general procedure was
followed on 0.400 mmol scale starting from benzenethiol (14b).
The residue was purified on silica gel (100% Hex) to afford 1b
(59.2 mg, 99%) as a slightly yellow oil: Spectral data was iden-
tical to literature compound [38]. "H NMR (300 MHz, CDCls)
8 7.39-7.35 (m, 2H), 7.32-7.28 (m, 1H), 7.17-7.11 (m, 1H),
2.23-2.15 (tt, J = 8.4, 1.2 Hz, 1H), 1.10-1.04 (m, 2H),
0.72-0.62 (m, 2H).

Cyclopropyl(p-tolyl)sulfane (1c). The general procedure was
followed on 0.400 mmol scale starting from 4-methylben-
zenethiol (14¢). The residue was purified on silica gel (100%
Hex) to afford 1c¢ (61.8 mg, 94%) as a colorless oil: Spectral
data was identical to literature compound [38]. 'H NMR
(300 MHz, CDCl3) & 7.29 (d, J = 3.9 Hz, 2H), 7.12 (d,
J=4.2Hz, 2H), 2.33 (s, 3H), 2.22-2.18 (m, 1H), 1.06-1.03 (m,
2H), 0.71-0.68 (m, 2H).

Cyclopropyl(m-tolyl)sulfane (1d) and 1,2-di(m-tolyl)disul-
fane (26d). The general procedure was followed on 0.400 mmol
scale starting from 3-methylbenzenethiol (14d). The residue
was purified on silica gel (100% Hex) to afford 1d (55.2 mg,
84%) and 26d (6.9 mg, 14%) as a colorless and a yellow oil, re-
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spectively. 1d: Spectral data was identical to literature com-
pound [38]. 'H NMR (300 MHz, CDCls) § 7.19-7.18 (m, 3H),
6.97-6.94 (m, 1H), 2.34 (s, 3H), 2.23-2.15 (m, 1H), 1.09-1.03
(m, 2H), 0.72-0.67 (m, 2H). 26d: Spectral data was identical to
literature compound [56]. 'H NMR (300 MHz, CDCls) & 7.32
(s, 2H), 7.30 (d, J = 3.9 Hz, 2H), 7.19 (t, J = 8.0 Hz, 2H), 7.03
(d, J=17.5 Hz, 2H), 2.32 (s, 6H).

Cyclopropyl(o-tolyl)sulfane (1e) and 1,2-di(o-tolyl)disulfane
(26e). The general procedure was followed on 0.400 mmol
scale starting from 2-methylbenzenethiol (14e). The residue was
purified on silica gel (100% Hex) to afford 1e (37.5 mg, 57%)
and 26e (7.9 mg, 16%) as a slightly yellow and a yellow oil, re-
spectively. le: Spectral data was identical to literature com-
pound [38]. 'TH NMR (300 MHz, CDCl3) & 7.53 (d, J= 7.5 Hz,
1H), 7.20 (td, J = 7.5, 1.8 Hz, 1H), 7.15-7.03 (m, 2H), 2.27 (s,
3H), 2.17-2.09 (m, 1H), 1.13-1.07 (m, 2H), 0.73-0.67 (m, 2H).
26e: Spectral data was identical to literature compound [57].
'H NMR (300 MHz, CDCl3) § 7.52-7.49 (m, 2H), 7.17-7.09
(m, 6H), 2.43 (s, 6H).

Cyclopropyl(3,5-dimethylphenyl)sulfane (1f) and 1,2-
bis(3,5-dimethylphenyl)disulfane (26f). The general proce-
dure was followed on 0.400 mmol scale starting from 3,5-
dimethylbenzenethiol (14f). The residue was purified on silica
gel (100% Hex) to afford 1f (54.2 mg, 76%) and 26f (13.2 mg,
24%) as a colorless and a yellow oil, respectively. 1f: Spectral
data was identical to literature compound [38]. 'H NMR
(300 MHz, CDCl3) & 6.99 (s, 2H), 6.78 (s, 1H), 2.30 (s, 6H),
2.22-2.14 (m, 1H), 1.08-1.02 (m, 2H), 0.71-0.66 (m, 2H). 26f:
Spectral data was identical to literature compound [58].
TH NMR (300 MHz, CDCl3) § 7.12 (s, 4H), 6.85 (s, 2H), 2.28
(s, 12H).

Cyclopropyl(2,4-dimethylphenyl)sulfane (1g) and 1,2-
bis(2,4-dimethylphenyl)disulfane (26g). The general proce-
dure was followed on 0.371 mmol scale starting from 2,4-
dimethylbenzenethiol (14g). The residue was purified on silica
gel (100% Hex) to afford 1g (20.5 mg, 31%) and 26g (17.3 mg,
33%) as colorless oils. 1g: Spectral data was identical to litera-
ture compound [38]. 'H NMR (300 MHz, CDCl3) & 7.41 (d,
J=3.9 Hz, 1H), 7.00 (d, J = 3.9 Hz, 1H), 6.96 (s, 1H), 2.29 (s,
3H), 2.25 (s, 3H), 2.14-2.10 (m, 1H), 1.07-1.04 (m, 2H),
0.69-0.66 (m, 2H). 26g: Spectral data was identical to literature
compound [38]. 'H NMR (300 MHz, CDCl3) § 7.37 (d,
J=17.8 Hz, 2H), 6.99 (s, 2H), 6.93 (d, J = 8.4 Hz, 2H), 2.37 (s,
6H), 2.29 (s, 6H).

(4-Fluorophenyl)(cyclopropyl)sulfane (1h). The general pro-
cedure was followed on 0.470 mmol scale starting from 4-fluo-

robenzenethiol (14h). The residue was purified on silica gel
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(100% Hex) to afford 1h (65.4 mg, 83%) as a colorless oil:
Spectral data was identical to literature compound [38].
TH NMR (300 MHz, CDCl3) & 7.37-7.31 (m, 2H), 7.04—6.96
(m, 2H), 2.22-2.14 (m, 1H), 1.07-1.01 (m, 2H), 0.71-0.66 (m,
2H).

(4-Bromophenyl)(cyclopropyl)sulfane (1i) and 1,2-bis(4-
bromophenyl)disulfane (26i). The general procedure was fol-
lowed on 0.400 mmol scale starting from 4-bromobenzenethiol
(14i). The residue was purified on silica gel (100% Hex) to
afford 1i (86.9 mg, 95%) and 26i (1.5 mg, 2%) as colorless oils.
1li: Spectral data was identical to literature compound [38].
TH NMR (300 MHz, CDCl3) § 7.39 (d, J = 8.4 Hz, 2H), 7.22 (d,
J = 8.4 Hz, 2H), 2.20-2.12 (m, 1H), 1.11-1.04 (m, 2H),
0.71-0.66 (m, 2H). 26i: Spectral data was identical to literature
compound [59]. '"H NMR (300 MHz, CDCl3) § 7.43 (d, J = 8.4,
4H), 7.34 (d, J= 8.4 Hz, 4H).

(4-Chlorophenyl)(cyclopropyl)sulfane (1j) and 1,2-bis(4-
chlorophenyl)disulfane (26j). The general procedure was fol-
lowed on 0.400 mmol scale starting from 4-chlorobenzenethiol
(14j). The residue was purified on silica gel (100% Hex) to
afford 1j (52.9 mg, 72%) and 26j (12.6 mg, 22%) as a colorless
oil and a white solid, respectively. 1j: Spectral data was iden-
tical to literature compound [38]. 'H NMR (300 MHz, CDCl3)
8 7.30-7.22 (m, 4H), 2.20-2.12 (m, 1H), 1.10-1.03 (m, 2H),
0.70-0.65 (m, 2H). 26j: mp 71.0-73.0 °C. Spectral data was
identical to literature compound [60]. 'H NMR (300 MHz,
CDCl3) 6 7.39 (d, J = 8.4 Hz, 4H), 7.27 (d, J = 8.7, 4H).

Cyclopropyl(4-(trifluoromethyl)phenyl)sulfane (1k). The
general procedure was followed on 0.400 mmol scale starting
from 4-(trifluoromethyl)benzenethiol (14k). The residue was
purified on silica gel (100% Hex) to afford 1k (63.2 mg, 72%)
as a light yellow oil: Spectral data was identical to literature
compound [38]. '"H NMR (300 MHz, CDCl3) & 7.52 (d,
J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 2.24-2.15 (m, 1H),
1.18-1.07 (m, 2H), 0.74-0.65 (m, 2H).

Cyclopropyl(4-nitrophenyl)sulfane (11). The general proce-
dure was followed on 0.400 mmol scale starting from
4-nitrobenzenethiol (141). The residue was purified on silica gel
(from 100% Hex to 15% EtOAc/Hex) to afford 11 (60.7 mg,
78%) as a yellow oil: Spectral data was identical to literature
compound [38]. '"H NMR (300 MHz, CDCl3) & 8.13 (d,
J=28.7 Hz, 2H), 7.44 (d, J = 9.0 Hz, 2H), 2.25-2.17 (m, 1H),
1.23-1.16 (m, 2H), 0.77-0.72 (m, 2H).

Cyclopropyl(4-methoxyphenyl)sulfane (1m) and 1,2-bis(4-

methoxyphenyl)disulfane (26m). The general procedure was
followed on 0.400 mmol scale starting from 4-methoxyben-
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zenethiol (14m). The residue was purified on silica gel (from
100% Hex to 20% EtOAc/Hex) to afford 1m (57.4 mg, 80%)
and 26m (1.1 mg, 2%) as yellow oils. 1m: Spectral data was
identical to literature compound [38]. 'H NMR (300 MHz,
CDCl3) 6 7.34 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H),
3.80 (s, 3H), 2.22-2.14 (m, 1H), 1.01-0.95 (m, 2H), 0.70-0.65
(m, 2H). 26m: Spectral data was identical to literature com-
pound [61]. 'H NMR (300 MHz, CDCls) & 7.40 (d, J=9.0 Hz,
4H), 6.83 (d, J = 8.7 Hz, 4H), 3.80 (s, 6H).

(3-Bromophenyl)(cyclopropyl)sulfane (1n) and 1,2-bis(3-
bromophenyl)disulfane (26n). The general procedure was fol-
lowed on 0.484 mmol scale starting from 3-bromobenzenethiol
(14n). The residue was purified on silica gel (100% Hex) to
afford 1n (49.9 mg, 45%) and 26n (5.5 mg, 6%) as a colorless
and a yellow oil, respectively. 1n: Spectral data was identical to
literature compound [38]. 'H NMR (300 MHz, CDCls) &
7.51-7.50 (t, J = 0.9 Hz, 1H), 7.27-7.24 (m, 2H), 7.13 (4,
J =3.9 Hz, 1H), 2.19-2.15 (m, 1H), 1.12-1.09 (m, 2H),
0.72-0.69 (m, 2H). 26n: Spectral data was identical to litera-
ture compound [38]. 'H NMR (300 MHz, CDCl3) § 7.64-7.62
(m, 2H), 7.42-7.35 (m, 4H), 7.18 (t, J = 7.8 Hz, 2H).

Methyl 2-(cyclopropylthio)benzoate (10) and dimethyl 2,2'-
disulfanediyldibenzoate (260). The general procedure was fol-
lowed on 0.400 mmol scale starting from methyl 2-mercapto-
benzoate (140). The residue was purified on silica gel (from
100% Hex to 20% EtOAC/Hex) to afford 1o (36.7 mg, 44%)
and 260 (24.1 mg, 36%) as a yellow oil and a white solid, re-
spectively. 1o: Spectral data was identical to literature com-
pound [38]. "H NMR (300 MHz, CDCl3) & 7.99 (dd, J = 8.0,
1.7 Hz, 1H), 7.79 (dd, J = 8.1, 1.2 Hz, 1H), 7.47 (ddd, J = 8.7,
7.2, 1.5 Hz, 1H), 7.15 (ddd, J= 9.0, 7.2, 1.2 Hz, 1H), 3.89 (s,
3H), 2.12-2.04 (m, 1H), 1.17-1.10 (m, 2H), 0.74-0.69 (m, 2H).
260: mp 133.0-135.5 °C. Spectral data was identical to litera-
ture compound [62]. 'H NMR (300 MHz, CDCl3)  8.06 (dd,
J=1.28, 1.5 Hz, 2H), 7.76 (dd, J= 8.3, 1.1 Hz, 2H), 7.41 (ddd,
J=28.3,73, 1.3 Hz, 2H), 7.23 (dd, J = 7.5, 1.2, 2H), 3.99 (s,
6H).
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The allylic cross-coupling using aromatic aldehydes as a-alkoxyalkyl anions is described. The synergistic palladium/copper-cata-

lyzed reaction of aromatic aldehydes, allylic carbonates, and a silylboronate produces the corresponding homoallylic alcohol deriv-

atives. This process involves the catalytic formation of a nucleophilic a-silyloxybenzylcopper(I) species and the subsequent palla-

dium-catalyzed allylic substitution.

Introduction

a-Alkoxy-substituted carbanions (a-alkoxyalkyl anions) are
useful C(sp?) nucleophiles for the construction of alcohol units
found in a majority of pharmaceuticals, agrochemicals and bio-
active natural products. Generally, a-alkoxyalkyl anions are
presynthesized as stoichiometric organometallic reagents such
as organolithium, organozinc, organocuprate, organostannane,
organosilane and organoboron compounds [1-6]. Alternatively,
we showed that easily available aromatic aldehydes can be used
as a-alkoxyalkyl anions for catalytic carbon—carbon bond
formations [7-9]. For example, a nucleophilic a-silyloxybenzyl-
copper(l) species can be generated catalytically from aromatic

aldehydes through the 1,2-addition of a silylcopper(I) species

followed by [1,2]-Brook rearrangement and then successfully
trapped with aryl bromides under palladium catalysis
(Scheme 1). This system was extended to an asymmetric
version using the chiral a-silyloxybenzylcopper(l) species
having a chiral NHC ligand. In the asymmetric system, one ex-
ample of allylic carbonate was used as the carbon electrophile
[8,10,11]. This paper describes in full detail the racemic system
using allylic carbonates. The allylic cross-coupling of aromatic
aldehydes and allylic carbonates with a silylboronate by the
merging of a copper—N-heterocyclic carbene catalyst and a
palladium—bisphosphine catalyst produced homoallylic alcohol
derivatives [12-14].
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Scheme 1: Our strategy.

Results and Discussion

Specifically, the three-component allylic cross-coupling reac-
tion of benzaldehyde (1a, 0.4 mmol), tert-butyl cinnamyl
carbonate (2a, 0.2 mmol) and (dimethylphenylsilyl)boronic acid
pinacol ester [PhMe,SiB(pin)] (0.4 mmol) occurred in the
presence of catalytic amounts of Pd(OCOCFj3); (3 mol %),
DPPF (3 mol %), (SIPr)CuCl (15 mol %) and KOt¢-Bu
(25 mol %) in toluene at 80 °C to afford homoallylic alcohol
derivative 3aa in 64% yield (based on 2a) (Scheme 2). The
reaction yielded small amounts of side products such as
cinnamylsilane and benzyl silyl ether, which are derived from
the Pd-catalyzed allylic silylation of 2a and the Cu-catalyzed
silylation of 1a and the subsequent [1,2]-Brook rearrangement,
respectively. In this coupling reaction, (SIPr)CuCl was a
slightly better copper complex than (IPr)CuCl (62%),
(SIMes)CuCl (60%) and (IMes)CuCl (53%) in terms of the
chemical yield. Notably, the allylic cross-coupling reaction did
not occur at all without Pd(OCOCF3),—-DPPF or (SIPr)CuCl,
and thus the palladium and copper catalysts cooperatively acted
in the allylic cross-coupling.

Scheme 3 shows the substrate range of aromatic aldehydes 1
and allylic carbonates 2. Methyl, tert-butyl and fluoro substitu-
ents were tolerated at the ortho- or para-positions of the aro-
matic aldehyde (3ba—da). 2,6-Dimethylphenyl- or 1-naphthyl
moieties as the y-substituent of the primary allylic carbonate
were tolerated in the reaction (3ab and 3ac). Cinnamyl carbon-
ates having a fluoro or acetal substituent were also suitable cou-
pling partners (3ad and 3ae).

The synergistic palladium/copper catalysis was used for the
reaction of a secondary allylic carbonate. For example, the
allylic cross-coupling of 2a’, a constitutional isomer of 2a, with
benzaldehyde (1a) afforded the linear allylation product 3aa
with complete regioselectivity. The symmetric secondary allylic
carbonate was converted to the corresponding homoallylic
alcohol derivative in 50% yield (3af).

To gain understanding into the mechanism of this synergistic
palladium/copper-catalyzed allylic cross-coupling, a stoichio-
metric experiment was conducted (Scheme 4). The reaction
of the SIPr-ligated a-silyloxybenzylcopper 4 with the
cinnamyl-palladium complex 5, which was prepared in situ
from [(cinnamyl)PdCl], and DPPF, gave the corresponding
homoallylic alcohol derivative 3aa.

Based on previous reports and the outcome obtained by the
stoichiometric experiment in Scheme 4, a possible reaction
pathway involving a cooperative action of palladium and
copper catalysis can be proposed as illustrated in Scheme 5.
The reaction of SIPr-ligated CuCl (A), KO#-Bu and a silyl-
boronate produces a silylcopper(I) species B. The 1,2-addition
of silylcopper(I) B to the aromatic aldehyde 1 [15-19] and the
subsequent [1,2]-Brook rearrangement from the obtained
a-silyl-substituted copper(I) alkoxide C forms the key interme-
diate, an a-silyloxybenzylcopper(I) species D. The transmetalla-
tion between D and an allylpalladium(II) species F that is
generated through the oxidative addition of an allylic carbonate
2 across a palladium(0)-DPPF complex E, followed by

Pd(OCOCF3), (3 mol %)

DPPF (3 mol %)

i + Boco o, _(SIPNCUCI (15 mol %) OSiMe;Ph
OC
Ph” H N PhMe,SiB(pin) Ph P
1a 2a KOt-Bu (25 mol %) 3aa
toluene, 80 °C, 12 h 64% yield

iPr/—/\

L=

Scheme 2: Allylic cross-coupling using aldehydes as a-alkoxyalkyl anions.

Pr
Cl
(SIPr)CuCl
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Scheme 3: Substrate scope and reaction conditions. a) reactions were carried out with 1 (0.4 mmol), 2 (0.2 mmol), PhMe>SiBpin (0.4 mmol),
Pd(OCOCFs3)2 (3 mol %), DPPF (3 mol %), (SIPr)CuCl (15 mol %), KOt-Bu (25 mol %) in toluene (2 mL) at 100 °C for 12 h. b) Pd(OCOCF3)>/DPPF
(3 mol %), (SIPr)CuCl (25 mol %) and KOt-Bu (35 mol %) were used and the reaction temperature was decreased to 80 °C. ¢) Pd(OCOCF3)o/DPPF

(3 mol %), (SIPr)CuCl (25 mol %) and KOt-Bu (35 mol %) were used. d) The reaction temperature was decreased to 80 °C. e) Pd(OCOCF3)o/DPPF
(5 mol %), (SIPr)CuCl (25 mol %) and KOt-Bu (35 mol %) were used.
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reductive elimination from G produces the homoallylic alcohol
3 and then regenerate A and E for the next catalytic cycle [20-
23].

Conclusion

In summary, we developed an umpolung strategy for catalyti-
cally formed a-alkoxyalkyl anions from aromatic aldehydes for
the use in allylic cross-coupling reactions. The synergistic palla-
dium/copper-catalyzed reaction of aromatic aldehydes, allylic
carbonates, and a silylboronate delivered the homoallylic
alcohol derivatives. This process involves the catalytic forma-
tion of a nucleophilic a-silyloxybenzylcopper(I) species and the
subsequent palladium-catalyzed allylic substitution.

Experimental

SIPrCuCl (14.7 mg, 0.03 mmol), and KOz#-Bu (4.5 mg,
0.04 mmol) were placed in a vial containing a magnetic stirring
bar. The vial was sealed with a Teflon®-coated silicon rubber
septum, and then the vial was evacuated and filled with
nitrogen. Toluene (0.6 mL) was added to the vial, and then the
mixture was stirred at 25 °C for 10 min. Next, PhMe,SiB(pin)
(104.9 mg, 0.4 mmol) and benzaldehyde (1a, 42.4 mg,
0.4 mmol) were added, and the mixture (mixture A) was stirred
at 25 °C for 10 min. Meanwhile, Pd(OCOCFj3), (2.0 mg,
0.006 mmol) and DPPF (3.3 mg, 0.006 mmol) were placed in
another vial. This vial was sealed with a Teflon®-coated silicon
rubber septum and then evacuated and filled with nitrogen.
After toluene (0.8 mL) was added to the vial, the mixture was
stirred at 25 °C for 10 min. Next, KO#-Bu (1.1 mg, 0.01 mmol)
and allylic carbonate 2a (46.9 mg, 0.2 mmol) were added to the
vial, and the mixture (mixture B) was stirred at 25 °C for
10 min. Finally, the palladium solution (mixture B) was
transferred to the vial (mixture A) containing the copper
complex with toluene (0.6 mL). After 12 h stirring at 80 °C,
the reaction mixture was diluted with diethyl ether (1 mL).
The reaction mixture was filtered through a short plug of
aluminum oxide (1 g) with diethyl ether as an eluent. After vol-
atiles were removed under reduced pressure, GPC (EtOAc) fol-
lowed by flash chromatography on silica gel (0-1% EtOAc/
hexane) gave product 3aa in 64% isolated yield (45.7 mg,
0.13 mmol).
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The Cu-catalyzed multicomponent ketone—amine—alkyne (KAZ2) reaction was combined with a Pauson—Khand cycloaddition to give

access of unprecedented constrained spirocyclic pyrrolocyclopentenone derivatives following a DOS couple-pair approach. The

polyfunctional molecular scaffolds were tested on the cyclopentenone reactivity to further expand the skeletal diversity, demon-

strating the utility of this combined approach in generating novel spiro compounds as starting material for the generation of chemi-

cal libraries. The chemoinformatics characterization of the newly-synthesized molecules gave evidence about structural and physi-

cochemical properties with respect to a set of blockbuster drugs, and showed that such scaffolds are drug-like but more spherical

and three-dimensional in character than the drugs.

Introduction

The screening of small molecule libraries is a well-established
approach in early-stage drug discovery to identify hit candi-
dates for the development of drug leads. The application of
unconventional molecular scaffolds to develop chemical
libraries can increase the chance of finding compounds able to
address the so-called “undruggable” targets, such as

protein—protein interactions [1]. In this context, molecules con-

taining one or more rings are of primary interest, as they will
suffer a reduced conformational entropy penalty upon binding
to a protein target, and the approach of constraining the ligand
conformation with a ring is widely used in drug design [2]. Ac-
cordingly, with increasing interest for sp>-rich molecules, spiro-
cyclic compounds are being considered valuable as molecular

platforms for the generation of high-quality small molecule
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collections, taking advantage of the stereochemical diversity,
and of their three-dimensional shape and structural bias to
develop lead compounds, specifically in the field of
protein—protein interactions [3-6]. Spiranic rings such as spiro-
ketals are present in numerous natural products [7-9], a wide
array of spirocyclic compounds are being studied in drug
discovery and their chemical space have been systematically
charted and characterized recently by Bajorath and co-workers
(Figure 1) [10]. This study revealed that spirocycles are found
only in few approved drugs [11] and that there is a significant
potential to explore the chemical space of spirocyclic scaffolds,
especially in the case of the condensed ones. Thus, new synthe-
tic routes towards the synthesis of building blocks containing
spiranic rings have increasingly appeared in the recent litera-
ture [12].

Among the synthetic approaches to improve the quality and
quantity of small molecules members of chemical libraries,
diversity-oriented synthesis (DOS) [13-16], has been proposed
as a paradigm for developing large collections of structurally
diverse small molecules in a way to generate the maximum
diversity and complexity from simple starting materials
applying divergent synthetic strategies, such as the use of com-
plexity-generating reactions and the build/couple/pair approach
[17,18]. The application of multicomponent approaches has
proven to be very useful as starting points in DOS [19-22], such
as the exploitation of the Petasis three-component [23-29] and

the Ugi four-component reactions [30-33], showing interesting

(a) isolated spirocyclic system

OO0 EON&NH\
F @

fluspirilene

(b) condensed spirocyclic system
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properties for the generation of compounds characterized by
high stereochemical and skeletal diversity. Although not fully
exploited so far, some contributions on the diversity-oriented
synthesis of spirocyclic compounds have appeared in the litera-
ture recently, also employing multicomponent approaches to
give the spirocyclic adduct after a cyclization step [34-36]. We
recently focused our interest to the cyclopentenone ring [37], as
this heterocycle is a powerful synthon for the synthesis of a
variety of bioactive target molecules, due to the broad diversity
of chemical modifications available for the enone structural
motif [38]. The most common approach to access such chemo-
type is the Pauson—Khand (PK) reaction [39,40], consisting of a
[2 + 2 + 1] cycloaddition between an olefin, alkyne, and carbon
monoxide. This reaction has been also applied in cascade ap-
proaches [41], and in combination with RCM [42], Diels—Alder
[43] and Staudinger [44] reactions to produce novel structurally
complex chemical entities. Following our interest to DOS as a
synthetic strategy for the generation of molecular scaffolds ac-
cording to a couple/pair approach [45-47], we reasoned to com-
bine the copper-catalyzed ketone—amine—alkyne (KAZ) multi-
component coupling reaction [48] with the Pauson—Khand
cycloaddition as the pairing reaction to achieve spirocyclic
pyrrolocyclopentenone derivatives. Specifically, the KA? reac-
tion was envisaged taking into account cyclic ketones, to install
a quaternary carbon atom carrying the required 1,6-enyne
moiety for the subsequent Pauson—Khand reaction, thus
achieving the corresponding tricylic structure in three single

steps (Scheme 1b). This unprecedent molecular scaffold repre-

griseofulvin

____1/;240

spironolactone

Figure 1: Chemical structure of representative approved drugs containing a spirocyclic moiety.
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Scheme 1: Synthetic strategies for accessing pyrrolocyclopentenone derivatives, including the novel couple/pair approach that combines the KAZ and

PK multicomponent reactions. L.A. = Lewis acid; PK = Pauson—Khand.

sents a valuable template for medicinal chemistry purpose, as
the pyrrolocyclopentenone core is contained in a variety of bio-
active molecules [49,50], and can serve as an advanced interme-
diate for the synthesis of different compounds, such as (-)-
kainic acid [51,52]. Previous similar approaches reported only
planar pyrrolocyclopentenones starting from propargyl
alcohol—cobalt complexes and allyl amides [50], or carbo-

hydrate-derived allylpropargylamine [49] (Scheme 1a).

Results and Discussion

Cyclohexanone (1) and phenylacetylene (2) were taken into
account for the optimization of the KAZ reaction conditions
with allylamine, in order to attain a quaternary carbon atom
containing suitable alkenyl and alkynyl appendages for subse-

quent Pauson—-Khand intramolecular cycloaddition (Scheme 2).

The KAZ reaction was assayed following the reported method
[48] employing copper catalysis, and tested on our starting ma-
terial upon variation of copper salts, solvents and temperature,
resulting in the neat reaction under Cul catalysis being optimal

when carried out for 2 h at 100 °C under microwave irradiation

R1
o} R cul =
X 100°C,2h X H
0,1 HZN\/\ uw irradiation 0,1
Ac,0 or BzClI
pyridine
40°C,16 h
O
R1
R1
co /)
7
C0,(CO)s, TMTU N
X '}‘ dry toluene X \ )
R? 70°C,3-8h o1 R

0,1

Scheme 2: Couple/pair approach using combined KAZ and
Pauson—Khand multicomponent reactions.

(see Supporting Information File 1), as it can promote metal-
catalyzed reactions [53]. The scope of the combined approach
employing KA2 and Pauson—Khand reactions was studied by
varying the alkyne and ketone components, along with the
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acylating moiety being installed before the Pauson—Khand reac-
tion (Scheme 2 and Table 1). The acylation of the amino group
was found necessary to allow for the cobalt-catalyzed reaction
to proceed under a CO atmosphere. This step was also carried
out in one pot after the KA? reaction by diluting with pyridine

Beilstein J. Org. Chem. 2020, 16, 200-211.

and adding the acylating reagent, to achieve the corresponding
product in slightly lower yield. Attempts to carry out the
Pauson—-Khand reaction directly on the amino group before the
acylation step did not work, nor using a modified approach
using ammonium chloride and 1.5 equivalents of Co,(CO)g

Table 1: Scope of the combined KA2 and Pauson—Khand multicomponent processes.?

entry ketone alkyne yield, %
KA? product PK product
Ph o
0 AN 7 N
1 ——Ph N
2 R N,
1 Ac
3:R=H, 82%
4:R=Ac, 61% 5, 73%
S
\ 7 o)
=
- \
%
2 1 7] A ~ /
S N S N
N N
6 R Ac
7:R=H, 74% 9, 68%
8: R =Ac, 78%
=
3 1 B ~
10
=
4 1 _ ~
11
Ph o
P \| J
5 d 2 \ Ph
R N,
12 Ac
13:R=H, 61% )
14: R = Ac, 56% 15, 72%
Ph o
0 W\ //
Ph
N
6 2 . N
R “Ac
16
17:R=H, 82% )
18: R = Ac, 68% 19, 72%
7 2 B ~
20
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Table 1: Scope of the combined KA2 and Pauson—Khand multicomponent processes.? (continued)
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21
O
9 2 _ _
N
/
22
Ph o
P \ J
Ph
ﬁ N\R N
10 2
/N N \AC
Boc / \
23 Boc B ,
24: R =H, 83% 0C .
25: R = Ac, 63% 26, 79%
PN
A O
\ ,
J N
1 23 6 N, S .
R Ac
N /N
Boc/ Boc
27: R =H, 62% 29, 68%
28: R = Ac, 63%
Ph /J o
N, Ph
12 23 2 R N\
Bz
/N N
Boc /
24:R = H, 83% Boc
30: R = Bz, 68% 31,78%
Ph
N,
13 2 2 R _
/N
Boc
24: R =H, 83%

32: R =Ts, 63%

Ph
0 A\ /J
14 (N_j§ 2 N

TS N
33 Ts
34:R=H,71%
35: R =Ac, 52%

aReaction conditions. KA? reaction: ketone (1 equiv), alkyne (1.2 equiv) and amine (1.2 equiv), Cul (0.2 equiv), 100 °C, 2 h, microwave irradiation.
Amine protection: pyridine (2 mL/mmol), acetic anhydride (4 mL/mmol), 40 °C, 16 h. Pauson—Khand reaction: enyne (1 equiv), Coo(CO)g (0.1 equiv),
N,N,N’,N’-tetramethylthiourea (0.6 equiv), toluene (20 mL/mmol), CO atmosphere, 70 °C, 3-8 h.
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under an inert atmosphere, as reported for similar reactions in

the presence of basic nitrogen atoms [28].

The variation of the alkyne component proved to give the KA2
coupling adduct when aromatic terminal alkynes were used, as
shown in Table 1, entries 1 and 2 for those containing phenyl
and thienyl moieties, resulting in 82% and 74% yield for the
KAZ step. Subsequent acylation and pairing steps proved to
proceed in good yield, thus furnishing the corresponding spiro-
cyclopentenone derivatives 5 and 9 with an aromatic appendage
at the carbonyl alpha carbon. On the contrary, when aliphatic
alkynes were applied in the KAZ2 process, no reaction with allyl-
amine and cyclohexanone was achieved, suggesting a role of
the aromatic ring in activating the alkyne towards the copper-
catalyzed process (Table 1, entries 3 and 4), as previously re-
ported in other works [54]. Use of cyclopentanone, thus varying
the ring size of the cyclic ketone, resulted in the conversion to
the title spirocyclopentenone derivative, although in slightly
lower yield as compared for the homologous ketone (Table 1,
entry 5). No conversion to the KAZ adduct was achieved by
using unsaturated or aromatic ketones (Table 1, entries 7 and 8,
respectively), confirming an important role of the electronic
content of the components in the outcome of the multicompo-
nent coupling reaction. Similarly, the use of piperidone as the
ketone component proved to work only when the amino group
was protected as Boc, whereas the N-methyl derivative did not
proceed to the coupling product (Table 1, entries 10 and 9, re-
spectively). Indeed, the Boc-piperidone furnished the corre-
sponding spirocyclopentenone derivatives upon changing both

N

A

Ac
39, 41%

Beilstein J. Org. Chem. 2020, 16, 200-211.

the aromatic alkyne or the acylating agent (Table 1, entries
10-12). When the Boc group was replaced with the tosyl one as
the N-substituent, such chemical moiety proved to impair the
subsequent Pauson—Khand reaction (Table 1, entry 13),
possibly due to a coordinating effect towards the cobalt catalyst.
Such an effect was confirmed when the N-tosylpiperidone was
used as the ketone component, as also in this case the presence
of the tosyl group impaired the acetylated KA2 adduct from

reacting under Pauson—-Khand conditions (Table 1,entry 14).

The synthetic utility of the spiro derivatives resulting from the
combined KA2/Pauson—Khand process to generate second-gen-
eration molecular scaffolds was tested on compound 5 by
applying representative reactions on the enone structural motif
(Scheme 3).

The chemoselective carbonyl reduction to obtain the corre-
sponding allylic alcohol derivative 36 was achieved in 92%
under Luche reduction conditions employing NaBH4/CeClj in
MeOH/DCM, resulting in the selective synthesis of the syn-
alcohol, as a consequence of the formation of the equatorial
alcohol favored by reduced gauche interactions [55]. Subse-
quent epoxidation at the double bond directed by the hydroxy
group and using m-chloroperbenzoic acid allowed to install two
additional stereocenters with complete control of the relative
stereochemistry in 68% yield. Such two-step synthesis proved
to proceed also in one-pot, resulting in the generation of the
stereochemically dense epoxyalcohol 37 in 68% overall yield.
The treatment of compound S with EtMgBr as a Grignard

OH
Ph
o N
o Ac
36, 92%
(i)
N

Ac (), (i) OH
5 Ph

37, 68%

Scheme 3: Follow-up chemistry on compound 5 taking advantage of the enone chemistry. Reaction conditions. (i) NaBH4 (2 equiv), CeCl3z-7H20

(2 equiv), DMC/MeOH 1:1 (20 mL/mmol), 25 °C, 1 h; (ii) m-CPBA (1 equiv), DCM (6.5 mL/mmol), 0 °C, 4 h; (iii) EtMgBr 3 M in Et20 (5 equiv), CeCl3
(1 equiv), THF (6 mL/mmol), 0 °C, 30 min; (iv) NaN3 (1.8 equiv), TFA (5 mL/mmol), reflux, 16 h.
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reagent in the presence of CeClj gave the corresponding tertiary
alcohol 38 with similar stereochemical features as of 36 in the
formation of the equatorial alcohol, although in lower yield.
The use of CeCls together with EtMgBr was found particularly
effective to suppress conjugate additions, with similar yield as
reported for analogous substrates [56]. Subsequent acid-cata-
lyzed displacement of the hydroxy moiety with aniline in the
presence of camphorsulfonic acid did not give the desired
amine, supporting the hypothesis of steric hindrance at such po-
sition [57]. Similarly, Simmons—Smith cyclopropanation reac-
tion [58] did not work, and so as for the cycloaddition reaction
with Danishefsky’s diene, possibly due to steric hindrance
imposed by the adjacent phenyl and cyclohexyl rings [59]. The
treatment of compound 5 under Schmidt reaction conditions
with sodium azide in TFA [60] resulted in the conversion to the
corresponding six-membered ring lactam 39 in 41% yield,
demonstrating the reactivity of the enone 5 at the carbonyl
group and showing stability towards harsh acidic conditions.

The structural assignment of compound 36 was assessed by
detailed 1D and 2D NMR studies, and corroborated with molec-
ular modeling calculations. NOESY-1D experiments carried out
with a mixing time of 500 ms allowed to identify the unique
rotamer possessing a Z geometry, as evinced by a NOE interac-
tion between Hy and the methyl group. The cis relationship be-
tween the OH group and the pyrrolidine ring, resulting from the
chemo- and stereoselective syn reduction of the carbonyl group,
was evinced by NOESY-1D experiments showing intense NOE
effects between H, and H, protons, as also shown in NOESY
2D spectrum (see Figure 2 and Supporting Information File 1).
A similar analysis allowed the structural assignment for 38.

Chemoinformatic analysis

The structural features of the compounds so obtained and repre-
sentative functionalized molecular scaffolds were analyzed in
terms of chemical properties and shape analysis in the context
of the chemical space [61] using principal component analysis
(PCA) and principal moments of inertia (PMI) analysis. PCA is
a statistical tool to condense multidimensional chemical proper-
ties (i.e., molecular weight, logP, ring complexity) into single
dimensional numerical values (principal components), to
simplify the comparison with different sets of compounds.
ChemGPS-NP [62-64] was chosen for the PCA analysis, pro-
viding a comprehensive exploration of the chemical space in
terms of global mapping onto a consistent 8-dimensional map
of structural characteristics [65]. In particular, the first and the
second dimensions (PC1 and PC2) are the most interesting
ones, being associated respectively with size, shape, and polar-
izability and with aromatic and conjugation related properties.
The analysis of PC1 vs PC2 of compounds 3-39, in compari-

son with a reference set of 40 brand-name blockbuster drugs
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Figure 2: Top: Selected NOE contacts from NOESY 1D spectra of
compound 36; bottom: low energy conformer of 36, Z rotamer, using
ab initio calculation at the HF/3-21G* level.

[66,67] (Figure 3), showed the different distribution of com-
pounds 3-39 in two different clusters. Most of the compounds
reside in the first cluster, positioned in the negative direction of
X axis, in a region that shows good overlap with drugs like
levaquin, which is characterized by a complex tricyclic
skeleton. The addition of a second aromatic ring, as the benzoyl
or tosyl group of compounds 30-32, 34 and 35, increased the
aromatic- and conjugation-related character of the structure,
thus resulting in shifting those compounds to a second cluster
being positioned in the positive direction for both axes, together
with drugs possessing large aromatic content, as benazepril and

seroquel.

The principal moments of inertia (PMI) analysis was also taken
into account for the three-dimensional shape analysis of com-
pounds 3-39 in the context of chemical space, again with refer-
ence to a set of BB drugs. The three principal moments of

inertia (Ixx, lyy, I;) and the corresponding normalized principal

moments of i}rllertia were determined according to Sauer and
Schwarz [68] for the lowest energy conformation of all the
compounds and the reference drugs. Then, the normalized PMI
ratios were plotted on a triangular graph where the vertices
(0,1), (0.5,0.5), and (1,1) represent a perfect rod (i.e., 2-butyne),
disc (i.e., benzene), and sphere (i.e., adamantane), respectively

(Figure 4). This analysis showed that all compounds 3-39 pos-
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Figure 3: PCA plot resulting from the correlation between PC1 vs PC2, showing the positioning in the chemical space of compounds 3-39 (blue
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sess lower tendency to stay in the rod side of the triangle, as
compared to BB drugs, suggesting for these compounds a
higher shape complexity, as due to the presence of quaternary
carbon atoms introduced by the KA2 coupling reaction. The
intramolecular Pauson—Khand cyclization proved to be even
more efficient in increasing the three-dimensional character of
these compounds, as spiro tricyclic products were found to be
more shifted towards the sphere-disc region of this chemical
space, especially if compared to their corresponding starting
materials (see Figure 4, compounds 5§ and 26 with respect to 3
and 24, respectively). This feature is promising in view of
expanding the array of molecular scaffolds of this nature for
drug discovery purpose, as a higher scaffold complexity is gen-
erally associated with a more successful outcome in drug
discovery and development [69-71]. On the other hand, the
reduction of the carbonyl group into an alcohol was not signifi-
cant in increasing the three-dimensional character of the struc-
ture, as compounds 36-38 were found to be more shifted
towards the rod-sphere axes as compared to the parent com-
pound 5.

Conclusion

Spirocyclic compounds are valuable molecular platforms for the
generation of high-quality small molecule collections, taking
advantage of their three-dimensional shape and structural bias
to develop lead compounds. The combination of multicompo-
nent KAZ and Pauson—Khand reactions using representative
cyclic ketones, allylamine and phenylacetylene gave access to
highly constrained spirocyclopentenone derivatives following a
DOS couple-pair approach. A representative spirocyclopen-
tenone derivative was applied to follow-up chemistry employ-
ing the enone reactivity to further expand the skeletal diversity,
resulting in additional chemotypes useful as starting com-
pounds for appendage diversity in the generation of chemical
libraries. The chemoinformatics characterization of the newly-
synthesized molecules gave evidence about structural and phys-
icochemical properties with respect to a set of blockbuster
drugs, and showed that such scaffolds are drug-like but more
spherical and three-dimensional in character than the drugs.
These combined approaches are being applied in chemistry as
more efficient synthetic approaches to expand the array of poly-
functional sp3-rich molecular scaffolds in the effort of increas-
ing the synthetically-accessible chemical space.

Experimental

General procedure (A) for the KA2 coupling reaction. Cul
(0.2 equiv) was added in a dry sealed vial for microwave syn-
thesis under a nitrogen flow. Then, ketone (1 equiv), alkyne
(1.2 equiv) and amine (1.2 equiv) were successively added
under a nitrogen flow, and the mixture was heated under micro-
wave irradiation to 100 °C for 2 h. Then, EtOAc was added and

Beilstein J. Org. Chem. 2020, 16, 200-211.

the organic phase was washed with 5% NH4OH (3 x 20 mL)
and brine. The organic phase was dried with Na,SO4 and
concentrated under reduced pressure. The crude product was
purified by flash chromatography using the indicated solvent

mixture as eluent.

General procedure (B) for the amine protection. The KAZ
product was dissolved in pyridine (2 mL/mmol) and acetic an-
hydride (4 mL/mmol) was added dropwise to the reaction mix-
ture at 0 °C. Then, the reaction mixture was heated to 40 °C for
16 h, followed by EtOAc addition. The organic phase was
washed with 1 M HCI (3 x 20 mL), satd. Na,CO3 (3 X 20 mL)
and brine. The organic phase was dried over Na,SO,4 and
concentrated under reduced pressure. The crude product was
purified by flash chromatography using the indicated solvent

mixture as eluent.

General procedure for the Pauson—-Khand (C) reaction. In a
dry round bottom flask under a nitrogen flow Co,(CO)g
(0.1 equiv), N,N,N’,N’-tetramethylthiourea (0.6 equiv) and a
solution of the enyne compound (1 equiv) were successively
added in dry toluene (20 mL/mmol). Then, the reaction mixture
was kept under a CO atmosphere and stirred at 70 °C until
disappearance of the starting material as monitored by TLC.
Then, the mixture was filtered on Celite and concentrated under
reduced pressure. The crude product was purified by flash chro-

matography using the indicated solvent mixture as eluent.

Molecular modelling. Calculations were performed using
SPARTAN Version 5.11. Conformational searches of 36 were
carried out using Monte Carlo method within MMFF94 force
field, and the AM1 semiempirical method [72] was used to opti-
mize the global minimum conformer. The geometry of the most
abundant minimum energy conformer was successively subject-
ed to ab initio single point energy calculation at the 3-21G*/ HF
level of quantum chemical theory.

PCA analysis. The web-based public tool ChemGPS-NP was
used for PCA analysis of compounds 3-39, to compare their
chemical properties with those of blockbuster drugs.
ChemGPS-NP can be applied for comprehensive chemical
space navigation and exploration in terms of global mapping on
to a consistent 8-dimensional map of structural characteristics.
The first four dimensions of the ChemGPS-NP map capture
77% of data variance. Chemical compounds were positioned
onto this map using interpolation in terms of PCA score predic-
tion. SMILES codes for all compounds were retrieved using
ChemBioDraw Ultra 12.0 and submitted to ChemGPS-NP for
achieving the corresponding PC scores (see Supporting Infor-
mations). The PCA data were then used for the construction of
PC1 vs PC2.
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PMI analysis. Principal moments of inertia analysis was
carried out by calculation of the lowest energy conformation of
compounds 3-39 and block buster drugs. The conformation
calculation was performed using the built-in AMMP molecular
mechanics algorithm with default parameters of the VEGA ZZ
molecular modelling software package v.3.0.1. Once the lowest
energy conformer was calculated, the three principal moments

of inertia (I, Iyy, I,,) and normalized principal moments of

yy>
inertia, nprl (Ixx/I;) and npr2 (Iyy/I,;) were determined and
plotted on a triangular graph with the vertices (0,1), (0.5,0.5)

and (1,1) representing a perfect rod, disc and sphere, respective-
ly.

Supporting Information

Supporting Information File 1

Table of reaction conditions for KAZ; experimental
procedures, characterization data and copies of 'H and

13C NMR spectra for all new compounds; copies of
NOESY-1D, gCOSY, NOESY and cartesian coordinates of
compound 36; Smiles codes, PCA and PMI data for
compounds 3-39.

[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-23-S1.pdf]
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The copper-catalyzed enantioselective conjugate addition (ECA) of organometallic nucleophiles to electron-deficient alkenes

(Michael acceptors) represents an efficient and attractive methodology for providing a wide range of relevant chiral molecules. In

order to increase the attractiveness of this useful catalytic transformation, some Michael acceptors bearing challenging electron-

deficient functions (i.e., aldehydes, thioesters, acylimidazoles, N-acyloxazolidinones, N-acylpyrrolidinones, amides,

N-acylpyrroles) were recently investigated. Remarkably, only a few chiral copper-based catalytic systems have successfully

achieved the conjugate addition of different organometallic reagents to these challenging Michael acceptors, with excellent regio-

and enantioselectivity. Furthermore, thanks to their easy derivatization, the resulting chiral conjugated products could be converted

into various natural products. The aim of this tutorial review is to summarize recent advances accomplished in this stimulating

field.

Introduction

Generating high molecular complexity and controlling multiple
stereogenic centers in a minimum number of steps is nowadays
one of the most important challenges in organic chemistry for
the synthesis of complex chiral molecules. The transition metal
(TM)-catalyzed enantioselective conjugate addition (ECA) of
nucleophiles to electron-deficient alkenes (Michael acceptors)
is one of the most relevant and versatile methods to achieve this
goal [1-4]. Among the plethora of metals studied, copper-based
catalytic systems proved to be highly efficient for the conjugate

addition of various organometallic reagents, such as
diorganozinc, triorganoaluminium, and Grignard reagents to
Michael acceptors. In that respect, since the pioneering exam-
ple reported by Alexakis and co-workers in 1993 [5], a wide
range of cyclic and acyclic electron-deficient alkenes, such as
o,B-unsaturated ketones, esters, nitriles, sulfones, or nitroole-
fines, was intensively studied, leading to the expected 1,4-prod-
ucts in excellent yields and remarkable enantioselectivities.

More recently, tremendous breakthroughs were achieved in this
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field, notably by the formation of all-carbon quaternary chiral
centers [6] and the challenging 1,6-, 1,8-, or 1,10-selective addi-
tion to cyclic or aliphatic polyenic substrates [7-9]. Further-
more, Cu ECA transformations were also successfully applied
to the synthesis of natural products [10]. Nevertheless, it is
worth to underline that the choice of the electron-withdrawing
group (EWG) on the Michael substrates appears not so simple.
First, the hardness of the involved organometallic reagents has
to be considered in order to overcome or limit undesirable side
reactions. Although the main role of copper is to form a tran-
sient organocuprate reactive species with the hard nucleophiles
to avoid the formation of the nondesired 1,2-product, some
Grignard or aluminium reagents remain too reactive and incom-
patible with some electron-withdrawing functions. In contrast,
some organometallic reagents, such as dimethylzinc, are poorly
reactive and require a higher electrophilicity of the Michael
acceptors to provide the desired conjugated products. Second,
in order to be attractive for the total synthesis of relevant mole-
cules, the involved EWG should preferably allow readily

applicable and practicable postfunctionalizations [10].

Among the plethora of studied Michael acceptors, a,B-unsatu-
rated aldehydes, thioesters, acylimidazoles, N-acyloxazol-
idinones, N-acylpyrrolidinones, amides, and N-acylpyrroles
have been scarcely investigated in Cu ECA despite their useful-
ness for postfunctionalizations. This tutorial review aims to
describe the early examples and recent advances in copper-cata-
lyzed asymmetric conjugate additions of dialkylzinc, Grignard,
or trialkylaluminium reagents toward those challenging sub-
strates and their fruitful application in the total synthesis of
natural products.

Beilstein J. Org. Chem. 2020, 16, 212-232.

Review

Enantioselective conjugate addition to
challenging Michael acceptors
Copper-catalyzed ECA to o,B-unsaturated
aldehydes

Nowadays, B-substituted enals represent probably the most
challenging Michael acceptors in the copper-catalyzed ECA of
organometallic reagents [11-13]. This challenge is reinforced by
the fact that the resulting chiral B-functionalized aldehydes are
considered as an important motif that is ubiquitous in numer-
ous natural molecules. However, as depicted in Scheme 1, due
to their stronger reactivity than that of usual esters or ketones, a
competitive 1,2-addition to the carbonyl function of enals could
occur, leading to the corresponding alcohol as a byproduct.
Moreover, even if the 1,4-addition is favored, thanks to the
copper/ligand catalytic species, the resulting metallic enolate
intermediate can also react with the starting material to form the
aldol byproduct, significantly altering the yield of the expected
1,4-product (Scheme 1).

The first successful copper-catalyzed ECA to a,f-unsaturated
aldehydes with organozinc and Grignard reagents was reported
by Alexakis and co-workers in 2010 [14]. After screening
various chiral phosphine-based ligands, the combinations of
either phosphoramidite L1 with Cu(OTf),, or (R)-BINAP (L2)
with copper thiophenecarboxylate (CuTC) appeared to be the
most efficient for the addition of Et;Zn to a variety of cyclic
and acyclic aldehydes 1. High 1,4-regioselectivities and promis-
ing stereoselectivities ranging from 27 to 90% ee were achieved
(Scheme 2a). It is noteworthy that the addition of dimethylzinc
was also successfully achieved, as the desired 1,4-methylated

L
=z 1
hydrolysis o R
1,4 adduct
Cu-catalyzed R
1,4-addition
NGt |
(@) R RM Mo/\/'\R.]
1 n
M = Mg, Zn, Al
1. 1%“'::;3%?(1 R = alkyl or aryl R
T RM. R' = alkyl or aryl 1.07 R o R
n
2. hydrolysis 2. hydrolysis HO = R!
OH aldol product
R = R!
1,2 adduct

Scheme 1: Competitive side reactions in the Cu ECA of organometallic reagents to o,B-unsaturated aldehydes.
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R
R,Zn (2 equiv) :
= .
a)  with RyZn 07 > OR! > o7 R
[CullL 2
! 14 examples
’ 1,4 ratio between 53 and 100%
R" = alkyl, aryl 27-90% e
Ph
R O o)
SO WWINY &
0, et WJ\H H A H H
P-N ‘ |
o) >-
O Py 2a:R=Me 2c:R=Et 2e: R=Et 29
1,4:1,2:aldol 100:0:0 1,4:1,2:aldol 100:0:0  1,4:1,2:aldol 92:0:8  1,4:1,2:aldol 53:47:0
Ph 100% conv, 60% ee

L1

Cu(OTf), (5 mol %),
L1 (10 mol %),
toluene,
0°C,4.5h

e
Z PPh,
] l PPh,

(R)-BINAP
L2
CuTC (5 mol %),
L2 (5.25 mol %),
Et,0, -20 °C (6 h)
or0°C (16 h)

2b: R =Et
1,4:1,2:aldol 95:0:5
88% conv, 79% ee

2a: R =Me
1,4:1,2:aldol 100:0:0
85% conv, 68% ee

2b: R =Et
1,4:1,2:aldol 100:0:0
100% conv, 75% ee

100% conv, 90% ee

2d: R=Me
1,4:1,2:aldol 100:0:0
87% conv, 60% ee

2c: R=Et
1,4:1,2:aldol 100:0:0
100% conv, 52% ee

RMgBr (2 equiv),
CuTC (5 mol %),

81% conv, 82% ee

2f: R =Me

1,4:1,2:aldol 100:0:0,

50% conv, 64% ee

2e: R=Et
1,4:1,2:aldol 100:0:0
100% conv, 44% ee

100% conv, 60% ee

!

2h: R = Me
1,4:1,2:aldol 100:0:0
87% conv, 76% ee

2i: R=Et
1,4:1,2:aldol 100:0:0
100% conv, 64% ee

R
L (5.25 mol %) H

b)  with RMgBr P R - PR

1 Et,0,-78°C,8h 2
1 10 examples
R'= alkyl, aryl 1,4 ratio between 10 and 85%
74-92% ee
C CC
/ : = . -_—
PPh, 2b: R=Et = PTol, 2b: R=Et

1,4:1,2:aldol 32:42:26

98% conv, 89% ee 99% conv, 92% ee

o™

(R)-BINAP
L2

L3 + TMSCI (1.3 equiv)

' 1,4:1,2:aldol 62:38:0

2b: R =Et
1,4:1,2:aldol 85:15:0
100% conv, 90% ee

2a: R = Me
1,4:1,2:aldol 65:35:0
100% conv, 81% ee

] ‘ PTol,

(R)-TolBINAP

L3

2c: R=Et
1,4:1,2:aldol 63:37:0
100% conv, 80% ee

2d: R = Me
1,4:1,2:aldol 63:37:0
100% conv, 80% ee

2f: R = Me
1,4:1,2:aldol 10:90:0
100% conv, ee n.d.

Scheme 2: Cu-catalyzed ECA of o,B-unsaturated aldehydes with phosphoramidite- (a) and phosphine-based ligands (b).
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products were exclusively formed in moderate to good yields,
with ee values of up to 76%. When the conjugate addition was
performed with Grignard reagents, significant amounts of 1,2-
products and enols were formed, despite the use of cryogenic
conditions. (R)-BINAP (L2) gave the best regio- and enantiose-
lectivity, with 62% of the 1,4-product and 89% ee with EtMgBr
(Scheme 2b). To overcome the low regioselectivity, the authors
took into account previous works showing that the 1,4-regiose-
lectivity in the addition of cuprates to enals could be improved
in the presence of a slight excess of TMSCI [15-19]. Indeed,
using TMSCI in combination with (R)-TolBINAP (L3), a prom-
ising 85% regioselectivity was observed, without altering the
enantioselectivity (90% ee), whereas only 32% of the desired
1,4- product was obtained without TMSCI [20]. With those op-

Beilstein J. Org. Chem. 2020, 16, 212-232.

timized conditions, various enals and Grignard reagents were
screened. Nevertheless, despite the presence of TMSCI, the
1,4:1,2 ratio varied significantly (from 85:15 to 10:90), while
the level of enantioselectivity remained relatively good,
reaching up to 90%.

Following this, Alexakis and Quintard invented an efficient
stepwise one-pot copper-catalyzed asymmetric ECA/organocat-
alyzed a-substitution of enals [21]. By using (R)-BINAP (L2)/
CuTC in combination with chiral prolinol derivatives L4—6 as
organocatalysts, various a,B-functionalized aldehydes were syn-
thesized in good isolated yields (57-74%) and remarkable enan-
tioselectivity (99%) from diethylzinc or dimethylzinc as nucleo-
philes and vinyl sulfones as electrophiles (Scheme 3). Of note,

R R
Z 1 Rt
s " g/\fR NaBH, HO/\E/\R
2 PhO,S
1 \SC Ph Y
R" = iPr, n-Bu, Me 32 iozph
R =Me or Et 3 examples 3 examples
57-74% yield 62-71% yield E Ph
RoZn, anti:syn 83:17 to 17:83 anti:syn 82:18 to 15:85 ‘ wph
(R)-BINAP ee (syn) 99%, ee (anti) 99% ee (syn) 99%, ee (anti) 99% | N OTMS
(L2, 11 mol %), LOH
CuTC (10 mol %), SOPh 1 e, La : L4
Et,0, 0 °C, 4-14 h SO.Ph| (20 mol %), i
2 AcoH, it 1 NFSH :
amine, L5 (20 mol %), R !
R AcOH, rt : ! 3,5-(CF3)2CeH3
HO R! D—+3,5-(CF3)ZCBH3
RZnO™ "R1 2. NaBH, /\F{\ . TN otms
NC,S’ 6a: R = Me E L5
amine, L6 57% yield !
,(’-\zc?OT-ldrt/O), anti:syn 20:80 ! oh
y 0, !
\ ee (syn) 99% E PhO N
R 6b:R=Et m j
H 74% yield : N N
1 i : |
O%Y\R anti:syn 81 .019 . H o
cl ee (anti)99% ! L6
5a: R = Me 5b: R=Et
>95% conv 86% yield

mono-:dichlorinated: 99:1
anti:syn 85:15
ee (anti) 99%

3a
SO,Ph

anti:syn 83:17
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Scheme 3: One-pot Cu-catalyzed ECA/organocatalyzed a-substitution of enals.
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both the anti- and the syn-product could be predominantly
formed (with a anti:syn ratio from 83:17 to 15:85), and no
diastereocontrol occurred in the absence of the organocatalyst.
Interestingly, this simple protocol was successfully applied to
the enantioselective synthesis of valnoctamide, a commercial-
ized mild tranquilizer. Finally, this methodology was extended
to the sequential Michael/halogenation reaction using NFSI or

NCS as electrophiles, with similar efficiency.

Similarly, a cocatalyzed enantioselective f-functionalization of
enals was developed by Cérdova, Ibrahem, and co-workers in
2011 (Scheme 4) [22]. By mixing high catalytic loadings of
Cu(OTf),, PPh3, and TMS-protected diarylprolinol L4, the
conjugate addition of Et,Zn or Me,Zn to various B-substituted
enals proved to be highly enantioselective (ee up to 96%), but
moderate to good 1,4:1,2 ratios were obtained (51:49 to 97:3).
Of note, chiral phosphines were also screened, but without any
improvement of selectivity. Furthermore, this methodology was
then efficiently applied to the total synthesis of several
bisabolane sesquiterpenes, which exhibited anticancer and anti-
microbial activities or are employed as ingredients in perfumes

and cosmetics (Scheme 4).

RZZn,
PPh; (20 mol %), R
Cu(OTH), (10 mol %)
OMR1 - OMR1
catalyst L4 (20 mol %), 5
1 THF 12 |
R! = aryl, alkyl examples
23-83% yields
66-96% ee
1, Ph3PY
] 7
Z 2. PhsPMeBr
(S)-(+)-dehydrocumene
2 steps, 44% yield
1. BrMg

1,4:1, 2rat|0937
65% vyield, 94% ee

I

Beilstein J. Org. Chem. 2020, 16, 212-232.

The last report on ECAs of enals [23] was disclosed in 2016 by
Alexakis and co-workers [24]. They achieved to develop three
sets of optimized conditions for the CuTC-catalyzed conjugate
addition of diorganozinc compounds, Grignard, and triorganoa-
luminium reagents to a,B-unsaturated aldehydes (Scheme 5).
With diethyl- and dimethylzinc, and in the presence of the most
efficient chiral ligand (R)-Hg-BINAP (L7), moderate to excel-
lent regioselectivities (1,4:1,2 ratios up to 100:0) were ob-
served, and the desired 1,4-products were formed with remark-
able enantioselectivities (58 to 96% ee). With Grignard
reagents, the best ee values (45 to 90%) were obtained with (R)-
TolBINAP (L3), but despite the presence of TMSCI, the regio-
selectivities remained modest, with a highest 1,4:1,2 ratio of
85:15. At last, (R)-SEGPHOS (L8) promoted the conjugate ad-
dition of Me3Al to cinnamaldehyde, with a remarkable 96% ee
and a moderate 1,4:1,2 ratio. However, albeit no trace of aldol
byproduct was detected, the reaction was incomplete (66%
conversion). The use of TMSCI improved the conversion to
88%, but this was detrimental to the enantiocontrol (8% ee).
These methodologies were applied to the straightforward syn-
thesis of valuable (R)-citronellal and (S)-Florhydra1®, which
were obtained with excellent enantioselectivities (87 and 96%,

OMe

2j: R=Et
1,4:1,2 ratio 85:15,
83% yield, 96% ee

2k: R = Me
1,4:1,2 ratio 91:9,
76% yield, 96% ee

2e
1,4:1,2 ratio 62:38, 92% ee

1. NaBH,4

2. TsCl

3. Nal AN =
Bng | =

(S)-(+)-curcumene
4 steps, 37 % yield

2. TPAP
NMO

L

(S)-(+)-ar-tumerone
2 steps, 51% yield

Scheme 4: Combination of copper and amino catalysis for enantioselective B-functionalizations of enals.
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1,4:1,2:aldol 57:43:0
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58-96% ee 100% conv, 71% ee 100% conv, 91% ee (S)-Florhydral ®
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(R)-Hg-BINAP
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| e {o] .
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48-90% ee

88% conv, 80% ee

100% conv, 88% ee

100% conv, 87% ee

(R)-ToIBINAP
1,4:1,2 between L3
10:90 and 85:15

© (0]
c) with AlMeg <O O PPh
o 2
THF, -78 °C o PPh,
2 examples < O
O

2f
(R)-SEGPHOS
L8

1,4:1,2:aldol 77:23:0
66% conv, 96% ee

(0]

(S)-Florhydral®
1,4:1,2:aldol 37:63:0
100% conv, 94% ee

Scheme 5: Optimized conditions for the Cu ECAs of RoZn, RMgBr, and AlMe3 with o,-unsaturated aldehydes.

respectively). However, moderate to significant amounts of the
1,2-products were also formed.

As highlighted by these pioneering works, the direct copper-cat-
alyzed conjugate addition of organometallic reagents to a,f3-
unsaturated aldehydes still remains an important challenge.
Albeit some promising excellent regioselectivities and high en-
antioselectivities were achieved, this was often limited to a few
organometallic reagents/enal substrates, as mentioned above. In
that respect, indirect pathways were developed as alternative
strategies, involving electron-deficient functions that can subse-

quently easily be converted to aldehydes.

o,B-Unsaturated thioesters

In 2005, Feringa, Minnaard, and co-workers were the first to
report the ECA of Grignard reagents to o,B-unsaturated
thioesters [25]. Advantageously, the latter were also readily

accessible but significantly more reactive than o,f-unsaturated

esters. Indeed, the thioester fragments featured a reduced elec-
tron delocalization compared to oxoesters, which resulted in a
higher reactivity in conjugate additions, even with the less reac-
tive MeMgBr. As depicted in Scheme 6, excellent yields and
remarkable enantioselectivities (up to 96%) were obtained in
ECAs of linear aliphatic Grignard reagents (in particular
MeMgBr) to a wide range of substrates, catalyzed by
CuBr-SMe,/(R,S)-Josiphos (L9).

However, the catalytic system was poorly selective toward ster-
ically hindered organomagnesium nucleophiles (15-25% ee).
The synthetic versatility of the thioester function was illus-
trated in the synthesis of (—)-lardolure (26% overall yield over
12 steps) via a relevant diastereoselective and enantioselective
iterative route, affording the highly desirable deoxypropionate
moiety in high 97% de. The Josiphos (L9)/CuBr-SMe; catalyt-
ic system was also efficient to promote the ECAs of MeMgBr

to the less reactive aromatic a,B-unsaturated thioesters (ee

217



RMgBr (1.2 equiv),

Beilstein J. Org. Chem. 2020, 16, 212-232.

o CuBr-SMe; (1 mol %), o R | ?\‘PCyz
L9 (1.2 mol %) :
R'IS)J\/\RZ > R1SJJ\/\R2 E Fl PPhy
| e
7 t-BuOMe 8 ' COD
~75°C,5h E
R!, R= Me, Et 14 examples i (R,S)-Josiphos
R? = alkyl, aryl 80-94% yield ; L9
15-96% ee '
O Me O Me O Me o )\
NN Mesw EtS)Wsosn Etsw
8a 8b 8c 8d
92% yield 93% yield 94% yield 80% yield
96% ee 96% ee 95% ee 15% ee
3. MeMgBr (1.2 equiv),
1. ESIH o M CuBr-SMe; (1 mol %), 0 Me Me
. | vie o M M
EtS = EtS
2. O 9 t-BuOMe 10
JL_PPhs  2steps, 76% yield 75°C, 3h 93% yield
EtS 95% de
Me Me Me Me O Me Me Me
- H H H iteration
oreo e Thas
(~)-lardolure 4 steps 1 L
4 steps, 60% yield 68% yield
97% de >95% de

Scheme 6: CUECA of Grignard reagents to a,B-unsaturated thioesters and their application in the asymmetric total synthesis of (-)-lardolure.

values up to >99%) [26]. In order to extend their methodology
to less reactive bulky Grignard reagents and/or substrates, a cat-
alytic system of wider application, involving (S)-TolBINAP
(ent-L3)/Cul was developed by the same authors [26]. The ex-
pected 1,4-products were isolated in good yields and moderate
to excellent enantioselectivities (up to 99% ee, Scheme 7),
depending on the steric hindrance of the reagent. Unfortunately,
the addition of PhMgBr remained unsuccessful. This powerful
catalytic protocol was illustrated by Bates and Sridhar in the en-
antioselective total synthesis of (—)-mintlactone [27]. The key
step, furnishing the f-methylated thioester 8j, was accom-
plished in a good yield of 84% and a high ee of 94%
(Scheme 7).

In 2008, Feringa and Minnaard evaluated the ECA of Grignard
reagents to y-substituted o,B-unsaturated thioesters that could
lead to vicinal (i.e., 1,2-relation) dialkyl arrays, a highly desir-
able moiety that is ubiquitous in a wide range of natural prod-
ucts [28]. As depicted in Scheme 8, ToIBINAP (L3)/Cul, which
appeared to be a better catalytic system than Josiphos (L9)/

CuBr-SMe,, afforded either the syn or anti 1,4 product 13 in
good isolated yields and excellent diastereoselectivities and en-
antioselectivities (dr up to 99:1 and ee up to >99.5). The value
of the protocol was successfully illustrated through the enantio-
selective total syntheses of (—)-lasiol and (+)-faranal, two use-
ful natural pheromones.

Shortly after, Feringa, Minnaard, and co-workers demonstrated
the efficiency of (S,R)-reversed Josiphos (LL10) in the copper-
catalyzed 1,6-ECA of MeMgBr to a,f,y,d-bisunsaturated
thioesters [29,30]. The expected 1,6-products were selectively
formed (the 1,6:1,4 ratio ranged from 85:15 to 99:1) in high
yields (78-88%) and good enantioselectivities (82-89%,
Scheme 9). It is worth to note that this protocol failed in the
case of linear dienoates [29]. Interestingly, after a subsequent
reconjugation step in the presence of DBU, the resulting
enantioenriched y-methylated a,B-unsaturated thioester 18a was
subsequently reacted in a 1,4-ECA reaction catalyzed by
Josiphos (L9)/CuBr-SMe,. Using both enantiomers of the chiral

ligand, either anti- or syn-1,3-deoxypropionate units were pro-
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Scheme 7: Improved Cu ECA of Grignard reagents to o,B-unsaturated thioesters, and their application in the asymmetric total synthesis of (=)-mint-

lactone.
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Scheme 8: Catalytic enantioselective synthesis of vicinal dialkyl arrays via Cu ECA of Grignard reagents to y-substituted o,B-unsaturated thioesters.
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Scheme 9: 1,6-Cu ECA of MeMgBr to a,B,y,0-bisunsaturated thioesters: an iterative approach to deoxypropionate units.

duced in good yields and excellent enantioselectivities (85-92%
ee). Furthermore, an iterative procedure was also performed
leading to all-syn or anti/syn-5,7,9-stereotriads, with high yields
and stereoselectivity. This methodology was also tested on
linear polyenic thioesters [9]. The challenging 1,8- and 1,10-
products 21a/b were obtained, but the stereoselectivity dropped
when the distance between the reacting olefin and the ester
function was increased (1,8-ECA 72% ee; 1,10-ECA 45% ee).
However, the regioselectivity (59-86%) and yield (44-63%)
remained decent.

The efficiency of TolBINAP (L3)/Cul was also demonstrated in
the ECA of Grignard reagents to the 4-chloro-a,B-unsaturated

thioester 22 [31]. Interestingly, the presence of the internal

chloro leaving group allowed a powerful tandem conjugate ad-
dition—enolate trapping that led to valuable trans-1-alkyl-2-
substituted cyclopropanes (Scheme 10). Various Grignard
reagents were used, affording the corresponding cyclopropanes
in moderate to high yields (50-92%) and good to excellent ee
values (70-96%), except for PhMgBr (26% ee).

In 2010, Hall and Lee described a successful synthesis of
enantioenriched boronate derivatives through catalytic ECA of
Grignard reagents to 3-boronyl o,B-unsaturated thioesters
(Scheme 11) [32]. By applying an L3/Cul catalytic protocol
previously developed by Feringa and Minnaard, MeMgBr and a
range of aromatic Grignard reagents were selectively intro-
duced, leading to the expected 1,4-products in high yields
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Scheme 10: Tandem Cu ECA/intramolecular enolate trapping involving 4-chloro-a,B-unsaturated thioester 22.
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Scheme 11: Cu ECA of Grignard reagents to 3-boronyl o,B-unsaturated thioesters.

(50-82%) and ee values (82-98%). Unfortunately, ortho-substi-
tuted aromatic or hindered alkenyl reagents led to the corre-

sponding products without showing any enantioselectivity.

Very recently, Fletcher and Gao reported the first copper-cata-
lyzed ECA of alkylzirconium reagents to o,f-unsaturated
thioesters [33]. Starting from diversely functionalized alkenes,
the resulting hydrozirconated adducts were reacted with various

B-substituted Michael acceptors in the presence of CuCl and the

chiral phosphoramidite L11 (Scheme 12). Remarkably, the cor-
responding 1,4-products were isolated in moderate to good
yields (around 70%) and up to 99% ee. The high versatility of
the protocol was illustrated by the synthesis of commercially
relevant fragrances (phenoxanol and hydroxycitronellal). Addi-
tionally, an efficient iterative route was also described, allowing
to produce the highly functionalized deoxypropionate fragment
30 in good overall yields and excellent stereocontrol for all

stereogenic centers (up to 98:2 dr).
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Scheme 12: Cu ECA of alkylzirconium reagents to o,B-unsaturated thioesters.

o,B-Unsaturated acylimidazoles

The pioneering and successful use of a,B-unsaturated acylimi-
dazoles as Michael acceptors in enantioselective catalysis was
reported by Evans and co-workers in 2005 [34]. The selected
asymmetric transformation was the Friedel-Crafts 1,4-addition
involving indole derivatives as nucleophiles, catalyzed by a
scandium(III) triflate complex with chiral bis(oxazolinyl)pyri-
dine ligands. As highlighted by Evans, the acylimidazole
moiety constituted a privileged surrogate of esters, amides, ke-

tones, and aldehydes. Indeed, this peculiar function, which was

readily accessible from the corresponding aldehydes or Weinreb
amides, could be efficiently converted into a wide range of car-

bonyl derivatives, as depicted in Scheme 13.

The successful use of a,B-unsaturated acylimidazole in Cu
ECAs using organometallic reagents has been introduced very
recently. Pioneering works in this field were published in 2011
by Roelfes, Liskamp, and co-workers, with the 1,4-addition of
dimethyl malonate to cinnamyl 2-acyl-1-methylimidazole (31).

Unfortunately, in the presence of Cu(NO3); and the triazacyclo-
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Scheme 13: Conversion of acylimidazoles into aldehydes, ketones, acids, esters, amides, and amines.

phane-based ligand L12, the product was obtained in a good
yield of 90%, but a poor enantioselectivity (24% ee) was ob-
served (Scheme 14) [35].

In 2012, Sawamura and co-workers described the first highly
enantioselective copper-catalyzed conjugate addition of alkyl
boranes to a,B-unsaturated 2-acyl-1-methylbenzimidazoles 33
[36]. Based on a previous study dealing with the CuCl/IMes-

O O

L9 MeOJ\/U\OM

Cu(NO3); (23 mol %),
L12 (27 mol %),
H,O/CH3CN,
5°C, 3 days

e

catalyzed addition of various alkylated 9BBN derivatives [37],
the authors screened a set of various chiral NHC precursors.
The imidazolium compound L13 appeared to be the most effi-
cient one, affording the desired 1,4 products in high yields (57
to 93%) and excellent ee values (up to 93%, Scheme 15). Ad-
vantageously, this methodology was highly tolerant towards a
wide range of functional groups, whether on alkylboranes or on
substrates.

>—NH o]

B ’\L\_N
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\EN

ZI

M602C COzMe
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= N

=
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Scheme 14: Cu ECA of dimethyl malonate to o,B-unsaturated acylimidazole 31 with triazacyclophane-based ligand L12.
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Scheme 15: Cu/L13-catalyzed ECA of alkylboranes to o,B-unsaturated acylimidazoles.

In 2015, Mauduit, Campagne, and co-workers set up a highly
enantioselective 1,4-addition of dimethylzinc to a wide scope of
o,B-unsaturated acylimidazoles 35 [38]. Among the various
ligands screened in combination with copper(Il) triflate, the
hydroxyalkyl-chelating NHC precursor L14 proved to be the
most efficient one, giving the 1,4 product with moderate to
good yields (34-86%) and excellent enantioinduction (86 to
95% ee, Scheme 16). The methodology was successfully
applied to various extended Michael acceptor systems (dienic or
trienic acylimidazoles), leading preferably to the corresponding
1,4 products in moderate to good yields (28-85%) with remark-
able regio- (>95%) and enantioselectivities (91-95% ee) [39].
Interestingly, DFT calculations supported the crucial role of the
imidazole moiety towards the 1,4-addition (vs 1,6 or 1,8) [39].

Thanks to the efficient post-transformation of the acylimida-
zole function, the synthetic potential of this methodology was
illustrated in the synthesis of relevant molecules, such as a
ionone derivative, (+)-ar-turmerone, and (+)-Florhydral®,
which were formed in good yields, without alteration of their
optical purity [38,39].

Moreover, an iterative Cu ECA process allowing the selective

introduction of a second methyl stereogenic center was then

explored to develop a straightforward access to 1,3-deoxypropi-
onate units, a scaffold ubiquitous in numerous natural products
(Scheme 17) [40]. Starting from enantioenriched f-methylated
aldehyde 37, the regeneration of the a,B-unsaturated 2-acyl-1-
methylimidazole moiety was performed in high yield and E/Z
selectivity via a two-step protocol. The resulting Michael
acceptor was then engaged in an ECA to afford the expected
1,3-dimethyl product in 69% yield and a good diastereomeric
excess of 94% (Scheme 17). Following this iterative methodol-
ogy, the synthesis of 3,5,7-all-syn- and anti,anti-stereotriads
40a/b were successfully achieved in high diastereomeric ratios
(up to >95:5) and good overall yields from (R)- or (S)-
citronellal.

More recently, Mauduit, Campagne, and co-workers reported
an efficient Cu/Taniaphos-catalyzed B-borylation of an a,f-
unsaturated acylimidazole, leading to various enantioenriched
B-hydroxy products after oxidation (up to >98% ee) [41]. Inter-
estingly, following the aforementioned iterative ECA strategy,
the postfunctionalized chiral acylimidazole 41 derived from (S)-
citronellal was efficiently converted to highly desirable
anti,syn- and anti,anti-3,5,7-(Me,OR,Me)-substituted products
42a/b, which were isolated in good yields and excellent dia-

stereomeric ratios (up to >95:5, Scheme 18).
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Scheme 16: Cu/hydroxyalkyl-NHC-catalyzed ECA of dimethylzinc to o,B-unsaturated acylimidazoles.

o,B-Unsaturated N-acyloxazolidinone,
N-acylpyrrolidinone, and amide derivatives

Similar to acylimidazole Michael acceptors, the first use of a,p-
unsaturated N-acyloxazolidinones was also described in asym-
metric Friedel-Crafts 1,4-additions catalyzed by chiral copper/
bisoxazolidine Lewis acids [42-46]. Thanks to the easy post-
transformation of the oxazolidine moiety, the resulting enantio-
enriched products (up to 99% ee) were successfully converted
to relevant molecules, such as trans-whisky lactone [43].

In 2003, Hoveyda and Hird reported the first 1,4-addition of
alkylmetal nucleophiles to a,f-unsaturated N-acyloxazol-
idinones (Scheme 19) [47]. The chiral triamidophosphane

ligand L15a as a copper(]) triflate complex efficiently promoted
the catalytic conjugate addition of dialkylzinc species to various
N-acyloxazolidinone Michael acceptors, in most of the cases
with high isolated yields (61 to 95%) and excellent enantiose-
lectivities (up to >98%). Furthermore, the resulting enantio-
enriched B-alkylated N-acyloxazolidinones could be converted
to various derivatives (aldehydes, ketones, Weinreb amides, or
carboxylic acids) in good yields and without alteration of the ee
values. In 2006, aminohydroxyphosphine L15b was used as a
new designer ligand by Nakamura and co-workers for the addi-
tion of diethylzinc to crotonyl N-acyloxazolidinone [48]. The
1,4-product was also formed in high enantioselectivity (>98%
ee) and high yield (91%).
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Scheme 17: Stereocontrolled synthesis of 3,5,7-all-syn and anti,anti-stereotriads via iterative Cu ECAs.
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Scheme 18: Stereocontrolled synthesis of anti,syn- and anti,anti-3,5,7-(Me,OR,Me) units via iterative Cu ECA/BCA.

The same year, Pineschi et al. evaluated various a,B-unsatu-
rated acyl derivatives for the copper/(R,S,S)-phosphoramidite
L16-catalyzed addition of diethylzinc (Scheme 20) [49]. Al-
though the Michael acceptor bearing the N-acyloxazolidinone
moiety that was successfully used by Hoveyda (95% ee) gave a
lower enantioselectivity (64%), a more satisfactory enantiocon-
trol was obtained with the substrate having a 2-pyrrolidinone
fragment (87% ee). The scope was then extended to various
o,B-unsaturated N-acyl-2-pyrrolidinones and dialkylzinc
reagents, leading to the corresponding 1,4-products in low to

good yields (7-88%), with good to excellent enantioinduction

(60 to >99% ee). Trimethylaluminium reagents were also inves-
tigated, but unfortunately, only low ee values were observed
(20-36% ee), whereas no reactivity was observed with a,p-
unsaturated amides.

Although Pineschi’s conditions were ineffective for amides
[49], Harutyunyan and co-workers achieved an important
breakthrough by reporting the first enantioselective alkylation
of a,B-unsaturated amides [50]. Indeed, due to their poor reac-
tivity compared to other Michael acceptors, catalytic asym-

metric conjugate additions of organometallic reagents to N,N-
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227



dialkylenamides remained a real challenge. However, thanks to
the synergistic action of the boron-based Lewis acid BF3-Et,0,
CuBr-SMe,, and the chiral (R,S)-Josiphos ligand (L9), an effi-
cient (yields up to 86%) and highly regio- and enantioselective
(ee values up to 99%) protocol was developed for 1,4-additions
of various Grignard reagents to a wide scope of substrates
(Scheme 21). Notably, the introduction of methyl and functio-
nalized alkyl groups was performed with remarkable stereose-
lectivity (97-99%). Furthermore, this catalytic system was
easily upscalable (up to 10 g), and the chiral catalyst could be
recycled without any loss of efficiency. Unfortunately, al-
though a wide range of Grignard reagents led to excellent

Beilstein J. Org. Chem. 2020, 16, 212-232.

results, PhMgBr provided low conversion and the racemic 1,4-
product. Additionally, amide substrates featuring a bis(para-
methoxybenzyl) moiety could be converted into relevant
B-alkyl-substituted chiral amines, ubiquitous in numerous phar-
maceutical ingredients, such as 52, a direct precursor of a drug
candidate. Moreover, tandem ECA/enolate trapping was also
studied, providing the trans-cyclopentane product 56 as a single

diastereoisomer (92% ee).

In 2018, the same authors reported the 1,6- and 1,4-additions of
various Grignard reagents to a wide scope of conjugated dienyl
amides (Scheme 22) [51]. Interestingly, the authors observed

: Me
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Scheme 21: Cu/(R,S)-Josiphos (L9)-catalyzed ECA of Grignard reagents to o,B-unsaturated amides.
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Scheme 22: Cu/Josiphos (L9)-catalyzed ECA of Grignard reagents to polyunsaturated amides.

that the regioselectivity was directed by the substituent in the
O-position of the substrate: dienic amides featuring linear or
functionalized aliphatic substituents in the 6-position led pre-
dominantly to 1,6-products, whereas those featuring electron-
rich and electron-poor aromatic, heteroaromatic, and branched
aliphatic substituents in the d-position afforded preferably the
1,4-products. Importantly, when the morpholine moiety was
used as N-substituent, the addition of diethylzinc to the enamide
afforded the 1,6-addition product with 78% isolated yield and
91% ee. It is worth to underline that the morpholine group
could easily allow further postfunctionalizations. Furthermore,
thanks to the highly 1,6-enantioselective additions of methyl-
magnesium bromide (95% ee), this methodology was applied to
the synthesis of the natural product penicillenol A by oxidative
cleavage of the resulting 1,6 product 59¢, affording the key
synthon 60 with a slight erosion of the optical purity
(Scheme 22).

o,B-Unsaturated N-acylpyrroles

o,B-Unsaturated N-acylpyrroles were also investigated as
Michael acceptors in enantioselective conjugate additions using
organometallic reagents. In 2013, Endo and Shibata described a
catalytic system based on multinuclear copper/aluminium com-
plexes and phenolphosphine-based ligands L17a/b and L18,
allowing the selective 1,4-addition of trimethylaluminium to
three a,B-unsaturated N-acylpyrroles with moderate to good
yields (54 to 87%) and excellent enantioselectivities (94 to 97%
ee, Scheme 23) [52]. This methodology was successfully
applied to the synthesis of various natural molecules, such as
(S)-Florhydral® and (S)-(+)-ar-turmerone or key intermediates
in the synthesis of 8-deoxyanisatin and frondosin.

Conclusion
The enantioselective Cu-catalyzed conjugate addition of

organometallic reagents to Michael acceptors has been exten-
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Scheme 23: Cu-catalyzed ECA of trimethylaluminium to N-acylpyrrole derivatives.

sively studied for many decades and led to remarkable results.
However, for a long time, some classes of Michael acceptors
(a,B-unsaturated aldehydes, thioesters, acylimidazoles,
N-acyloxazolidinone, N-acylpyrrolidinone, amides,
N-acylpyrroles) have been neglected to varying degrees,
probably owing to their particular reactivity, which led to
less impressive results. Nevertheless, these substrates present
a high potential in total synthesis, since the chiral products
can be easily transformed into various natural compounds.
For example, the aldehyde function, which is directly
obtained from o,B-unsaturated aldehydes or is accessible
through postderivatization of either acylimidazole or thioester
functions, is present in many natural compounds and is also a
key functional group for many synthetic strategies. Further-
more, some of the functional groups listed above can be
converted into various other synthetically useful groups, such
as ketones, esters, carboxylic acids, and (Weinreb) amide

groups.

More recently, some works were reported, which showed that
through a judicious selection of chiral ligands and a fine-tuning
of the reactivities of both partners, interesting selectivities could
be reached with these more challenging electron-deficient

alkenes, including, in some cases, di- or trienic acceptors, which

accordingly extends the scope and the synthetic applicability of
the method. The potential of the methodology has been illus-
trated through the efficient conversion of some 1,4-products
into various chiral natural products. In addition, iterative proce-
dures leading to chiral 1,3,5-(Me,Me,Me) and 1,3,5-
(Me,OH,Me) motifs in a stereocontrolled way were successful-
ly applied from o,B-unsaturated acylimidazoles and a,B-unsatu-
rated thioesters, and thus opening a new field for the total syn-
thesis of natural products. We hope that the results collected in
this review will encourage chemists on one hand to continue the
search for improved procedures combining simple, easily acces-
sible chiral ligands, lower catalytic loadings, high ee values and
productivity, and a wide scope, and on the other hand, to
include this highly promising methodology in many synthetic
strategies.
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Copper catalysis and, more generally, copper chemistry are pivotal for modern organofluorine chemistry. Major advances have

been made in the field of trifluoromethylselenolations of organic compounds where copper catalysis played a crucial role. Recent

developments in this field are highlighted in this minireview.

Introduction

In recent years, the incorporation of fluorine or fluorinated
motifs into organic molecules has gained widespread interest.
This is mainly due to the new properties associated with the
introduction of these modifications. In particular, chalcogen tri-
fluoromethyl motifs are of prime interest since they confer very
high lipophilicity [1,2]. In this context, transition-metal cataly-
sis plays a key role in the formation of carbon—chalcogen tri-
fluoromethyl bonds. Major advances have been made in the last
ten years especially for C-OCFj [3-5] and C-SCFj; [6-8] bond-
forming processes. Today, the incorporation of OCFj as well as
SCFj is routinely used to design new active compounds [8].
The development of new methodologies based on copper catal-

ysis/chemistry is playing a pivotal role due to the low cost and

toxicity of the corresponding copper reagents [9]. Due to their
stability, these usually contain copper—chalcogen trifluoro-
methyl o-bonds. Likewise, the research on new methods
enabling the incorporation of SeCF3 has continuously been
growing and today, a plethora of strategies have been reported
[10,11]. Therein, the design of new catalysts and reagents is a
key factor to foster the development of new methods for
C-SeCF3 bond-forming processes. Although many methods are
available for the introduction of the trifluoromethylselenyl
group, only little information is available related to the physico-
chemical properties of the products. However, it has been noted
that the SeCF3 motif is by far one of the most lipophilic fluori-

nated groups, and thus potentially increases the bioavailability
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of the targeted drugs [10]. The focus of this minireview is to
highlight the efforts made to use copper reagents for the promo-

tion of trifluoromethylselenolation reactions.

Review

Overview on copper-promoted and copper-
catalyzed processes for the introduction of
SeCF3 groups

Copper(l) trifluoromethylselenolate complexes
Copper(]) trifluoromethylselenolate was first prepared in 1985
by the group of Yagupolskii [12]. Then, CuSeCF3-DMF was
tested in the trifluoromethylselenolation of (hetero)aryl iodides
and showed promising results. However, the reactions were per-
formed mainly with activated aryl iodides, and a high tempera-
ture was required to achieve acceptable yields. Three decades
later, the group of Weng reported the synthesis of discrete
SeCF3-containing copper/bipyridine (bpy) complexes [13].
Noteworthy, depending on the nature of the bidentate ligand
used, the corresponding copper complex could be isolated as
monomer or dimer, and both were air-stable. Among the new
complexes, the reactivity of [(bpy)CuSeCF3], in trifluo-
romethylselenolations was thoroughly investigated using a large
panel of starting materials.

The group of Weng first explored the trifluoromethylselenola-
tion of alkyl halides [13] and then propargylic chlorides and

alk—X
alk—SeCFj3
X=Br, |

1

[(bpy)CuSeCFj3], (0.6 equiv)
RX (1 equiv)
CH3CN, 110 °C, 16 h

< [(bpy)CuSeCF3,
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allylic bromides (Scheme 1) [14]. Overall, the reactions were
performed at temperatures between 70-100 °C with an excess
of the trifluoromethylselenyl source, and the desired corre-

sponding products were generally obtained in very good yields.

The application scope of the [(bpy)CuSeCF3], complex was
then extended to aromatic halides for the formation of
C(sp?)-SeCF3 bonds. The authors demonstrated that a very
broad range of (hetero)aryl halides and vinyl halides could be
trifluoromethylselenolated that way (Scheme 2) [13,15-17].
Mechanistically, the authors postulated the involvement of
copper(I)/(III) oxidation states.

Oxidative cross-coupling reactions between terminal alkynes
using the [(bpy)CuSeCF3], complex were also undertaken by
the same group to form C(sp)-SeCF3 bonds (Scheme 3) [18].
Therein, Dess—Martin periodinane (DMP) was used as the
oxidant and potassium fluoride as the base, and the reactions
were performed at room temperature in DMF as the solvent.
The desired compounds were obtained in moderate to very good
yields. Both electron-withdrawing and -donating groups were
tolerated on the arylacetylene derivatives. Heteroaromatic as
well as aliphatic alkyne derivatives could also be smoothly con-
verted in these transformation. Noteworthy, the authors demon-
strated that the reaction could easily be scaled up when almost
two grams of a trifluoromethylselenolated alkyne product could
be isolated.

Iy
. /CI ] /ZSeCF3
or

RTX"seCF;
3

R/\/\Br

[(bpy)CuSeCF3], (0.6 equiv)
RX (1 equiv)
DMF, 70 °C, 16 h

‘ selected examples I

0
N A\
N
0 SeCF; H
1a, 94% 1b, 8
CF
® = TseCFs
2a, 47%

SeCF, O
/\N)J\/\/\/SGCF;:,
5% 1c, 78%
o o ™

AOM/SGCF3

3a, 64%

Scheme 1: Process for the formation of C(sp3)—SeCF3 bonds with [(bpy)CuSeCF3], developed by the group of Weng.
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Ri- 2
Q/ CH3CN, 110 °C, 16 h CH3CN, 100 °C, 10 h R! R
5 4
[(bpy)CuSeCF3]p
_ 0.6 to 0.75 equiv . OR
SeCF3 (het)ArX (X =Br, 1) pyrone iodide § SeCF,
@ 1,4-dioxane, 80 °C, 16 h toluene, 100 °C, 16 h |
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6 7
selected examples: vinyl halides O
SeCF
X SeCFs J—SeCF3 N\ °
W | SeCF3 X SeCF;
FsC S = P
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selected examples: (hetero)aryl halides

Cl SeCF3 N SeCF
I j SeCF3 X 3
EJ\I/
cl =
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0N F
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Scheme 2: Trifluoromethylselenolation of vinyl and (hetero)aryl halides with [(bpy)CuSeCFjz]» by the group of Weng.

[(bpy)CuSeCF3], (0.6 equiv)
DMP (2 equiv)
KF (3 equiv)
R— R—=——SeCF;
DMF 8
25°C, 16h R = alk, Ar, (het)Ar

[ selected examples |

SeCF3; SeCF
= — 3
ﬂj/ ~
FaC” N N

8a, 68%8 oF 8b, 73%
eLrs
_ SeCFs
7 Pz
/
SC/ H13f7-Ce/
8¢, 73% 8d, 57%

Scheme 3: Trifluoromethylselenolation of terminal alkynes using
[(bpy)CuSeCF3], by the group of You and Weng.

After that, the same group studied the a-trifluoromethylseleno-
lation of ketones and esters starting from the corresponding
halides or diazoacetates (Scheme 4) [19,20]. Both methods led
to the desired products with moderate to very good yields, and
the reactions were performed at temperatures between
40-45 °C. Interestingly, a tertiary a-bromoketone furnished the
product in 66% yield, excluding an SN2 mechanism. However,
it is worth mentioning that diazoacetates bearing pyridine
motifs were not suitable to be used under these conditions.

Following this, the same group studied the direct trifluo-
romethylselenolation of a-brominated unsaturated carbonyl
compounds with [(bpy)CuSeCF3], and CsF as the base
(Scheme 5, top) [21]. The products were obtained with good
yields as a mixture of E/Z isomers. The authors postulated the
formation of a copper(Ill) complex in the reaction, resulting
from an oxidative addition of the trifluoromethylselenolated

copper(I) complex to the a-brominated unsaturated carbonyl
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Scheme 4: Trifluoromethylselenolation of carbonyl compounds with [(bpy)CuSeCF3]2 by the group of Weng.
o [(bpy)CuSeCF3], (1 equiv) o
CsF (2 equiv)
WR NN
R xylene/CH3;CN 9:1 R
= Br 140 °C. 24 h Z 11 SeCF3
[ selected examples | o
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SeCFj

11b, 74% (E/Z 2:1)

MeO SECF3
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Scheme 5: Trifluoromethylselenolation of o,B-unsaturated ketones with [(bpy)CuSeCF3]2 by the group of Weng.
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compound. Afterwards, a reductive elimination would take
place to afford the a-trifluoromethylselenylated o,f-unsaturated

carbonyl compound and copper(I) bromide.

The same group also reported the trifluoromethylselenolation of
B-brominated unsaturated carbonyl compounds under base-free
conditions (Scheme 5, bottom) [22]. Good to excellent yields
were obtained for the products. The authors demonstrated that
no major alterations were observed in the presence of TEMPO,
and thus a radical pathway was considered as less likely.
Contrarily to the precedent mechanism, the authors proposed a
1,4-addition of “SeCFj3, and a bromide elimination to occur.

Beilstein J. Org. Chem. 2020, 16, 305-316.

The synthesis of trifluoromethylseleno esters was also explored
by the group of Weng from readily available acid chlorides
(Scheme 6) [23]. Therein, the key was the addition of a catalyt-
ic amount of iron powder as the Lewis acid to foster C—Cl bond
cleavage and to access the desired products with high yields.
The reaction encompassed a broad range of functional groups,
including acetate, halides, and heteroaromatic species.

More recently, the same group reported the synthesis of
2-trifluoromethylselenylated benzofused heterocycles
(Scheme 7) [24]. This tandem process consisted in a first
Pd-catalyzed cyclization of 2-(2,2-dibromovinyl)phenols/-thio-

[(bpy)CuSeCF3], (0.75 equiv)

0] Fe powder (10 mol %) (0]
R)J\CI 1,4-dioxane R SeCF3
rt, 15 h
13
[selected examples I
(0] Cl O
13a, o-F, 81%
(\ SeCF; 13b, m-F, 73% SeCF;
F.—\/ 13c, p-F, 67%
13d, 76%
0 0]
o SeCF3
| X SeCF3 m - M
_ o} SeCF3 o} (6]
Cl N
13e, 72% 13f, 80% 139, 72%

Scheme 6: Trifluoromethylselenolation of acid chlorides with [(bpy)CuSeCF3]z by the group of Weng.

[(bpy)CuSeCF3], (1 equiv)
Pd,(dba)s (5 mol %)
P(o-Tol)3 (15 mol %)

| RN AN Br NEt3 (4 eqUiV) I N A
R+ Br R-+ SeCF3
S YH CH3CN Z X
. 100 °C, 24 h
X =0, S, N(iPr) 14

[ selected examples I

F
F N
SeCF
= e} S

14a, 85%

14b, 75%

—

14c, 25%

Scheme 7: Synthesis of 2-trifluoromethylselenylated benzofused heterocycles with [(bpy)CuSeCFj3]o by the group of Weng.
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phenols/-anilines, leading to the corresponding 2-brominated
heterocycle. This intermediate was then trifluoromethylseleny-
lated by [(bpy)CuSeCF3],. While benzofurans and benzothio-
phenes were prepared in moderate to good yields, only marginal
yields were obtained with indole derivatives (up to 25%).
Finally, the reactions could easily be scaled up to a gram scale.

The group of Liang reported the difunctionalization of terminal
styrenes and arylacetylene derivatives by introducing SeCF;
with the [(bpy)CuSeCF3], copper complex developed by the
group of Weng and difluoroalkyl groups with ICF,CO,Et
(Scheme 8) [25]. Only six examples were reported, with good
yields. Mechanistically, the authors proposed that an electron
transfer took place between the copper(l) complex and
ICF,CO;Et, forming, after iodine transfer, a new carbon-
centered radical and a copper(Il) complex. The center of the
radical then shifted to the terminal carbon atom of the unsatu-
rated compound. The latter reacted with the copper(Il) complex,
forming a new copper(Ill) intermediate. After reductive
elimination, the desired difunctionalized compounds were

formed.

Tetramethylammonium trifluoromethylselenolate salt
(Me4NSeCFs)

Tetramethylammonium trifluoromethylselenolate was reported
by the group of Tyrra in 2003. Therein, the association of the
Ruppert—Prakash reagent with ammonium fluoride in the pres-
ence of a slight excess of Se allowed the facile synthesis of
Mey4NSeCF3 (Scheme 9) [26]. Today, Me4NSeCFj is routinely
used by several research groups. In the past five years, this
stable and easy-to-handle reagent was involved in several cross-

coupling processes, including copper chemistry.

In this context, in 2015, the group of Rueping reported an oxi-
dative trifluoromethylselenolation process of terminal alkynes
and boronic acid derivatives (Scheme 10) [27]. Using a stoi-
chiometric amount of copper/ligand and molecular oxygen as
the oxidant, the substrates were successfully converted to the
trifluoromethylselenylated analogs in good to very good yields.
The substrate scope highlighted a broad functional group toler-
ance, including electron-withdrawing and -donating groups,
heterocycles, and ferrocene moieties.

One year later, the group of Goossen demonstrated the direct
conversion of diazo compounds into trifluoromethylselenolated
products using a catalytic amount of copper(I) thiocyanate
(Scheme 11) [28,29]. The reaction proceeded under mild condi-
tions, and the desired products were usually obtained with very
good to excellent yields. The authors postulated the in situ for-
mation of CuSeCFj as the catalytically activated species that

was able to reduce the diazonium salt and transfer SeCFj3.

Beilstein J. Org. Chem. 2020, 16, 305-316.

(bpy)CuSeCFj3 (2 equiv)
ICF,CO,Et (2 equiv)

CsF (4 equiv) %eCF3
(het) Ar—= X
DME (het)Ar
100 °C, 18 h CF,CO,Et
150r 16
[ selected examples
SeCF3 SeCF3
MeO CF,CO,Et | N CF,CO.Et
15a, 82% 15b, 65%
SeCF3 SeCF3
X
X
CF,CO,Et
CF,CO,Et
MeO M2 0

16a, 55% (E/Z > 20:1) 16b, 61% (E/Z > 20:1)

Scheme 8: Difunctionalization of terminal alkenes and alkynes with
[(bpy)CuSeCF3], by the group of Liang.

DME
Me3SiCF; + Seg + MeyNF ——— > MeyNSeCF3;
-78 °Cto rt,
1 equiv 1.05 equiv 1 equiv 17 h 70% (average)

Scheme 9: Synthesis of Me4NSeCF3.

Trifluoromethylselenyl chloride (CISeCF3) and
trifluoromethyltolueneselenosulfonate (TsSeCFg)
Known since the 1950s, trifluoromethylselenyl chloride
(C1SeCF3) was scarcely studied until recently. In fact, this
reagent is very volatile [30,31] and potentially toxic by analogy
with CISCFj [32]. However, to avoid the direct synthesis of
CISeCF;3, the group of Billard proposed a one-pot two-step pro-
cedure where CISeCFj is generated in situ [33].

This strategy was then applied to the trifluoromethylselenola-
tion of alkynes by using copper(I) acetylides [34]. With bipyri-
dine as the ligand, the trifluoromethylselenolation of alkynes
was reported to occur with moderate to very good yields. The
conditions were compatible with aromatic as well as aliphatic
substrates and tolerated sensitive functional groups, such as

hydroxy functions or esters (Scheme 12).

Boronic acids were also engaged in combination with C1SeCF3
in the presence of stoichiometric amounts of copper(Il) acetate,
resulting in marginal to moderate yields, as can be seen in
Scheme 12 [35].
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Scheme 12: Trifluoromethylselenolation with CISeCF3 by the group of Tlili and Billard.

Due to the limitations of CISeCF; as an electrophilic reagent for
trifluoromethylselenolations in cross-coupling reactions, our
group developed a new bench-stable reagent, namely trifluo-
romethyltolueneselenosulfonate (TsSeCF3) [36]. Trifluo-
romethyltolueneselenosulfonate can be prepared from in situ-
generated C1SeCF3 and sodium sulfinate on a gram scale. This
new reagent is ready-to-use and can easily be handled. With this
new reagent in hand, our group firstly studied the reactivity
with boronic acids (Scheme 13). Therein, a catalytic amount of
copper(Il) acetate and bipyridine (10 mol % each) was used.
Moderate to very good yields were obtained for both electron-
deficient and electron-rich substrates. The scope also encom-
passed heteroaromatic as well as vinylic compounds. Mechanis-
tic experiments allowed us to propose a plausible mechanism in
which an arylcopper(I) species was the key intermediate.

Terminal alkynes were also investigated under similar reaction
conditions (Scheme 13) [37]. Aromatic and m-activated aliphat-

ic substrates led to the desired products in moderate to very

good yields. Moreover, vinyl sulfone derivatives were formed
when the starting alkyne derivatives contained an oxygen atom.
This way, a-trifluoromethylselenylated vinylsulfones were ob-
tained in moderate to excellent yields (Scheme 13). Mechanis-
tic experiments revealed that copper(I) acetylides were the
active species for the synthesis of the trifluoromethylseleny-
lated alkynes. The latter was also a key intermediate for the for-

mation of a-trifluoromethylselenylated vinylsulfone.

It is worth noting that the strategy for the trifluoromethylseleno-
lation of boronic acid developed in our laboratory was applied
in 2019 for the synthesis of the selenylated analog 30 of
Pretomanid, an antituberculosis drug (Scheme 14) [38]. The key
step was the trifluoromethylselenolation of boronic acid 26
under standard conditions (Scheme 13), followed by a mesyla-
tion and a reaction with the commercially available alcohol 29
to yield the desired compound 30. Preliminary results indicated
that the physicochemical properties remained widely un-

changed. However, further studies must be undertaken in order
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Scheme 13: Trifluoromethylselenolation with TsSeCF3 by the group of Tlili and Billard.

to gain knowledge on the bioactivity of this SeCF3-containing
analog.

In situ synthesis of trifluoromethylselenolated
compounds using copper complexes

One-pot procedures that rely on the tandem formation of C—-Se
and Se—fluoroalkyl bonds have emerged in the last five years.

In 2014, Hor and Weng reported the trifluoromethylselenola-
tion of (hetero)aryl iodides and alkyl bromides with the

Ruppert—Prakash reagent, TMSCFj3, elemental selenium, potas-
sium fluoride, and silver carbonate under copper catalysis
(Scheme 15, conditions I) [39]. Mechanistically, the authors
proposed the formation of a silver(I)-SeCF3 adduct, followed
by a transmetallation step, yielding the active CuSeCF; species.
Good to very good yields were obtained on a broad scope, in-
cluding amide-, ester-, and heterocycle-containing substrates.

In 2019, Deng and Xiao proposed an alternative strategy based

on the use of a three-component system consisting of
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Scheme 14: Copper-catalyzed synthesis of a selenylated analog 30 of Pretomanid developed by the group of Tlili and researchers from Novartis.

Ph3P*CF,CO, /Seg/CsF (Scheme 15, conditions II) [40]. Tt
should be noted that three equivalents of both the copper source
and the ligand were needed in order to obtain high yields.
Benzylic bromides and chlorides furnished the desired products
in moderate to good yields. However, less activated substrates
led to marginal amounts of the trifluoromethylselenylated com-
pounds. Also, when secondary benzylic halides were used in the
reaction, low yields were observed, which is in line with an SN2
mechanism. The authors proposed a mechanism where difluoro-
carbene is first generated upon thermal decomposition of the
starting difluorophosphobetaine. The carbene then reacts with
elemental selenium to yield difluoroselenophosgene, and in the
presence of fluoride anions, this species is in an equilibrium
with the “SeCFj anion. As proposed by Hor and Weng, Deng
and Xiao also suggested that CuSeCF3 was the active species in
the mechanism.

In 2016, the group of Rueping described a sequential copper-
catalyzed selenocyanation of aryldiazonium salts, followed by
trifluoromethylation in a one-pot procedure with the
Ruppert—Prakash reagent (Scheme 15, conditions III) [41]. The
corresponding trifluoromethylselenylated (hetero)aryl products
were obtained in moderate to good yields using both electron-
deficient and -rich starting materials, respectively. Interestingly,
the authors demonstrated the feasibility of the reaction by
starting directly with p-nitroaniline. Moreover, the authors
demonstrated that the reaction could easily be scaled up to a
7 mmol scale, and the desired product was obtained in a compa-
rable yield of 70%, and 73% starting from the corresponding

aryldiazonium salt.

Conclusion

In conclusion, as highlighted in this minireview, several elegant
procedures based on the use of copper reagents allow to directly
access trifluoromethylselenolated compounds. Today, the
straightforward construction of C—SeCF3 bonds is accessible
through several different pathways. On the one hand, the use
discrete copper—SeCF3; complexes allows the trifluoromethylse-
lenolation of a large panel of starting materials. Therein, the
main drawback is the generation of a stoichiometric amount of
a copper salt as a byproduct of the reaction. On the other hand,
MeyNSeCFj3 is a very attractive reagent that already demon-
strated its versatility in numerous processes. Nevertheless, its
use in oxidative cross-coupling reactions requires stoichio-
metric amounts of the oxidant, which limits the attractiveness of
the method in some cases. Finally, the newly developed electro-
philic reagent TsSeCF; also demonstrated its compatibility in
copper-based process and allowed the use of catalytic amounts
of copper. The compound is synthesized starting with volatile
CISeCF3, which is the major drawback. Altogether, the
presented methodologies cover a wide range of starting materi-
als. Interestingly, the application of these methodologies was
already demonstrated for the synthesis of bioactive analogs. To
the best of our knowledge, to date there are no SeCF3-contain-
ing drug candidates or bioactive molecules in clinical trials.
This could be explained by the lack of physicochemical data on
the SeCF3; moiety. More efforts must be devoted to exploring
the altered properties of the trifluoromethylselenylated com-
pounds. The encouraging results obtained will definitely pave
the way for further applications, and put this emerging fluori-

nated group at the forefront of drug design.
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This review summarizes the recent advances in photocatalysis using copper complexes. Their applications in various reactions,

such as ATRA, reduction, oxidation, proton-coupled electron transfer, and energy transfer reactions are discussed.

Introduction

For a decade, the realm of catalysis has known a significant
renewal with the rise of photocatalysis [1]. The fact that a reac-
tion can be carried out, and, more specifically, catalyzed in the
presence of visible light and a photosensitive catalyst (organic
or organometallic) provided a drastic change of paradigm to the
community. Indeed, photocatalysis allows carrying out photo-
chemical reactions in the visible region (redox transformation
and energy transfer process). This tremendous progress provi-
ded a huge gain of selectivity in photochemical transformations.
Indeed, as most organic molecules absorb light in the UV
region (UV-A, UV-B, or UV-C), selectivity was a key point to
address in photochemistry and photocatalysis using visible light
tackled this issue. Moreover, the use of inexpensive and energy-
efficient visible light-emitting diodes (LEDs) was an impres-
sive development. Furthermore, photocatalysis allowed to

realize elusive transformations as this approach provided better

control over the formation of radicals or the reduction or oxida-
tion of reagents, for instance. For all these reasons, photocataly-
sis is nowadays at the forefront of cutting-edge research in

organic chemistry.

Despite the impressive advances reported since the renewal of
the field in 2008 [2-4], several issues still have to be addressed.
Indeed, most of the developed reactions relied on the use of
organometallic complexes of expensive noble metals, such as
iridium and ruthenium [5]. Even though their efficiency is out-
standing, their use for industrial purposes might be hampered.
Indeed, the limited availability of these metals and their prices
often prohibit the development of economically efficient chemi-
cal processes [6]. In addition, the depletion of natural resources
raises questions about the future availability of these metals at a

reasonable cost. With regards to organic dyes, impressive de-
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velopments have been achieved, but these catalysts might suffer
from a low photochemical stability, and thus hampering their
use and recyclability [7]. Therefore, alternative solutions have
to be developed. Among them, the use of first-row transition
metals [8,9], particularly copper, is an interesting approach [10-
13]. The high abundance, low price, low toxicity, and intrinsic
properties (redox potential, four oxidation states, etc.) of copper
are excellent and promising features to be used in the develop-
ment of new photocatalysts. However, the study, development,
and use of these complexes have been underexplored since the
pioneering work of McMillin [14] and Sauvage [15], compared
to the tremendous expansion of photocatalyzed reactions using
Ru and Ir complexes. Indeed, copper-based photocatalysts are
often considered less efficient due to a lower luminescence life-

time compared to Ir and Ru complexes [6].

Review

In this review, we summarized the recent significant advances
that were made in the use of copper-based photocatalysts for
synthetically useful transformations. The use of either
homoleptic or heteroleptic complexes in atom transfer radical
addition (ATRA) reactions, reductions, oxidations, proton-
coupled electron transfer (PCET) reactions, and reactions based
on energy transfer will be discussed.

Beilstein J. Org. Chem. 2020, 16, 451-481.

1 Homoleptic Cu(l) complexes

Homoleptic complexes based on bisnitrogen ligands, and partic-
ularly phenanthroline derivatives, were used in the pioneering
reports from McMillin [14] and Sauvage [15]. For decades,
their use in organic synthesis, and particularly catalysis, has
been ignored. However, since 2012, a renewed interest toward
their use in catalysis has been witnessed.

1.1 ATRA reactions

Atom transfer radical addition reactions are linchpin transfor-
mations in organic synthesis as they allow an easy difunctional-
ization of alkenes. Usually, these reactions require the use of a
radical initiator or thermal activation to initiate the radical
chain. Recently, photocatalysis appeared as an interesting alter-
native to catalyze such transformations, and copper-based cata-

lysts provided interesting reactivities.

In 2012, the Reiser group reported a visible light-driven cou-
pling reaction of olefin derivatives with bromo- and iodo-
alkanes using the Sauvage catalyst as a Cu(I) photocatalyst
(Scheme 1) [16]. The [Cu(I)(dap),]Cl complex had a strong
absorption under irradiation at 530 nm using a green LED. Dif-
ferent organic halides and alkenes were reacted, leading to the
product by an ATRA reaction pathway with moderate to good

[Cu(l)(dap).]CI (0.3 mol %)  x
R1\ + R2X R2
CH20|2, 530 nm R1J\/
""""""""""""""""""""""""""" €] _—
selected examples: Br CB Cl R
Br L 3 R = p-anisyl
o N CBls  pp~CBrs PR [Cu()(dap)eIC
CBI’3 Br
88% 38% 88% 82%
H  Br GOt E Br o Hool
_N - \)W
T \MCozEt Boc I BOC/N\)\/C‘ng
67% 98% 63%
proposed mechanism:
@2
530 nm R*-X
*R% + X
[Cu(l)] RN
+e
o o —e

X 2
product <—— R1’\/R

R1:\/R2

Scheme 1: [Cu(l)(dap)o]Cl-catalyzed ATRA reaction under green light irradiation.
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yield at room temperature (Scheme 1). The authors suggested a
possible mechanism based on the measured and reported redox
potential (Scheme 1).

Upon irradiation at 530 nm using green light, the Cu(I) catalyst
transitions to an excited state. Then, the excited copper com-
plex transfers an electron to the alkyl halide, which can generate
an alkyl radical that subsequently adds to the alkene. The result-
ing C-centered radical is oxidized by the Cu(II) complex, regen-
erating the Cu(l) catalyst, and the formed carbocation is trapped
by the halide. Worth to mention is that very recently, Reiser and
Engl demonstrated the possible use of [Cu(dmp),CI]JCI as an
efficient catalysts in a similar transformation [17].

In another study, Reiser and co-workers described a related

allylation process of organic halides with allyltributyltin in the

o)

Beilstein J. Org. Chem. 2020, 16, 451-481.

presence of [Cu(I)(dap),]Cl as the catalyst [16]. This reaction
was applied to a broad range of substrates, including a para-
nitrophenyl ketones and furanyl ketones, for instance, with
good yield. To explain the reaction outcome, the authors sug-
gested that the [Cu(I)(dap);]Cl catalyst acted as an electron
shuttle between the halide derivative and the allylmetal reagent,
precluding a direct electron transfer between the allylstannane
and the haloketone. Hence, after being excited by light, the
excited [Cu(I)]* complex gave an electron to the a-haloketone.
Then, the ketone radical combined with allyltributyltin to
generate a BusSn radical. A final electron transfer from the
Bu3Sn radical to [Cu(Il)] regenerated the Cu(I) catalyst
(Scheme 2).

Based on this work, in 2015, Reiser and co-workers reported

another ATRA reaction to carry out the trifluoromethylchloro-

x  [Cu(l)(dap),]CI (0.3 mol %)
BU3SI’1\/\ + RL')K.LRZ
' CH3CN, 530 nm

selected examples:

.- R = p-anisyl R
[Cu(l)(dap),]CI

o}
o}
o} o N N
Ph)W @ ~ X P
o O,N

85% 68%
(o]
_ o
Ph/\O)W
70% 80%

BusSn.

Scheme 2: Photocatalytic allylation of a-haloketones.

[Cu(ll)]

Eox =143V

78% 74%
O OMe ())k o OIMe
. 5 N)S) o

X V%/\H

Eox = +0.651V

[Cu(]

530 nm

[Cu(I*
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sulfonylation of alkenes (Scheme 3) [18]. They used the same
catalyst as above, [Cu(I)(dap),]Cl, to introduce the CF3 group
to different alkenes under green LED irradiation (530 nm), with
CF3S0,Cl as the CF;3 source. Depending on the substrates, both
chlorosulfonylated and chlorotrifluoromethylated products
could be obtained. For allylbenzene as well as terminal and
cyclic alkenes, the trifluoromethylchlorosulfonylated adducts
were isolated in good yield and selectivity. When an electron-
donating group (e.g., NH, NHCO, and NMe,) was in close
proximity to the alkene, the pathway of the addition changed
and the chlorotrifluoromethylated adduct was formed. To
explain the reaction mechanism, the authors suggested the
following pathway: Upon irradiation at 530 nm using green
light, the Cu(l) catalyst transitions to the excited state. Then, the
excited copper complex undergoes an electron transfer to
CF3S0,Cl, allowing the formation of the CFj radical, and the
resulting Cu(II) species binds to the SO,ClI anion, known to be
unstable when free. Then, the CF5 radical adds to the alkene,

[Cu(l)(dap),]Cl (1 mol %)

o KoHPO, (2 equiv)

Beilstein J. Org. Chem. 2020, 16, 451-481.

followed by the addition of SO,Cl to produce the desired prod-
uct. However, when the reaction rate is slower, the SO,Cl anion
decomposes to neutral SO, and a chloride anion due to the
weak nature of the Cu—SO,ClI bond. The SO, extrusion explains
the formation of the chlorotrifluoromethylated product
(Scheme 3).

In 2019, Bissember and co-workers reported the synthesis of
new homoleptic copper complexes by modifying the structure
of the phenanthroline ligand at the 1- and 10-positions with
various aromatic substituents [19]. These complexes were fully
characterized and evaluated in a similar reaction. They ob-
served that the variation of the electronic and steric parameters
of the ligand could modulate the selectivity toward the

chlorotrifluoromethylated and chlorosulfonylated products.

Earlier, in 2015, the group of Dolbier had reported a similar
reaction with fluoroalkylsulfonyl chlorides [20]. This ATRA

CH3CN, rt, 24 h
530 nm

selected examples:

CF;
S0,Cl

86% 76%
CFs Ts
i SO CICF3 N/\/\CFS’
S0,Cl 2 Cl
78% 71% 64%
suggested mechanism:
SOzC'CF [Cu(]
R 3

/@/\(\CF3
SO,Cl
MeO 2

X =Clor R = p-anisyl
SO,CI [Cu(l)(dap),]CI
J
| A CF3 CF;
= S0O,ClI
4 SO,CI
87% 56%
0
N
Fie A~ 0
O Cl CF;
53% 63%
530 nm
CF3S0,ClI

[Cu(i] [CFa]
SO,CI

/.\/CFs
R X
k?OZCI % R/\

[Cu(Il]

Scheme 3: [Cu(l)(dap)2]Cl-photocatalyzed chlorosulfonylation and chlorotrifluoromethylation of alkenes.
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reaction was carried out with various fluoroalkylsulfonyl chlo-
rides, such as CFH,SO,Cl, CF,HSO,Cl, CF3S0O,ClI,
CF3;CH,S0,Cl, and C4FgSO,Cl, electron-deficient alkenes, in-
cluding a,B-unsaturated ketones, amides, esters, carboxylic
acids, sulfones, and phosphonates (Scheme 4). In contrast to
Reiser’s protocol, solely chlorofluoroalkylated products were
isolated in good yields, and no traces of the chlorosulfonylated
alkenes were detected.

In 2016, Reiser’s group used a similar protocol to synthesize tri-
fluoromethylated sultones from alkenol and sulfonyl chlorides
with the catalyst [Cu(I)(dap),]Cl under green light irradiation
(Scheme 5) [21]. Fluorinated sultones are important scaffolds
for pharmaceutical syntheses. To illustrate the synthetic utility
of the method, a novel benzoxathiin analog was synthesized
using this reaction as the key step. The authors suggested a sim-
ilar radical pathway as the one described previously
(Scheme 3). This mechanism involved the formation of a CF3
radical through a single-electron transfer between the excited
complex [Cu(I)(dap),]** and triflyl chloride. This radical added
to the alkene, and the SO,Cl anion coordinated to the [Cu(II)]

[Cu(l)(dap),]Cl (0.5 mol %)

K,HPO, (20 mol %)

>

Beilstein J. Org. Chem. 2020, 16, 451-481.

species. Upon electron back transfer to regenerate the [Cu(I)]
catalyst, SO,Cl was also incorporated into the product. Finally,
an intramolecular cyclization process gave the desired product
(Scheme 5).

Two years later, Reiser’s group reported another ATRA reac-
tion of perfluoroalkyl iodides with alkenes and alkynes.
[Cu(I)(dap),]Cl was found to be the best catalyst for this trans-
formation proceeding upon irradiation at 530 nm (green LED,
Scheme 6) [22]. Indeed, the comparison of this Cu catalyst with
[Ru(bpy)3]Cl, and Ir(ppy)s clearly demonstrated the higher
efficiency, good yield, selectivity, and excellent functional
group tolerance of the method. Further, the authors carried out
an interesting mechanistic study: From their observations, they
ruled out a possible radical chain process (path I) because the
reaction with styrene cannot be initiated by heating or through a
radical initiator. In addition, the authors precluded a possible
photocatalytic process (path II). And indeed, even though from
a comparison of the redox potential of [Cu(I)(dap),]Cl and
[Ru(bpy)3]Cl,, the latter should have been capable to promote

the photocatalytic reaction, the ruthenium complex was unsuc-

Ewg t+ RrSO.CI

DCE, 100 °C, overnight R = p-anisyl
visible light [Cu(l)(dap),]CI
. J/
selected examples: T oo TonmomoTTTTTo
ClH Cl H o Cl
F N. F N. F Ph
T LT I GRS
o) 0 o)
96% 51% 99% 97%
Cl 0 Cl H Cl
FSC\)\H/Ph ijic' FgC4\)ﬁfN\Ph Fgc4\)Y0Ph
o CFs 0 0
92% 77% (1.4:1) 98% 98%
Cl clH Cl Cl H
F30H20MK’(Ph H2FC\/KWN\Ph HF,C Nop,  HFC Neg,
o o) 0 o)
85% 61% 98% 90%
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Scheme 4: Photocatalytic perfluoroalkylchlorination of electron-deficient alkenes using the Sauvage catalyst.
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Scheme 5: Photocatalytic synthesis of fluorinated sultones.

cessful. Hence, to explain the reaction outcome, the authors
suggested two possible pathways: First, a common reductive
SET between the [Cu(I)] species and the perfluorinated
iodoalkane, affording the perfluorinated C-centered radical and
the [Cu(Il)] complex [Cu(II)(dap)I]Cl. The perfluorinated
radical then adds to the alkene to form a new C-centered
radical. The first possible pathway relied on a rebound cycle
where this radical recombined with the [Cu(Il)] complex to
generate a [Cu(IIl)] species. Then, a reductive elimination
closes the catalytic cycle, delivering the product and regener-
ating the catalyst, along with an exchange of the ligand iodide
for DAP (path III). Another possibility was the trapping of the
radical with the iodine ligand of the [Cu(I)] catalyst (path IV).

In 2019, Reiser’s group described a chlorosulfonylation reac-
tion of alkenes and alkynes with [Cu(I)(dap);]Cl or
[Cu(II)(dap),]Cl, under visible light irradiation (Scheme 7)

[23]. The scope of this transformation was excellent, demon-

N0

strating good functional group tolerance and the products were
obtained in good to excellent yields. Note that the reaction
yields were similar or even sometimes higher when the
[Cu(II)(dap),]Cl, complex was used as a catalyst. To explain
the reaction outcome, the authors suggested the involvement of
a [Cu(])] complex as the catalytically active species, even when
[Cu(I)(dap),]Cl, was used. Indeed, they suggested the forma-
tion of the [Cu(I)] species from a homolytic cleavage of the
Cu(II)-Cl bond under light irradiation [24]. First, the excited
[Cu(D)]* complex is involved in an SET with the sulfonyl chlo-
ride, forming the sulfonyl radical and a [Cu(II)] species binding
a chloride anion. The sulfonyl radical stemming from this
reduction can add to the alkene, forming a C-centered radical.
Then, two plausible pathways were suggested. First, a chlorine
ligand transfer to the C-centered radical can proceed, deliv-
ering the product and producing the [Cu(I)] species in the
ground state. Another possible pathway focused on a rebound
between the [Cu(Il)] species and the C-centered radical to form
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Scheme 6: Photocatalyzed haloperfluoroalkylation of alkenes and alkynes.

a [Cu(IIl)] species that can deliver the product through a reduc-
tive elimination, along with the [Cu(I)] species in the ground
state.

1.2 Reduction reactions
In 2013, Fensterbank, Goddard, and Ollivier reported the use of
the homoleptic complex [Cu(I)(dpp),]PFg for the reduction of

symmetrical diaryliodonium salts (Scheme 8) [25]. This copper-
catalyzed photocatalytic reduction generated an aryl radical that
was trapped with various allylating reagents. First, the phenyl
radical generated from the corresponding diphenyliodonium salt
was added to various allyl sulfones substituted in the 2-position.
The products were isolated in moderate to good yields. Using

the more reactive allyl sulfone, a panel of symmetrical
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DIPEA (2 equiv)
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Scheme 8: Copper-photocatalyzed reductive allylation of diaryliodonium salts.

diaryliodonium salts was reacted, giving the products in good
yields. The authors conducted some mechanistic studies
and suggested a plausible catalytic cycle involving
[Cu(D)J/[Cu(D)]*/[Cu(Il)] species. The [Cu(I)(dpp),]PF¢ com-
plex can be excited under visible light irradiation (530 nm), and
the resulting excited [Cu(I)]* complex undergoes an SET to
reduce the diaryliodonium species, providing the oxidized
[Cu(I)] complex. The reduced diaryliodonium species
collapses into an aryl radical and the corresponding aryl iodide.
The aryl radical can then add to the allylating reagent, which,
after tosyl radical elimination, provides the desired product.
Finally, the active catalyst is regenerated thanks to the use of
DIPEA as a sacrificial reductant. Note that this reaction was in-
efficient with aryl iodides, and no significant selectivity was ob-
served when nonsymmetrical iodonium salts were reacted under
the optimized reaction conditions.

Later in 2015, Greaney and co-workers described the copper-
photocatalyzed azidation of styrene olefins and the concomi-

tant introduction of a nucleophile (Scheme 9) [26]. Using the

Zhdankin reagent as the azidyl radical precursor and the
Sauvage catalyst [Cu(I)(dap),]Cl in methanol, various styrenes
were readily converted into the azidomethoxylated products in
good to excellent yields. The reaction was also extended to a-
and B-substituted styrenes, cyclic alkenes, and heteroaromatic
derivatives. Noteworthy, when the reaction was carried out in
acetonitrile, azido bromination and diazidation reactions were
possible using 10 equivalents of NaBr and NaNj3, respectively.
Notably, when the reaction was carried out in the dark, the
diazidation reaction of the olefins occurred, while the use of Ir
or Ru complexes in this transformation led to the degradation of
the reagents. As this process did not involve a photocatalytic
pathway, it will not be discussed here. To explain the reaction
outcome, based on literature data, the authors hypothesized a
catalytic cycle involving [Cu(I)]/[Cu(D)]*/[Cu(Il)] species and
the reduction of the Zhdankin reagent by the copper catalyst to
form an azidyl radical, which then reacted with the olefin. The
resulting benzyl radical could then be oxidized, probably by the
catalyst in the +II oxidation state, to generate a benzylic carbo-
cation and the active [Cu(I)] catalyst. Finally, the solvent or the
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quenching of benzylic carbocations by the solvent:
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Scheme 9: Copper-photocatalyzed azidomethoxylation of olefins.

nucleophile introduced to the reaction medium reacted with the
latter.

Later, Greaney and co-workers reported the photocatalytic
azidation of benzylic C—H bonds (Scheme 10) [27]. Using the
Sauvage catalyst [Cu(I)(dap);]PFg and the Zhdankin reagent, a
large panel of substrates was functionalized under visible light
irradiation. The functional group tolerance of the process was
excellent and the products were obtained in moderate to excel-
lent isolated yields. The authors suggested a chain radical
process to explain the formation of the product. The copper
photocatalyst initiated the formation of the azidyl radical, which
abstracted the benzylic hydrogen atom from the substrate. Then,
the benzylic radical reacted with the Zhdankin reagent, produc-
ing the azidated product and propagating the radical chain
through the reaction of the iodane radical with the benzylic sub-
strate.

In 2018, Dilman and co-workers reported the catalytic forma-
tion of the trifluoromethyl radical through the photocatalytic

reduction of a borate complex (Scheme 11) [28]. To carry out

o)
NaX (10 equiv)
(\iﬁo
MeCN, rt, 18 h
= visible light Na

X = N3, 96%
X =Br, 46%

this reduction, the authors used the PFg salt of the Sauvage cata-
lyst under blue LED irradiation in MeOH to perform the tri-
fluoromethyl methoxylation of styrene derivatives. The method-
ology was applied to a broad range of styrene derivatives,
showing a good functional group tolerance. Noteworthy, o-, -,
and a,f-substituted styrenes were readily functionalized in good
to excellent yields. To explain the reaction outcome, the authors
suggested a reduction of the trifluoromethyl borate complex ac-
cording to an SET with the excited copper(I) complex. The
resulting substituted pyridyl radical eliminated a trifluoro-
methyl radical, which then reacted with the alkene. Then, the
formed benzylic radical was oxidized to the corresponding
carbocation, regenerating the photocatalyst in the ground state.
The benzylic carbocation was finally trapped with MeOH,
which was used as the solvent to form the trifluoromethyl

methoxylated product.

In the same publication, Dilman and co-workers reported the
addition of a trifluoromethyl radical to silyl enol ethers derived
from ketones using the same reaction conditions (Scheme 12)
[28].
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Scheme 10: Benzylic azidation initiated by [Cu(l)(dap)2]CI.

1.3 Oxidation reactions

In 2015, Bissember and co-workers used the Sauvage catalyst
to generate an a-amino radical, which was used to perform the
synthesis of annulated tetrahydroquinolines and octahydroiso-
quinolo[2,1-a]pyrrolo[3,4-c]quinolines (Scheme 13) [29]. Im-
portantly, the formation of the key a-amino radical resulted
from an oxidation reaction catalyzed by the copper catalyst in
the oxidation state +II. Using the [Cu(I)(dap),]CIl complex as
the catalyst and 2 equivalents of TFA under air, N,N-dialkyl-
ated aniline derivatives were reacted with various N-substituted
maleimides and benzylidenemalonitrile to provide polysubsti-
tuted tetrahydroquinolines in moderate to good yields. When
N-aryltetrahydroisoquinoline was used instead of N,N-dialkyl-
ated anilines, octahydroisoquinolo[2,1-a]pyrrolo[3,4-c]quino-

line derivatives were obtained for the first time.

This transformation starts with the oxidation of the excited
photocatalyst with O,. The aniline is then oxidized into an
N-centered radical cation, which further gives the a-amino
radical. The latter reacts with the maleimide to provide a tran-
sient radical, which undergoes an intramolecular cyclization to
give the aryl radical anion. A final oxidation/deprotonation se-
quence delivers the product.

In 2018, Reiser and co-workers reported the use of the

[Cu(dap),]Cl1 catalyst in the oxoazidation of styrene derivatives

S| e

2 iodobenzoic acid

(Scheme 14) [30]. Under green light irradiation, a large panel of
styrene derivatives was converted into the corresponding
a-azidoketones in good to excellent yields. Interestingly, the
reaction was extended to the heteroaromatic derivatives, such as
thiophene or benzofuran and to B-substituted styrenes. The
authors conducted mechanistic studies and demonstrated the
role of [Cu(dap),;]Cl as a precatalyst since the catalytically
active species was a [Cu(Il)] complex. To explain the forma-
tion of the product, the authors suggested that after excitation,
the [Cu()] catalyst is oxidized to a [Cu(II)] species along with
the loss of a DAP ligand. Then, the [Cu(Il)] complex reacts
with TMSN3 to form a [Cu(II)]-Nj species that gives an azide
radical through a homolytic dissociation induced by light irradi-
ation. The formed azide radical reacts with the styrene to form a
benzylic radical that is then oxidized by O,. The resulting
peroxyl radical reacts with the Cu complex, forming a new
[Cu(II)] species that collapses to deliver the product and regen-
erates the active [Cu(Il)] catalyst.

2 Heteroleptic Cu(l) complexes

Heteroleptic copper complexes appeared as an interesting and
promising alternative to the homoleptic examples. Indeed, they
usually possess an increased lifetime of the triplet excited state
due to a particular geometry that prevents the reorganization
from a tetrahedral geometry in the ground state to a square

planar geometry [31]. Moreover, the synthesis of these com-

461



[Cu(l)(dap),]PFg (1 mol %)

Beilstein J. Org. Chem. 2020, 16, 451-481.

0 0® i CF3
Ar F2.0.2_~__COyMe KHCO;3 (2 equiv)
YR, B U/ MeO, ke
R CFy X CH3OH, blue LED, Ar” ks ,
it 1h R = p-anisyl
[Cu(l)(dap)2]PFs
selected examples: . _c_; """""""""
OMe OMe 3
cF,  Me© MeO OMe
CF,4 N
CFs E/ FaC
84% 79% 62% 95% 91%
dr=1.5:1 dr=1:1 dr=11:1 dr =100:0
oM oM QMe
e © PN CFs
CF3 N CF3 |
| N =
HO N3 =
87% 83% 91%
suggested mechanism: £ ©a4 °  come T
O 0. @
F/I|3 © N7 |
CF3 N
Ereq = -1.22 V [Cu()]*
vs SCE
R1
blue A CFs \eoH MeO CFs
light [Cu()] r%Rz e %RZ
Ar R
[Cu(dap),]**/[Cu(dap),]?* = -1.43 V vs SCE

[Cu(dap),]2*/[Cu(dap),]* = +0.65 V vs SCE

Scheme 11: Trifluoromethyl methoxylation of styryl derivatives using [Cu(l)(dap)2]PFg. All redox potentials are reported vs SCE.

[Cu(l)(dap)2]PFe (1 mol %)
CO,Me KHCO3 (2 equiv)

CH30H, blue LED,

rt, 1h

OTES F\(g/o‘ﬁ/
R R |
3 X\
R2
X
Ph CF;
87%

Scheme 12: Trifluoromethylation of silyl enol ethers.

86%

X
%
R! ¥
R? .
R = p-anisyl
[Cu(l)(dap),]PFg
O
CF3
MeO
75%

462



TFA (2 equiv)

O [Cu(l)(dap),ICl (6 mol %)

Beilstein J. Org. Chem. 2020, 16, 451-481.

AN

R1 cN DMF, green LED,
Z Ph/\( rt, air, 16 h

42% 62%

[CU(”)]

TFA

02 [Cu(l)

I\I/Ie
N
H
© H
N
Me-—< O
Ph
45%, dr = 1:1

02

% product

HO,

Scheme 13: Synthesis of annulated heterocycles upon oxidation with the Sauvage catalyst.

pounds is usually facile, and they can be readily obtained in a
crystalline form. Herein, we will report their use in ATRA reac-
tions, reductions, oxidations, as well as in PCET and energy
transfer reactions.

2.1 ATRA reactions

In 2015, Reiser and co-workers reported the synthesis of a
novel copper-based heteroleptic complex bearing a phenanthro-
line derivative and a bisisonitrile ligand, [Cu(I)(dpp)(binc)]BF,,
which was fully characterized (Scheme 15) [32]. This complex

proved to have a similar or higher excited state lifetime (17 us)

compared to the previously reported complexes and a redox
potential of —1.88 V vs SCE in the excited state
([Cu(]*/[Cu(D)]). Upon irradiation at 455 nm, the authors
used this complex in ATRA reactions, with various ATRA
reagents, including a-bromomalonates and benzyl bromides, in
combination with a broad range of alkenes (allylamine,
homoallyl alcohol, styrene derivatives, and silyl enol ethers).
The corresponding products were isolated in moderate to excel-
lent yields. The authors suggested a classical mechanism for
this ATRA. First, the excited copper complex reduced the

organohalide to form a C-centered radical. The latter reacted
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Scheme 14: Oxoazidation of styrene derivatives using [Cu(dap)2]Cl as a precatalyst.

with the olefin to form a new carbon-centered radical. Then,
the catalyst in the oxidation state +II oxidized the newly
formed radical to the corresponding carbocation along with the
regeneration of the catalyst in the ground state. Finally, the
carbocation was trapped by the anion generated in the first
reduction step.

In the same report, Reiser and co-workers reported an allyla-
tion reaction using the [Cu(I)(dpp)(binc)]BF4 complex

(Scheme 16) [32]. The reaction of a-bromomalonates with

allyl- and crotylsilanes afforded the allylated products in good
yields. To explain the reaction outcome, the authors suggested a
reduction of the a-bromomalonate by the excited Cu(I) com-
plex. Then, the generated radical adds to the allylsilane,
releasing a silyl radical. Then, the latter oxidizes the Cu(II)
complex and regenerates the catalyst in the ground state.

In 2018, Yamaguchi and Itoh reported the ATRA of CBr4 to

various alkenes, including styrene derivatives and aliphatic-

substituted olefins (Scheme 17) [33]. The reaction was carried
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Scheme 16: Allylation reaction of a-bromomalonate catalyzed by [Cu(l)(dpp)(binc)]PFg following an ATRA mechanism.
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Scheme 17: Bromo/tribromomethylation reaction using [Cu(l)(dmp)(BINAP)]PFg.

out using the complex [Cu(I)(dmp)(binap)]PFg¢, and the desired In 2018, Hu and co-worker described the synthesis of a new
tribromomethylated products were isolated in good to excellent  heteroleptic copper complex bearing a substituted bipyridine
yields. The authors suggested a similar mechanism to the one  ligand (Scheme 18) [34]. The novel copper catalyst was fully

described by Reiser and co-workers in Scheme 14. characterized by X-ray crystallographic analysis, UV-visible
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Scheme 18: Chlorotrifluoromethylation of alkenes catalyzed by [Cu(l)(N"N)(xantphos)]PFg.
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absorption and emission as well as cyclic voltammetry. The
catalyst [Cu(I)(N~N)(DPEPhos)]PFg was used in the chlorotri-
fluoromethylation of alkenes using CF3SO,Cl as the ATRA
reagent. The reaction was carried out under blue light irradia-
tion (450 nm). The methodology was applied to a broad range
of substrates, including (a-)styryl derivatives, cyclic deriva-
tives, acrylates, enol acetates, and enamines. The functional
group tolerance of the transformation was fairly decent and
demonstrated the synthetic utility of this reaction manifold. To
explain the reaction outcome, the authors suggested the
following mechanism: The excited copper catalyst reduces the
CF3S0,Cl reagent, resulting in the formation of a sulfonyl
radical, which, after elimination of SO,, generates the trifluoro-
methyl radical. This radical then reacts with the olefin to form a
carbon-centered radical. Then, two plausible pathways were
suggested: The first one involved an oxidation of this carbon-
centered radical by the Cu(II) complex, followed by trapping of
the carbocation with the chloride anion initially generated in the
first reduction step. Alternatively, the authors suggested a

possible mechanism involving a radical propagation.

In another report, Hu and co-worker developed a chlorosulfony-
lation of terminal alkenes and alkynes using the previously de-

Beilstein J. Org. Chem. 2020, 16, 451-481.

veloped copper-based photocatalyst (Scheme 19) [35]. The
reaction was tolerant to a broad range of arylchlorosulfonyl de-
rivatives when the reaction was carried out with styrene, includ-
ing sterically hindered and heteroaromatic substrates. Aliphatic
sulfonyl chlorides were also tolerated, although the yields were
slightly lower. With respect to the alkenes, the reactions
proceeded nicely with styrene derivatives as well as with a- and
B-substituted styrenes and methyl methacrylate. However, ali-
phatic substituted alkenes were not suitable substrates or provi-
ded the desired products in very low yields (<10%). Finally, the
reaction was extended to phenylacetylene derivatives, and the
chlorosulfonylated alkenes were isolated in moderate yields.

2.2 Reduction reactions

In 2017, Evano and co-workers reported the photocatalytic
reduction of aryl and alkyl iodides and bromides catalyzed by a
heteroleptic copper complex, [Cu(I)(bcp)(DPEPhos)]PFg, under
blue light irradiation (Scheme 20) [36]. The reduction of aryl
iodides proceeded well, regardless of the electron density of the
aromatic ring, and the products were isolated in good to excel-
lent yield, with an excellent functional group tolerance. More-
over, a complex steroid derivative was efficiently reduced under
the standard conditions. Activated aryl bromides were also
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Scheme 19: Chlorosulfonylation of styrene and alkyne derivatives by ATRA reactions.
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readily reduced under similar conditions, even if they were
tedious electron-rich aryl bromide substrates, giving low yield,
probably due to their intrinsic reduction potential. Interestingly,
the bromide substrate derived from menthol was readily
reduced in an excellent 74% isolated yield. The authors con-
ducted some mechanistic studies (including cyclic voltammetry
and Stern—Volmer quenching experiments, for instance), and,
based on their findings, suggested the following mechanism:
After irradiation under blue light, the excited [Cu(I)]* complex
is reduced by the organic base DIPEA to produce a [Cu(0)]
complex. The latter undergoes an SET with the aryl iodide to
generate the radical anion from aryl iodide, which collapses into
the aryl radical while the photocatalyst in the ground state is
regenerated. Finally, the aryl radical abstracts a hydrogen atom
from the oxidized DIPEA to produce the reduced aryl deriva-
tive.

Within the same study, Evano and co-workers took advantage
of the developed photocatalytic reduction of aryl iodides and
bromides into the corresponding aryl radical to use the latter in
further transformations (Scheme 21). First, a 5-exo-trig cycliza-
tion was carried out to access indolines, dihydrobenzofurans,
indanes, cyclopentane, and pyrrolidines. The cyclized products
were isolated in good to excellent yields. Finally, a Meerwein
arylation reaction was developed through the copper photocat-
alyzed formation of an aryl radical according to a reductive
process. A large panel of aryl iodides was added to various
pyrroles and electron-rich aromatic derivatives. The arylated
products were obtained in moderate to good yields, and the
functional group tolerance was excellent.

Later in 2018, Evano and co-workers used their methodology to

reduce aryl iodide for the synthesis of the alkaloids rosettacin,
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Scheme 21: Meerwein arylation of electron-rich aromatic derivatives and 5-exo-trig cyclization catalyzed by the photocatalyst
[Cu(l)(bcp)(DPEPhos)]PFg. 25 mol % of catalyst and 5 equiv of DIPEA were used.

luotonin A, and deoxyvasicinone (Scheme 22) [37]. The de-
veloped strategy relied on the addition of an aryl radical on
ynamides or cyanamides, followed by a final cyclization. Using
similar reaction conditions as those used for the Meerwein aryl-
ation, the three alkaloids were synthesized in good to excellent
yield in a straightforward manner.

In 2017, Fu, Peters, and co-workers reported the copper-photo-
catalyzed intramolecular decarboxylative C-N coupling of NHP
esters using an in situ-formed heteroleptic copper complex
(Scheme 23) [38]. This protocol, a versatile alternative to the
Curtius rearrangement, was applied to a large variety of sub-

strates, including primary/secondary alkyl, cycloalkyl, and

benzyl NHP esters. The products were obtained in good yields.
The functional group tolerance of the process was excellent and
was further demonstrated in the course of a robustness screen.
Supported by mechanistic experiments, including UV—-vis anal-
ysis, crossover studies, trapping with TEMPO, and the use of a
radical clock, the authors suggested the following mechanism,
although the nature of the heteroleptic copper complex has not
been clearly determined. However, the involvement of
[Cu(I)(dmp)(xantphos]BF, was precluded, since the preformed
complex proved to be inefficient under the standard reaction
conditions. The authors suggested first the photoexcitation of a
[Cu(D)] species. Then, the excited [Cu(I)]* species reduces the

NHP ester to form a carboxyl radical and the phthalimide anion,
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Scheme 22: [Cu(l)(bcp)(DPEPhos)]PFg-photocatalyzed synthesis of alkaloids. @Yield over two steps (cyclization and TMS deprotection).

which binds to the [Cu(II)] species. After the elimination of
CO,, the recombination of the alkyl radical with the [Cu(II)]
species bearing the phthalimide forms the product and regener-

ates the active [Cu(I)] catalyst.

Collins
[Cu(I)(dq)(binap)]BF, as an efficient catalyst for the reductive

and co-workers described the use of
decarboxylative coupling of a NHP ester derived from cyclo-
hexanecarboxylic acid with a bromoalkyne (Scheme 24) [39].
The catalyst was selected using a combinatorial approach for
the selection of the optimal catalyst structure. The product was
isolated in an excellent 87% yield.

In 2018, Wang, Xu, and co-workers described the reductive
decarboxylative alkylation of glycine and glycine-containing
peptides using an in situ-formed heteroleptic copper complex,
[Cu(I)(dmp)(xantphos)]PF¢ (Scheme 25) [40]. Under blue light
irradiation, glycine esters were readily alkylated using NHP
esters in the presence of DABCO as a base. A large panel of
NHP esters was introduced to ethyl N-phenylglycine ester, and

the alkylated products were obtained in good to excellent

yields. In addition, various glycine derivatives were also alky-
lated in good yields. Finally, the authors demonstrated the syn-
thetic interest of their methodology through the alkylation of di-
and tripeptides. The authors studied the reaction mechanism and
suggested the following one: First, the excited in situ-formed
copper complex reduced the NHP ester, as demonstrated by the
Stern—Volmer quenching experiment. The formed radical anion
collapsed into the corresponding alkyl radical and the phthal-
imide anion. Then, the oxidized copper complex oxidized the
glycine ester, regenerating the catalyst, furnishing the
N-centered radical cation. Then, the latter underwent a 1,2-
hydride shift in the presence of the base (or the phthalimide
anion) to form the a-amino radical that recombined with the

alkyl radical formed in the initial step.

In early 2019, our research group reported the copper-
photocatalyzed borylation of organic halides using
[Cu(I)(DMEGqu)(DPEPhos)]PFq as the photocatalyst
(Scheme 26) [41]. The photocatalytic Miyaura borylation reac-
tion was carried out using aryl iodides bearing either electron-

donating or electron-withdrawing groups in good to excellent
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Scheme 24: Photocatalytic decarboxylative alkynylation using [Cu(l)(dq)(binap)]BF4.

yields. Activated aryl bromides and heteroaryl bromides were
also successfully converted to the corresponding arylboronic
esters in good to excellent yields. The methodology was also

extended to a set of vinyl iodides, providing the vinylboronic

esters in moderate to good yields. Notably, alkyl iodides were
also suitable substrates. The methodology proved to be compat-
ible with a broad range of functional groups. To demonstrate

the synthetic utility of the process, the reaction was developed
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Scheme 26: Copper-photocatalyzed borylation of organic halides. 2Under continuous flow conditions.

under continuous flow conditions to afford an easy and straight-
forward scale-up of the method (up to 5 g). Mechanistic studies
were carried out, suggesting a possible [Cu(I)]/[Cu(I)]*/[Cu(0)]
reaction manifold. The copper photocatalyst in the excited state
is reduced to the [Cu(0)] complex by the sacrificial organic
reductant DIPEA. The in situ-formed [Cu(0)] species reduces
the organic halide to generate the corresponding radical anion,
which loses the halide anion and gives rise to the correspond-
ing C-centered radical. A subsequent trapping with B,Pin,
affords the borylated product.

In 2019, Wang, Duan, and co-workers reported the reductive a-
and O-functionalization of alcohol using N-alkoxyphthalimide

derivatives and glycine esters under basic or acidic conditions,

respectively [42]. With regards to the a-functionalization,
various N-arylated glycine esters were used as reaction partners
with a broad range of N-alkoxyphthalimide derivatives, using
[Cu(I)(dmp)(xantphos)|BF, as the catalyst and DABCO as the
base (Scheme 27). The products were obtained in moderate to
good yields and moderate diastereoselectivities. The reaction
was applied to N-alkoxyphthalimides derived from aliphatic and
benzyl alcohols and heteroaromatic ones. To explain the reac-
tion outcome, the authors suggested the reduction of the
N-alkoxyphthalimide by the excited copper catalyst, [Cu(I)]*.
Then, this radical collapses into an a-oxy carbon-centered
radical thanks to an intramolecular proton transfer. This carbon-
centered radical then recombines with the a-amino radical that

arises from the oxidation of the amine with the formed [Cu(II)]

473



Beilstein J. Org. Chem. 2020, 16, 451-481.

Phy T
>R N~
[Cu(l)(dmp)(xantphos)]BF4 (10 mol %) o) cl®
o Are ~__. DABCO (2 equiv) R3 <—P7 N
N" RS Ar\N)\(R1 opr, T
No e R? blue LED b b 4
o} DMA, rt [Cu(l)(dmp)(Xantphos)IBF 4
selected examples: T TTTTTTTTTo ;P ________________________
H OH O
COOMe COOMe N R O E oH
Ph. Ph. '
N '}‘)Y\SMQ /©/ O j:\©
OH H OH MeO™ ~O MeO™ O

68% (1 8:1dr) 40% (1 1:1dr)

MeO e} IMeO O

44% (3:1 dr) 55% (3.7:1 dr)

[Cu(l)

blue
light

[Cu(D]

Ar/

DABCO

71% (6:3:3:1 dr)

30% (1.6:1 dr)

OTQ
85% (2.8:1 dr)
<,Nm COOMe

Y OH
42% (1.5:1 dr)

COOt Bu

e

R0°
€]
radical-radical E o
+ Ar” ﬁ)\w
1 coupling
DABCO- H N
Ar” R1
RS

Scheme 27: Copper-photocatalyzed a-functionalization of alcohols with glycine ester derivatives.

complex, followed by a deprotonation by DABCO. The result-
ing alkoxide is finally converted into the alcohol by the proto-
nated DABCO.

During this study, the authors found that replacement of the
base by the Brgnsted acid (R)-1,1-binaphtyl-2,2-diyl hydrogen
phosphate ((R)-BNDHP) under similar reaction conditions and
using the same copper catalyst provided the 8-functionalization
of the alcohol (Scheme 28). This reaction manifold was applied
to a large variety of N-alkoxyphthalimide derivatives using
glycine ester derivatives and was also extended to more com-
plex structures, including di- and tripeptides. These examples

demonstrated the synthetic utility of the methodology. The reac-

tion pathway was explained as follows by the authors: Simi-
larly to the a-functionalization, the excited copper photocata-
lyst reduces the N-alkoxyphthalimide. Then, in the presence of
the acid, it is protonated and collapses into the corresponding
alkoxy radical. This radical carries out a 1,5-HAT to generate a
carbon-centered radical. Finally, this radical recombines with
the a-amino radical generated from the above-mentioned path-

way.

2.3 Oxidation reactions

In 2012, Collins and co-workers described a copper-catalyzed
photocyclization to synthesize [S]helicene (Scheme 29) [43].
Using the in situ-formed [Cu(I)(dmp)(xantphos)]BF,
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Scheme 28: d-Functionalization of alcohols using [Cu(l)(dmp)(xantphos)]BF4.

(25 mol %) in the presence of iodine and propylene oxide as the
oxidant system under visible light irradiation, [S]helicene was
synthesized in 57% yield. Importantly, the reaction scale was
increased to 1 g under continuous flow conditions. Then, the
reaction was extended to the cyclization of a stilbene derivative
into phenanthrene in a moderate 23% isolated yield. To explain
the reaction pathway, the authors suggested an oxidative mech-

anism.

One year later, 2013, Collins and co-workers extended this
concept to the synthesis of carbazole derivatives under continu-
ous flow conditions (Scheme 30) [44]. Using, the
[Cu(I)(dmp)(xantphos)]BF, catalyst, the oxidative cyclization
of various triarylamines was carried out in the presence of I,
and propylene oxide as a proton scavenger under flow
conditions (0.05 mL/min; residence time = 20 h). The use of

flow conditions drastically enhanced the kinetics of the
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reaction, moving from 120 h reaction time in batch to 20 h
using a continuous flow reactor. The reaction allowed
the synthesis of a large panel of carbazoles. The selectivity
of the reaction using an unsymmetrical triarylamine depended
on the electronic density of the aromatic ring, furnishing, in
some cases constitutional isomers. Importantly, in the case of
heteroaryl-substituted triarylamines, the heterocycle was
incorporated in the carbazole structure, and a single isomer was
formed. Then, the methodology was extended to N-alkyldi-
arylamines, the products were isolated in good yields,
and no dealkylation was observed for N-methyldiarylamines.
To explain the reaction outcome, the authors suggested
a mechanism involving oxidative quenching. First, the
excited [Cu(I)]* species was oxidized in the presence of iodine,
furnishing a [Cu(II)] complex. Then, an oxidation of the
diarylamine occurred, generating the N-centered radical cation,
which undergoes an intramolecular cyclization. A final
oxidation of the aryl radical intermediate with an iodine
radical, followed by aromatization, generated the desired
carbazole.

Later in 2015, the group of Che described the synthesis of a
zwitterionic copper(I) complex having a phenanthroline ligand
(bep) and a nido-carborane-diphosphine ligand. This complex
was used in a benchmark reaction in photocatalysis, the oxida-
tion of N-aryl tetrahydroisoquinoline (Scheme 31) [45]. Upon
oxidation, the in situ-formed iminium ion was reacted with
nitroalkanes, enamines, and indoles. In all cases, the 1-substi-
tuted tetrahydroisoquinolines were isolated in good to excellent
yields. The reaction mechanism suggested by the authors was in
agreement with the literature [46]: The excited copper catalyst
oxidizes the tetrahydroisoquinoline and forms an N-centered
radical cation. The copper catalyst is regenerated upon oxida-
tion with O,. The resulting superoxide radical anion allowed the
formation of the a-amino radical that is then oxidized to the
dihydroisoquinolinium species. Then, the latter reacted with the
nucleophile (nitroalkanes, catalytically in situ-formed enamines

and indoles) to furnish the product.

2.4 Proton-coupled electron transfer (PCET)

The PCET reaction is an interesting and unusual sequence to
functionalize molecules. Indeed, it relies on a redox transfor-
mation with a concerted proton and electron exchange. Note
that this process can occur either through an oxidative or a re-
ductive pathway [47-49].

In 2018, during the development of a combinatorial approach to
select the best copper-based photocatalyst, Collins
and co-workers reported the synthesis of a bicyclic lactone
by a PCET reaction manifold (Scheme 32) [39]. Using their
methodology, the authors discovered the [Cu(I)(quinitri)(xant-
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phos)]BF, catalyst as the best one, which afford the cis-lactone
in 79% isolated yield.

In 2019, Collins and co-workers reported the synthesis of a new
bifunctional copper photocatalyst for the reductive pinacol cou-
pling of ketones and aldehydes (Scheme 33) [50]. This new
catalyst was designed to activate the ketones or aldehydes due
to an acidic proton present on the structure and to carry out an
SET when excited by light. This approach represents the first
report describing the design of a Cu-based photocatalyst able to
carry out an SET and an activation of the substrate, in this case
through H-bonding. This close proximity increased the yield of
the transformation and avoided the presence of a Brgnsted acid
in the reaction media. As such, Collins and co-workers de-
veloped the catalyst [Cu(I)(pypzs)(BINAP)]BF4 where the
ligand (5-(4-fluorosulfonyl)amino-3-(2pyridyl)pyrazole))
(pypzs) had an acidic proton prone to activate the carbonyl
group during the pinacol coupling reaction. In the presence of 2
mol % of the catalyst, the Hantzsch ester (HEH), as a hydrogen
atom donor, under blue light irradiation, a large panel of ke-
tones and aldehydes was readily converted into the correspond-
ing 1,2-diols in moderate to excellent yields. The functional
group tolerance of the reaction was excellent as bromides,
phenols, thioethers, esters, boronic esters, and heterocycles, in-
cluding pyridine and quinolines, were well tolerated. The
authors carried out mechanistic studies and demonstrated the
H-bonding ability of their catalyst by NMR studies. The
following mechanism was suggested to explain the reaction
pathway: After irradiation, the copper catalyst, in an excited
state, is quenched by the HEH, as demonstrated by a quenching
experiment. Then, the reduced catalyst is involved in a hydro-
gen bond interaction with the carbonyl derivative, attributed to
the acidic proton present on the pypzs ligand, and activates the
carbonyl group. The PCET occurs, furnishing a ketyl radical
that can react with another molecule (ketone or aldehyde),
delivering the pinacol product. A final HAT with another equiv-
alent of HEH or HEH™ delivers the product, and the resulting
radical cation of the Hantzsch ester allows the regeneration of

the catalyst in the ground state.

2.5 Reaction based on an energy transfer (EnT)
Reactions based on energy transfer represent an interesting
class of photocatalyzed transformations. Indeed, this reaction
sequence relies on the deactivation of an excited molecule
through a transfer of energy to a second one. Then, this second
molecule is raised to the excited state and can then react
[51,52].

During the course of the design of a library of copper photocat-

alysts through a combinatorial approach, Collins and

co-workers reported the copper-photocatalyzed vinyl azide
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Scheme 34: Azide photosensitization using a Cu-based photocatalyst.

sensitization to allow the formation of the corresponding 2,5-
disubstituted pyrrole (Scheme 34) [39]. The reaction was
promoted by a visible-light irradiation (450 nm) using the com-
plex [Cu(I)(dmp)(BINAP)]BF,, and the desired pyrrole was ob-
tained in quantitative yield.

Conclusion

Over the last decade, photocatalysis using homoleptic or
heteroleptic copper complexes experienced a significant
growth. The use of these inexpensive and readily available
complexes in a broad range of applications, as discussed in this
review, clearly demonstrate the growing importance of these
catalysts. We do believe that the field of copper photocatalysis
using well-defined complexes is still in its infancy, and for sure,
new and unexpected reactivities will be discovered in a near

future by using these catalysts.
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A new catalytic strategy for the one-pot synthesis of N-sulfonylamidines is described. The cationic copper(I) complexes were found

to be highly active and efficient under mild conditions in air and in the absence of solvent. A copper acetylide is proposed as key

intermediate in this transformation.

Introduction

Amide derivatives represent a ubiquitous molecular construct in
chemistry [1-3]. This structural motif favours rearrangements
that lead to high reactivity and associated bioactivity [4,5].
Indeed, the presence of an N-atom in the amidine structure leads
to opportunities as ligands and organocatalysts [6-8].
N-Sulfonylamidines and N-sulfonylimidates are members of a
specific class of these amidines. One initial methodology de-
veloped for the formation of sulfonylamidines was based on the
cleavage of the bond between the N-4 and C-benzene in thiadi-
azine ring-type molecules [9]. To date, only few examples of
copper-based catalysts have been reported to enable access to
such compounds [10-13]. Chang and co-workers were pioneers
in this area [10-12]. A three-component reaction between
alkyne, sulfonyl azide and amine/alcohol was described as a

synthetic route to generate sulfonyltriazole intermediates. How-

ever, the presence of additives and high catalyst loading (Cul
10 mol %) were required for the synthesis of N-sulfonylimi-
dates (Scheme 1, left).

Over the last two decades, NHCs (NHC = N-heterocyclic
carbene) have become ligands of choice to permit the stabilisa-
tion and formation of highly reactive transition metal species
[14]. Thus, significant advances have been achieved using this
supporting ligand family [15-19]. Recently, our group contrib-
uted to this area, reporting on the synthesis of the first
heteroleptic bis-NHC and mixed NHC/phosphine copper(I)
complexes [20-22]. Interestingly, these new copper-based com-
plexes have shown excellent activity in the [3 + 2] cycloaddi-
tion reaction of azides/sulfonyl azides and alkynes (Scheme 1,

right) [22]. Based on these earlier results, the reactivity of these
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Scheme 1: Formation of sulfonyltriazoles and sulfonamidines.

catalysts was investigated in the context of achieving formation
of the challenging sulfonamide derivatives.

Herein, we report the high efficiency of cationic copper(I) com-
plexes for the formation of N-sulfonylamidines via a three-com-
ponent reaction performed in air, using solvent-free conditions
and in the absence of any additive.

Results and Discussion

[Cu(ICy),;1BF4 (1), [Cu(IPr)(ICy)IBF,4 (2) and [Cu(IPr)(Pt-
Buj3)]BF4 (3) were initially selected as optimum candidates
[22]. This class of catalysts was expanded through the synthe-
sis of the pyridine derivative 4, of the heteroleptic normal/
mesoionic carbene complex 5, and of the homoleptic mesoionic
triazole derivative 6 (Figure 1). This special class of ligands
presents unique electronic and steric properties and lead to

unusual reactivity [23-28].

VAR BF4_
@NTN\A v
N N
\—/
1
JPr / \ iPr,
P'
t-Bu” \"“t-Bu
t-Bu
3
iPr =\ ipr, BF4
N_ N

Figure 1: Catalytic systems used in this study.
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. NHc-cu' 0
.S
complexes R ||\N/N~\N
; (0]
iPrOH =

our previous work [22]

[Cu(IPr)(Pyr)]JOTf (4) was obtained by the reaction of the iso-
lated hydroxide derivative [Cu(IPr)(OH)] [29] with pyridinium
trifluoromethanesulfonate, while the biscarbene complexes 5
and 6 were obtained from the corresponding [Cu(NHC)CI]
through the in situ formation of the corresponding hydroxide
complex [Cu(NHC)(OH)] [20] which deprotonates the tri-
azolium salt (Scheme 2).

The reactivity of a series of cationic copper(I) complexes (1-6)
was evaluated at 0.5 mol % loading using tosyl azide, phenyl-
acetylene and diisopropylamine as benchmark substrates
[31,32]. Various solvents were evaluated at room temperature
under aerobic conditions (see Supporting Information File 1 for
details). Tetrahydrofuran (THF), 1,2-DCE, 1,4-dioxane and
acetonitrile proved to be the most suitable solvents for this
transformation (Table 1). Interestingly, similar results were ob-

tained for complexes 1-5, while 6 displayed superior activity.

|Pr [\

T.Prﬁ

iPr

OTf~
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Scheme 2: Synthetic access to complexes 4-6 [30].

Table 1: Catalyst and solvent optimisation.2

Q y/ iPr

iPr_ iPr [Cu] 1-6 (0.5 mol %)

S. : N
S —— + N X ~i
5 Ns H rt, neat or solvent, 16 h || Pr
\_/ ~  NTs

Entry Complex Solvent Conv.¢ (%)
1 1 THF 49
2 2 THF 47
3 3 THF 42
4 4 THF 42
5 5 THF 46
6 6 THF 71
7 6 neat 65
8 6 1,2-DCE 63
9 6 water 41
10 6 1,4-dioxane 58
11 1 neat 30
12 2 neat 58
13 5 neat 55

aReaction conditions: phenylacetylene (0.5 mmol), tosyl azide (0.6 mmol), diisopropylamine (0.6 mmol), [Cu] (0.5 mol %), solvent (1 mL), 16 hours.

bSee Supporting Information File 1 for full optimisation. °Conversion was determined by GC analysis based on phenylacetylene using mesitylene
(42 pL) as internal standard.
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Indeed, 71% conversion to the desired product was observed
using the homoleptic cationic MIC (mesoionic carbene) com-
plex 6 (Table 1, entry 6). For complexes 1-5, the conversion
proved modest and ranged between 42 and 49% (Table 1,
entries 1-5).

Subsequently, solvent-free conditions were investigated
(Table 1, entries 7 and 11-13). Interestingly, the absence
of solvent proved to be highly effective, except for
[Cu(ICy),]BF4 1 (Table 1 entry 11). An encouraging 65%
conversion was obtained using [Cu(Triaz),]BF,4 6 (Table 1,
entry 7), while complexes 2 and 5 showed comparable results
(Table 1, entries 12 and 13). Complex 6 was also shown
to be active in water and in 1,4-dioxane. Based on these
results, a reaction scope was conducted under solvent-free
conditions, in air, using 1 mol % of [Cu(Triaz),]BF4 6
(Scheme 3).

Functionalised azides were reacted with phenylacetylene and
diisopropylamine resulting in good to high yields (Scheme 3,

Beilstein J. Org. Chem. 2020, 16, 482—-491.

10a—g). The presence of an activating/deactivating group in
para-position of the aryl ring was evaluated in order to assess
the substrate tolerance. Electron-donating groups, such as
methyl, methoxy or naphthyl enhanced considerably the reac-
tivity leading to quantitative conversion with respectively 96%
(10a), 95% (10c) and 93% (10g) isolated yields, in reaction
times of 3 to 4.5 hours. Regarding the 2,4,6-triisopropylsul-
fonyl azide, a slight decrease in the reactivity was observed
(66%, 10f), presumably due to the steric hindrance of the sub-
strate. Electron-withdrawing groups such as bromo (10d) or
cyano (10e) appeared to disfavour the reaction resulting in
lower yields. Indeed for the cyanosulfonyl azide, under solvent-
free conditions, only 38% of the desired product was obtained
after 24 hours. This lower yield could also be due to the starting
material being a solid which leads to poorer mixing and mass
transport issues. Interestingly, when conducted in THF, an
increase to 68% isolated yield was observed after 4 hours, sup-
porting our inhomogeneity/transport hypothesis. In the case of
the bromosulfonyl azide, a 73% conversion was obtained after
4 hours at 40 °C.

// iPr
O
I . . § 6 (1 mol %) | N<ipr
O~ iPr” iPr rt. neat
RGN ’ “SO,R
7 8 9 10a—-g
iPr !Pr EPr !Pr
N N N
| = N\iPr SiPr NiPr NiPr
2 Y ) )
0=S=0 0=S=0 0=8=0 0=S=0
O Br
10a 10b 10c 10d
4 h30, >99 (96)2 2 h, 89 (73)2 3 h, >99 (95)2 4 h, 73 (68)°
iPr iPr iPr
N N N
| ~ ~iPr NiPr | o “iPr
A A 2
0=S=0 0=S=0 0=S=0
iPr iPr ! :
CN iPr
10e 10f 10g
24 h, 382 3 h, 75 (66)° 4 h,>99 (93)2
4 h, 73 (68)°

Scheme 3: Variation of sulfonylazides. Reaction conditions: phenylacetylene (0.5 mmol), sulfonyl azide (0.6 mmol), diisopropylamine (0.6 mmol), 6
(1 mol %). Conversion determined by '"H NMR based on alkyne using mesitylene (42 L) as internal standard. Isolated yield in parentheses. 2Solvent-

free conditions, rt. °Solvent-free conditions, 40 °C. °THF (1 mL), rt.
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Various terminal aryl/alkyl-substituted alkynes were investigat-
ed in the presence of tosyl azide and diisopropylamine
(Scheme 4). Under standard conditions, good to excellent yields
were obtained. The presence of functional groups in para-posi-
tion of the aryl ring leads to a decrease of the conversion to
approximately 50% (11a, 11b, 11c and 11d). The reactivity was
considerably enhanced by increasing the temperature to 40 °C

Beilstein J. Org. Chem. 2020, 16, 482—-491.

and/or the use of THF as reaction solvent. Interestingly, ortho-
and meta-substitution of the aryl rings are well tolerated
(11e-i). In the case of 9-ethynylphenanthrene, which is a solid
substrate, solvent-free conditions lead to 78% isolated yield at
40 °C. Diynes were also investigated and excellent isolated
yields were achieved (92% and 85% for 11j and 11Kk, respec-
tively). Regarding the alkyl-alkynes, longer reactions times as

0 iPr
I iPr 6 (1 mol %) N
. |‘| | N
)©/6 Ny * HN\ipr 25 °C, solvent-free, air R/ﬁ( P
R NTs
7a 8 9a 1
iPr iPr EPr iPr
. N
N N N
NT:
. NTs NTs MeO s By~  NTs
11a 11b 11c 11d
8 h 502 4 h462 3 h 522 3h512
6 h 85 (72)° 3h 80 (65)° 16 h 83 (75)° 24 h 77 (72)°
iPr 1Pr - i ’LPr
F N, N_ OMe iPr sC “ipr
iPr N\'P NT
NTs NTs N 1er S
S
CF
11e 1f 11g 3 11n
2h 3080 (72) 8h 622 2 h 90 (82) 1h 90 (72)2
16 h 90 (78)P
iPr iPr iPr iPr
N N.. N N
“iPr iPr iPr’ | A iPr
NTs NTs NTs “_~ NTs
Pr.
‘ 1i TENTSNTS 11 11k
3 h 602 iPr 6h99 1h 30 92 (85)
2h 90 (78) (92)2
iPr iPr iPr iPr
N N N, N
M NPro BE TP 0@3\/}( iPr CIM “iPr
NTs NTs NTs NTs
11 11m 11n 110
16 h 482 16 h 552 16 h 502 16 h 492
16 h 82 (63)° 3 h 87 (70)° 8 h 80 (70)° 16 h 82 (71)°
iPr iPr iPr
N N.. N
NiPr | N iPr NiPr
NTs = NTs OH NTs
11p 11q 11r
16 h 522 16 h 562 16 h 522
16 h 73 (62)P 18 h 87 (78)P 8 h 83 (67)P

Scheme 4: Variation of alkynes. Reaction conditions: alkyne (0.5 mmol), tosyl azide (0.6 mmol), diisopropylamine (0.6 mmol), 6 (1 mol %). Conver-

sion determined by 'H NMR based on alkyne using mesitylene (42 uL) as i
bSolvent-free conditions, 40 °C. °THF (1 mL), rt.

nternal standard. Isolated yield in parenthesis. 2Solvent-free conditions, rt.
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well as higher temperature were required to reach high conver-
sion. Interestingly, in the case of 11r, the desired product was
obtained in 67% isolated yield.

The effect of the amines was also investigated. Amongst the
amines evaluated, dicyclohexylamine (for 12a) and isopropyl-
amine (for 12b) lead to good isolated yields (64% and 72%,
Scheme 5). In contrast, with diphenylamine, only 20% of the

desired product was observed (12c¢).

Interestingly, with benzyl azide, a substrate not containing a
sulfonyl moiety, the product obtained is the 1,2,3-triazole deriv-

7

(0]

Il // R1 RZ
ﬁ\N + + \N/
o’ H

a 8a 9

Beilstein J. Org. Chem. 2020, 16, 482—-491.

ative [33], resulting from a [3 + 2] cycloaddition of azide and
alkyne (Scheme 6).

The catalytic system was also shown applicable to phosphoryl
azides; and reaction of phenylacetylene with diisopropylamine
and diphenylphosphoryl azide leads to the formation of the cor-
responding phosphorylamidine product [34] in good yield
(Scheme 7), using 2 mol % of catalyst under mild conditions

(solvent-free, room temperature).

A proposed reaction mechanism occurring via formation of a

copper-acetylide species is proposed and illustrated in

R2
I
6 (1 mol %) N\R1
rt, solvent-free, air NTs
12

BANG

12a
5h, 82 (64)2

NH N
12b 12¢

24 h, 82 (72)P 24 h, 20°

Scheme 5: Variation of the amine substrate. Reaction conditions: phenylacetylene (0.5 mmol), tosyl azide (0.6 mmol), amine (0.6 mmol), 6 (1 mol %).
Conversion determined by "H NMR based on alkyne using mesitylene (42 pL) as internal standard. Isolated yield in parenthesis. 2Solvent-free condi-

tions, 40 °C. PTHF (1 mL), rt.

4

iPro AP (j/\Ns
H =

Bn\N/N\\
6 (1 mol %) —

—_—

rt, neat

Scheme 6: Reactivity of “non-sulfonyl” azide [33]. Reaction conditions: phenylacetylene (0.5 mmol), benzyl azide (0.6 mmol), diisopropylamine

(0.6 mmol), 24 h.

2
/ P(OPh),
. : (0] -
/ iPr_ iPr I 6 (2 mol %) N|
+ N" + PhO-P—Ny — ———~ (P
H OPh - nea (iPr)2
58 (53)

Scheme 7: Reactivity of diphenylphosphoryl azide. Reaction conditions: phenylacetylene (0.5 mmol), diphenylphosphoryl azide (0.6 mmol), diiso-
propylamine (0.6 mmol), [Cu] (2 mol %), 24 h. Conversion determined by GC based on phenylacetylene using mesitylene (42 pL) as internal stan-

dard. Isolated yield in parentheses.
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Scheme 8. The bis-NHC copper(I) complex 6 reacts with the
alkyne leading to the formation of an acetylide derivative A
(left hand side, Scheme 8), with concomitant loss of a NHC
ligand through the formation of the corresponding triazolium
salt B. The intermediate A can then react with the azide sub-
strate to form a triazolyl-copper complex C. The latter can
liberate the amidine product and regenerate either catalyst 6 (tri-
azolium salt B is source of proton) or directly the acetylide

complex A (phenylacetylene is source of proton).

In order to support this mechanism, a number of stoichiometric
reactions were conducted (see Supporting Information File 1).
In a first instance, 6 was reacted with phenylacetylene at room
temperature. This led to the rapid formation of the copper
acetylide complex A with concomitant loss of the triazolium
salt TriazHBF4 (B, Scheme 9). To further confirm the forma-

\ BF¢

Q m
P NGP; Bu%NQ

NTs

Triaz’HBF,4, B

iPr.t /IPF

iPr O iPr

ai L

TN N

\_/TS\/

Scheme 8: Proposed mechanism for the formation of sulfonamidine.

JPr oy BF4
N’O
4

©¢@ 9

Scheme 9: Stoichiometric reaction between 6 and 8.

rt, neat, 16 h iPr
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tion of A, [Cu(Triaz)Cl] was reacted with phenylacetylene and
sodium hydroxide (4 equiv), in toluene for 24 hours under an
inert atmosphere. The independent synthesis of A was success-
fully achieved in this manner (Scheme 10). The latter was then
reacted with tosyl azide. An immediate colour change resulted
and based on 'H NMR data, two new species were formed.
They were identified as the sulfonyltriazole and an unstable
organometallic compound, presumably the triazolylcopper(I)
complex C. These results corroborated the proposed hypothesis
regarding the formation of a triazole intermediate during the
catalytic cycle.

To support the relevance of the Cu-acetylide species in cataly-
sis, the benchmark reaction was conducted at 1 mol % catalyst
of the isolated acetylide complex (Scheme 11). After
45 minutes, 80% conversion into the sulfonamidine product was

N(|Pr)2
o PR -

NTs

|Pr\ /IPI’
Triaz-HBF4, B
t-Bu

|Pr Q

- @K N et

/N . N
N’

\/

Cc

+  TriazHBF,

N\ B
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| t-Bu

N,N

iPr N y iPr NO
NaOH (4 iv), — NaCl, — H,O ~
QNQ)\Q\ + /" NaOH (4 equiv) a 2 a Cu
toluene, rt, 24 h iP
i t-Bu " SRR
iPr
C|u N\ // \
Cl
A
Scheme 10: Synthesis of copper-acetylide intermediate A via [Cu(Cl)(Triaz)].
—..N
(I)I // iPr TS~y °N
S. iPre _iPr [Cu(C=CPh)Triaz]BF4 (1 mol %) lll —
1°Ng * = + N ) A ~ier t
(0] H rt, neat, 45 min |
\ 7 ) NTs
7a 8a 9a 10a
80% conv. 10% conv.

Scheme 11: Catalytic reaction involving copper-acetylide complex A.

observed. Of note, the presence of sulfonyltriazole was also ob-
served (10%).

Conclusion

Cationic bis-carbene copper(l) complexes were shown to
promote the formation of N-sulfonamidines in a Click reaction
[35,36]. The new developed mesoionic NHC copper(I) com-
plexes were found highly efficient under solvent-free and
aerobic conditions. Stoichiometric reactions support the release
of one NHC and the formation of a copper(I) acetylide as key
elements in the catalytic cycle.

Experimental

N,N’-Bis{2,6-(diisopropyl)phenyl}imidazol-2-ylidene(pyri-
dine)copper(]) triflate, [Cu(IPr)(Pyr)]OTf (4). In a glovebox,
a vial was charged with [Cu(OH)(IPr)] (200 mg, 0.41 mmol),
pyridinium trifluoromethanesulfonate (94.0 mg, 1 equiv,
0.41 mmol) and THF (2 mL). The reaction mixture was stirred
at room temperature for 15 hours. The solution was concen-
trated and diethyl ether (10 mL) was added. The precipitate was
collected by filtration and washed with diethyl ether (3 X 5 mL).
The desired compound was obtained as a colourless solid
(201 mg, 92%). '"H NMR (400 MHz, CD,Cl,, 298 K) & (ppm)
0.82 (d, 3Jyg = 6.9 Hz, 12H, CHCH; (IPr)), 1.01 (d, 3Jgn =
6.9 Hz, 12H, CHCH3 (IPr)), 1.44 (s, 9H, C(CH3)3), 2.36 (septet,
3Jyy = 6.9 Hz, 4H, CHCH; (IPr)), 3.98 (s, 3H, CH3), 7.06 (s,
2H, H* and H), 7.19 (d, 3Jyy = 7.8 Hz, 4H, Ca,H (IPr)), 7.50
(t, 3Jyn = 7.8 Hz, 2H, Co.H (IPr)); 13C{!H} NMR (100 MHz,

CD,Cly, 298 K, TMS) & (ppm) 23.5 (s, CHCHj; (Triaz)), 24.8
(s, CHCHj (Triaz)), 28.8 (s, 2 CHCHj; (Triaz)), 124.4 (s,
CaH), 124.5 (s, CaH), 131.0 (s, CaH), 134.2 (s, Ca H), 140.8
(s, CIV), 145.8 (s, CH (IPr)), 148.9 (s, C™V), 177.5 (s, Cearbene);
19r{1H} NMR (282 MHz, CDCls, 298 K) & (ppm) —78.6 (s);
anal. calcd for C33Hy;CuF3N303S: C, 58.26; H, 6.07; N, 6.18;
found: C, 58.39; H, 6.16; N, 6.08.

1-{2,6-(Diisopropyl)phenyl}-3-methyl-4-(4-tert-butylphenyl)-
1,2,3-triazol-5-ylidene-(N,N’-bis{2,6-(diisopropyl)-
phenyl}imidazol-2-ylidene)copper(I) tetrafluoroborate,
[Cu(IPr)(Triaz)]BF4 (5). In a glovebox, a microwave vial was
charged with [Cu(Cl)(IPr)] (200.0 mg, 0.41 mmol), NaOH
(66.0 mg, 4 equiv, 1.64 mmol), TriazHBF,4 (190.0 mg, 1 equiv,
0.41 mmol) and acetonitrile (2 mL). The reaction mixture was
stirred during 2 h at 80 °C in a microwave. The solution was
concentrated and diethyl ether (10 mL) was added. The precipi-
tate was collected by filtration and washed with diethyl ether
(3 X 5 mL). The desired compound was obtained as a colour-
less solid (346 mg, 92%). 'H NMR (400 MHz, CD,Cl,, 298 K)
5 (ppm) 0.77 (d, 3Jyy = 6.9 Hz, 6H, CHCHj (Triaz)), 0.82 (d,
3Jgqu = 6.9 Hz, 12H, CHCHj (IPr)), 0.96 (d, 3/ = 6.9 Hz, 6H,
CHCHj3 (Triaz)), 1.01 (d, 3Jyy = 6.9 Hz, 12H, CHCH; (IPr)),
1.44 (s, 9H, C(CH3)3) 1.99 (septet, 3/ = 6.9 Hz, 2H, CHCH;
(Triaz)), 2.36 (septet, 3Jum = 6.9 Hz, 4H, CHCH; (IPr)), 3.98
(s, 3H, CH3), 6.98 (d, 3Jyy = 8.3 Hz, 2H, CH (Triaz)), 7.06
(s, 2H, H* and H°), 7.10 (d, 3Jygy = 7.9 Hz, 2H, CaH (Triaz)),
7.19 (d, 3Jgy = 7.8 Hz, 4H, CaH (IPr)), 7.36 (d, 3Jyp =
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8.4 Hz, 2H, CaH (Triaz)), 7.43 (t, 3Jyg = 7.9 Hz, 1H, CaoH
(Triaz)), 7.50 (t, 3Jyy = 7.8 Hz, 2H, CaH (IPr)); 13C{!H}
NMR (75 MHz, CD,Cl,, 298 K) & (ppm) 23.4 (s, CHCHj3
(Triaz)), 24.8 (s, CHCHj (IPr)), 24.4 (s, CHCHj; (IPr)), 24.7 (s,
CHCHj (Triaz)), 28.4 (s, CHCHj (Triaz)), 28.6 (s, CHCH;
(IPr)), 31.3 (s, CCHjy), 35.0 (s, C'V), 37.6 (s, CHy), 123.4 (s,
CV), 123.9 (s, CaH), 124.2 (s, C* and C%), 124.4 (s, CaH),
126.6 (s, CasH), 129.4 (s, CaH), 130.5 (s, CaH), 130.9 (s,
CaH), 134.3 (s, CIY), 144.8 (s, CIY), 145.2 (s, CTV), 152.0 (s,
C™V), 152.8 (s, CV), 179.4 (s, Cearbene); "F{'H} NMR
(282 MHz, CDCls, 298 K) & (ppm) —155.0 (s, BF4), —=155.1 (s,
BF,); anal. calcd for C5oHgoBCuFNs: C, 68.30; H, 7.61; N,
7.66; found: C, 68.15; H, 7.72; N, 7.68.

Bis{1-{2,6-(diisopropyl)phenyl}-3-methyl-4-(4-tert-
butylphenyl)-1,2,3-triazol-5-ylidene}copper(I) tetrafluoro-
borate, [Cu(Triaz),]BF4 (6) In a glovebox, a vial was charged
with [Cu(Cl)(Triaz)] (150.0 mg, 0.32 mmol), NaOH (50 mg,
4 equiv, 1.28 mmol), Triaz.HBF, (148 mg, 1 equiv, 0.32 mmol)
and acetonitrile (2 mL). The reaction mixture was stirred during
2 h at 80 °C in a microwave. The solution was concentrated
(0.5 mL) and diethyl ether (10 mL) was added. The precipitate
was collected by filtration and washed with diethyl ether
(3 X 5 mL). The desired compound was obtained as a colour-
less solid (281 mg, 97%). '"H NMR (400 MHz, CDCl3, 298 K,
TMS) & (ppm) 0.79 (d, 3Jyy = 6.8 Hz, 12H, CHCH; (IPr)), 1.08
(d, 3Jyy = 6.8 Hz, 12H, CHCHj; (IPr)), 1.38 (s, 18H, C(CH3)3),
2.10 (septet, 3Jyy = 6.8 Hz, 4H, CHCHj; (IPr)), 4.20 (s, 6H,
CHs3), 7.19 (d, 3Jyy = 7.8 Hz, 4H, Ca,H (IPr)), 7.34 (m, 8H,
CaH), 7.49 (t, >Jyy = 7.7 Hz, 2H, Co.H (IPr)); 13C{!H} NMR
(75 MHz, CDCl3, 298 K, TMS) & (ppm) 23.8 (s, CHCH;
(Triaz)), 24.2 (s, CHCHj (Triaz)), 28.4 (s, CHCHj (Triaz)),
31.3 (s, CCH3), 35.0 (s, CT), 37.8 (s, CH3), 123.6 (s, CY), 124
(s, CarH), 126.2 (s, CpH), 129.0 (s, CaH), 131.1 (s, CpH),
134.3 (s, C1V), 145.0 (s, CV), 149.2 (s, C'V), 153.4 (s, CV);
19r{1H} NMR (282 MHz, CDCls, 298 K) & (ppm) —154.9 (s,
BF,4), —155.0 (s, BFy); anal. calcd for C59HggBCuF4Ng: C,
66.62; H, 7.38; N, 9.32; found: C, 66.55; H, 7.46; N, 9.47.

General catalytic procedure. A vial was charged with
[Cu(Triaz),]BF, (4.5 mg, 1 mol %), the alkyne (0.5 mmol), the
azide (0.6 mmol) and the amine (0.6 mmol). The reaction was
stirred neat for the appropriate amount of time. Dichloro-
methane (2 mL) and a saturated aqueous solution of ammoni-
um chloride (3 mL) were added and the reaction mixture stirred
during 30 minutes. The aqueous layer was extracted with
dichloromethane (3 X 10 mL). The combined organic layers
were dried over MgSQy, filtered and the solvent was removed
under vacuum. The crude product was purified by flash column
chromatography or by recrystallization. The reported yields are

the average of two reactions.
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A terminal alkyne is one of the most useful reactants for the synthesis of alkyne and alkene derivatives. Because an alkyne under-

goes addition reaction at a C—C triple bond or cross-coupling at a terminal C—H bond. Combining those reaction patterns could

realize a new reaction methodology to synthesize complex molecules including C—C multiple bonds. In this report, we found that

the reaction of 3 equivalents of terminal alkyne 1 (aryl substituted alkyne) and an a-bromocarbonyl compound 2 (tertiary alkyl

radical precursor) undergoes tandem alkyl radical addition/Sonogashira coupling to produce 1,3-enyne compound 3 possessing a

quaternary carbon in the presence of a copper catalyst. Moreover, the reaction of a-bromocarbonyl compound 2 and an alkyne 4

possessing a carboxamide moiety undergoes tandem alkyl radical addition/C—H coupling to produce indolinone derivative 5.

Introduction

Terminal alkynes are undoubtedly useful functional groups for
organic synthesis, and they can undergo a variety of reactions
[1]. The C-C triple bond of an alkyne is suitable for addition
reactions, whereas the terminal hydrogen atom is a good target
for cross-coupling by using Sonogashira and related coupling
reactions [2-4]. Although there are many reports on alkyne
transformations, one recent development in this area has been

the reaction of alkynes with tertiary alkyl electrophiles to

produce functionalized quaternary carbon atoms via addition
[5-10] or coupling [11-16].

Recently, we have prepared quaternary carbon centers via
radical reactions by using a-bromocarbonyl compounds (a
tertiary alkyl source) and olefins or heteroatoms in the presence
of a copper catalyst [17-19]. During our studies, we found that

combinations of alkynes and tertiary alkyl radicals generated
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from the reaction of a copper catalyst and an a-bromocarbonyl
compound can undergo i) Sonogashira type couplings via an
alkynyl-Cu intermediate [20], ii) cis-hydro tertiary alkylations
via 1-alkenyl-Cu [21], and iii) trans-hydro tertiary alkylations
via atom-transfer radical addition (ATRA) [21] (Scheme 1,
i—iii). Therefore, we postulated that if we could control the reac-
tivities of the alkynyl-Cu and ATRA adducts, a tandem tertiary
alkylation followed by an alkynylation could occur to produce a
1,3-enyne possessing a quaternary carbon center with good
regio- and stereoselectivity (Scheme 1, this work). Similarly,
Zhu’s group has reported that the reaction of an alkyne and an
a-bromocarbonyl compound furnishes a highly functionalized
1,3-enyne compound via ATRA followed by an alkynylation
reaction [22], but both Pd and Cu are required as catalysts in
that case. Our methodology can realize a Pd-free catalyst
system to prepare complex quaternary carbon atoms. Herein,
we report the Cu-catalyzed control of the reactivity of an alkyne
(addition and coupling) undergoing tandem tertiary
alkylation and alkynylation to produce a 1,3-enyne containing

a quaternary carbon center with good regio- and stereoselectivi-

ty.

Results and Discussion

In our preliminary research, we tried various Cu salts, includ-
ing Cul, CuBr, CuCl, CuOAc, and CuOTf{, and ligands, includ-
ing PPh3, 1,10-phenanthroline (1,10-Phen), N.N.N'.N",N"-penta-
methyldiethylenetriamine, and tris(2-pyridylmethyl)amine, in
the reaction of phenylacetylene (1a) and a-bromoester 2a. From
these experiments, CuBr and 1,10-Phen acted as a good cata-
lyst system for obtaining 1,3-enyne 3a in 62% yield with good
regio- and stereoselectivity (Table 1, entry 1). On the basis of

Beilstein J. Org. Chem. 2020, 16, 502-508.

this preliminary result, we also tried other conditions. Toluene
was very effective in our previous reaction system [17] but was
not effective at all in this case (Table 1, entry 2). The reaction
without Nal resulted in the formation of 3a-Br in 30% yield,
instead of 3a (Table 1, entry 3). If KI was used instead of Nal,
the yield of 3a decreased (Table 1, entry 4). We will discuss the
proposed reaction mechanism later in the text, but the forma-
tion of 3a-I via ATRA could be important for the alkynylation
reaction. Generally, the Sonogashira coupling requires both a
Pd catalyst and a Cu co-catalyst [2-4]. However, couplings with
terminal alkynes can be carried out in the absence of the Pd
catalyst [23-32]; this is the so-called Castro—Stephens reaction
[33]. The effect of the base was very important for producing
the main product 3a (Table 1, entries 5-8). If the reaction was
performed in the presence of a base other than Cs,CO3, a de-
creased yield of 3a was observed. Finally, an increased amount
of catalyst was effective for obtaining the highest yield
(Table 1, entry 9). The total yield was moderate, but the yields
for each step of this two-step tandem reaction system (ATRA
followed by Castro—Stephens coupling) should be over 80%.

Under the optimized conditions, the reactivities of alkynes 1
and a-bromocarbonyl compounds 2 were examined (Figure 1).
The two-step tandem alkyne transformation produced various
1,3-enynes 3 with concomitant formation of ATRA adducts as
side-products. It was very difficult to separate the products by
silica-gel column chromatography; therefore, we are reporting
the 'H NMR and GPC yields of 3. (The pure products were ob-
tained by gel permeation chromatography (GPC).) For example,
a-bromocarbonyl compounds 2 possessing various degrees of
steric bulkiness (ethyl groups) at the carbonyl a-position or a

product : a key :
C | intermediate |
. RUR® | |
coupling RS '
// | R——=——CuxL |
- R e} i alkynyl-Cu :
‘U H o | H '
I
- ' R
v cis-addition R~ 31 %CuXL :
R———H o ¢ 4>||) R | |
ﬂ u cat. H RTR2 [ H 1
. | 1-a|kenyl-8u !
i H O H
R! R2 ) frans-addition H :Br :
R NS RIENA S R
Br)S( : R R'R? | R _RR®
) : ___ATRA____,
' tandem- this work
addiion R\~ H O
L _fooupling | NN~ R3
R R'R?

Scheme 1: Reaction modes of alkyne.
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Table 1: Optimization.2

Ph
Ph—= CuBr (10 mol %) A _~_COEt
1a (3.0 equw) o
1,10-Phen (20 mol %) Ph
+ Cs,CO;3 (4.0 equiv) 3a
+
EtOZCXBr Nal (2.0 equiv) | = CO.Et  Br = CO,Et
2a (1.0 equiv) MeCN, 80 °C, 24 h Yx * W
: Ph Ph
3a-l 3a-Br

entry changes from standard conditions 3a (%) 3a-l (%) 3a-Br (%)
1 none 62 10 trace
2 toluene instead of MeCN trace - -
3 without Nal <5 0 30
4 Kl instead of Nal 30 7 7
5 Hunig’s base instead of Cs>CO3 trace 60 trace
6 iProNH instead of Cs>CO3 trace 65 trace
7 KoCOg instead of CsoCO3 6 58 trace
8 K3POy4 instead of CspCO3 26 20 trace
9 15 mol % CuBr and 30 mol % 1,10-Phen 66(52)b 7 trace

aConducted at 80 °C for 24 h in MeCN with CuBr (10 mol %), 1,10-Phen (20 mol %), Cs>CO3 (4.0 equiv), Nal (2.0 equiv), 1a (3.0 equiv) and 2a (1.0
equiv). Yields were determined by 'H NMR analysis. °GPC yield.

conditions 0 R H O

H
+ 1 (Table 1, entry 9) x AN
R! R2 = R3 = R3
R3 1R2 RTR2
Br)ﬁ[( R R'R R F
ATRA

yields of products 3

Ph Ph Ph Ph
\ \ \ \
— —\ CO,Et — —
Ph CO,t-Bu Ph CO,Et Ph e} Ph Ac
CO,Et
(0]
3b: 52% 3c: 46% 3d: 40% 3e: 53% 3f- 52%
(GPC yield: 49%) (GPC yield: 39%) (GPC vyield: 32%) (GPC yield: 48%) (GPC yield: 44%)
MeOQC
CO,Et %0025 %0025 L§_>YCOQE’(
3g9: 53% 3h: 58% MeO,C 63% 3j: 48%
(GPC yield: 42%) (GPC yield: 48%) (GPC yleld 51%) (isolated yield: 53%)

Figure 1: Substrate scope of 1 and 2. 2Conducted at 80 °C for 24 h in MeCN with CuBr (10 mol %), 1,10-Phen (20 mol %), CsoCOj3 (4.0 equiv), Nal
(2.0 equiv), 1 (3.0 equiv) and 2 (1.0 equiv). Yields were determined by 'H NMR analysis.
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tert-butyl ester group reacted with 1a to produce 3b and 3¢ in
moderate yields. Bromomalonate, bromolactone, and bromoke-
tone derivatives resulted in the formation of 3d, 3e, and 3f in
40%, 53%, and 52% yield, respectively. Ortho and meta substi-
tuted arylalkynes 1 reacted with 2a to produce 3g and 3h, re-
spectively. An arylalkyne 1 possessing an electron-with-
drawing group (ester) yielded 3i without affecting the reactivity
of 2. Sulfur functional groups tend to decrease the catalytic ac-
tivity of copper salts, but thienyl-substituted alkyne 1 reacted
with 2a to produce 3j in 48% yield.

Although the exact reaction mechanism is currently unclear,
one possibility involves a radical pathway including cross-cou-
pling with an alkynyl copper species (Scheme 2). After the gen-
eration of A, addition of A to 1 takes place to give the radical
intermediate B. This then reacts with the Cu(Il) species to
produce intermediate C, with concomitant formation of a Cu(I)
species. The brominated intermediate C undergoes a cross-cou-
pling reaction with the alkynyl copper species to give the
desired product 3. We have detected brominated intermediate C
during the reaction. We have also examined the reaction be-
tween 3a-Br (intermediate C) and the alkynyl copper species
(1a-Cu) (Scheme 3). The result showed that 3a-Br reacted with
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the alkynyl copper species to produce the desired product 3a in
reasonable yield. This reaction should be a Sonogashira cou-
pling without a Pd catalyst [23,24,30].

Interestingly, if the reaction of 2a and electron-deficient alkyne
4a was performed under the conditions shown in Table 1, entry
9, the C-H cyclized product 5a was obtained instead of 3k. In
this case, an alkyl radical addition followed by C—H cyclization
via an alkenyl radical intermediate could be occur (Scheme 4).
A Pd-catalyzed cascade reaction (C—C bond formation/C-H
cyclization process) of N-arylpropynamide 4 for the prepara-
tion of indolinone derivatives 5 was previously reported by Li’s
group [34,35]. In another report on C—H cyclization by Lei’s
group, Ni-catalyzed aromatic C—H alkylation occurs via a
radical reaction [36]. Both cases were helpful in our develop-
ment of the current Cu-catalyzed cascade C—H cyclization

system.

After careful optimization, we found that Cul, 1,10-Phen,
Cy,NMe as a base, and 1,4-dioxane were effective for obtain-
ing the best yields of products 5 (Figure 2). In this examination,
product isolation was difficult because of the formation of
stereoisomers (E and Z stereoisomers of 5). The yields shown in

3
Ar Et0,C” “Br
N Br 0 2
Cu CO,Et Cu-X
1l
(1 Ar D
_ 1N
Ar—=—Cu Br—é}u—x EtOZC/;
Br CO,Et A
=
D
Ar Ar——
1
. AcozEt
Ar
B
Scheme 2: Proposed mechanism.
Br. CO5Et 1,10-phen (2 equiv) . Rr 179
W Nal (2 equiv) 3a:51%  3a-Br:17%
Ph Cs,CO3 (4 equiv)
3a-Br | = CO,Et
A MeCN 0.5 M K
Ph———Cu 80°C, 24 h Ph
1a-Cu: 1 equiv 3a-l: 16%

Scheme 3: Control experiment.
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/
>§(OEt N
Br conditions R H (0] [e)

O 2a (Table 1, entry 9) A
+ = OEt \
R — H R = -CONMePh R
PhMeN 4 3k: not detected CO,Et
° / 5a: 7%
N 4
() =0 :
-------------------- (A

Scheme 4: Reaction of 2a and 4a.

Figure 2 were including isomers (We also put yield of pure E-5  pounds 4 possessing MeO, F, and N-Et moieties as substrates
as an NMR yield.). Although the chemical yields of 5 were for the reaction; however, no big differences were observed.
moderate, the stereoselectivities in this reaction were good (the = The C-H cyclized products were not obtained from the reac-
major stereoisomers of 5 produced were E). We tested com-  tion of compound 4 if it did not possess an alkyl substituent on

pounds 2 possessing acyclic and cyclic structures and com-  the nitrogen atom of the amide bond.

Cul (10 mol %)
1,10-Phen (10 mol %)
2 + 4 5
1.0 equiv 3.0 equiv Cy,NMe (1.0 equiv)
1,4-dioxane, 100 °C, 20 h

yields of products 5

N/ N/ N/ N/
O 0] O (6]
\; Me \; F \; \
CO,Et

5a: 69% 5b: 63% 5¢c: 64% 5d: 54% ., . 5e:60%
(E:Z =90:10) (E:Z=955) —Ph  (E:Z=90:10) (E:z=946)  (47% 'S‘;_l_"’_‘tgd_yéi'%)of £-3e,

isolated yield: 70%®P isolated yield: 62% isolated yield: 63%® isolated yield: 58%P

/ ( I
N ° N
P 0
) \
COyMe 5 CO,Et
5f: 60% 5g: 59% 5h 64% 5i: 65%

(E:Z=92:8) (E:Z =90:10) (E:Z =90:10) (E:Z =95:5)
isolated yield: 62%P isolated yield: 60%P isolated yield: 62%P isolated yield: 73%P

Figure 2: Substrate scope of 2 and 4. 2Conducted at 100 °C for 20 h in 1,4-dioxane with Cul (10 mol %), 1,10-Phen (10 mol %), CyoNMe (1.0 equiv),
2 (1.0 equiv) and 4 (3.0 equiv). Yields were determined by 'H NMR analysis. PIncluding £ and Z isomers.
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Conclusion

In summary, we have developed two types of tandem reactions
catalyzed by a copper salt. The reaction of 2-bromocarbonyl
compounds and aryl-substituted alkynes underwent alkyl
radical addition at a C—C triple bond followed by Sonogashira
coupling to produce 1,3-enyne compounds. On the other hand,
the reaction with alkyne possessing a carboxamide moiety
underwent tandem alkyl radical addition at the C—C triple bond
followed by C-H coupling to produce indolinone derivatives.
These results could suggest new aspects of alkyne transformat-
ions in a copper catalyzed alkyl radical reaction system.

Supporting Information

Supporting Information File 1

Experimental procedures, compound characterization data,
and NMR spectra.
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A chiral phenol-NHC ligand enabled the copper-catalyzed enantioselective conjugate reduction of a,f-unsaturated esters. The

phenol moiety of the chiral NHC ligand played a critical role in producing the enantiomerically enriched products. The catalyst

worked well for various (Z)-isomer substrates. Opposite enantiomers were obtained from (Z)- and (E)-isomers, with a higher enan-

tiomeric excess from the (Z)-isomer.

Introduction

Since the leading work of Stryker and co-workers on triphenyl-
phosphine-stabilized copper hydride complexes [1,2], copper
hydrides have been widely used for conjugate reductions of a,f3-
unsaturated carbonyl compounds [3]. Especially a chiral copper
catalyst combined with a stoichiometric amount of a silane
reagent, which generated copper hydride in situ, has successful-
ly been utilized for enantioselective reactions with ,3-disubsti-
tuted a,B-unsaturated carbonyl compounds [4-11]. The
pioneering work of Buchwald and co-workers on the enantiose-
lective conjugate reduction of a,f-unsaturated esters using a
chiral p-tol-BINAP/copper catalyst established the excellent
utility of chiral bisphosphine ligands for this type of reaction

[4]. Surprisingly, however, chiral ligands based on N-hetero-
cyclic carbenes (NHCs) [12] have not been applied to the
conjugate reduction of a,B-unsaturated carbonyl compounds,
while an achiral NHC/copper catalyst has successfully been

utilized in this reaction [13].

Meanwhile, we devoted our effort to develop novel enantiose-
lective C—C bond formation reactions utilizing chiral
phenol-NHC/copper catalyst systems [14-18], in which the
phenol group of the NHC ligand plays crucial roles in both the
catalytic activity and stereoselectivity [19-21]. Notably, these

catalyst systems were also applicable for three-component
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coupling reactions using hydrosilanes as hydride reagents [17].
Based on this knowledge, we decided to investigate the
effects of the phenol-NHC ligand on the copper-catalyzed en-
antioselective conjugate reduction of a,fB-unsaturated esters
with hydrosilanes, placing a focus on (Z)-isomer substrates,
which generally gave slightly lower enantiomeric excess
with the chiral bisphosphines compared to the (E)-isomer sub-
strates.

Results and Discussion

Optimization

The initial investigation of the reaction conditions was carried
out with ethyl (Z)-3-phenylbut-2-enoate (1a) as a substrate

Beilstein J. Org. Chem. 2020, 16, 537-543.

(Table 1). When chiral NHC precursor L1-HBF, (10 mol %)
was used in combination with CuCl (10 mol %) and LiOz-Bu
(20 mol %) for the conjugate reduction of la with
diethoxymethylsilane (4 equiv) as a reductant and -AmOH
(1 equiv) as a protonation reagent in DMA as the solvent at
25 °C for 15 h, the product 2a was produced in 98% yield
('H NMR analysis) with a promising enantioselectivity of
69% ee (Table 1, entry 1). When the phenolic hydroxy group of
L1 was changed to a methoxy group (in L2), the enantioselec-
tivity drastically dropped to —10% ee, while the yield remained
99% (Table 1, entry 2). Similarly, N,N'-dimesityl-NHC L3,
which lacked an oxygen functionality in the N-aryl group,
showed poor enantioselectivity (9% ee) with high yield (99%

Table 1: Optimization of the copper-catalyzed enantioselective conjugate reduction of 1a.2

CuCl (10 mol %)
ligand (10 mol %)

Ph O

LiOt-Bu (20 mol %) Ph O

+ silane
MOEt

(4 equiv) DMA

alcohol (1 equiv) OEt

1a 25°C, 15 h 2a

N%/N
“BF, BF4

OH OMe
(S,S)-L1-HBF4

Do ek

)-L2-HBF,

)-L3-HBF,

SXp. B R

(S,S)-L4-HBF,

(S,S)-L5-HBF,4

(S,S)-L6-HBF,4

entry ligand silane alcohol yield (%) ee (%)
1 (S,S)-L1-HBF4 (EtO)oMeSiH t-AmOH 98 69
2 (S,S)-L2-HBF4 (EtO)oMeSiH t-AmOH 99 -10
3 (S,S)-L3-HBF4 (EtO)oMeSiH t-AmOH 99 9
4 (S,S)-L4-HBF4 (EtO)oMeSiH t-AmOH 97 90
5 (S.,S)-L5-HBF4 (EtO)o2MeSiH t-AmOH 99 26
6 (S,S)-L6-HBF4 (EtO)2MeSiH t-AmOH 97 58
7 (S,S)-L4-HBF4 (MeO),MeSiH t-AmOH 98 84
8 (S,S)-L4-HBF4 (TMSO)oMeSiH t-AmOH 94 71
9 (S,S)-L4-HBF4 (EtO)3SiH t-AmOH 0 -
10 (S,S)-L4-HBF4 PMHS t-AmOH 5 -
11 (S,S)-L4-HBF4 (EtO)oMeSiH t-BuOH 99 82
12 (S,S)-L4-HBF4 (EtO)2MeSiH iPrOH 7 -
13 (S,S)-L4-HBF4 (EtO)2MeSiH MeOH 4 -

aThe yield was determined by 'H NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. The enantiomeric excess (ee) was deter-

mined by HPLC analysis with a chiral stationary phase column CHIRALCEL® OD-H.
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yield, Table 1, entry 3). Thus, the hydroxy group of L1 was
essential for the enantioselectivity by the catalyst. When the
mesityl group of L1 was changed to a bulkier 2-Me-4,6-Cy;-
CgH, group in L4, the enantioselectivity was markedly im-
proved to 90% ee, with a high yield (97%, Table 1, entry 4). A
naphthol substituent on the nitrogen atom of the NHC (in LS
and L6) instead of the phenol substituent was not suitable,
giving significantly lower enantioselectivities (Table 1, entry 5,
99% yield, 26% ee; entry 6, 97% yield, 58% ee).

Further optimization of the conditions was conducted with L4.
Changing the silane group affected both the reactivity and
selectivity (Table 1, entries 7-10), while the replacement of the
ethoxy groups of (EtO),MeSiH with methoxy or trimethylsilyl-
oxy groups resulted in only moderate reductions in the enantio-
selectivity and high yields. At the same time, trialkoxysilane
(EtO)3SiH and polymeric silane PMHS gave only trace
amounts of the product.

Beilstein J. Org. Chem. 2020, 16, 537-543.

The nature of the alcoholic protonation reagent also had a
strong impact. The presence of a tertiary alcohol, --AmOH or
t-BuOH, was essential for the reaction to occur with a reason-
able yield, while iPrOH and MeOH markedly suppressed the
reaction (Table 1, entries 12 and 13). However, the bulkier
t-AmOH was superior to --BuOH in terms of enantioselectivity
(Table 1, entries 4 and 11).

Substrate scope

Having established optimized conditions for the reaction of 1a
(2a, 97% yield, 90% ee (R), Table 2, entry 1), the scope of a,f-
unsaturated carbonyl compounds was examined. Because the
separation of the product from silicon-based byproducts was
troublesome, the isolated yields were lower than the yields de-
termined by NMR spectroscopy (2a, 52%, Table 2, entry 1).

When (E)-1a was used as the substrate, the opposite enantio-
mer (S)-2a was obtained in >99% yield, with slightly lower en-

Table 2: Substrate scope of the copper-catalyzed enantioselective conjugate reduction.?

CuCl (10 mol %)
(S,S)-L4-HBF4 (10 mol %)

R' O - LiOt-Bu (20 mol %) R' O
+ t eSi
RzJ\/KX (Et0)2 t-AmOH (1 equiv) Rz’\/lkx
(4 equiv) DMA
1 25°C, 15h 2
entry substrate product yield (%) ee (%)
Ph O Ph O
1 Moa MOEt 97 (52) 90
1a 2a
I P
2 Ph " OEt OEt >99(75) 82
(E)-1a (S)-2a
Ph O Ph O
b
3 p-ToIMOEt p_ToIMOEt >99 (60) 75
1b 2b
OMe OMe
4 ):E 0 ? o >99 (44) 84
N 0Et OEt
1c 2c
F F
> )jz 0 ? 0 9 (74) 76
NN0Et OEt

2d
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Table 2: Substrate scope of the copper-catalyzed enantioselective conjugate reduction.? (continued)

CO,E CO,E
s s
gb.c g)?\ g)?\ >99 (75) 84
NN0Et OFt
1e 2e
Ph Ph
7 j\/‘i j\/‘i >99 (45) 85
N 0t Ot
11 2
Ph O Ph O
b,
gbe )\)J\OBn MOBn >99 (55) 70
1g 2g
Ph O Ph O
9 S~ Ao MOiPr >99 (79) 83
1h 2h
Ph O Ph O
- )\/U\N/OMe /'\/U\N/OMe 81 (59) 79

|
1i

|
2i

8The yields were determined by TH NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard. Isolated yields are shown in parentheses.

bt-BuOH was used instead of t-AmOH. ¢(EtO),MeSiH (1 equiv) was used.

antioselectivity (Table 2, entry 2, 82% ee (S) vs 90% ee (R) in
entry 1). The inversion of the absolute configuration of the
product depended on the E/Z geometry of the substrates, and
this was analogous to the reported results obtained with the
chiral bisphosphine ligand systems, while the observation of a
higher enantioselectivity for the (Z)-isomer substrate 1a was
characteristic for the phenol-NHC chiral ligand [4,6,8]. The
result suggested that the chiral catalyst may mainly discrimi-
nate the hydrogen atom and the ethoxycarbonyl group at the
a-position rather than the two substituents at the B-position. In
good agreement with this assumption is the reaction of sub-
strate 1b, carrying a phenyl group and a p-tolyl group as B-sub-
stituents, which seemed to be difficult for the catalyst to differ-
entiate, both sterically and electronically, affording the product
2b in good enantioselectivity (Table 2, entry 3, >99% yield,
75% ee).

Next, the effects of the f-substituent (R!) were examined. Both
electron-donating and -withdrawing substituents on the para-
position of the B-aryl substituent gave excellent reactivities and
good enantioselectivities (Table 2, entry 4, 2¢: >99% yield,
84% ee; entry 5, 2d: 96% yield, 76% ee). Further, a heteroaryl
substituent, 2-ethoxycarbonylthiophene, was tolerated (Table 2,
entry 6, 2e: >99% yield, 84% ee), and a B-alkyl-substituted
substrate 1f was also competent (entry 7, 2f: >99% yield,
85% ee).

The structure of the ester moiety affected the stereoselectivities:
Lower enantioselectivities were observed with benzyl ester 2g
(Table 2, entry 8, >99% yield, 70% ee) and isopropyl ester 2h
(Table 2, entry 9, >99% yield, 83% ee). In addition to the o,f-
unsaturated esters, an a,fB-unsaturated Weinreb amide 1i
afforded the corresponding product 2i with comparable results
(Table 2, entry 10, 81% yield, 79% ee).

Proposed catalytic cycle

Based on the experimental observations and previous know-
ledge of the catalysis of phenol-NHC chiral ligands [14-18], we
propose a catalytic cycle as shown in Scheme 1. LiO#-Bu
abstracts the two protons of the acidic imidazolium C-H and
phenol O-H groups of the L4-HBF, adduct in the presence of
CuCl to generate a phenoxy copper(I) species A. As a result, all
LiOz-Bu (20 mol %) is consumed in this step. Thus, the system
is neutral. Transmetalation between A and (EtO),MeSiH
produces the copper hydride species B. This transmetalation
adds the silyl group to the phenoxy oxygen atom of the NHC
ligand. The coordination of an a,f-unsaturated carbonyl com-
pound 1 to the copper atom occurs in such a way that the bulky
O-silyl group of the copper catalyst can avoid steric repulsions
with the alkoxycarbonyl group of the substrate 1, forming
m-complex C, and thus explaining the marked influence of the
hydrosilane structure on the enantioselectivity. During this

stereodetermining step, coordination of the phenoxy oxygen
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Scheme 1: Proposed catalytic cycle.

atom to the copper atom may render the chiral environment
better defined. Then, the m-complex C undergoes 1,4-
hydrocupration to afford copper enolate D. During our initial
investigations, we observed configurational isomerization from
1a to (E)-1a when the reaction was conducted in the absence of
alcoholic protonation reagents. This observation implied that
the 1,4-hydrocupration step (C to D) is reversible. Finally, pro-
tonation of D by 7-AmOH gives the product 2 and silyl ether
(EtO),MeSiOr-Am, regenerating the phenoxy copper(I) com-
plex A. Due to the reversibility of the 1,4-hydrocupration, the
choice of the alcoholic protonation reagent affects both the re-

activity and enantioselectivity.

Conclusion

A chiral phenol-NHC ligand efficiently promoted the enantio-
selective conjugate reduction of a,B-unsaturated esters with a
hydrosilane. To the best of our knowledge, this is the first
demonstration of the applicability of chiral NHC ligands in
Cu-catalyzed enantioselective conjugate reductions. The
phenolic N-substituent of the chiral NHC ligand was essential
for the high enantioselectivity. Good enantioselectivities were
observed for the various (Z)-configured substrates with differ-
ent B-substituents. Further investigations on the catalyst
development based on this knowledge are ongoing in our labo-

ratory.

J*CT

Beilstein J. Org. Chem. 2020, 16, 537-543.

)@L

(EtO),MeSiH
@/ Cy
EtO-Si H B
EtOe

Experimental

A typical procedure for the copper-catalyzed enantioselec-
tive conjugate reduction (Table 1, entry 4; Table 2, entry 1):
In a glove box, CuCl (1.5 mg, 0.015 mmol), L4-HBF, (9.8 mg,
0.015 mmol), and LiOz-Bu (2.4 mg, 0.03 mmol) were placed in
a vial containing a magnetic stirring bar. The vial was sealed
with a teflon-coated silicon rubber septum. N,N-Dimethylacet-
amide (0.90 mL) was added to the vial, and then the mixture
was stirred at room temperature for 5 min. Next, --AmOH
(16.3 uL, 0.15 mmol) was added, and the vial was taken out of
the glove box. To the reaction mixture was added 1a (28.5 mg,
0.15 mmol). After stirring for 5 min at room temperature,
diethoxymethylsilane (101 pL, 0.60 mmol) was added to the
mixture. After stirring for 15 h at 25 °C, the reaction mixture
was diluted with diethyl ether (1.0 mL) and quenched with H,O
(0.6 mL). The organic layer was separated, and the aqueous
layer was extracted three times with diethyl ether. The com-
bined organic layer was filtered through a short plug of silica
gel by using diethyl ether as an eluent. After the solvent was re-
moved under reduced pressure, the yield of the product was de-
termined to be 97% by 'H NMR analysis with 1,1,2,2-tetra-
chloroethane as an internal standard. After a rough purification
of the crude product by silica gel chromatography (eluent: O to
1% EtOAc/hexane), the collected residue was further purified
by GPC (eluent: CHCl3) to afford the pure product 2a as color-
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less oil (15.1 mg, 52% yield, 90% ee). 'H NMR (400 MHz,
CDCl3) 8 1.17 (t, J = 7.2 Hz, 3H), 1.29 (d, J = 7.2 Hz, 3H),
2.50-2.63 (m, 2H), 3.27 (sext, J = 7.2 Hz, 1H), 4.06 (q, J =
7.2 Hz, 2H), 7.16-7.22 (m, 3H), 7.28 (t, J = 7.2 Hz, 2H);
13C NMR (100.5 Hz, CDCl3) & 14.1, 21.7, 36.4, 42.9, 60.2,
126.3, 126.7, 128.4, 145.6, 172.3; [a]lp273 -23.2 (¢ 1.25,
CHCl3). The spectral data matched those reported in the litera-
ture [22].

The ee value was determined by HPLC analysis with a chiral
stationary column CHIRALCEL® OD-H (Daicel Chemical
Industries, 4.6 mm, 250 mm, hexane/2-propanol, 98:2, v/v,
0.5 mL/min, 40 °C, 220 nm UV detector, retention time =
9.1 min for the (R)-isomer and 13.3 min for the (S)-isomer).
The absolute configuration of 2a was assigned by the compari-
son of the optical rotation with the same compound prepared by
a reported method [4].

Supporting Information

Supporting Information File 1

Experimental procedures, characterization data, HPLC
charts, and NMR spectra ('H, 13C) for the new compounds.
[https://www .beilstein-journals.org/bjoc/content/
supplementary/1860-5397-16-50-S1.pdf]
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Copper catalysis allows the direct oxygen alkenylation of dialkyl phosphonates with alkenyl(aryl)iodonium salts with selective

transfer of the alkenyl group. This novel methodology proceeds with a wide range of phosphonates under mild conditions and gives

straightforward access to valuable enol phosphonates in very good yields.

Introduction

Organophosphorus compounds represent an important class of
products with a wide range of applications in biology, agricul-
ture and synthetic organic chemistry [1-3]. In particular,
O-alkenyl phosphonate esters (i.e., enol phosphonates) have
been described as potent insecticides and show antifungal activ-
ity [4]. While several methods are available for the preparation
of cyclic enol phosphonates [5-10], the synthesis of the acyclic
counterparts has received less attention. Current methodologies
for the synthesis of acyclic mixed enol phosphonates include
the Perkow-type reaction between phosphonites and a-halocar-
bonyl compounds [11], the mercury-catalyzed addition of phos-
phonic acid monoesters to terminal alkynes [12,13] and multi-
step procedures involving a Mitsunobu reaction between

2-hydroxyalkyl phenyl selenides and phosphonic acid

monoesters followed by an oxidation/elimination step [14] or
reaction of an enolate with a phosphonic dichloride and subse-
quent treatment with an alcohol [15] (Scheme 1a). However,
these procedures are subject to selectivity problems, involve
toxic and hazardous materials or are limited to the restricted
availability of the corresponding phosphorus reagents. There-
fore, the development of alternative methods for the synthesis

of acyclic enol phosphonates is highly desirable.

Diaryliodonium and aryl(alkenyl)iodonium salts, which are air-
and moisture-stable, nontoxic and easy to prepare compounds,
have become efficient reagents for mild and selective arylation
and alkenylation reactions in organic synthesis [16-18]. In par-

ticular, the use of these hypervalent iodine reagents in copper
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Scheme 1: Synthesis of mixed alkyl alkenyl phosphonates.

catalysis has allowed to perform a wide range of previously
unknown synthetic transformations [19-29]. In these reactions,
aryl(vinyl)Cu(III) species [30,31] have been proposed as key
intermediates to undergo reactions with a variety of nucleo-
philes. Fafiands-Mastral and Feringa recently reported a catalyt-
ic method for the synthesis of mixed alkyl aryl phosphonates
based on a copper-catalyzed arylation of phosphonates with
diaryliodonium salts [32]. Encouraged by this work, in the
context of an electrophilic alkenylation of phosphonates, we
reasoned that the action of a copper catalyst on an
alkenyl(aryl)iodonium salt [33,34] would generate an
alkenyl—copper(IIl) species which might undergo nucleophilic
attack of the Lewis-basic oxygen of a dialkyl phosphonate. The

resulting phosphonium-like intermediate would evolve by

Arbuzov-type substitution of one of the alkyl groups, and final
reductive elimination would form the new C(sp?)—O bond, pro-
viding an acyclic enol phosphonate with concomitant regenera-
tion of the Cu(l) catalyst (Scheme 1b). Herein we report the
successful realization of such a copper-catalyzed oxygen-
alkenylation strategy and show that a range of readily available,
dialkyl phosphonates and alkenyl(aryl)iodonium salts can be
combined to form enol phosphonates in high yield and excel-

lent selectivity.

Results and Discussion
We started our studies by investigating the reaction between
diethyl phosphonate 1a and styryl(mesityl)iodonium triflate (2a,

Table 1). We first run the reaction under the conditions re-
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Table 1: Optimization studies@.

n-Bu oTf
o 2L Q)
EtO

1a 2a
entry 2a (equiv) [Cu]
1 1.5 CuCl
2 1.5 CuCl
3 1.5 CuOTf-PhCH3
4 1.5 Cu(OTf)o
5 1.5 Cul
6 1.5 CuTC
7 2 CuTC
8 2 -
gd 2 CuTC
108 2¢ CuTC

Beilstein J. Org. Chem. 2020, 16, 611-615.

[Cu] (10 mol %)
dtbpy (1 equiv)

-Bu
Eto. "
P\ /\/@
Z2N0) X

CH,Cly (0.1 M) 4
T (°C)
3a
T (°C) conv (%)° 3a (%)P
40 42 34
50 63 53
50 32 25
50 65 60
50 50 50
50 75 69
50 full 82 (78)°
50 - -
50 10 5
50 30 15

aReactions run on a 0.2 mmol scale; PDetermined by 'H NMR using 1,3,5-trimethoxybenzene as internal standard. CYield of isolated product shown in
brackets. 9Reaction run in the absence of dtopy. eStyryl(phenyl)iodonium triflate used instead of 2a.

ported for the copper-catalyzed O-arylation of phosphonates
(CuCl as catalyst, 2,6-di-tert-butylpyridine (dtbpy) as additive
in dichloromethane at 40 °C) [32]. Under those conditions, enol
phosphonate 3a was the only product of the reaction, although
low conversion and yield were observed (Table 1, entry 1). A
screening of copper complexes at a higher temperature (50 °C)
revealed that CuTC (TC = thiophene-2-carboxylate) is the most
efficient catalyst for this transformation (Table 1, entries 2-6).
Finally, by using 2 equiv of 2a full conversion was achieved
and enol phosphonate 3a was isolated in 78% yield with full
selectivity towards the monoalkenylation product (Table 1,
entry 7). Importantly, no reaction was observed in the absence
of copper catalyst (Table 1, entry 8), while the absence of dtbpy
led to a minimal conversion (Table 1, entry 9). The structure of
the alkenyliodonium salt also plays an important role in the
outcome of the reaction since the use of a phenyl group instead
of the mesityl ligand caused a dramatic decrease in conversion
and reaction yield likely due to a faster decomposition of the
salt (Table 1, entry 10).

Having established optimized conditions for the copper-cata-
lyzed O-alkenylation of phosphonates, we set out to investigate
the scope of the reaction (Scheme 2). This catalytic transformat-
ion proved to be very efficient for several diethyl phosphonates
bearing alkyl, benzyl and aryl groups providing in all cases the
corresponding enol phosphonates 3a—d in good yields. Impor-
tantly, no double alkenylation product was observed in any

case. Benzyl and alkyl diethyl phosphonates bearing halide

groups also worked well and led to enol phosphonates 3e and 3f
in good yields without any traces of side products. An acetal-
protected aldehyde could also be used providing enol phos-
phonate 3g in 52% yield. In this case, prolonged reaction times
led to partial evolution of 3g into enol ether 4. This transformat-
ion may be explained by an acid-mediated elimination of
ethanol likely caused by trace formation of triflic acid via de-
composition of ethyl triflate. As a limitation, substrates bearing
a vinyl substituent or an enolizable ester group did not give any
conversion. This methodology is also applicable to other dialkyl
phosphonates as illustrated by the synthesis of enol phos-
phonates 3j, 3k and 3l. Interestingly, the copper-catalyzed
alkenylation of phosphonates followed the same reactivity trend
as the one described for the arylation reaction [32] with the
diisopropyl phosphonates being more efficient than the
dimethyl phosphonate esters. It is also important to remark that,
in sharp contrast to the copper-catalyzed reaction between
H-phosphonates and vinyliodonium salts described by Eustache
and co-workers [35], no formation of the P-alkenylation prod-
uct was observed in any case.

Different alkenyliodonium salts were also used for this transfor-
mation. Styryl(mesityl)iodonium salts bearing both electron-
donating and electron-withdrawing substituents worked well
and allowed access to the corresponding enol phosphonates
3m-p in very good yields. Importantly, the bulky mesityl
ligand allowed the selective transfer of the alkenyl group in

all cases. In sharp contrast, no alkenylation product was ob-
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Scheme 2: Scope of the copper-catalyzed alkenylation of dialkyl phosphonates. Reactions run on a 0.2 mmol scale. Yields refer to isolated pure

products. 2Reaction time = 10 h. PWhen reaction was stirred over 18 h a 3g:4 mixture was obtained in a 1:1 ratio.

served when alkenyliodonium salts bearing aliphatic substitu-
ents were used likely due to a faster decomposition of the salt
[36,37].

Conclusion

In summary, we have developed an efficient copper-catalyzed
oxygen alkenylation of dialkyl phosphonates with
alkenyl(aryl)iodonium salts. The reaction proceeds under mild
conditions, with excellent levels of selectivity and affords
acyclic enol phosphonates in high yields. We believe that the

reaction occurs through the formation of a high valent

alkenyl—copper(Ill) species which gets attacked by the phos-
phoryl oxygen of the phosphonate.

Supporting Information

Supporting Information File 1

Experimental procedures and characterization data of enol
phosphonates 3.
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Numerous reactions generating C—Si and C—B bonds are in focus owing to the importance of incorporating silicon or boron into

new or existing drugs, in addition to their use as building blocks in cross-coupling reactions en route to various targets of both

natural and unnatural origins. In this review, recent protocols relying on copper-catalyzed sp> carbon—silicon and carbon—boron

bond-forming reactions are discussed.

Introduction

Transition-metal-catalyzed silylation and borylation are useful
transformations [1], widely studied because organosilicon [2,3]
and organoboron compounds [4] are common partners in a
variety of important cross-coupling reactions. They are also
especially valuable precursors to other functional groups such
as organic halides, alcohols [5-7], etc. Moreover, recent drug
discovery efforts have shifted towards the incorporation of
these non-natural functional groups into existing or new drugs.
Examples include the incorporation of silicon bioisosteres that
help increase lipophilicity, subsequently altering the existing
metabolic pathway of a drug due to differences in its physico-

chemical properties [8]. On the other hand, the trigonal planar

nature of boron can lead to dative bond formation with en-
zymes, and therefore increase binding affinity. As shown in
Scheme 1, several silicon [9-12] and boron-containing [13-16]
drugs have already entered the market, or are currently in the
drug development pipeline. As the number of drugs containing
these functional groups continues to increase, new synthetic
pathways for their inclusion will surely attract synthetic organic
chemists, as well challenge them to consider both existing ap-
proaches and developing new reactions.

Many recent reviews already cover the syntheses and applica-

tions of organosilicon [17-20] and organoboron [21-24] com-
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Scheme 1: Pharmaceuticals possessing a silicon or boron atom.

pounds (i.e., C(sp3)—Si and C(sp3)—B). Nonetheless, consid-
ering the extent of their use and their increasing popularity in
the pharmaceutical industry, as well as the significant growth in
the development of Cu-catalyzed processes applied to their syn-
theses, a review on this subject seems quite timely. Therefore,
we will focus on highlights of the past 5-6 years in this area,
dividing the document into two sections: C—Si and C-B bond

formation.

Review

Cu-catalyzed C-Si bond formation

1.1 Substitution reactions

Alkylsilanes are an interesting class of substrates for medicinal
and polymer chemistry. Nevertheless, they can be transformed
into a variety of building blocks for subsequent use in complex
molecule synthesis. The first example of a copper-catalyzed
C(sp?)-Si bond formation was reported by Oshima and
co-workers in 1984 [25]. In an attempt to determine the exis-
tence of radical behavior of PhMe,Si-MgMe (2), they studied

Cul (5 mol %)

CiHog X+  PhMe,Si-MgMe
1 2

THF,0°Ctort

Scheme 2: The first Cu-catalyzed C(sp®)—Si bond formation.
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t-Bu

Si-terfenadine-A

Ph
Q H
[Nj)J\N N._-B(OH),
H
N/ O \(Me

Me
bortezomib

the reaction of this Grignard reagent with dodecyl tosylate (1,
X = OTs), which led to the formation of dodecyl silane 3 (20%)
along with tridecane 4 (3%) and dodecane 5 (36%). Similarly,
dodecyl bromide (1, X = Br) led to the same three products in
22%, 10%, and 24% yields, respectively (Scheme 2).

Later, a far higher yielding C—Si bond formation (66%) was de-
veloped by Hayashi [26]. More precisely, they used a catalytic
amount of the complex formed from CuCl and NHC ligand L1,
together with Suginome’s reagent (7), to successfully convert
benzyl phosphate 6 to benzylic silanes 8. Curiously, the reac-
tion proceeded even in the absence of a ligand, albeit with lower
yield (25%; Scheme 3). However, only one example was re-
ported and a more general method for the preparation of alkylsi-
lanes was developed by the Oestreich group in 2016 [27]. The
reaction could be performed using CuCN as catalyst in the
absence of a ligand. A wide variety of triflates 9, including
some containing a remote tosylate, bromide, alkene, or alkyne
functionality, afforded the desired alkylsilanes 10-16 in fair to

C11H23/4\CH3

Ci1Hog” SiMe,Ph + +
H
3 C11H23/C 3
X 3 4 5 3
OTs 20% 3% 36%
Br 22% 10% 24%
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CuCl (5 mol %)

0, L1 (5.5 mol %)
PN /P\/OEt + PhMe,SiBpin
Ph™ O™ okt NaO-t-Bu
6 THF, 15°C, 1h

Scheme 3: Conversion of benzylic phosphate 6 to the corresponding silane.

good yields (Scheme 4). It should be mentioned that secondary
triflates or halides are not suitable for this transformation, since

they lead to products resulting from fast f-elimination.

Considering this limitation, they designed alkyl triflates stabi-
lized by a strong electron-withdrawing group (EWG) directly

R"NOTf + PhMe,SiBpin

CuCN (5 mol %)

Beilstein J. Org. Chem. 2020, 16, 691-737.

e

PF §

S
L1

I

I

N : N@N
Ph~ “SiMe,Ph |
I

I

I

I

8; 66%

attached to the triflate bearing carbon. In this way, different
classes of substrates bearing either a nitrile (17) or ethyl ester
(21) easily underwent conversion to the corresponding silylated
products 18-20 in moderate to good yields (Scheme 5). This
method was extended to the use of enantiomerically pure sub-
strates, and as expected, inversion of configuration occurred at

“SiMe,Ph

NaO-t-Bu
THF,

0°Ctort,1h 10-16

TBDM B TsO
n-Hept” “SiMe,Ph SOMG/\SiMeZPh " siMesPh o Y SiMe,Ph

10; 99% from OTf 11;87% 12; 65% 13; 68%
0% from OP(O)(OEt), Ph
N N~
A5 A5
A" 8iMe,Ph \/\SiMezPh SiMe,Ph
14; 40% 15; 75% 16; 29%
Scheme 4: Conversion of alkyl triflates to alkylsilanes.
COOEt COOEt
CN CN R(s) OTf RR)'SiMe,Ph
CuCl (5 mol % PhMe,SiBpin
R)\OTf +  PhMe,SiBpin _CuclEmal%) R/kSiMegPh 21 CUCN (5 mol %) 22123
NaO-t-Bu NaO-t-Bu
7o 7 THF,0°Ctort, 2-3h 1820 N THF,0°Ctort, 2-3 h )C\N

CN CN CN R%,{;"OTf R7(s) SiMe,Ph

Ph/\)\SiMezPh SiMe,Ph SiMe,Ph 17 18/19
(o] O\ N_ .~ |7 T T T T T T T T T s T s s s s

he COOEt COOEt
0 .
18; 68% 19; 49% 74 20; 82% Ph "SiMe,Ph SiMe,Ph
(R)-22; 41% (R)-23; 30%
93% ee 97% ee
CN CN
Ph/\)\SiMezPh SiMe,Ph
o)

(S)-18; 73% (S)-19; 40%

Scheme 5: Conversion of secondary alkyl triflates to alkylsilanes.

97% ee

95% ee
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the stereogenic carbon centers, where an S-configured substrate
led to an (R)-product (22/23), and vice versa (18/19) [28].

While the mechanism for the above two protocols are essen-
tially ionic, an alternative method was reported by Oestreich
[29] for the synthesis of secondary (26—28) and tertiary (29)
silanes via a radical pathway, in good chemical yields
(Scheme 6). It was possible to perform this reaction on a wide
array of alkyl iodides using various silylating reagents. One
selected application of this reaction, which also supports a
radical mechanism, is depicted in Scheme 7. Here, an interme-
diate radical could easily be intercepted by a tethered alkene in
30 leading to a 5-exo-trig cyclization and hence, the formation
of a 5-membered ring as found in products 31-33. The forma-
tion of, e.g., compound 34, suggested that a specific geometry
of the tethered alkene is required, as no 6-membered ring for-
mation was observed. Interestingly, Cardenas’ precursor 35 [30]

Beilstein J. Org. Chem. 2020, 16, 691-737.

led, after a cascade of reactions, to the formation of compound
36. Computational as well as experimental studies suggested
that the ligand and thiocyanate anion both play specific roles in
the generation of an active Cu species able to trap the Si-Li
(previously formed by reaction of LiO-z-Bu(THF)3; with
PhMe,Si-Bpin; other atoms on Si and Li were omitted for
clarity). The resultant Cu—Si species may then form a dative
bond with the alkyl iodide leading to an electron transfer to the
iodine atom, thereby liberating iodide, an alkyl radical, and a
radical cation of the Cu complex. Recombination of the latter
radicals leads to the formation of the desired silane along with
the regeneration of the active Cu species (Scheme 8).

This strategy was also explored on redox-active alkyl esters
derived from N-hydroxyphthalimide (NHPI, 37), in which case
the reactions proceeded through a similar radical pathway due
to, in part, the alkyl radical surrogate nature of the NHPI esters.

CuSCN (10 mol %)

rR2 R® dtbpy (10 mol % R2 R3
M+ ReSiBpin Py { )

R LiO-t-Bu R' “SiR;
24 25 THF/DMF 9:1, rt 26-29

Csz/j\ Ph/NJ\
~ SiEts SiMe,Ph @\SiMezPh

SiMe,Ph

26; 89%
dr=1:1

Scheme 6: Conversion of alkyl iodides to alkylsilanes.

.\”O X + PhMe,SiBpin LiO-t-Bu
THF/DMF 9:1, rt
30 7
PhMe,Si dSiMezPh !
o O/\/\
N |
Ts .
31,n=1;79%, dr>98:2 33;42% 34, m=2;50% I
32, n = 2; 56%, dr > 98:2 dr:1:1

Scheme 7: Trapping of intermediate radical through cascade reaction.

27, 74%

28;74% 29; 72%

CuSCN (10 mol %)
dtbpy (10 mol %)

36; 43%
dr =43:20:20:17
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o RI I
Si-Li .
CuSCN _ R
v ZSCN_ [dtbpy),Cult = (dtbpy),Cu—Si N AL (dtbpy),Cu-tSi
(dtbpy)
F R-Si
[(dtbpy)>Cu]*

Scheme 8: Radical pathway for conversion of alkyl iodides to alkylsilanes.

The radical generated via decarboxylation of these esters is
easily trapped by the in situ-formed Cu-Si species leading ulti-
mately to the formation of the desired C-Si bond. This process
could be applied to a variety of substrates leading to the desired
products 29 and 38-40 (Scheme 9) [31].

This silylation reaction was also performed on geminal dibro-
mides 41. In such cases, both bromides were replaced by silyl
groups. The reaction supposedly occurred partly via ionic sily-
lation (of the first bromide), and partly via a radical pathway
(silylation of the second bromide), effected by the presence of
catalytic amounts of CuBr-SMe, along with dtbpy as ligand.
Whatever the mechanism(s), a variety of substrates were suit-

able for this transformation, giving the desired products 42—44

in good chemical yields (Scheme 10) [32].

1.2 Additions to imines

Among the very first studies on Cu-catalyzed additions to
imines one can include the work of Moeller and co-workers
published in 2002 in which they performed 1,2-additions of a
silyl moiety to iminium ions [33], based on earlier work using
silyllithium intermediates [34]. More recently, the Oestreich
group described a more general method for the addition of silyl
moieties to aldimines or ketimines 45 using 5 mol % CuCN
together with Suginome’s PhMe,Si-BPin [35] as a silicon pro-
nucleophile (Scheme 11A) [36]. The mechanism followed the

R2 R3 0 CuTC (10 mol %) R2 R3 O-Cu*
oL dtbpy/PCys (10 mol %) S m
RTOCTON + PhMe,SiBpin R™ > SiMe,Ph § %
& NaOEY/LiO-t-Bu e
o THF/NMP 9:1, 1t
e — |
37 NHPI 7 29, 38-40
o ™
SiMe,Ph
NEt, NHBoc ) !
iPr” > SiMe,Ph SiMe,Ph . SiMe,Ph
2 2 0 2
38; 66% 39; 51% 40; 46% 29; 40%

Scheme 9: Conversion of alkyl ester of N-hydroxyphthalimide to alkylsilanes.

CuBr-SMe; (20 mol %)

Br dtbpy (20 mol %) SiMe,Ph
I+ PhMe;SiBpin
R™ "Br LiO-t-Bu R” “SiMe,Ph
THF/DMSO 9:1
41 7 0°Ctort 42-44
SiMe,Ph SiMe,Ph SiMe,Ph
MeS SiMe,Ph 7 SiMeyPh Ph™ “SiMe,Ph
42;81% 43; 57% 44; 21%

Scheme 10: Conversion of gem-dibromides to bis-silylalkanes.
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I
(A) : (B)
| R:i
! NH
I CuCN + NaOMe
1 R‘1 R2
CuCN (5.0 mol %) | SIPh(Me)
PhMe,SiBpin  NaOMe (10 mol %) R3 I 2
22PN MeOH (4.0 equiv) NH ! Cu- ?Me
7 JT ! ‘\'
° 1 R2 , A\
* THR 07¢ R SiMe,Ph ! Me,PhSi—Bpin
N 46 | M—e’& ’
! | _Cu
R1J\R2 | N.\/ Cu- OMe
45 I R1JTR2 Si—B
\ SiPh(Me), M
R = alkyl, aryl X R ~ /R3
I i
R2 = H, alkyl, aryl ! >_ 45
R3 = Ts, Ph,P(0), Boc, ! R2
Ph, Bn, (Ph),CH ! S_ch
! n B-OMe

Scheme 11: Conversion of imines to a-silylated amines (A) and the reaction pathway (B).

expected pathway involving transmetallation from boron to
copper to form the corresponding Cu—Si species III. This inter-
mediate then adds to the imine 45 to give intermediate IV,
which after undergoing proto-demetallation afforded the final
product 46 (Scheme 11B).

Initially, the reaction was limited to the generation of racemic
products. Ultimately, optimization using McQuade’s six mem-
bered N-heterocyclic carbene (NHC) L2 [37] in combination
with CuCl led to conditions applicable to different types of
aldimines 47 to give both good chemical yields and enantiose-
lectivities associated with products 48—51 (Scheme 12). Howev-
er, these additions were not applicable to neutral imines or
ketimines — they are best performed on activated imines (e.g.,
N-sulfonyl imines) [38].

L2-CuCl (5.0 mol %)

The same year, Sato and co-workers [39] used a comparatively
simple ligand to perform asymmetric silylations of imines. Dif-
ferent ethylenediamine-based ligands (L.3-L5) were screened
from which L3 proved to give even better yields and ees
(Scheme 13). The use of this ligand was explored with other
substrates 56 and found to give excellent chemical yields with
good enantioselectivities for products 57-59 (Scheme 14).
Interestingly, this approach could be extended to the synthesis
of amino acids using cesium fluoride in the presence of CO; gas
to afford 60 and 61. From the representative examples shown
below, it appears that a-amino esters could be obtained in excel-

lent chemical yields with little erosion in enantiopurity.

Similar work was described by Zhao et al. using a C1-symmet-
ric chiral NHC ligand L6 together with catalytic amounts of

Ts.y  NaOMe (10mol %)  "S*NH
)l\ + PhMe,SiBpin )
R™H Fl20 oT toluene R”(r}"SiMe,Ph
47 7 48-51
Me
Me
R =p-CICgH,s 48; 63%, 95% ee
L2-CuCl = N 0-MeCgHs 49; 83%, 98% ee
Me cyclohexyl 50; 32%, 85% ee
CICu™ SN isopropyl  51; 65%, 52% ee
N
Ph"
Ph

Scheme 12: Conversion of N-tosylimines to a-silylated amines.
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screening of ligands

N4

N 7( + PhMe,SiBpin
PN

(CuOTf),-PhH (10.0 mol %)
L (20 mol %)

iPrOH (2.0 equiv)

O\\ 4

.S
e
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t-BuSO,NH, 54
volatile
PhCHO

P H DME, 30 °C, 2 h Ph’ () SiMe,Ph
52 7 53
EtHN  NHE
EtHN  NHEt \
(R) }—(R)
Ph  Ph
L3

93% yield; 83% ee

Scheme 13: Screening of diamine ligands.

(CuOTf),-PhH (10.0 mol %)

86% yield; -82% ee

83% yield; —=78% ee
54 = 2%; 55 = 6%

i) CsF (5.0 equiv)

). L3 (20 mol %) Q. CO, (1 atm) Q.0
N/SW PhSiMe,Bpin (1.2 equiv) HN/S DMF HN/S7(
)|\ 2,6-xylenol (2.0 equiv) H ii) TMSCHN,, (5.0 equiv) H
R™H DME, 30 °C, 2-3 h R/(,%SiMegPh Et,0/ MeOH R” >COOMe
56 57-59 60/61
S //O Y /,O \\S/,

o) o)

S S
e e

/©/\SiMe2Ph C/\SiMeQPh
cl S

57; 81%, 97% ee 58; 97%, 83% ee

Ph SiMe,Ph

59; 76%, 92% ee

61; 99%, 85% ee

Scheme 14: Conversion of N-tert-butylsulfonylimines to a-silylated amines.

CuCl. Here again, reactions could be performed on numerous
albeit activated aldimines 62, failing to use unactivated educts
[40]. Likewise, the a-silylated sulfonamide 67 was obtained in
modest ee, although the chemical yield of the transformation
was very low (15%). Changing the protecting group from Ts to
methyl (68) or Boc (70) in the aldimine series did not alter

yields or ees significantly. However, with the aniline derivative

69 (R = Ph on nitrogen), the ee dropped precipitously
(Scheme 15).

Chen et al. used a paracyclophane-based NHC ligand, along
with Cu,O, to perform similar asymmetric 1,2-silyl additions
onto activated imines. For several substrates (47) studied, the

chemical yields were higher than in previously reported reac-
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€]
Py BFa
L6 (5.5 mol %) «Ph )\‘,‘«PhRS
), S CuCl (5 mol %) 0,0 QN\\@N
_S. — NaO-t-Bu (11 mol %) S, ]
Tol + PhMe,SiBpin HN  Tol
| toluene, -78 °C, 2.0 h R2 R4
Ph Ph SiMe,Ph
62 7 63 L6; R' = H; R2, R3 R* = Me;
75% vyield; 97% ee
o\\ /,O \Y2 N N
/S\ /S\ N PN R\
HN  Tol HN  Tol HN  Tol HN  Tol NH
SiMe,Ph I SiMe,Ph  Ph SiMe,Ph SiMe,Ph Ph™ “SiMe,Ph
Br /N 68, R = Me; 75%, 97% ee

64; 83%, 99% ee 65; 75%, 93% ee

Scheme 15: Conversion of aldimines to nonracemic a-silylated amines.

tions, along with higher ees (Scheme 16, left). Although the
synthesis of the ligand was somewhat tedious, the reaction
proceeded in shorter reaction times [41]. Another approach, also
shown below (Scheme 16, right), involves a metal-free back-
ground reaction. This represents the first example done in a
water/THF solvent system at room temperature, giving moder-

ate chemical yields and ees. It has been proposed that the ligand

66; 83%, 92% ee

69, R=Ph; 37%, 13% ee

67; 15%, 69% ee 70, R = Boc; 85%, 88% ee

itself acts as an organocatalyst, eliminating the need for
copper catalyst.

1.3 Additions to aldehydes

The Oestreich group [42] described NHC-Cu (74)/base 1,2-
additions at room temperature of silicon pro-nucleophiles onto
aldehydes 81 leading to racemic silyl alcohols 82-87

NG

S c—~N O
N" ol | r\'E —
o e
47
X F (SL; )
PhSiMe,Bpin P
7
L7 (5 mol %) L7 (5 mol %)
Cu,0 (2.5 mol %) DBU (20 mol %)
NaOMe (1.5 equiv) H,O/THF (1:1)
toluene, 0 °C, 15 min 22°C,2h
\ 7/ O\\ 4
S, S,
HN™ “Tol HN  Tol
R” > siMe,Ph R” > siMe,Ph
R=4-Cl-CgH,  48;99%, 96% ee R=4-Cl-CgH,  48;89%, 57% ee

2-OMe-CgHy 49; 94%, 93% ee

1-naphthyl 71; 99%, 98% ee
4-Me-CgHy  72; 97%, 92% ee
cyclohexyl 50; 97%, 87% ee
tert-butyl 73; 95%, 93% ee

Scheme 16: Conversion of N-tosylimines to a-silylated amines.

2-OMe-CgHs 49; 90%, 58% ee

1-naphthyl 71; 83%, 54% ee
4-Me-CgHy  72; 89%, 41% ee
cyclohexyl 50; 76%, 45% ee
tert-butyl 73; 92%, 30% ee
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(Scheme 17B). A detailed mechanistic study revealed that a
Cu-Si species is involved, giving intermediate 77, which subse-
quently undergoes fast Brook rearrangement to form a C-Cu
bond-containing intermediate 78 (Scheme 17A). The O—-Cu
intermediate 77 can be intercepted either by PhMe,SiBpin or
methanol to give the silylated O-Bpin product 79 or silyl
alcohol 80, respectively. Interestingly, it was eventually real-
ized that the use of the NHC ligand is not required if CuCN is
used as the catalyst. Under such conditions, the desired product
could be obtained faster than when the NHC was used. Howev-
er, aldehydes containing reactive functional groups, as in
85-87, gave none of the desired product with either CuCN or
the Cu—NHC complex 74.

On the other hand, Ohmiya and co-workers envisioned
inverting the polarity of an aldehyde 81 via conversion into the
corresponding a-alkoxyalkyl Cu(I) anion 78. Utilizing 78,
which undergoes transmetallation to an initially formed Pd(II)
intermediate (from oxidative addition) led to cross couplings
affording benzhydryl silyl ethers 89-92 (Scheme 18), thus

Beilstein J. Org. Chem. 2020, 16, 691-737.

showcasing the synergistic relationship between Pd and Cu ca-
talysis [43].

Driven by the success of earlier results, the authors utilized 78
for reductive couplings between ketones 93 and imines 97 as
electrophiles to form unsymmetrical 1,2-diols 94-96 and 1,2-
amino alcohols 98-100, respectively. Palladium was no longer
needed for these transformations. The scope of the reaction with
ketones was not limited to diaryl species and aryl ketones
participated in the reaction, including those with more hindered
alkyl groups (Scheme 19) [44].

This discovery was followed by a study from the Riant group
[45] that performed asymmetric 1,2-additions on aldehydes
using Suginome’s reagent in the presence of phosphine-ligated
copper (Scheme 20A). After optimization, they found that
DTBM-Segphos (L12; 10 mol %) together with CuCl (5 mol
%) led to moderate yields (46%) and high ee (97%) for this
transformation. In an attempt to improve the chemical yield,
they prepared a preformed complex of diphosphine copper(I)

o]
/@f
N Me
76
PhMe28|Bp|n T PhMe,Si
toluene toluene
; S|Me2Ph
o t-Bu rt, 30 min SIMGZPh rt, 30 min
74 75 Me
- Me -
77; 1,2-addition intermediate 78; [1,2]-Brook
rearrangement product
PhMe,SiBpin | MeOH
O-Bpin OH
| Xy SiMe,Ph @SiMezPh
Me Z 79 Me 7 80
)'O conditions a or b OH
B + PhMe,SiBpin ————
) 2215P SiMe,Ph
81 7 82-87
Me OH :' """"""""""""""""""" |_'| """ !
/C(k Sifesh O/\ SiezFh \(ks'Mezph ' O)\SlMezPh d j/kSIMezPh /O)\SlMezPh:
I
I
I
82; 78%2 (120 h) 83;85%2 (16 h)  84; 86%2 (rt, 120h: !
58%"° (2 h) 89%" (2 h) 73%P (2 h) L n_O_P_ro_dEEt_OPS;e_W_e? ______________ !

a 74 (5.5 mol %), toluene, 60 °C.

b CuCN (5.0 mol %), NaOMe (10 mol %), MeOH (4.0 equiv), THF, 0 °C

Scheme 17: Reaction pathway [A] and conversion of aldehydes to a-silylated alcohols [B].
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(iPr)CuCl (25 mol %)
Pd(acac), (5 mol %)

o . DPPF (10 mol %) OSiMePh
)J\ + PhMe,SiBpin + Ar-Br
R™ "H NaO-t-Bu (0.67 equiv) R™ TAr
toluene, 80 °C, 3 h
81 7 88 89-92
Me OSiMe,Ph Me OSIMezF’h OSiMe;Ph Me OSiMe,Ph
OMe
AOR® (e
Cl Cl S
89; 80% Me 90;65% 91;73% 92; 60%
Scheme 18: Conversion of aldehydes to benzhydryl silyl ethers.
o 0
¢] J_+ PhMe;SiBpin —\
QN R H M /N\/N‘Mes
Mes™ NS N-Mes 81 7 es
L8 NaO-¢t-Bu (0.72 equiv) L9
80 °C
A o CuCl (5 mol %) CuCl (10 mol %) R (B)
Iy L8 (5 mol %) L9 (10 mol %) I
R" "R? | THF, 6 h, then Hy0" toluene, 12 h, then TBAF | R3 SR4
93 97
OH OH
OH NHR5
R R
R' R? R3 R*
94-96 . 98-100
I
OH o OH i OH H OH ;
| X | (\ “Ph ©)§< “Ph
Ph Ph
MeS = Ph : Pz Me
I
I
I
94; 77% 95; 73% | 98;959% OMe 99; 60%
I
I
OH o | OH !
| S ) “ph
Ph ! \ Ph
N |
96; 46 ! 100; 70%

Scheme 19: Conversion of ketones to 1,2-diols (A) and conversion of imines to 1,2-amino alcohols (B).

difluoride, which, indeed, increased the yield to 87% together
with raising the ee to 99%. A variety of substrates were then
studied using this complex, and in each case, more than 90% ee

along with high chemical yields were obtained (Scheme 20B).

Simultaneous efforts by Oestreich were also directed towards
nonracemic silyl alcohol synthesis using McQuade’s NHC L2
(Scheme 21) [46].

1.4 Additions to unsaturated compounds

Back in 1977, Fleming first described 1,4-additions of cuprates
derived from a silyllithium [47] to a,B-unsaturated ketones [48].
There was no effort made at that time to convert these reactions
to the corresponding catalytic processes, rather, the accent was
more towards using the silyl group introduced as a hydroxy
group equivalent [49-51]. Similarly, although the Lipshutz
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CuCl/NaO-t-Bu CuCl/NaO-t-Bu
0% 12%, 20% ee

CuCl/NaO-t-Bu
23%, 84% ee

46%, 97% ee (4.0 equiv MeOH)
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106 107
88%, > 99% ee 30%, 66% ee

(A) ; (B)
! MeCN NCMe
I ci ©
! “®p F(HF
o Cu (5 mol %) oH ' with P@U’ HF) and 4.0 equiv MeOH
(]
! L (10 mol %) |
+  PhMe,SiBpin ™ SiMe,Ph | VD (n=12)
THF, rt, 16 h ! P P =(S)-DTBM-Segphos
I
101 7 102 i OH OH oH
-Bu : Ny siMePh /XY SiMePh Cy” SiMe,Ph
0 OMe |1 || \_4
3, T, L CC L
Me 1
"o PPh, o,y ° P t-Bu/ 103 104 105
_0 PPh, 07N (o P £8u\ ! 98%, 98% ee 99%, >99% e 67%, >99% ee
I
O OO O OH
o !
OoMe /1 SiMe,Ph M’OH
2!
L10 L1 L12 \ tBu | ©M o
I
I
I
I
I
I
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I
I
I
I
I
I
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I
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Scheme 20: Ligand screening (A) and conversion of aldehydes to a-silylated alcohols (B).

| o
R) + PhMe,SiBpin

81 7

OH OH
©/Ksnv|ezph mSiMezPh

102; rac, 91% yield

: OH OH !
: ©/\SiMe2Ph SiMezPhi
' N~ I
: 02N :
: 86 not detected 87 :
L2CuCl (5 mol %) OH
NaOMe (1.5 equiv) )\
Et,0, 0 °C to rt R™" SiMeoPh
102/105
_N
Ph
N N\_)_
105; 53%, 49% ee T Ph
CuCl
L2CuCl

Scheme 21: Conversion of aldehydes to a-silylated alcohols.

group [52] also showed that in situ-formed trialkylsilylcuprates
could be used for 1,4-additions with unsaturated ketones 108 in
high chemical yields (Scheme 22, left), here, too, a catalytic

method had yet to be reported limiting the use of these methods.

Almost a decade later, however, Lipshutz et al. revisited this
reaction, showing that it could be performed using only 3 mol
% of the copper catalyst, while leading to high chemical yields
of the desired silylated product 112 (Scheme 22, left) [53]. In
the same year, Hosomi and co-workers reported that the alterna-
tive silane, 1,1,2,2-tetramethyl-1,2-diphenyldisilane, also com-
mercially available, can be used for nucleophilic additions to
o,B-unsaturated ketones. Thus, by cleaving the Si—Si bond in

the presence of a Cu(]) salt, an active [Cu—Si] species is gener-

ated leading to B-silylated ketones [54]. More than a decade
later, Molander et al. made use of the same disilane as a
source of the nucleophile for additions to a,B-unsaturated
alkenes and alkynes as Michael acceptors bearing sulfones,
nitriles, cyano, amido, and carboxyl ester groups to
form f-silylated alkanes and alkenes in good to moderate
yields [55]. Following this report, Oestreich and co-workers
examined asymmetric additions of silicon to unsaturated ke-
tones 113 using P-N-type ligand L13. However, the back-
ground reaction of the silyl-zinc reagent was predominant
leading to poor chirality transfer from the phosphine ligand
L13, giving essentially the racemic product 114 (Scheme 22,
right) [56].
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Me3Sn-SiMe,(thexyl), 109
Bu,Cu(CN)Li, (130 mol %)
NaOMe (1.5 equiv)

108

LiMe,Zn-SiMe,Ph, 110
Me,Cu(CN)Lis (3 mol %)
NaOMe (1.5 equiv)

THF, —78 °C, 30 min

SiMe,(thexyl)

111; 82% yield

Lipshutz 1989 [52]
stoichiometric Cu

THF, -78 °C, 30 min

0
SiMe,Ph
112; 90% yield

Lipshutz 1998 [53]
catalytic Cu
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e
iPr
PN
OGN
113 L13

4KCI-Zn(SiMe,Ph)
Cu(OTf), (5 mol %)
L13 (10 mol %)
THF/Et,Oftoluene (10:2:5)
-20°C

SiMe,Ph

114; 90%, 0% ee
Oestreich 2006 [56]

Scheme 22: 1,4-Additions to o,B-unsaturated ketones.

In 2010, Hoveyda [57] used CuCl along with an NHC ligand
(L14) that enabled 1,4-additions of silicon nucleophiles to
unsaturated ketones. The best results were obtained at low tem-
peratures, giving both high chemical yields and products with

L14-Ag (5 mol %)

high enantiomeric ratios. Both cyclic (117 and 118) and acyclic
(119,120) ketones could be silylated efficiently (Scheme 23).
Interestingly, cyclic enones conjugated to an external double
bond, as in 121, upon exposure to these conditions resulted in

0 CuCl (5 mol %) % Ph
N NaO-t-Bu (5 mol %) Q\Nb Me
+ e,SiBpin : E
? THF, -50 °C, 12 h _ Ph PN
SiMe,Ph ClAg "
115 7 116; 92%, 92% ee Mé ©
_________________________________________________ L14-Ag
o) o) o)
QN T M
SiMezPh SiMe,Ph SiMe,Ph SiMe,Ph 9
117, 91%, 93% ee 118; 95%, 84% ee 119; 92%, 91% ee 120; 95%, 80% ee P
R Ph
Bh pp BFs 121
—Q\ )\‘““Ph
© Et HO above
NN n=0 Q H 3 j conditions
® Ph (0]
L15 )@ PhCHO
o t L15(11mol%) | -78°C.10h SiMe,Ph SiMe,Ph
CuCl (1 mol %) N
NaO-t-Bu (2.2 mol %) 124;91%, 80% ee Ph
+  PhMe,SiBpin 0
THF, -78°C, 1h _ — 122; 95%, 98% E;
" =1 , ““CcooMe 92% ee
123 7 BuLi, -78 °C, 30 min
BrCH,COOMe SiMe2Ph
-78°C, 12 h 125; 92%, 95% ee

Scheme 23: 1,4-Additions to unsaturated ketones to give B-silylated derivatives.
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an excellent selectivity for the 1,6-addition and in high ee for
product 122. Moreover, the intermediates could be trapped in
the presence of electrophiles, such as aldehydes or alkyl halides
to afford interesting a-substituted products 124 and 125. This
phenomenon was further studied in detail on different dienones
[58].

In 2013, Procter and co-workers [59] extended the scope of this
silicon addition to unsaturated lactones using copper catalysis
together with NHC ligand L16. The ligand used previously to
great advantage by the Hoveyda and Oestreich groups for
conjugate additions did not yield high ees for these substrates.
The authors designed a new NHC possessing either an anthryl
or naphthyl group, the use of which led to moderate to good en-
antioselectivities in most cases. An application of this method is
shown for the total synthesis of the natural product (+)-blastmy-
cinone (Scheme 24).

As a follow up to this work, the same authors successfully
accomplished, for the first time, a silyl transfer to lactams in
both high chemical yields and high ees [60]. In this case, a com-
paratively higher (5 mol %) copper loading was necessary. Not
only lactams (Scheme 25) but also acyclic, unsaturated amides
could be efficiently silylated under these conditions. Interest-
ingly, this protocol was applied to the total synthesis of (R)-
oxiracetam (142), a drug used for the treatment of Alzheimer’s
disease [61].
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In a similar way, a ligand-free, intramolecular silylarylation of
unsaturated amides 143 could be performed, albeit following a
radical pathway leading to cyclic products (Scheme 26). From
the different radical generators screened, dicumyl peroxide
(DCP) was found to be very effective in leading to the corre-
sponding products 144-148. Along with different acrylamides,
different hydrosilanes were used as silyl source and the reac-
tion could be applied to a wide variety of substrates, although
the methodology required hazardous conditions; i.e., hot
benzene [62].

A few years later, similar types of reactions were carried out by
Loh and co-workers [63]. In this case, a variety of a,f-unsatu-
rated compounds, that, rather than undergoing intramolecular
cyclization, could be intercepted at the intermediate radical
stage (149) with radical initiator TBHP present in excess,
leading to silylated peroxy products 151-156. This approach
was applied to different types of conjugated systems, including
esters, ketones, amides, alkynes, etc. (Scheme 27).

Kleeberg [64] et al. have contributed to the understanding of the
mechanism of silylation reactions of unsaturated compounds. In
their studies, it was possible, surprisingly, to isolate and charac-
terize a B-silyl boron enolate complex 158. On the basis of ex-
perimental and NMR studies, they proposed that for a,f-unsatu-
rated ketones, a 1,4-addition product was formed through a

transient copper enolate, 157. With o,f-unsaturated esters, how-

e
R Ph BF4
L16 (3.3 mol %) @\ «Ph
o Cul (3 mol %) o N>\‘"
NaO-t-Bu (6.6 mol %) @N
9] ) +  PhSiMe;Bpin o)
THF, 78 °C, 3.5 h .
SiMe,Ph L16, R = 2-naphthy
126 7 127; 79%, 93% ee

0 O (0] (T - - T T T T TS TS TTTTTTTTTTTTTTTT TS \
[ O (0] 1
m 0! 0 1.LDA, 78 °C, 1 h 0 |
! 2. n-Bul, DMPU .
PhMe,Si PhMe,Si® | -78°Ctort,18h N-Bu” % |
! SiMe,Ph SiMe,Ph |
128 118 . |
84%, 64% ee 82%, 68% ee | 130; 78% ee 131; 73% o |
: n-Bu :
2 : n-Bu isovaleryl chloride o !
. KBr, AcO,H, AcONa o pyridine o \
LA | 0°Ctort,3h Ho" 0°Ctort, 6h :
PhMe,Si* /) ! o !
! . o, |
129 ! 132, 73% 133,86%
| |

46%, 68% ee

(+)-blastmycinone

Scheme 24: Additions onto «,B-unsaturated lactones to give B-silylated lactones.
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Scheme 25: Conversion of o,B-unsaturated to B-silylated lactams.
SiR
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DCP (3.0 equiv) X _ NI\_7 SiR;
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Scheme 26: Conversion of N-arylacrylamides to silylated oxindoles.
: Cu'(00-t-Bu) !
| C (OO-¢-
R2 CuO (5 mol %) R200A4-Bu ! .y RzCu (0O-t-Bu)!
AN ~ TBHP (3.0 equiv) A SiEty | T ¥ SR, X SiR; |
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I
I
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0O-t-Bu t-BuOO st SiEts 0.5, BIOO +-BUOO
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Scheme 27: Conversion of o,B-unsaturated carbonyl compounds to silylated tert-butylperoxides.
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ever, a carbon enolate, 160, is the intermediate. In order to
maintain a catalytic cycle, iPrOH could be added to regenerate
the active Cu species (Scheme 28). This study again proofed
that an enol system, as in the case of unsaturated ketones which
is not easy to isolate, could be modified in such way that the
resultant intermediate is highly stable. For example, Tortosa
[65] showed that this type of catalytic system could be applied
to the quinone methide system 162, which is equivalent to
dienones (Scheme 29). In this case, however, instead of forming
an enol, a highly stable phenol resulted from the addition of
silicon at the methide position. The reaction was exclusively
done on electron-rich systems 163-166. Nonetheless, further
functionalization of one of the silicon-containing products (166)

was carried out to arrive at the keto phenol derivative 167.
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Loh, Xu, and co-workers [66] explored related reactions involv-
ing unsaturated ketimines using copper triflate or copper bis(4-
cyclohexylbutyrate) (Cu(CHB);) to prepare allylic silanes.
Interestingly, using one or the other of these two copper sources
and a selection of appropriate reaction conditions allowed for
the complete reversal in geometrical isomers of the products.
For example, the use of Cu(OTf),/Na3POy in dioxane/s-BuOH
resulted in Z-isomer formation (93% selectivity; Scheme 30,
left; conditions A), while the use of catalytic Cu(CHB),/diiso-
propyl ethylamine in m-xylenes/t-BuOH gave the E-isomer
(99% selectivity; Scheme 30, right; conditions B). They also
screened various bisoxazoline-containing ligands (for example
Scheme 31, L17) for chiral induction which led to good enan-
tioselectivities, in addition to excellent E:Z ratios within the re-

156 O 159
© 160
iPrOH
O
Cu-Si Jj\161
R S' si” R
Si-B Cu-OiPr
R
158 ¢ “O-B iPrO-B
R' Si
Scheme 28: Catalytic cycle for Cu(l) catalyzed o,B-unsaturated compounds.
Mes’NyN‘Mes
0 L9 (11 mol %) OH O cu OCu
R' R? Cu(CH3CN)4PFg (10 mol %) R R? rR'_NCr? R! R?
o NaO-t-Bu (20 mol %) )
+ PhMe,SiBpin via: —
| MeOH (4.0 equiv)
THF, rt, 12 h .
R3 R3 “SiMe,Ph R3 “SiMe,Ph R3 “SiMe,Ph
162 7 163-165

163; 78% 164; 89% 165, 60%

Scheme 29: Conversion of p-quinone methides to benzylic silanes.
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| +  PhMe,SiBpin
R1J\/\R2 2 P

168
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conditions A
Cu(OTf), (10 mol %)
NazPO4 (20 mol %)
dioxane/t-BuOH 2:1

50°C,3h
PG Ts
HN  SiMe,Ph HN  SiMe,Ph
X S S

Ph Ph

169; PG = Ts; 89%, 93:7 (Z:E)
170; PG = PhSOy; 80%, 98:2 (Z:E)
171; PG = 4-CIPhSOy; 72%, 91:9; (Z:E)

172; 51%, 93:7 (Z:E)

Z-isomer with conditions A
E-isomer with conditions B

conditions B
Cu(CHB); (5 mol %)
2,2'-bipyrdine (10 mol %)
DIPEA, dioxane/t-BuOH 2:1

-5°C,36h
) SNGZ
Ph  SiMe,Ph SiMe,Ph
PG‘N X Ph Ts\N ™ Ph
H H

173; PG = Ts; 90%, 99:1 (E: Z)
174; PG = PhSOy; 70%, 99:1 (E: Z)
175; PG = 4-CIPhSO,; 85%, 98:2; (E:Z)

176; 84%, 99:1 (E: Z)

Scheme 30: Conversion of o,B-unsaturated ketimines to regio- and stereocontrolled allylic silanes.

Ph
Cu(CHB), (5 mol %) N
PG L17 (20 mol %) _ |
N 2,6-di-tert-butylpyridine (3 equiv) Ph  SiPh(Me), (o) N (o)
I, *+ PhMe,SiBpin PG, A I \J
Rt R2 m-xylene/t-BuOH 2:1 ” Ph N N—/
168 7 -15°C, 36 h 173-178 /S
L17
) SNGZ )
Ph  SiMe,Ph SiMe,Ph Ph  SiMe,Ph Ph  SiMe,Ph
PN .
PG‘N N Ph Ts\N A Ph Ts N (0] Ts N NN
H H H | / H
173; PG = Ts; 90%, 95:5 (E: Z); 90% ee 176 177 178

174; PG = PhSO,; 87%, 98:2 (E:Z); 84% ee
175; PG = 4-CIPhSO,; 74%, 99:1 (E:Z); 70% ee

71%, 97:3 (E:Z); 84% ee

95%, 97:3 (E:Z), 78% ee 77%, 99:1 (E:Z), 88% ee

Scheme 31: Conversion of o,B-unsaturated ketimines to enantioenriched allylic silanes.

sulting alkenes. This methodology could be applied to a wide
variety of compounds, including those containing heterocycles
(176-178).

In a later study [67], they found that by changing ligands, a
dramatic switch in the selectivity could be induced in silyl addi-
tions to dienedioates. Interestingly, tricyclohexylphosphonium
tetrafluoroborate (L.18), along with CuCN, resulted in the 1,4-
addition as the major pathway (Scheme 32, left). By contrast,
the use of the bulkier tris(2,6-dimethoxyphenyl)phosphane
(L19) led to the formation of 1,6-adducts (Scheme 32, right).

The Oestreich group [68] used silicon-based Grignard reagents

189 to add to conjugated heteroaromatics 188, e.g., benzoxa-

zole (as an extension to more commonly studies ketones, esters,
imines, etc.), leading to products 190-194. The heterocycle
played a crucial role, as in its absence, none of the expected
product was obtained, e.g., when simple stilbene was used the
reaction led to only traces of product 194 (Scheme 33). With
benzoxazole-conjugated alkenes, upon treatment with catalytic
Cu complexed by a nonracemic Josiphos ligand (L20), good
chemical yields of the desired enantioenriched products
196-199 could be isolated (Scheme 34).

Another class of heterocycles, a-silylated N-alkylated indoles
201-205 recently reported by Xu and co-workers, were formed
using a nonracemic Cu—NHC catalyst through the enantioselec-

tive addition of the PhMe,Si group to a,B-unsaturated carbonyl
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181; R = 4-OMe; 79%, 88:12 (1,4:1,6) 79%, 91:9 (1,4:1,6)

184; R =
185; R = 4-OMe; 76%, 90:10 (1,6:1,4) 80%, 60:40 (1,6:1,4)
182; R = 4-F; 84%, 92:8 (1,4:1,6) 186; R =

4-F; 72%, 85:15 (1,6:1,4)

COOEt
RTTS +  PhMe,SiBpin
COOEt
179 7
TMP = 2,2,6,6-tetramethylpiperidine l
o - MeO
conditions A conditions B
N (1 19 . . . N (1 19
® CII_J% ( 1(20mn;?%/; ) conditions A 1,4-protosilylation Cf% (1( 40mr2?%/; ) P
HPCys BF4 conditions B 1,6-protosilylation
TMP (20 mol %) ,0-p y TMP (10 mol %)
L18 MeCN, 30 °C, 24 h MeOH, 30 °C, 24 h MeO 3
L19
SiMe,Ph SiMe,Ph | SiMe,Ph SiMe,Ph
I
| X COOEt S ] N COOEt | | x = COOEt S ] = COOEt
/ Z COOEt \ COOEt | / Pz COOEt \ COOEt
R 'R
180; R = H; 86%, 92:8 (1,4:1,6) 183 \ ; H; 82%, 86:14 (1,6:1,4) 187
I
I
I
I

Scheme 32: Regioselective conversion of dienedioates to allylic silanes.

CuSCN (5 mol %)
BF3OEt2

R? iMe,Ph
PN 2,6-di-t-butylpyridine SiMe,
Het.o\g2 + PhMe,Si—MgCl/Br Het 1
THF, 1, 2 h Rﬁ
188 189 190-194
Q\l\\l SiMe,Ph Q\{\l SiMe,Ph Q\E\l SiMe,Ph @iMezPh ©\/SlMezPh
o) S)\)\Ph ?l)\/kPh X Ph Ph
190, 79% Me 191, 73% 192, 46% 193, 45% 194, trace
Scheme 33: Conversion of alkenyl-substituted azaarenes to B-silylated adducts.
_ CuCl (10 mol %) _ e
(R, Sp)-L20 (15 mol %) . =
R1\\/ 7N 2.6-di-t-butylpyridine R:\/ / ){“\/?'Mefh Ce> i
% + PhMe,Si—MgCI/Br <
0 | A 2 g toluene/Et,0O 0 | A
X , —78°C, 12 h X , (R,Sp)-L20
195 R 189 196-199 R

Me
N SiMe,Ph \ N SiMeoPh
A Me N SiMe,Ph o)\/\©
0 W,

196; 76%, 86% ee 197; 80%, 70% ee 198; 35%, 83% ee 199; 62%, 75% ee

Scheme 34: Conversion of conjugated benzoxazoles to enantioenriched B-silylated adducts.
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indoles 200 (Scheme 35). The authors demonstrated a wide sub-
strate scope, including an example of benzimidazole and
pyrrole, although with varying chemical yields [69].

Recently Zhang et al. [70] explored various L22-containing
(NHC)Cu catalysts by means of generating interesting non-
racemic aminosilanes. In this case, they performed 1,2-addi-
tions on B-amidoacrylates (200) using 10 mol % CuCl in THF
at room temperature (Scheme 36). In most cases, the chemical
yields were very good to excellent, as were the resulting ees of
the products 201-207.

The processes described above were run using stoichiometric

copper and organic solvents at cryogenic temperatures, hence,

Beilstein J. Org. Chem. 2020, 16, 691-737.

they are neither economical nor sustainable [71-73]. Alterna-
tively, the Kobayashi [74] group has shown that such reactions
can be done not only more efficiently, but in a far “greener”
fashion using water as the solvent, catalytic amounts of copper,
and the reaction being done at room temperature. One of the
biggest advantages of using water was that this catalytic system
behaved as if being run homogeneously in an organic solvent.
However, due to a lack of solubility of both the substrate and
catalyst in water, it is actually heterogeneous and hence, provi-
ded an opportunity for recycling and reuse. This catalyst, there-
fore, was isolated using simple centrifugation and reused in a
second reaction leading to no appreciable loss in catalytic activ-
ity en route to product 218. It was also utilized not only for

unsaturated ketones but also to deliver the PhMe,Si moiety in a

COOE CuCl (5 mol %) PhMe,si_ S~ OCF! Ph, \/Ph S
- L21 (5 mol %) }J A
NaOMe (10 mol % 7
B N +  PhMe,SiBpin ( ) S N )
// Y MeOH (1.2 equiv) // Y/ o
THF, -20 °C, 18 h Ph
R 200 7 ,—20°C, 18 R 201-205 L21
PhMe,Si.  ~OOFt PhMe,Si. OOt
- R = 3-COOMe 201; 92%, 85% ee )J
N 4-F 202; 922/0, 85‘0%, ee N
| > 5-CN 203; 96%, 95% ee E/)
AN 5-NO,  204; 13%, 79% ee
206; 23%, 62% ee 6-OMe  205; 90%, 95% ee 207; 75%, 94% ee
Scheme 35: Conversion of o,B-unsaturated carbonyl indoles to a-silylated N-alkylated indoles.
e}
R Ph BF4
CuCl (10 mol %) @\ )\‘,,\\Ph
NaOt-Bu/NaOMe (20 mol %
31 L22 (10 mo(l %) * 31 N\\@’N
RZ_N A~ +  PhMe,SiBpin RZ_N._~ Kj
\ﬂ/ EWG MeOH (2.0 equiv) \ﬂ/ i EWG R
O THF, rt, 24 h O  SiMeyPh
200 7 201-207 L22, R= 3,5-M62-06H3
B | o)
Ve r Ve H E M g e
Ph. _N N Ph. _N N
Y eN Y eN YUY eN YEWG N ewe
O  SiMeyPh O  SiMeyPh O  SiMe,Ph SiMe,Ph SiMe,Ph
201 202 203 204; 98%, 94% ee 206; 98%, 90% ee

92%, 94% ee

87%, 92% ee

57%, 94% ee

Scheme 36: Conversion of B-amidoacrylates to a-aminosilanes.

(EWG = CN)
205; 98%, 87% ee
(EWG = COOEY)

(EWG = CN)
207; 92%, 84% ee
(EWG = COOEY)
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1,4-manner to unsaturated nitro and cyano derivatives leading
to adducts 209-218, each being obtained in high chemical yield

and good enantioselectivity (Scheme 37).

1.5 Miscellaneous reactions

The Tsuji group developed a mild method for the regio-diver-
gent silacarboxylation of allenes 219. Based on the type of
ligands used (e.g., Me-DuPhos; L24 vs. Cy3P), either vinyl
(220-223) or allylic (224-228) silanes could be obtained, re-
spectively, in good yields. Different types of substrates were
studied to give maximum selectivity for the desired product
(Scheme 38). Also, for cases forming allylic silanes, only
Z-isomers were obtained [75].

In furthering Zhou’s initial report [76], Ollevier and co-workers
[77] recently described carbene insertions, starting with 229,
into Si—H bonds, leading to a wide variety of silylated products
[18]. The original work by Zhou included asymmetric
carbenoid insertions using spiro-bisimine ligand L25 at cryo-
genic temperatures (Scheme 39A). Ollevier, however, focused
on making these reactions more general under ligand-free

conditions at ambient temperature, and without the asymmetric

Cu(acac),-L23 (5 mol %)

Beilstein J. Org. Chem. 2020, 16, 691-737.

component (Scheme 39B). The substrate scope was already
broad, including both diazoesters and diazoketones as carbene

precursors.

After the impressive report from Dow Corning on the hydrosi-
lylation of alkenes in 2013 [78], recently, the Buchwald group
extended this chemistry to the asymmetric hydrosilylation of
alkenes [79]. They used nonracemic ligand (S,S)-Ph-BPE (L.26)
in combination with catalytic amounts of Cu(OAc), and stoi-
chiometric PhySiH, at ambient temperature to convert various
alkenes to the desired enantiomerically pure silylated products
(Scheme 40).

A highly regio- and enantioselective dearomative silyation of
indoles using NHC L27-ligated CuCl has been disclosed
recently [80]. A variety of 3-acylindoles 245 were converted to
the desired indolino-silane products 246250 in mostly moder-
ate to good yields with very good enantioselectivities
(Scheme 41). A mechanistic investigation revealed the impor-
tance of the acyl group at the 3-position. Systematic kinetic
studies using NMR experiments suggested that protonation of

the intermediate 252 occurs from the sterically favored side,

EWG._~~gr + PhMe,SiBpin
H 24 h
208 7 20, 1,

SiMe,Ph SiMe,Ph

SiMe,Ph

SiMe,Ph
EW
G R OH
209-218

SiMe,Ph SiMe,Ph

MJKA@(@AA()J\/KA%M

209; 92%, 93% ee 210; 87%, 96% ee

SiMe,Ph SiMe,Ph
NC._ NC _
/
E (0]
214 215
70%, 90% ee 83%, 87% ee
(0]
SiMe,Ph
218

1st run; 85%, 87% ee
2nd run; 80%, 82% ee

211; 88%, 90% ee

212; 90%, 92% ee 213; 80%, 87% ee

SiMe,Ph SiMe,Ph
OZN\ 02N =
0-/
Me
216 217
63%, 78% ee 67%, 87% ee
aqueous layer
product
solid cat -

Scheme 37: Conversion of o,B-unsaturated ketones to enantioenriched B-silylated ketones, nitriles, and nitro derivatives in water.
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R1
‘¥~ + PhMeSBpin + CO,
R2 219 7 (1 atm) Q
conditions A . o conditions B P é
Cu(OAc); (5 mol %) conditions A 1,4-protosilylation CuCl (5 mol %) p
o L24 (g n&ol:é») 18h conditions B 1,6-protosilylation PCy; (5 mol %) *
exane, 70 °C, 16— NaOAc (15 mol %) .
THF. 70 °C, 16-18 h L24; rac-Me-DuPhos
I
COOH COOH | COOH COOH COOH
7 7 ! . SiMe,Ph . SiMe,Ph z SiMe,Ph
. Ph . ! O
SiMe,Ph SiMe,Ph ! </ Ph
220; 76% 221;76% : 224; 94% o 225; 66% 226; 81%
|
COOH : COOH.
j\? COOH 1 COOH SiMePh
! .
S O~ SiMe,Ph j\? | SiMe;Ph x©
= TBDPSO SiMe,Ph 1 TBDPSO P
I
Br : Br
222; 83% 223; 77% ' 227; 75% (vinyl/allyl, 42:58) 228; 58%

Scheme 38: Regio-divergent silacarboxylation of allenes.

leading to the kinetically stable cis product (Scheme 42). The direct activation of C(sp>)—H bonds attached to N-CI tosy-
Nonetheless, some epimerization under the reaction conditions lamines 253 was achieved via a radical pathway affording the

took place leading to the thermodynamically more stable trans  products of silylation 254-258 in good chemical yields

232;R=4-Br, 95% 235;R=iBu, 86%

0, H .
up to 97% yield; 233:R=2-Cl. 93%

up to 99% ee

product, 246. (Scheme 43) [81]. Most benzylic or benzylic-like positions are
o) [Cu] (5 mol %) )
0,

RAHTRz .+ RySiH L25 (6 mol %) R1K(R2

N, CH,Cl,, T °C, 2-24 h SIRs

229 231-238
Cl |

(0] : o) 2 R o) ) )
Me. R ' Me. ' R.
e O) : e N o <O
SiMe,Ph ! SiEty SiEt, SiEt, o SiEt,
230 !
_ . .\ 231;R=4-Me, 96% 234;R=Et, 95% 236;59% 237; 35%

R = aryl, vinyl X
I
I
I
I
I
I
I

[Cu] = Cu(OTf),, —60 °C
(A) Zhou (asymmetric) [76] (B) Ollevier (racemic) [77]

[Cu] = [(CH3CN)4Cu]PFg, 25 °C

Scheme 39: Silylation of diazocarbonyl compounds, (A) asymmetric and (B) racemic.
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Ph
Cu(OAc); (4 mol %) 3 Ph
L26 ( 4.4 mol % SiHPh,
R.~ + PhySiH, ( ©) e
rtto 40 °C, 12-72 h R Ph
Ph
238 239 240-244 L26
SiHPh, SiHPh, SiHPh, SiHPh, SiHPh,
MeoOC—( | | N
N ~—
Me-N / MeO™ N
COOPMB N=
240 241 242 243 244
84%, 94% ee 77%, 92% ee 88%, 92% ee 68%, 97% ee 77%, 70% ee
Scheme 40: Enantioselective hydrosilylation of alkenes.
iPr
0 Cucl (1 9 0
R2 uClI (10 mol %) \—R2 /\l PFq
L27 ( 10 mol %) H N@N
A NaOt-Bu (20 mol %) , >
+ PhMe,SiBpin SiMe,Ph iPr
N‘ MeOH (2 equiv) N HO'
R? CH3CN or THF, rt R! L27
245 7 246-250
o) (0] o
\—Me \—Me \—Et
©j><SiMe2Ph mSiMezPh mSiMezPh
N N N
COOR COOMe COOMe

246; R = Me, 91%, 91% ee
247; R = Bn, 70%, 86% ee
with CH3CN

248; 89%, 88% ee

with CHsCN

Scheme 41: Conversion of 3-acylindoles to indolino-silanes.

sufficiently activated to give tertiary carbon centers-bearing
silicon products, although educts with initial tri-substitution led
to lower isolated yields (e.g., 258).

An unusual type of reaction has been described in which an acyl
silane reacts with 1,3-dienes, under Cu catalysis, leading to an
interesting class of a-silyl tertiary alcohols (Scheme 44) [82]. In
most cases, high chemical yields along with high ees were ob-
tained when phosphoramidite ligand L28 was used. A wide

variety of compounds was prepared, including one with a

249; 55%, 85% ee 250; 52%, 87% ee

with THF with CH3CN

bisquarternary center (267), although the Bpin residue within it
could not be oxidized to the desired alcohol due to decomposi-
tion. Nonetheless, several products could be transformed into
molecules of greater complexity. For example, cyclopropan-
ation could be achieved to give 269. Additionally, TBS protec-
tion of 268 followed by ring closing metathesis (RCM) led to
the interesting 6-membered silacycle 270.

This same research group recently reported on the addition of

silyl Grignard reagents to aziridines under copper catalysis [83].
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Scheme 42: Proposed mechanism for the silylation of 3-acylindoles.
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CuSCN
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/T b P
| x ’}‘ S ’}‘ Ts O '}‘ Ts
H
Mo P H H
254, 76% 255, 60% 256, 69%
SiMe,Ph Vo SiMe2Ph
/T -
[ ’T‘ s | X ’}‘ Ts
N H Pz H
PhO,S
257, 50% 258, 35%

Scheme 43: Silyation of N-chlorosulfonamides.
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Scheme 44: Conversion of acyl silanes to a-silyl alcohols.

SiR3 = Me,Si(allyl)
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While the use of RMgX led to high chemical yields of the
desired products, the corresponding catalytic Cu/zinc reagents
gave poor yields (ca. 20%; Scheme 45). A library of aminosi-
lane derivatives was prepared using this strategy to result in
branched silyl compounds 272-276. The addition of Grignard-
derived copper reagents was stereospecific, where cis-aziridines
gave trans products (e.g., 274), and vice versa (e.g., 275). The
important aspect shown here is the utility of Suginome’s
reagent along with LiCl, which completely overrode the need
for a Grignard reagent and led to good chemical yields of the
desired product (e.g., 272). In one case examined, a bulky silyl
Grignard reagent gave the linear silyl derivative selectively. In
addition, a quaternary carbon bearing the PhMe;Si group could
also be prepared in moderate yield (276).

The regiocontrolled ring opening reactions of the same aryl-
substituted aziridines 277 have also been shown by Minakata
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and Takeda et al. to be susceptible to dual Pd/Cu catalysis.
Depending upon the ligand on each metal, either the 2 or 3-po-
sition on the ring could be accessed. A dual catalytic cycle was
proposed, where the Cu-Si species formed in situ undergoes
transmetallation to the Pd(II) species resulting from the attack
of Pd(0) on the aziridine ring, ultimately affording the silylated
product with silicon at the benzylic site (Scheme 46). The prod-
uct featuring the PhMe,Si residue at the §-location 287, howev-
er, arises by way of a 1,2-addition to an imine, formed from the
same Pd(II) intermediate via elimination [84].

Oestrich and co-workers have recently demonstrated non-
directed, asymmetric syn-addition-silylations of 3,3-disubsti-
tuted cyclopropenes 288 using a Cu(]I) pre-catalyst and (R)-DM-
Segphos (L.29) that take place with high enantio- and diastereo-
selectivities. They also studied the effect of geminal carbon
substituents and found that as the bulk increases, both yields

Cul (10 mol % SiMe,Ph
R1<'|\l +  PhMe,SiMgX ( ) L__NHTs
N THF,0°C,6h R!
Ts
271 189 272-276
SiMe,Ph NHTs SiMe,Ph SiMe,Ph SiMe,Ph
NHTs SiPhyt-Bu NHTs NHTs
Ph Ph NHTs Ph/k( Ph
Ph
272; 92% 273 274 275 276; 64%
20% with PhMe,SiZnCl  81% with Phyt-BuSiMgX  85% from cis aziridine 84% from trans aziridine
82% with PhMe,SiBpin dr >99:1 dr >99:1
and LiCl
Scheme 45: Conversion of N-tosylaziridines to B-silylated N-tosylamines.
NHTs SiMezPh
Ar—< conditions SiMe,Ph NHTs ~_-NHTs
TSN+ PhMe,SiBpin 00 B 7 or ™ or (1N
Ts a,borc P K SiMe,Ph AP
217 7 R 278-280 R 281-283 R 284-286

racemic or (R)

R =4-OAc 278; 76%?2

R = 4-OAc 281; 78%P R=H 284; 89%, 99% es®

4-CF5 279; 80%°2 4-F  282; 72%P 4-F 285; 70%, 99% es®
2-Cl  280; 90%?2 4-Me 283; 80%P 4-C| 286; 86%, 99% es®
NHTs
SiMe,Ph
287; <5%?2

conditions a: CuSOy4 (4 mol %), bpy (10 mol %, Cp(allyl)Pd (4 mol %), P-t-Bu,Me, CPME/MeOH (1 mL, v/v 9:1),40 °C, 3 h
b: SIPr-Pd-PPh3 (2 mol %), CuF; (4 mol %), bpy (10 mol %), PPh3 (4 mol %), toluene/MeOH (1 mL, v/v 9:1), 50 °C, 4 h
c: SIPr-Pd-PPh3 (2 mol %), CuF; (4 mol %), phen (10 mol %), CPME/MeOH (2.5 mL, v/v 9:1),50 °C, 12 h
es = enantioselectivity

Scheme 46: Conversion of N-tosylaziridines to silylated N-tosylamines.
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and diastereoselectivities decrease, while enantioselectivities
remain unaffected. In addition to the impact of steric effects,
variations in the alkyl-substituted silicon reagents also nega-
tively impacted the chemical yields. However, again, there was
no effect on enantioselectivity. Interestingly, upon replacement
of the alkyl groups on the silicon by three phenyl rings 294
there was no conversion, highlighting the influence of the alkyl
groups on silicon (Scheme 47) [85].

Xu and co-workers have described a simultaneous double sily-
lation on conjugated enynes 297, where either racemic or enan-
tiomerically enriched 1,3-bis(silyl)propenes are formed in good
yields (Scheme 48). They proposed a mechanism in which
LCu(I)-Si coordinates first with the triple bond, which eventu-
ally forms a monosilylated diene. The resulting organocopper
species then participates in a second catalytic cycle to furnish
the disilylated products [86].

2 Cu-catalyzed carbon—boron bond formation
Organoboron compounds are widely used in C—C and C-X
(X =N, O) bond constructions. Straightforward methods for
their synthesis involve the copper-catalyzed addition of organo-
boron compounds to alkynes, alkenes, and unsaturated carbon-
yl compounds, as well as the nucleophilic borylation of alkyl or
aryl halides. While there are reports on the formation of C-B
bonds in the presence of NHC complexes [87] with Au [88], Pd
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[89], Pt [90], and Ir [91] catalysts, the focus here is on Cu-cata-
lyzed reactions. Enantioselective processes have also been
studied due to applications of medicinal interest involving opti-
cally active organoboron derivatives and their intermediacy as
precursors to other functional groups, such as nonracemic alco-
hols. Achiral substrates in the presence of well-defined chiral
copper complexes deliver chiral products, while nonracemic
substrates can also react with achiral copper for similar

purposes.

In general, the pathway for introducing boron into unsaturated
compounds (C-B coupling) mediated by a copper catalyst relies
on the reaction of a Cu(I) salt with an alkoxide (M—OR) which
then undergoes transmetallation with an organoborane to form,
e.g., L-Cu-Bpin (306). This species serves as an active catalyst,
nucleophilic at boron, via coordination with an alkene (307)
which undergoes insertion to deliver the B-C bonded species
via an intermediate that either undergoes elimination or reacts
with an electrophile to form the product (e.g., 308, 309,
Scheme 49) [92].

2.1 Formation and reactions of allylic C—B bonds

The synthesis of a-stereogenic allylboronates was reported by
Ito in 2005 using CuO-z-Bu/Xantphos (CuCl and KO-#-Bu form
CuO-#-Bu in situ as the active catalyst precursor), an enantio-
enriched allyl carbonate, and B,pin, (310; Scheme 50) [93].

R' R?
% <O
288 0 C - 2
2 P.
Cu(CH3CN)4PFg (10 mol %) { O
L29 (12 mol %) 10

NaO-t-Bu (50 mol %)

MeOH (3 equiv)

‘ PhMe,SiBpin

R1R?
PhMe,Si
289-291
R' = Ph, R? = cyclopropyl 289; 48%, 93% ee, 90:10 dr
R? = Et 290; 68%, 90% ee, 97:3 dr
R2 = iPr 291; 48%, 93% ee, 84:16 dr

THF, 0°C, 10 h e 2
XSinin\
Ph Me
XSi*
292-296
X = Pho,Me 292; 65%, 97% ee, >98:2 dr

PhMe-t-Bu 293; trace,

Phs 294, no reaction
n-Prs 295; 26%, 95% ee, >98:2 dr
Meo-t-Bu 296; 23%, 93% ee, >98:2dr

62:38 dr

Scheme 47: Conversion of 3,3-disubstituted cyclopropenes to silylated cyclopropanes.
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EWG
/\/ + PhMe,SiBpin
R™ X
297 7
t-Bu t-Bu DIPEA (2 equiv) Ph
_ _ MeOH, Ar — 0 “
N CuCl (10 mol %) Cu(OTf), (5 mol %) \_/ \Nj
N N L30 (12 mol %) L31 (11 mol %)
L30 30°C,12-19h -20°C,12h L31
EWG EWG
L L
PhMe,Si 7 SiMe,Ph PhMe,Si*” 7 SiMe,Ph
298-301 302-305
/—Q i
o
COOMe Me ) COOMe COOMe COOMe
5
PhMe,Si SiMe,sPh PhMe,Si SiMe,Ph PhMe,Si* SiMe,Ph PhMe,Si SiMe,Ph
298; 95% 299; 94% 302; 93%, 92 ee 303; 92%, 91% ee
%CN COOBn Ph COO-iPr
PhMe,Si 7 SiMe,Ph  PhMe,Si SiMe,Ph PhMe,Si*” SiMe,Ph PhMe,Si*" SiMe,Ph
300; 75% 301; 95% 304; 90%, 74% ee 305; 85%, 88% ee
Scheme 48: Conversion of conjugated enynes to 1,3-bis(silyl)propenes.
Bopina
L-CuX + M-OR VX L-Cu-OR BoinOR pinB-Cu-L
- - epn 306
/\
R
307
pinB-Cu-L
pinB H ROH pinB CuL R=Ar : R =CH,OCO,R' pinB Cu-L pinB
08 R Ar " R LG 300 \
L-Cu-OR' LG = carbonate

Scheme 49: Proposed sequence for the Cu-catalyzed borylation of substituted alkenes.

Both (Z)- and (E)-alkenes 311 afforded the (E)-alkene 312 as
the major product. The targeted y-borylated compounds (rela-
tive to the leaving group) were formed, each with high enantio-
selectivity, which can be used for further stereoselective C-C
and C-X (X = heteroatom) bond formation.

Catalytic Cu(NHC)-mediated formations of enantioenriched

a-substituted allylic boronates take place in high yields and site-

selectivity (>98% Sn2') starting with either trans- or cis-disub-
stituted alkenes 313, as well as linear or branched alkyl and aryl
trisubstituted allylic carbonates 314. The further oxidation of
the boronated products (e.g., 316) yielded nonracemic second-
ary (e.g., 317) and tertiary alcohols (e.g., 319). The presence of
Cu(OTf),, an imidazolium salt, and NaOMe leads to a chiral
NHC-Cu complex, which, in the presence of B,pin,, generates

the corresponding B—Cu species followed by its addition to
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Bpin Kgutcémg (r)nol °|/°0)/) Y . Y Bu CuCl (10 mol %) Bpin
-t-Bu mol % : : KO-t-Bu (10 mol %
A Bu Bopiny + gy /\/ + Bopiny ( ) Bu
Xantphos (10 mol %) ' Xantphos (10 mol %)

(S,E)- THF, 0°C 310 (S E)alkene (S Z)-alkene THF,0°C (RE)-
88%; 97% ee 311 311 95%; 96% ee
E/Z:99:1 E/Z:98:2
312 Y = OCO,Me 312

LI

PPh,

PPh,
L32

Xantphos

Scheme 50: Cu-catalyzed synthesis of nonracemic allylic boronates.

allylic carbonates to deliver the targeted products (Scheme 51)
[94].

In addition to allylic carbonates, allylic acetals (319) were also
used for C-B bond formation that, in the presence of
CuCl/(R,R)-BenzP* and stoichiometric amounts of KO-z-Bu,
provide access to a-chiral linear or carbocyclic (y-alkoxy-
allylic)boronates 320-322. High functional group tolerance and
enantioselectivities are characteristics of this reaction. The
stereoselective formation of a 3,3-disubstituted cyclopentene

scaffold (e.g., 331), containing three contiguous asymmetric

centers, was also developed starting from an achiral cyclic
acetal 327. In addition, the formation of an anti-1,2-diol with
high enantioselectivity is also another outcome resulting from
this protocol (Scheme 52) [95].

Catalytic Cu-mediated conversions of (Z)-3-arylallylic
phosphates 332 to nonracemic trans-2-aryl and -heteroaryl-
substituted cyclopropylboronates 333 have been reported to
take place in high yields, along with high diastereo- and
enantioselectivities. Applications of optimized ligands, such
as (R,R)-QuinoxP* and (R,R)-iPr-DuPhos, for borylation of

(S) 90%, 95:5 el

Ph OH

LA~

316

Ph

Ph O Cu(OTf), (5 mol %) Ph  Bpin
K/\/\o)kom + Bapiny L33 (6 mol %) . H:0;
e * —_—
NaOMe, DME, -30 °C, 24 h NaOH
313, E- 310 315
1) Cu(OTf), (5 mol %)
Ph o L33 (6 mol %) Ph  OH
~ L + Bypin, NaOMe DME, -30 °C, 24 h P
O OMe 2)  H,0, NaOH
313, Z- 317
(R) 94%, 95:5 er
1) Cu(OTf), (5 mol %)
O L34 (6 mol %) OH
Jv L ~ NaOMe DME, —30 °C, 24 h N
Cy 0"~ "OMe + Bypiny Cy
314 2)  H,0,, NaOH 318
95%, 98:2 er
O Ph . o Ph
(0N} ! (ON]]
P /CNN ; S /CNAr
@ ® Ar = 2,6-(iPr),CgH3 | Ar=2,46-(Me);CeHy (Mes) @\ ®
@O L33 ! L34 @O

Scheme 51: Cu-NHC catalyzed synthesis of a-substituted allylboronates.
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R/j\ Bpin
CuCl/(R,R)-BenzP* (5 mol % 2
RO”NOR * Bapiny RR) ( - O R or
2) KO-t-Bu, THF, 0 °C (S, E)
319 310 320-322
o | \ B
Bpin ;
~ O  Bpin S
NG LA Ph” """"ogn i
N OBn Bl *
320; 98%, 96% ee 321; 94%, 98% ee (R,R)-BenzP*
L35
-+
o
/ = 9
TBSO/\/\/\OBn + OWO ZnBr;, (10 mol %)
DCM, 0 °C, 24 h
322; (S,E)-94% ee 323
OTBS

oo o
P 0

OH

TBSO X

324

: ; 0
TBSOW/

+

0Bn QJ(

E/Z (324+325+326) = 91:9
dr (324+326) = 99:1

OH
326
OH
/\ O/\/O-Bpin HO
o_ 0 CuCl/(R,R)-BenzP" (5 mol %) PhCHO o 3
Ph
6 Bopiny KO-t-Bu, THF, 0 °C 60 °C 6\
Bpin
327 328 329; (1R, 1’S)

TBSO,, _Ph

1) TBSCI, imidazole
DMF, rt

2) CuCl/Xantphos (5 mol %)
Bopin,, KO-t-Bu, THF, rt

dr 97% ee

Scheme 52: Synthesis of a-chiral (y-alkoxyallyl)boronates.

(E)-allylic phosphates 334 delivers either the trans or cis-
configuration of these cyclopropyl moieties (335; Scheme 53)
[96].

The first Cu(I)-catalyzed allylic displacement on alkenes con-
taining a CF3 group was reported in 2018. Enantioenriched vy,y-
gem-difluoroallylic boronates 339—341 can be obtained via this

process. Once the obtained difluoromethylene scaffolds are

60%, 97% ee

OH QTBS

e )-cro

aBpin
330; (1S,3'R) 90/10

toluene, 30 °C

Br /

331; (1S,2R,3R)-
72%, 96% ee

formed, they are readily converted to optically active secondary
alcohols (e.g., 342, Scheme 54) [97].

2.2 Regioselective borylation of alkynes, alkenes,
and allenes

Cu-catalyzed borylation of C—C multiple bonds involves the
formation of nucleophilic Cu—B species that coordinate with a

m-system to initially transfer the boryl group. This step is then
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CuCl (10 mol %) Ar Bpin
(R,R)- iPr-DuPhos (12 mol %)
OP(O)(OR), THF, 50 °C
335; trans/cis = 6:94
334 GC yield 96%

; Bpin CuCl (5 mol %)

333: (1R 2R)(R,R)- iPr-DuPhos (6 mol %)
toluene/THF, rt

-

KO-t-Bu

Bpin
336; trans/cis = 48:1
70%; 92% ee

9!

L36

(R, R)-iPr-DuPhos,

R =iPr

: W
) O

337; trans/cis = 36:1
90%; 92% ee

e
P—,
R
R
P
-

27% ee

CuCl (10 mol %)

(R, R)-QuinoxP* (12 mol %)
THF, 50 °C

Ar
; Bpin

335; trans/cis = 99:1
GC yield 73%
71% ee

\/
Bpin

g-Bu
N/ E,»t-Bu
L37
(R, R)-QuinoxP*

Scheme 53: Cu-mediated formation of nonracemic cis- or trans- 2-substituted cyclopropylboronates.

F F  Bpin
F ) CuCl (5 mol %)
F>|\/\R + Bopiny S FX-"SR
(R, S)-L38 (5 mol %)
338 310 NaOMe, THF, 30 °C 339-341
PPhZ%P(t-Bu)g F Bpin £ Bpin

< F "B NP Hex
L38 339; 65%, 97% ee  340; 89%, 97% ee

E Bpin 1) n-BuLi, THF, =78 °C F F
Ph. X o~
X Ph  2) TFAA N Ph
3) PhCHO (~78 °C to rt) OH
3 342; 86%

Scheme 54: Cu-catalyzed synthesis of y,y-gem-difluoroallylboronates.

followed by treatment of the reaction intermediate with an elec-
trophile to deliver the desired borylated compound [98].

An efficient Cu-catalyzed (via in situ formed [(R)-DTBM-
Segphos]CuH) protocol for an asymmetric net hydroboration of
internal alkenes 343 with high regio- and enantioselectivity was
reported by Hartwig et al. in 2016 [99]. The newly formed C-B

E/Z >95:5, 97% ee

bond reacted with a range of electrophiles to deliver products
containing C-C, C-N, and C-X (X = Br, Cl) bonds (e.g., 349,
350). Efforts to explore the mechanism revealed a decrease in
regioselectivity when the C=C bond is further from the
directing group. This was attributed to the importance of both
the negative charge at the carbon and the forming C—Cu bond

being developed in the transition state, which is stabilized by
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the positive charge on the carbon bearing the directing group.
Later, in 2017, the same group investigated the details of the
mechanism for the hydrofunctionalization of internal alkenes
and vinyl arenes (Scheme 55) [100]. Unlike acyclic alkenes,
Tortosa et al. utilized cyclobutenes as well as bicyclic
cyclobutenes as educts using (R)-DM-Segphos for Cu-cata-
lyzed enantioselective borylation, affording cyclobutyl
boronates in high yields and with excellent stereocontrol [101].
This work followed on the heels of earlier studies on the boryla-
tion of 2,6-disubstituted p-quinone methides en route to
enantioenriched mono- and dibenzylic boronates [102].

An efficient regio-divergent method starting from a single
alkene 307 (e.g., protected allylic alcohols) was explored by
varying the ligand on copper. Using catalytic CuCl/Xantphos,
direct access to anti-Markovnikov alkylborated products (e.g.,
353, 354) was noted. Alternatively, simply switching from
Xantphos to Cy-Xantphos afforded the products of
Markovnikov addition (e.g., 351, 352). It was shown that the
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presence of a heteroatom plays a crucial role due to the other-
wise non-selective, facile addition of Cu-Bpin to alkenes
(Scheme 56) [103]. Based on previous studies on asymmetric
3-component carboboration of styrene derivatives [104] and
1,3-dienes [105] with C(sp?)-containing electrophiles such as
tert-butyl allyl carbonate or aldimines using B;pin,, Liao et al.
reported the same approach, albeit using more challenging
C(sp?) electrophiles (e.g., CH3I) for the enantioselective
methylboration. Both aliphatic alkenes and styrenes could be
used with either CuCl/quinoxP* or their in-house-developed
chiral sulfoxide phosphine ligand (SOP). Excellent diastereo-
and enantioselectivities were obtained. A gram scale synthesis
of (S)-naproxen was also described as a “real world” applica-
tion [106].

From previous findings involving trapping of a vinylarene-
derived benzylic copper species with an electrophilic source of
a cyano residue, Yang and co-workers reported on the Cu-cata-
lyzed borylation of styrenes bearing an allylic group at the

CuCl (2.5-10 mol %)
KO-t-Bu (5-20 mol %)

R/\/\/DG + HBpin R/\/\/DG
(S)-DTBM-Segphos (3—11 mol %) o
343 344 cyclohexane, rt Bpin 345-347
F
Et/\./\/o F T Cl Cl
i ;
PN ¢ F Eoin T oy Y Y
F Bpin o <«
L L L 1
DG DG DG

345; 77%; 98% ee
regioselectivity = 7.9:1

346; 86%; dr >20:1
regioselectivity = 15:1

347; 91%; 99% ee
regioselectivity = 29:1

0-CgHy4-Br-p
n-BuLi, NBS R/\/\/DG 3-F-pyr, LDA H . L
benzofuran épin TrocCl, H,0O, z | DG
348 \N
350; 83% yield
Cl Cl t-Bu 97% ee
. o o OMe
iPr ; ( O
o L9 o P t-Bu],
DG
<O O P t-Bu
349; 71% 0
99% ee oL
t-Bu )
L39

(S)-DTBM-Segphos

Scheme 55: Cu-catalyzed hydrofunctionalization of internal alkenes and vinylarenes.
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Bpin
n-Pr

S\/\l/\n-Pr NapO
Bpin
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Beilstein J. Org. Chem. 2020, 16, 691-737.

Alkyl-|

Alkyl
CuCl (10 mol %) .
+ szinz Bpm
Xantphos (12 mol %)
310 LiO-t-Bu, DMA, 60 °C, Ar 353, 354

anti-Markovnikov

n-Pr

~ A _Bpin /©/SV\|/\Bpin
n-Pr

353; 72%, 18:1 354; 64%, 11:1

NapO

Scheme 56: Cu-catalyzed Markovnikov and anti-Markovnikov borylation of alkenes.

1-position. After the initial addition, a cascade of reactions
occurred, including cyanation generating a dearomatized inter-
mediate. This species then undergoes [3,3]-sigmatropic rear-
rangement, positioning the allylic unit in a regio- and stereospe-
cific manner, along with rearomatization to afford the products
357-360 (Scheme 57) [107].

The borylfluoromethylation of acrylamides, acrylates, and
heteroaromatic-substituted alkenes (307) was established using
CuBr/JohnPhos/LiO-z-Bu and CuCl/IMes/NaO-¢-Bu, respec-
tively, in the presence of I-CH,F (361) as the methylfluori-
nating agent, affording products reflecting excellent control of
regioselectivity. This transformation is useful for the synthesis,
e.g., of monofluorinated ibuprofen, through sequential oxida-
tion of the product with NaBO3-4H,O and Jones reagent. The
catalytic cycle includes formation of (L)Cu-O-#-Bu (366) which
then reacts with B,R, (310, Bompd,) to form (L)Cu-BR (367).
The reaction of this species with the olefin 307 afforded a

borylcuprated intermediate 368, which upon reaction with

R3 _R*

I-CH,F leads to the borylfluoromethylated product (e.g.,
362-365, Scheme 58) [108].

Yin and co-workers described Cu(I)-catalyzed asymmetric addi-
tions to challenging trifluoromethyl and perfluoroalkyl ketones
370, starting with 1,3-enynes 369 and a slight excess of B,pin,
in THF at room temperature. The initial homopropargylic
borane adduct, upon oxidation with NaBO3-H,O, yields the
desired nonracemic tertiary alcohols 371-373 in typically high
chemical yields, good diastereoselectivities, and impressive en-
antioselectivities. The subsequent treatment of these newly
formed adducts (e.g., 373 to form products, 374 and 375;
Scheme 59) highlights the utility of this methodology [109].

Following Hoveyda’s report on enantioselective Cu-catalyzed
conjugate additions of borylated butadiene, generated in situ, to
enolates [110], Procter et al. described the regio-divergent
conversion of 2-substituted 1,3-dienes 376 into borocyano prod-

ucts using commercially available phosphine ligands

R2
| R4
1 R R!
R R2 CN X
N Ph CyJohnPhos[CuOTf] (20 mol %)
+ N-CN + Bypin, ) . -
1< LiO-t-Bu, dioxane, 120 °C Bpin
355 356 310 357-360
Ph =
CN X ‘ CN O
CN CN O
OO E\ OO Bpin Py
Bpin i I
P Z Bpin OO Bpin L40
CyJohnPhos
357; 73% 358; 58% 359; 58%, 95:5 dr 360; 75%, 95:5 dr

Scheme 57: Cu-catalyzed borylation/ortho-cyanation/Cope rearrangement.
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CuBr (10 mol %) FH,C
JohnPhos (12 mol %) Bmpd
ICH,F
LiO-t-Bu, Bompd, (318) R
361 DMSO, 1t, 4 h 364, 365
R =COR"

CH,F
t-Bu-Om)\/Bmpd
)

362; 36% L41, IMes 364; 47% (42:58)
| CHzF
CH2FB . O O MeO | N N\H)\/Bmpd
in
N P (t-Bu) P .
363; 35% L42, JohnPhos 365; 74% (45:55)
/O
Bmpd -E-B
N\
O
CuClI
L L NaO-t-Bu
Nal (L)CU-O-[-BU BoR, (310, Bzmpdz)
366
RB-O-t-Bu
NaO-t-Bu
(L)Cu-BR (367
(L)Cu-I (L)Cu-BR (367)

F
R)\/Bpin

362-365
ICH,F

Scheme 58: Borylfluoromethylation of alkenes.

(Scheme 60). Simply switching from a mono to a bidentate
ligand resulted in 1,4 to 4,1-borocupration. The formation of
allyl-Cu intermediates in the catalytic cycle readily trap avail-
able electrophiles, such as N-cyanosulfonamides, leading to 1,2
or 4,3-borocyanation in a regiospecific fashion from borocupra-

tive intermediates, respectively [111].

Extending earlier efforts from the Montgomery group for
Cu-catalyzed cascade diborylation/ortho-cyanations of terminal
allenes [112] and styrene derivatives [113], the cyanoboryla-

tion of terminal allenes 382 has also been studied. Using B,pin;

k o /
Bpm

in the presence of N-cyano-N-phenyl-p-toluenesulfonamide
(NCTs, 377), under Cu-catalysis led to regio-, chemo-, and dia-
stereoselective trifunctionalized products 383-386. The reac-
tion sequence involves three steps: first, borocupration fol-
lowed by an electrophilic cyanation, and finally, a second
borocupration. It was discovered that steric factors determine
the site of the first borocupration, while electronic effects are
dominant in the second addition of boron (Scheme 61) [114].

The selective arylborylation of a-alkylstyrenes 387 has been in-
vestigated, delivering 1,1-adducts 389, 390 in the presence of
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R R "CF;
369 310 370
OH
P Ph
Z 4 "CF,

HO

MeO
371; 85%,97% ee, 8:1dr

PhsP, DIAD

/QO
g7 $

PH THF, rt

Ph
374; 97%

Scheme 59: Cu-catalyzed synthesis of tertiary nonracemic alcohols.

NaBO3-H,0, KOMe

372; 92%,98% ee, 9:1 dr

=

373

HO CFs
371-373

THF, 25 °C, 12 h R

373; 60%,91% ee, 10:1 dr

OH OH
pae. T /\/g/

— Ph
MeOH,rt  Ph

HO CFs HO CFs

375; 88%

Ts CuBr,.SMe, (10 mol %) pinB CN
J\ * ' +  Bopiny * R Bpi
R Ar-NeN KsPOq, THF W Lo
1,2-borocyanation 4,3-borocyanation
376 377 310 PCy; (11 mol %, 0 °C)  Xantphos (11 mol %, rt)

pinB CN pinB
724 (\ Bpin Bpin
N _

N

378; 52%, 6:1rs 379;72%, 8:1rs

380; 50%, 1:16 rs

381; 65%, 1:3rs

rs = regioselectivity

Scheme 60: Synthesis of densely functionalized and synthetically versatile 1,2- or 4,3-borocyanated 1,3-butadienes.

palladacycle PCysPd G3, while 1,2-adducts 391-393 result
using APhosPd G3. The former reaction proceeds through a
second-stage B-hydride elimination/re-insertion pathway, al-
though for the latter set of conditions, a rare cross-coupling
takes place (Scheme 62) [115].

The cooperative effect of a catalytic system consisting of Cu/Ni
(e.g., Ni(acac),, CuCl, and PCy3) was also reported by Nakao et
al. leading to regio- and stereoselective arylboration of

1-arylalkenes with aryl chlorides or tosylates. The reactions

tolerate a variety of functional groups (including silyl ether,
alkoxycarbonyl, and aminocarbonyl) [116]. Following the ex-
pected mechanistic sequence, Brown et al. generated a variety
of Cu-catalyzed carboborylated products from trans-f-substi-
tuted styrenes [117] and cis-fB-substituted styrenes [118]
coupled with aryl/heteroaryl halides using SIMesCuCl/Pd-
RuPhos G3 to give the syn-isomers, while SIMesCuCl/Pd-P-
iBuj gave the anti-isomers. Styrenes could also be coupled with
acyl chlorides [119] as electrophiles in the presence of B,(pin)s.

Likewise, these same authors coupled 1,2-disubstituted 1,3-
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Ph N
S \ ICyCuCl (10 mol %) )\I/\
R, . N—CN )
A + Bopinp + Ts/ NaO--Bu R . Bpin
382 THF, rt Bpin
R: Cy, Al, Ar 310 377 383-386
CN CN CN CN
) . Ph._ O )
| AN Bpin Hex)\l/\Bpin Bpin \H/ \/\/l\I/\Bpm
Z Bpin Bpin Bpin o} Bpin
383; 62% (dr: 4:1) 384; 72% 385; 84% 386; 61%

CN

o LCuCl R)\l/\Bpm
== NaO-t-Bu

. Bpin
R / B,piny P
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S/\CUL LCuBpin )Ci/\ syn-elimination
Bpi R % _ Bpin
o o NaO-t-Bu ping” “CuCl
N \Q le®'”27A
TS o LCuCN
Boi LCu-NTs
pin | N .

~=:.--CuL Ph /
AN _
R T$ “Ph R)\]/ pinB Il_u Bpin
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Scheme 61: Cu-catalyzed trifunctionalization of allenes.

R SIMesCuCl (5 mol %) R SIMesCuCl (5 mol %) ) R
; PCys;Pd G3 (0.5 mol %) APhosPd G3 (0.5 mol %)  Ar
Ar1J\=/Bp|n/OH Ar1& + Bypin, + Ar2.Br

Bpin/OH
HE LiO-t-Bu, THF/toluene, 30 °C "7, o 383 LiO:t-Bu, THF/toluene, 30 °C Ar’
r . _ i -
389390 2) if -OH, NaOH, H,0, 2) if -OH, NaOH, H,0, 391-393
. Me Ph
Bpin/OH Ph ) OO
pinB&Bp'” Bpin/OH Me
Ph o Bpin/OH
389; 46% 390; 53% 391; 58% 392; 42% 393; 73%
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t-Bu—P—¢-Bu

9:=0 |
MsO— Pd-NH,

P(Cys)Pd G3 APhos Pd G3
L43-Pd L44-Pd

Scheme 62: Cu-catalyzed selective arylborylation of arenes.
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dienes with 3-bromopyridine derivatives and B,(pin); under
both racemic and non-racemic conditions and short reaction
times [120].

Following various reports [121,122] of nonracemic borylative
coupling of alkenes with imines, Kanai and coworkers [123]
demonstrated a related enantio- and diastereo-divergent boryla-
tive coupling of styrenes 395 with N-phosphinoyl and N-thio-
phosphinoyl imines 394 to afford a,f-disubstituted y-borylated
nonracemic amines 396-399. A combination of CuMes with
either (R,R)-Ph-BPE or (R)-(S},)-Josiphos afforded the targeted
products in high ees (Scheme 63). The asymmetric addition of
benzylic—Cu intermediates to imines proceeds through a flex-
ible linear transition state which is sensitive to the steric envi-

ronment surrounding the copper catalyst. This observation pro-
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vided the opportunity to achieve either diastereomer depending
on the choice of the ligand L45 or L46.

Based on the interest in Cu-catalyzed aminoboration reactions
of a variety of alkenes, such as bicyclic alkenes [124], Miura et
al. subsequently described the preparation of B-borylalky-
lamines 401-404 from unactivated terminal alkenes 307
(Scheme 64). Using a mixed diborane reagent, such as
pinB-Bdan developed by Suginome [125], or B,pin;, along
with various N-hydroxylamine derivatives (400) under
ligand-influenced Cu catalysis, high regioselectivities were typ-
ically obtained [126]. A year later, Popp et al. reported a
Cu-catalyzed regiospecific boracarboxylation of vinyl arenes
using 1 atm CO, and Bjpin, in moderate to excellent yields
[127].

99% ee 98% ee

99% ee

93% ee L46: R = 4-MeO-3,5-Xy R": 2-Tol

. MesCu (2-10 mol %) PSArF, PSArF,
N/PSAF 2 % L45 or L46 (2.4—12 mol %) HN  Bpin HN  Bpin
| * +  Bapiny : or /\)
Ar)\H Ar' t-BuOH, THF, 0 °C Ar Ar
Ar' Ar'
394 395 310 ArF: p-CF 3-CgH,
l
I
PSArF, PSArF, . Ph
HN  Bpin HN  Bpin ! Ph 73
. : P
| X (\ . ! L45: Cz/\/
' Ph
N N | Ph
: PR2
! RoP F:e H
396; L45, 93% 397; L46, 30% 398; L45,90%  399; L46, 85% | . :
anti/ syn: 20:1 antilsyn: 1:14 anti/syn: 5.7:1 anti/syn: 1:6.5 1 —
I
I
I

Scheme 63: Asymmetric borylative coupling between styrenes and imines.

R
Bdan 307 NBn,
NB IPrCuBr (10 mol %) Cu(Xantphos)CI (5 mol %) .
R nz + R Bpin
LiO-t-Bu, THF, rt Bopiny NaO-t-Bu
401, 402 pinB-Bdan BnoN-OBz THF, rt 403, 404
400
Bdan NBn,
o NBn, Bdan o) Bpin NBn
Q ™s._A_NBn, & T™S._ Bpin
o)

401; 74%, YIX (94:6)  402; 52%, Y/X (99:1)  403; 83%, Y/X (5:95) 404; 36%, Y/X (44:56)

Scheme 64: Regio-divergent aminoboration of unactivated terminal alkenes.
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2.3 B-Borylation of a,B-unsaturated compounds

The use of an inexpensive transition metal like copper as cata-
lyst is attractive for B-borylations of a,B-unsaturated carbonyl
compounds, that can then be further functionalized. In 2000, an
initial report featuring a 1,4-borylation of a,B-unsaturated com-
pounds 405 was reported by Hosomi in the presence of
Cu(OTf),-CgHg/(t-Bu)3P in DMF. No reaction occurred using
(CuOTHY),-CgHg in the absence of (#-Bu)3P. Mechanistic studies
showed that the coordination of phosphorus(III) to Cu(I) accel-
erated the reaction, as was confirmed by 3'P NMR. Using
equimolar diboron (e.g., Bypiny) slightly changed the chemical
shift of (r-Bu)3P from —30.7 ppm to —31.4 ppm. In addition, a
significant downfield shift was observed in the presence of
CuCl/(t-Bu)3P (-14.2 ppm). Therefore, it can be concluded that
the extent of coordination of (¢-Bu)3P to CuCl is far greater than
that with the diboron species, which results in an enhancement
of the catalytic activity (Scheme 65) [128].

The one-pot borylation/protodeboronation of a,B-unsaturated
ketones 405 in the presence of CuBr, B,piny and HyO as the
hydrogen source was developed under mild reaction conditions
to yield saturated ketones 410 and 411 in good to excellent
yields. Hydrogen isotope labelling showed that water was likely
the source of hydrogen since no reaction was observed under
anhydrous conditions. By contrast, the addition of either
TEMPO and BHT to the reaction resulted in 99% of the bory-
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0 Cu(OTf),-CgHe, Bpin O
1’\)J\ 2 ) BusP
RTX R2 + Bypin, R R2
405 DMF, rt 406-409
Bpin O Q Q Bpin O
g @ )é@pi” o0
Bpin
406; 71% 407; 87% 408; trace 409; 82%

Scheme 65: Cu-catalyzed 1,4-borylation of a,B-unsaturated ketones.

lated product 414, which may indicate the presence of a radical
intermediate in the second, protodeboronation step. Therefore,
the key intermediate is the 1,4-adduct 415, which in the pres-
ence of base and water affords the saturated product (e.g., 410,
411; Scheme 66) [129].

The B-borylation of a,B-unsaturated imines 416 was reported
using CuCl/L/NaO-z-Bu (L = PCys, Ph3P, JosiPhos) which,
upon oxidation with NaBOj, delivered the desired B-imino
alcohol 418 (Scheme 67). It is postulated that the base is re-
sponsible for the displacement of chloride from the catalyst and
also cleavage of the B-B bond in B;pin, to form the boryl-
copper intermediate. Following this, the metallo-enamine is

formed before reacting with an electrophile [130].

10) CuBr (10 mol %) o)

M

Bopiny, Cs,CO3
? “toluene/THF 4:1
air, 90 °C

R1U\/\R2

410, 411

@M

410; 86% 411; 74%
(0]
=
anhydrous ‘)J\/\‘
412 condltlons 413 8%
(0] Bpln
_ standard
O O conditions
TEMPO
412 or BHT 413; 0% 414; >99%
________ N\
CuBr : Ll
i TEMPOorBHT 1§ BPNI cscop 0 Y
RT N R2 Boping, H,O | R! R2  _PinBOH R1U\/kR2
\___H . ) H
405 415 410, 411

Scheme 66: Cu-catalyzed protodeboronation of a,B-unsaturated ketones.

725



Beilstein J. Org. Chem. 2020, 16, 691-737.

R R _R
NI CuCl/L (3 mol %) e N| " NI
) u mol % NaBO3;
Ph/\)\ *+ Bopiny PhM Ph)\/K
NaO-t-Bu, MeOH, rt
416 417; 99% 418; 95%
CuCl + NaOR —— CuOR + NaCl
szinz + L ’x
310
BpinOR
N/R
L-Cu-Bpin [
419 ph/\)\
416
R
Bpin N-CUE Bpin Nl’R
PR Ph
421 Cucl
) 420
Bopin, MeOH
L-Cu-OMe R
Bpin NI/
Ph
H
417
Scheme 67: Cu-catalyzed B-borylation of o,B-unsaturated imines.
A method to prepare B-trifluoroborate salts 423—-427 each con-

.. . L (o) 1) CyJohnPhos (2 mol %) o BFK
taining a carbonyl group was developed using a combination of CuCl (2 mol %) 3
CuCl/CyJohnPhos/NaO-¢-Bu as the catalytic system. The condi- R1LK%\R3 R1U\/kR3

. . 2 NaO-t-Bu, By(OH),4 )
tions employed B>(OH)4 as an atom economical source of R 2) KHF,, MeOH, H,0 R
boron, starting from a,B-unsaturated amides 422, ketones, and 422 423-427

ters in MeOH as the solvent (Scheme 68) [131]. The ~ _— __ ~ _~_
es er.s in . e as the so Vefl (Scheme .) [ 1 e o BF.K o BF.K

B-amidotrifluoroborates synthesized through this protocol do A
not encounter the purification difficulties typically associated H H
with conversions of pinacol esters to trifluoroborates. 423 88% 424; 75%

. o} O BF3K
An asymmetric 1,4-borylation of a,B-unsaturated carbonyl de- J\/\ 3
rivatives, e.g., 428 and 429, was reported using a combination EtO BF3K 0 Ph Ph
of Cu(MeCN),PF¢/L47 with either bisboronic acid (BBA, 430)
or tetrakis(dimethylamino)diboron (431) as atom-economical 425: 93% 426: 82‘|’:/03K 427 71%

boron sources leading to the desired products 432—435 in mod-
erate to good ees (Scheme 69) [132]. In addition, the reaction of
potassium N-(4-methoxyphenyl)-3-(trifluoroborato)butanamide
(436) as the nucleophilic coupling partner was investigated with
heteroarylchlorides 437 leading to products reflecting a com-
plete inversion of stereochemistry. The screening showed that
XPhos-Pd-G2 is the best pre-catalyst for these reactions and it

Scheme 68: Cu-catalyzed synthesis of B-trifluoroborato carbonyl com-
pounds.

was proposed that the reaction takes place through an Sg2 path-
way due to coordination of the carbonyl group of the nucleo-

phile to the boronate intermediate.

726



Beilstein J. Org. Chem. 2020, 16, 691-737.

o} o]
]
: y (e n ROSR .
6 R R® 428 Cu(MeCN)4PFg (5 mol %) 429 o R
R1N)I\/I\BF3K B2(NM62)4 L47 (5 mol %), NaO-t-Bu Bz(OH)4 RMBFSK
L THF/MeOH (1:1) rt, 24 h THF/EtOH (1:1)
R 2) aq. KHF, MeOH P— 2) aq. KHF,, MeOH
432, 433 R', R? = alkyl, aryl, H 434, 435
R3 = alkyl, aryl E(\N + N
T Y e
MeO (0] (@] Ph
JR U 0 VLS Pt P
N BF3K 0 BF;K  Ph BF3K
H s N BF3K
H Bo(NMey)s  B2(OH)4
432; 72%, 70:30 er 433; 91%, 93:7 er 431 430 434; 90%, 95:5 er 435; 52%, 79:21 er

o
PMP. M XPhos-Pd-G2 (5 mol %)
N BF3;K + (Het)aryl-Cl

438; 60%, 94:6 er

a1
PMP\,Tl “etAr

K,CO3, CPME/H,0
H 438,439

100 °C

439; 58%, 92:8 er

Scheme 69: Asymmetric 1,4-borylation of a,B-unsaturated carbonyl compounds.

Very recently the asymmetric Cu-catalyzed conjugate boryla-
tion (ACB) and addition (ACA) reactions onto o,B-unsaturated
2-acyl-N-methylimidazoles 440 have been developed using
nonracemic Taniaphos (L48) as ligand, followed by an oxida-
tion to the secondary alcohols resulting in high enantioselectivi-

ties. Aliphatic chains gave a high degree of enantioselectivity
(up to 98%), while more moderate ees were noted when the
substrates were branched at the y-site (Scheme 70) [133]. The
absolute configuration at each stereogenic center was deter-
mined by subsequent conversion of the borylated acylimidazole

1) Cu(MeCN)4PF¢ (4 mol %)
o L48 (6 mol %) OH o
R/\)K(N NaO-t-Bu, MeOH )*\)K(N
’\}J + Bypin THF, rt, 16 h R '\}J
_______________ a0 P NeBOO  aatass
oH o oH o
N
. cmM NS FaC™* T
PPh, ! N—/ N—7
L 441; 82%, 98% ee 442; 45% yield, 96% ee
: OH O / OH O /
i . N . N
' \ \J
N— N-7
443; 65% yield, 66% ee 444; 60% yield, 73% ee
Bpin O / Bpin O OH O
~ N MeOTf, 4 AMS, CHsCN, rt __ NaBOs, H0 o
* — (R)
! J then MeOH, DBU, rt THF/H,0, rt
445 N 446 447; 49%, 95% ee

Scheme 70: Cu-catalyzed ACB and ACA reactions of «,B-unsaturated 2-acyl-N-methylimidazoles.
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445 to the corresponding ester 446, which then was reacted with
NaBOj to deliver the nonracemic hydroxy derivative 447.

2.4 Nucleophilic borylation of C=X bonds

The first studies on the borylation of both aliphatic and aromat-
ic aldehydes 448 were carried out using Cu/NHC-ligand com-
plexes generating diborylated products 449-451; Scheme 71,
top) [134]. The insertion of an in situ-formed Cu-B species into
the aldehyde carbonyl was proposed, leading to the formation of
a C-B bond. '"H NMR studies, however, did not confirm the
formation of this Cu—O-C-B linkage 452. Instead, solely the
Cu—C-0O-B species 453 was observed. Due to the possibility of
facile rearrangement of the former to the latter, it could not be
concluded that a direct insertion of the aldehyde into the Cu-B
bond is taking place.

The enantioselective borylation of aliphatic aldehydes 448 was
first reported in 2015 using CuCl/KO-#-Bu/(R)-(DTBM)-
Segphos as the active catalyst in THF for the formation of
chiral, nonracemic a-alkoxyorganoboronate esters (up to 99%
ee; 454-457). MeOH was used as the proton source. Further
functionalization can be considered as an umpolung pathway
for the formation of enantioenriched tertiary alcohols through
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)Ok + Bypin, ICYICUO-L-Bu (1 mol %) @Bpin
2pIN2 .
R™ H benzene, rt R™ "Bpin
448 449-451
OBpin OBpin OBpin
Bpin Bpin s Bpin
\_s
MeO
449; 86% 450; 71% 451; 95%
pinBH
CuO-t-Bu o A ol ar
" Y
Cy\NAN/Cy Cu Cu
\—/
AT\NAN/AT AF\N)\\N/AF
L49 = (ICy)CuO-t-Bu \—/ \—/
452; Cu-O-C—B 453; Cu-C-O—B

Ar: 2,6-(iPr),CgH3

Scheme 71: Cu-catalyzed diborylation of aldehydes.

subsequent C—C bond formation (Scheme 72) [135]. The pro-
posed mechanism involves the formation of L-Cu—O—¢-Bu 458
which reacts with Bypin, to generate L-Cu-Bpin 459. The

CuCl (2.5 mol %)

i C e (R)-(DTBM)-Segphos (2.5 mol %)  HO, Bpin
in <
R" "H 2Pina KO-t-Bu, MeOH RT O R2
THF, 30 °C
448 454-457

(S)-454; 81%, 95% ee (S)-455; 61%, 95% ee 456; trace (S)-457; 82%, 92% ee
inB-OR :/\H
pinB- 0
L—Cu-Bpin R
Bopiny 459 coordination
L-Cu-OR L—Cu-Bpin
458 i H
. O.:< 460
H Bpin R
O_g"H LCu  Bpin J
O insertion
462-463 MeOH o

R

461

Scheme 72: Umpolung pathway for chiral, nonracemic tertiary alcohol synthesis (top) and proposed mechanism for product formation of 456 and 457

(bottom).
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subsequent coordination to the aldehyde results in the interme-
diate 461. Upon protonation of 461 the desired enantiomerical-

ly enriched borylated products 462 and 463 are obtained.

In 2017, a CuCl/nonracemic NHC combination of reagents was
employed as catalyst leading to an efficient enantioselective for-
mation of a-hydroxyboronates 465-467 in up to 94% ee from
aliphatic ketones 464. The subsequent treatment with n-BuLi
followed by an appropriate electrophile led to C—C bond forma-
tion, ultimately delivering chiral tertiary alcohols. Mechanistic
studies and DFT calculations showed that an in situ-formed
borylcopper(I) species is responsible for the 1,2-addition
(Scheme 73) [136].

C,O-Diboration of ketones 464 was explored using a catalytic
system consisting of (ICy)CuCl/NaO-z-Bu (ICy = N,N-dicyclo-
hexylimidazolyl) in toluene which afforded the products 470 in
moderate to high yields. Subsequently, tertiary a-hydroxy-
boronate esters 471-474 were isolated through O-B bond
cleavage upon treatment with silica (Scheme 74) [137]. The dia-
stereoselective formation of a-hydroxyboronate esters 477 and
478 starting from cyclic and acyclic ketones 475 and 476) arises
from an extensive steric crowding during the insertion reaction
of the coordinated L-Cu-Bpin to the aldehyde 479. The ob-
served selectivity from Felkin-Anh-controlled addition to the
carbonyl is increased here due to steric congestion associated
with the Bpin substituent.
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2.5 Borylation of C—X bonds

Decades ago, both aryl or vinyl boronates were synthesized via
Pd-catalyzed Miyaura borylations using aryl or vinyl halides as
substrates, respectively [138]. Unactivated alkyl halides (X =
Cl, Br, I, OTs; 481), however, have been examined far more
recently under mild conditions, using a combination of B,pin,
together with Cul/Ph3P and Li-OMe. Those alkyl halides bear-
ing a double or triple bond in an appropriate position deliver
cyclized borylated products 486. Hence, both primary and sec-
ondary boronates could be obtained with high functional group
tolerance, which is hard to access through previous protocols.
Moreover, the desired alkylboronates 487 can be used
further for Suzuki—-Miyaura coupling reactions with aryl bro-
mides 488 utilizing Ruphos as the ligand on palladium
(Scheme 75) [139].

Early in 2019, a highly diastereo- and enantioselective conver-
sion of trisubstituted alkenyl difluorides, where both Z- and
E-olefinic isomers 490 and 492 afforded high levels of
Z-olefinic boronates 491 and 493 was described. However, the
Z-configured alkenes together with the catalyst system
consisting of CuCl/BenzP* gave the R-configured alkyl-
boronates, while a change in the ligand to the BPE ((+)-1,2-
bis((2S,55)-2,5-diphenylphospholano)ethane) series, led to the
opposite isomer at the newly formed C(sp?) center. These fluo-
rine-containing borylated products can be further converted to
allylic amines (495; Scheme 76) [140].

O .
1L . o . CuCl(5mol %), L50 (5mol %) HO\fp'”
R! "R? Bapin, RT OR2?
KO-t-Bu, MeOH
464 THF, rt 465—-467
HO Bpin Ho, Bpin !
Me S i A
Me . N%/N
_N | ®
Boc ! o
: HO PFg
465; 87%, 94% ee  466; 58%, 88% ee
L50
o)
HO_ Bpin TESCI TESO_ BPIN 1) n-BuLi, -78 °C HO, )=
Me imidazole Me benzofuran Me
DCM, rt 2) NBS,-78°C

(S)-467; 92% ee (S)-468; 83%

Scheme 73: Cu-catalyzed synthesis of a-hydroxyboronates.

(S)-469; 32%, 92% ee
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Scheme 74: Cu-catalyzed borylation of ketones.
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Scheme 75: Cu-catalyzed borylation of unactivated alkyl halides.
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Scheme 76: Cu-catalyzed borylation of allylic difluorides.
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Borylation of cyclic and acyclic alkyl halides (X = Cl, Br, I;
496) was developed using a catalyst derived from CuCl and the
ligand Xantphos, with stoichiometric amounts of KO-7-Bu in
one pot. No reaction was reported, however, using alkyl mesy-
lates. Ring-opened products were observed using cyclopropyl-
methyl bromide (500) which suggests a radical pathway. A
variety of functional groups was tolerated, and high diastereose-
lectivity of the newly formed products was maintained; e.g., in
the case of menthyl halides (499; Scheme 77) [141].

A novel protocol was developed for the borylation of unacti-
vated alkyl chlorides 496 and bromides using catalytic Cu(Il)
together with NHC L51. Similar to mechanistic studies for cata-
lytic Cu(I) reactions, these Cu(Il)-NHC complexes may acti-
vate B,pin, forming a copper—boryl species, which further
reacts with an alkyl halide as electrophile. The reactions, which
could be performed under air, provide the desired borylated
products in good yields while tolerating a wide range of func-
tional groups. The reaction of cyclopropylmethyl bromide (500)
leads to the ring-opened product, while in the case of
6-bromohex-1-ene (485), the cyclic alkylboronate (486) was
formed as the major product. Both results suggest a radical
pathway (Scheme 78) [142]. Enantioenriched benzylboronates
were also synthesized from racemic benzyl chlorides using
Cu(CH3CN)4/(S)-Quinox-t-BuAd, as the nonracemic catalytic
system [143].
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Baran et al. reported an inexpensive and ligand-free Cu-cata-
lyzed decarboxylative method for the synthesis of boronic esters
510-513 through reaction of an acid with N-hydroxyphthal-
imide, via the in situ-generation of a redox active ester 509
(Scheme 79). The reaction conditions reported are mild, the
reactions are fast, and they tolerate a wide variety of functional
groups leading to the Bpin-containing products in moderate
yields. By contrast, substrates bearing halides were low yielding
due to unavoidable protodehalogenation or alternative boryla-

tion processes [144].

Direct functionalization of sp> C—O bonds present in alcohols is
of great interest due to their abundance in nature as well as their
commercial availability. As a result, benzylic, allylic, and
propargylic alcohols (514, 516, 518) were employed in the
Cu-catalyzed borylation reactions in the presence of B;pin, to
afford benzyl-, allyl-, and allenyl boronates, respectively (515,
517, 519). Structural variations in the alcohols did not appear to
inhibit reactivity under the reaction conditions. Mechanistic
studies suggested a nucleophilic substitution of Cu(I)-Bpin onto
an activated hydroxy-Lewis acid adduct. This reaction proceeds
under mild conditions, shows a broad substrate scope, and gives
the targeted benzyl-, allyl-, and allenyl boronate products in
good chemical yields. Ti(O-iPr)4 is used in the reaction to acti-
vate the alcohol via formation of 521 and iPrOH. The Cu(l)

species, formed through reaction of Cu(Il) and Xantphos, reacts

R CuCl (3 mol %) R!
Xantphos (3 mol %
RQ;\X + szin2 P ( 0) R2;\Bpm
RS KO-t-Bu, THF, rt R3
496 497-499
Bpin
¥ P!
O)\/\Bpin @ : Bpin
PN
497; 86% 498; 17% 499; 85%

kBr — X Bein A/Bpin

500

+

Scheme 77: Cu-catalyzed borylation of cyclic and acyclic alkyl halides.

501; 18%

pin

502; 0%

Boi
g Bpin
503; 30%
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Scheme 78: Cu-catalyzed borylation of unactivated alkyl chlorides and bromides.
O L}
HO‘N R Cu(acac),
R' . (0] LiOH.H,O
)\’//O (0] R 9] MgClz, Bopiny R'
R" (ON - " .
oH DIC, CH,Cl, N DMF/dioxane R"™ “Bpin
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O
509
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activated ester

510; 65% 511; 75%

Scheme 79: Cu-catalyzed decarboxylative borylation of carboxylic acids.

with iPrOH, followed by B,Pin; to generate the intermediate
L-Cu-Bpin. The in situ-formed L-Cu-Bpin then reacts with
species 521, 522, and 523 to form the desired borylated prod-
ucts 524, 525, or 526, respectively (Scheme 80) [145].

Conclusion
Copper-catalyzed processes as described herein provide an
excellent access to both carbon-silicon and carbon—boron inter-

mediates. Given the plethora of known chemical methods

512; 28%

513; 52%

utilizing such C-Si and C-B bonds en route to derived, valu-
able functionalities, it is not surprising that considerable atten-
tion has been paid to the developments described herein. More-
over, copper has been, and still is, very attractively priced,
being classified as a base metal, and remains an incentive,
further encouraging future discoveries. Its participation in
achiral and, perhaps more noteworthy, asymmetric catalyses,
stems in large measure from both its phosphine and N-hetero-

cyclic carbene-derived complexes that impart especially useful
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Scheme 80: Cu-catalyzed borylation of benzylic, allylic, and propargylic alcohols.
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reactivity and selectivity profiles. And while most of the chem-
istry discussed to date takes place in organic solvents, its expan-
sion into alternative reaction media (e.g., water) is sure to offer
new, exciting, and sustainable opportunities for copper cataly-
sis in the future.
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Copper catalysis finds applications in various synthetic fields by utilizing the ability of copper to sustain mono- and bielectronic

elementary steps. Further to the development of well-defined copper complexes with classical ligands such as phosphines and

N-heterocyclic carbenes, a new and fast-expanding area of research is exploring the possibility of a complementing metal-centered

reactivity with electronic participation by the coordination sphere. To achieve this electronic flexibility, redox-active ligands can be

used to engage in a fruitful “electronic dialogue” with the metal center, and provide additional venues for electron transfer. This

review aims to present the latest results in the area of copper-based cooperative catalysis with redox-active ligands.

Introduction

Interaction of earth-abundant metals, such as copper, with
radical ligands is originally known from biological systems
such as metalloenzymes [1]. Among the myriad of existing en-
zymes, galactose oxidase (GAO) is a copper-based enzyme per-
forming the two-electron oxidation of galactose through a
mechanism involving the metal and a neighboring tyrosine
radical ligand for the shuttling of overall two protons and two
electrons. This peculiar mechanism is enabled by transient
storage of electronic density on the tyrosine ligands and
perfectly illustrates the central role of ancillary pro-radical
ligands in biological systems. Among other tasks, copper en-
zymes are known to be actively involved in electron transfer as
exemplified by blue copper enzymes, which have captured the

interest of chemists and biochemists. Copper can also coop-

erate with iron to perform activation of O, and nitrogen oxides
(NO,) in cytochrome c oxidases [2,3]. Inspired by the broad
chemical repertoire of radical-ligand containing metalloen-
zymes, chemists have developed redox-active ligands as surro-
gates for the biologically occurring redox cofactors and this has
translated into active developments in homogeneous catalysis
[4]. The unique electronic interaction due to matching or
inverted energy levels between metal and ligand leads to
valence tautomerism [5-8], which paves the way for orches-
trated electronic events occurring within the metal complex and
influences the chemical reactivity of the complex. While the
field of catalysis with redox-active ligands is itself a much
broader area, we shall limit our discussion to copper catalysis

with redox-active ligands and the present review aims at provid-
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ing an overview of the relevant literature on this topic over the
last three decades.

Review

Oxidation: C—O bond formation

The central role of copper intermediates in oxidation reactions
in biological systems is very well documented [9]. It is there-
fore not surprising that this would be an area of choice for the
development of bioinspired and/or redox-active copper com-

plexes.

Inspired by the pioneering works by Stack [10], Wieghardt and
Chaudhuri on GAO mimics [11-13], Safaei and Storr have re-
ported Cu(Il) complexes bearing a non-innocent amidopheno-
late type benzoxazole ligand which was fully characterized by

X-ray crystallography and other spectroscopic techniques

Beilstein J. Org. Chem. 2020, 16, 858—870.

(Scheme 1) [14]. These complexes were found to perform the
aerobic catalytic oxidation of alcohols into aldehydes, thus
mimicking the reactivity of galactose oxidase. Complexes 1 and
2, exhibiting a twisted tetracoordinated geometry, and a distort-
ed square pyramidal geometry, respectively, were used in
alcohol oxidation on a wide variety of mostly aromatic alcohols
in the presence of base (CspCOj3). The results suggested that 2
is more efficient than 1 and this reactivity difference could be
attributed to an increased stabilization of the involved reactive
catalytic intermediates by the electron-donating acetate ions
present in complex 2.

The same team later reported on another family of galactose
oxidase mimics based on copper(Il) complex 4 bearing a non-
innocent iminophenol-iminopyridine hybrid ligand 3 that per-

formed two-electron oxidations of primary alcohols to alde-
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t-Bu O l |
t-Bu t-Bu
N N N N
NV N
cu O/‘,Cu \
c” ~o” t-Bu & o
t-Bu t-Bu /Ld t-Bu
1 2
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R™Y,H rt or 60 °C, oxygen R® H
Scheme 1: Copper complexes with amidophenolate type benzoxazole ligands for alcohol oxidations.
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Scheme 2: Copper-catalyzed aerobic oxidation of alcohols and representative substrate scope.
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hydes (Scheme 2) [15]. Catalyst 4 was fully characterized by
combined EPR, cyclic voltammetry and electronic spectroscop-
ic studies to reveal two quasi-reversible one-electron redox pro-
cesses, including a ligand-centered oxidation generating a Cull-
phenoxyl radical species, thus suggesting the electronic partici-
pation of the ligand in the redox processes. This catalyst is effi-
cient in the oxidation of a large number of alcohols (5a—e) in
the presence of base (KOH 1 mol %).

An interesting strategy aiming to explore the possibility of
interfacing the redox-activity with H-bonding ability inside the
ligand coordination sphere has been disclosed by Swart and
Garcia-Bosch [16], and relies on the design and study of a new

Beilstein J. Org. Chem. 2020, 16, 858—870.

copper(Il) complex. A family of o-phenylenediamido ligands
was synthesized through the introduction of ureanyl groups,
using a synthetic approach developed by Borovik [17,18] for
the stabilization of metal-oxo and metal-hydroxo complexes
via intramolecular H-bonding interactions. The resulting copper
complexes were synthesized and single crystal X-ray diffrac-
tion analysis evidenced the existence of H-bonding inside the
coordination sphere of 6 (Scheme 3). The authors reported that
the influence of the geometry of the complex on the H-bonding
interactions as well as the nature of this interaction greatly
affected the chemical properties. They also reported that com-
plexes that had higher oxidation potential and went through
irreversible oxidation were not good catalysts for the oxidation
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Scheme 3: Introduction of H-bonding network in the ligand coordination sphere.
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of benzyl alcohol to benzaldehyde (0-30% yields, e.g.,
PhPhC0-8.2 (.S x signifies oxidation state and x increases with
the removal of electrons). On the other hand, complex
-BuPh,0-8.2 showing a reversible oxidation behavior very
efficiently performs dehydrogenation of benzyl alcohol with
low catalyst loading (0.1 mol %) and high turnover numbers
(TONSs up to 184). Besides the oxidation of benzyl alcohol to
benzaldehyde, the authors also show that reaction with
tBuPhy 082 (5 mol %) could be efficiently extended to other
substrates containing weak C—H bonds and acidic O—H bonds
such as diphenylmethanol (PhBzOH), benzoin, and cinnamyl
alcohol. However, alcohols with stronger C—H bonds (cyclo-
hexanol) and more basic O—H bonds (1-phenylethanol,

MeBzOH ) were either not oxidized at all, or in very low yields.

Relying on a combination of kinetic and computational studies,
the authors propose a detailed mechanistic overview (Scheme 3)
for the transformation. A proposed model mechanism involves
reaction of Cull complex 6A with dioxygen to generate a Cull
superoxide intermediate 6B. The electron needed to reduce O,
to superoxide is provided by the redox-active ligand. Subse-
quent coordination of benzyl alcohol results in the formation of
species 6C, which undergoes a H-atom abstraction step to form
6D, in which the H-atom is transferred from the secondary

Beilstein J. Org. Chem. 2020, 16, 858—870.

benzylic sp> carbon to the redox-active ligand, acting as a coop-
erative H-atom acceptor. Following a proton-coupled electron
transfer (PCET) to generate 6E, the oxidized product (benzalde-
hyde) is released and final elimination of HyO, regenerates the
active catalyst, thus closing the catalytic cycle. Interestingly,
this catalytic behavior involving participation of the ligand
framework to release electrons and store an H-atom is reminis-

cent of the galactose oxidase copper enzyme.

A recent investigation by Martins, Davidovich and co-workers
reports on copper complexes of the redox-active Schiff-base
isatin bearing various functional groups (Scheme 4) [19]. The
main feature of these ligands is their ability to form four distinct
and well-defined types of complexes depending on the reaction
conditions (i.e., the number of equivalents of metal precursor,
solvent, etc.). These complexes performed the oxidation of
benzyl alcohol into benzaldehyde and the results suggested that
the optimization of the ligand structures by the introduction of
different substitutions leads to better catalytic efficiency. The
redox behavior of the ligands and complexes was investigated
through electrochemical studies and suggested to proceed via an
electrochemical chemical event (EC) including reversible elec-
trochemical and irreversible chemical steps. The authors also
observed a diminished stability of the complexes upon reduc-
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Scheme 4: Well-defined isatin copper complexes.
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tion, and this low redox stability could be circumvented through

ligand modification.

Phenol oxidation is ubiquitous in biological systems as demon-
strated by the involvement of the copper enzymes tyrosinases
(type III) in the melanogenesis process. The regioselectivity and
reactivity of the oxidation of phenols are strongly dependent on
the phenol substrate substitution pattern, and it is therefore diffi-
cult to develop general methods for this transformation. This
substrate—control bias was successfully outmaneuvered by the
development of a copper-based catalytic system operating under

Beilstein J. Org. Chem. 2020, 16, 858—870.

aerobic conditions and allowing selective access to benzox-
epines and 2,2’-biphenols through catalyst control (Scheme 5,
top) [20].

Extensive mechanistic studies evidenced a biomimetic pathway
involving a key Cu'l-semiquinone intermediate in which the
substrate becomes activated as a redox-active ligand (Scheme 5,
bottom) [21]. This radical Cull species is the catalyst resting
state and is accessed starting from a dinuclear side-on peroxodi-
copper(Il) intermediate, thus closely mimicking copper tyrosi-
nases [22,23]. Interestingly, further studies have focused on a
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Scheme 5: Catalyst control in the biomimetic phenol ortho-oxidation.
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closely related combination of copper salt, diamine (DBED:
N.N’-di-tert-butylethylenediamine) for the oxidation of benzyl
alcohol to benzaldehyde and shown that under aerobic condi-
tions, the system leads to the formation of a nitroxyl radical on
the DBED moiety [24]. This newly formed radical acts as a
redox-active cocatalyst in the oxidation reaction, which has pre-
viously been reported with TEMPO (2,2,6,6-tetramethyl-1-pi-
peridine N-oxyl) [25] and ABNO (9-azabicyclo[3.3.1]nonane
N-oxyl) radicals [26]. Later reports enlarged the synthetic scope
of this methodology and provided access to a wide range of
synthetically useful building blocks such as substituted hetero-
cycles, fluorinated phenols, ketones and 1,3-dienes (Scheme 6)
[27].

C—C bond formation

Complexes of radical and redox-active ligands with transition
metals are known to be able to promote radical reactions
through single-electron transfer (SET) processes [28].
Expanding on the research area pioneered by Wieghardt and
Chaudhuri [11-13] using well-defined copper complex 7, origi-
nally reported as a GAO mimic [20-22], we showed that this
ability could be extended to the catalytic generation of trifluoro-
methyl radicals (Scheme 7) [29]. The synthetic efficiency of

|
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Scheme 6: Structural diversity accessible by direct functionalization.
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complex 7 in trifluoromethylation was reported on a wide
variety of substrates including silyl enol ethers, heteroaro-
matics and alkynes using an electrophilic CF3* source (8 or 9),
opening new opportunities to access pharmaceutically relevant
trifluoromethylated products under mild reaction conditions.
The ligand-based SET step involved the iminosemiquinone
redox-active ligand which was oxidized to iminobenzoquinone.

The Canary group [30] reported a redox-reconfigurable copper
catalyst that exhibits reversal of its helical chirality through
redox stimuli (Scheme 8). Combining L-methionine and catalyt-
ic urea groups with two different copper salts as precursors
affords both enantiomers A-10 (from CuClO4) and A-10 from
(Cu(CH3CN)4PFg). UV—vis and circular dichroism spectroscop-
ic studies evidence that the helical chirality exhibited by these
two catalysts could be reversed by redox stimuli. These com-
plexes could perform enantioselective Michael addition be-
tween diethyl malonate and nitrostyrene to afford only one of
the two (5)-11 and (R)-11 enantiomers, depending on the redox
state of the copper center. The reaction was run with a 5 mol %
catalyst loading and a base (Et3N) and was compatible with dif-
ferent solvents (THF, MeCN, CH,Cl, and hexane). Aceto-
nitrile gave the highest yield (55%) and ee (72%) of product

|
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(8)-11 in presence of A-10 as catalyst. While the free ligand is
found to catalyze the reaction, the authors show that the
templating effect of the copper ion is necessary to sustain enan-
tioselectivity.

Himmel and co-workers have reported the use of copper(I)
complexes bearing redox-active guanidine ligands 12 for cata-
lytic aerobic homo- and cross-coupling of phenols with
dioxygen as oxidation source (Scheme 9). This strategy allowed
access to nonsymmetrical biphenols and the best results were
obtained with dinuclear complex 13 incorporating two copper(I)

N N N N N N N
I |
| |
12 | | 13 | |

Beilstein J. Org. Chem. 2020, 16, 858—870.

centers. These specific quinidine ligands have the ability to
supply electrons to the metal center thanks to their low oxida-
tion potential and can shuttle up to two electrons to the copper
centers. The specific geometry of this ligand also has an influ-
ence on the rate of electron transfer through a “structural
harmonization” between the Cull and Cu redox states through
an entatic state geometry [31,32]. According to the authors’
findings, 13 initially reacts with dioxygen to generate an
unstable bis-p-oxo-complex intermediate 13* which is the
active species during the catalytic cycle for the C—C coupling.
The coupling reaction follows a radical-anion mechanism due

substrates cross-coupling products
1 mol % 13
PhOH A + PhOH B diquinone A-B
14 15 0,, CH,Cl,, 16
2h,rt
OH OH t-Bu t-Bu OH tBu O
t-Bu t-Bu I-BU B -BU t-Bu @@ o
P —
L MeO 16f
15a t-Bu 16a t-Bu
14a
100%3° OMe 14e 41%
OH MeO t-Bu
MeOUOMe t—Bu\©/t—Bu MeQ
(0]
P OO
MeO t-Bu
14b 152 16b MeS  16e
70% 45%
OH OH 14b 15b
-Bu t.Bu S t-Bu
_ eO
MeO
t-Bu tBu ¢ t-Bu \©/ HOO
15a 80% OMe
14c ° MeO  MeO
OH OH t-Bu OMe
oMe -Bu By i /‘ E 14b 15¢ 169 47%
14d 15a 16d t-Bu
OMe 68%

Scheme 9: Interaction of guanidine-copper catalyst with oxygen and representative coupling products. 24 mol % catalyst loading, ®°homo-coupling

adduct.
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to the presence of electron-donating ligand 12 and this is the
key feature allowing preferential binding of the phenoxyl radi-
cals for PCET. Products arising from homo- and heterocou-
plings were formed with high selectivity. Homo- and cross-
coupling adducts 16a and 16b—g were obtained from the corre-
sponding phenols (14a—e and 15a—c) as shown in the bottom of
Scheme 9 with high chemoselectivity.

C—N bond formation

While copper complexes are at the heart of oxidative biological
networks, the introduction of nitrogen is a different matter. The
Arnold group has elegantly shown that through iterative muta-
genesis “directed evolution” enzymes can be coaxed to perform
unnatural transformations such as C—N bond forming aziridina-
tion, which has no biological counterpart [33]. While the exact
structure of the mutant metalloenzymatic active site was not
characterized in detail, it might bear some resemblance to the
original biological active site.

Building on their previously discussed phenol oxidation meth-
odology (Scheme 5 and Scheme 6), Lumb and co-workers have
targeted subsequent C—N bond formation to access oxindoles
[34], and perform C-H functionalization through aerobic
dearomatization of phenols [35]. These broad synthetic
outcomes further led to a unified approach for the preparation of

1,2-oxy-aminoarenes by phenol-amine couplings (Scheme 10)

[36].
CULZ'N ~
N,
n
N
/ N
CUL2 _

cuL N
By @Q Cul; Z
\/ R_-N

Beilstein J. Org. Chem. 2020, 16, 858—870.

We reported the formation of a C-N bond through copper-cata-
lyzed aziridination with redox-active complex Cu(SQ), 17 [37],
originally developed as a GAO mimic. The reaction worked
very efficiently under ambient conditions with N-tosylimi-
nobenzyliodinane (PhINTSs) as a nitrene source. The reaction
mechanism was proposed to involve a transient mono-nitrene
Cul! intermediate 18 in equilibrium with a spectator bis-nitrene
species 19 and proceeded through styrene 20 insertion, fol-
lowed by ring closure and release of the aziridine. Interestingly,
this otherwise classical mechanism is enabled by the accessi-
bility of doublet and quadruplet states close in energy and this
molecular spin catalysis is reminiscent of the multistate reactivi-
ty observed at the metal center, for example in heme enzymes
[38,39]. A wide range of substrates could be converted includ-
ing mono-substituted aziridines (21a, 21b and 21j), disubsti-
tuted aziridines (21c~h and 211,m), and more challenging scaf-
folds such as gem-disubstituted (21k) and trisubstituted (21i and
21n,0) aziridines (Scheme 11). Furthermore, the reaction condi-
tions are compatible with aldehyde, ester or ketone functions.

Metalloenzymes routinely rely on 3d metals and amino acid-
derived coordination spheres to perform complex (multi)elec-
tronic transformations of paramount importance in atom
transfer reactions and activation of small molecules. To do so,
metalloenzymes have acquired many evolutionary reactivity-
enhancing tools that enable efficient chemical processes.

Among these tools, the entatic state model relies on the fact that
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Scheme 10: Access to 1,2-oxy-aminoarenes by copper-catalyzed phenol-amine coupling.
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Scheme 11: Copper-catalyzed aziridination through molecular spin catalysis with redox-active iminosemiquinone ligands.

a strong steric distortion induced by ligands in the coordination
sphere around a metal center produces an energized and highly
reactive structure. Our recently published study revealed, that
use of a highly-strained redox-active ligand facilitates a transfer
of nitrogen- and carbon-containig group by copper complex 22
in as fast as two minutes, and therefore, it exhibits a strong
increase in reactivity when compared to its unstrained analogue

[40]. This example of a bioinspired small-molecule synthetic

system combines two reactivity-enhancing features from metal-
loenzymes: entasis and redox cofactors. Strikingly, combina-
tion of these unique steric and electronic features results in a
distorted pentacoordinated sphere exhibiting a newly occupied
coordination site, as confirmed by single crystal X-ray diffrac-
tion analysis. This particular geometry results in enhanced cata-
lytic reactivity and is clearly reminiscent of the entatic state

model. The proposed mechanism (Scheme 12) involves the
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insertion of a nitrene or carbene group to the copper complex 22
to form intermediate 23. Subsequent alkene insertion yields
species 25 and the group-transfer product (21a,h—j,n,0, 26a-g
and 27a-0) is released upon ring-closure (Scheme 12). A wide
range of substrates including diverse mono-, di-, and trisubsti-
tuted styrene derivatives (21a,i,h, 26a—d and 27a-i) substrates
as well as unactivated or deactivated tri- and tetrasubstituted
scaffolds (21j,n,0, 26e—g and 27j—o0) were efficiently converted.

Conclusion

The use of redox-active ligands opens new venues in copper ca-
talysis by utilizing the efficient electronic interplay between the
metal center, the redox-active ligand and the reaction substrate.
While such an behavior is a cornerstone in enzymatic reactions,
the wide opportunities offered by these bioinspired approaches
are only emerging and should blossom in the near future. In
order to assert this field as a true game-changer in copper catal-
ysis, further work should aim at rationalizing the “redox
dialogue” between the metal and the ligand, and provide a
deeper understanding of the valence tautomerism at work in
such systems in order to develop predictive tools for reactivity
control [41]. Such knowledge is most likely to result in new
advances in the fast-expanding field of redox catalysis.
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Copper-catalysed asymmetric C—C bond-forming reactions using organometallic reagents have developed into a powerful tool for

the synthesis of complex molecules with single or multiple stereogenic centres over the past decades. Among the various acceptors

employed in such reactions, those with a heterocyclic core are of particular importance because of the frequent occurrence of

heterocyclic scaffolds in the structures of chiral natural products and bioactive molecules. Hence, this review focuses on the

progress made over the past 20 years for heterocyclic acceptors.

Introduction

The copper-catalysed asymmetric addition of organometallic
reagents to various acceptors is a useful strategy for C—C bond-
forming reactions [1-4]. These important transformations have
been thoroughly developed in the last few decades and were
widely used in the synthesis of chiral natural products and bio-
active molecules [5-8]. The majority of these molecules has a
crucial commonality, namely the presence of heterocyclic units
containing nitrogen, oxygen, sulphur, or other heteroatoms.
These units are also often responsible for the key bioactivities
that such molecules exhibit [9-11]. This has motivated the de-

velopment of various strategies that target the synthesis of

chiral heterocyclic motives [12-14]. Among these, methodolo-
gies based on the copper-catalysed asymmetric addition of
organometallics are especially valuable because of i) the
compatibility between copper catalysts and heteroatoms present
in the starting materials that often show inhibitory effects in
combination with other metal-based catalysts, and ii) the avail-
ability and cost-efficiency of copper(I) salts and most organo-
metallics.

This review aims to provide an overview on the copper-based

catalytic systems that enable the direct application of hetero-
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cyclic acceptors in highly enantioselective C—C bond-forming
reactions with organometallics. The work highlighted in this
minireview is divided into two sections, based on the position
where the bond is formed. The first part focuses on acceptors in
which the reacting unsaturated double bond is embedded into
the heterocyclic ring, while the second part deals with acceptors
in which the reacting unsaturated double bond is located outside
of the heterocyclic unit (e.g., alkenyl-substituted heterocycles).
The organometallics discussed in this minireview include
organoaluminium, organozinc, organozirconium, organo-

lithium, and Grignard reagents.

Review

Copper-catalysed C—C bond-forming
reactions at the heterocycle

The direct synthesis of chiral heterocyclic molecules from
pyridine, quinolone, or indole derivatives is advantageous due
to the abundance of such building blocks. Unfortunately, estab-
lishing catalytic enantioselective methods for the synthesis of
these compounds resulting in high yield and enantioselectivity
has proven challenging. As a result, significant effort has been
invested into copper-catalysed asymmetric conjugate addition
reactions using organometallics.

In 2005, Feringa and co-workers reported on the copper-cata-
lysed asymmetric conjugate addition (ACA) of dialkylzinc
reagents to N-substituted 2,3-dehydro-4-piperidones 1 in order
to access useful chiral piperidine derivatives (Scheme 1A) [15].
They found the catalytic system based on the chiral phosphor-
amidite L1 and a copper salt to be the most efficient one to

achieve an enantioselectivity of up to 96% ee.

Interestingly, piperidones with different carbamate protecting
groups (Me, Et, Ph, tosyl, and Bn, respectively) were tolerated,
and a high enantioselectivity could also be obtained with
several other dialkylzinc reagents (e.g., iPrpZn and n-Bu,Zn, re-
spectively). Later, T. Shibata and K. Endo prepared the same
product (2¢) with a higher enantioselectivity (97% ee) by using
the multinuclear phosphorus ligand catalyst L2 [16].
Organoaluminium reagents are also commonly used organo-
metallics in copper-catalysed ACA reactions. For example, in
the work of Feringa and co-workers, the methylation reaction
using Me,Zn resulted in a low yield of 44% due to the difficult
purification of the crude product [15]. However, the same
authors showed later that the copper-catalysed ACA of Me3Al
to Boc-protected 4-piperidone can be used as a key step in the
total synthesis of the natural product (+)-myrtine with 14%
overall yield (Scheme 1B) [17]. For this application, the highest
yield (73%) and enantioselectivity (96% ee) were obtained

using the chiral ligand L3 and a copper salt as the catalyst.

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

Despite the fact that examples of high yield and enantioselectiv-
ity have been reported for conjugate additions of both
organoaluminium and organozinc reagents, these reagents also
present major drawbacks, namely their commercial availability
and atom efficiency, given that only one alkyl group is trans-
ferred from the organometallic reagent to the Michael acceptor.
In contrast, Grignard reagents are very favourable organometal-
lics in terms of both their availability and atom efficiency. On
the other hand, Grignard reagents are significantly more
reactive than organoaluminium and organozinc reagents,
rendering the catalytic control of both the regio- and enantiose-
lectivity in addition reactions challenging. Nevertheless,
Harutyunyan and co-workers introduced the first general cata-
lytic methodology to access a wide variety of chiral piperidones
in 2019, using Grignard reagents (Scheme 1C) [18]. Therein, a
new catalytic system based on the ligand L4/Cu complex
promoted the addition of Grignard reagents to N-Cbz-pyridone
and N-Cbz-2,3-dihydropyridone Michael acceptors with high
enantioselectivity and yield. It is worth mentioning that in
copper-catalysed additions of Grignard reagents to N-Cbz-
pyridone, the use of a Lewis acid (BF3-OEt,) together with the
copper catalyst is essential for achieving a high yield as well as
a high regio- and enantioselectivity (up to 99% ee).

Although organoaluminium, organozinc, and Grignard reagents
were all successfully applied in the ACA of 2,3-dehydro-4-
piperidones, an introduction of the vinyl group was not success-
ful until 2012, when Alexakis and co-workers disclosed that
vinylalanes could be used in the copper-catalysed ACA to
N-substituted-2,3-dehydro-4-piperidones [19]. Optimisation
studies revealed that the combination of the ligand L5 and
Cu(II) naphthenate constituted the most efficient catalytic
system, allowing the synthesis of the corresponding products
with good yield and enantiomeric purity (up to 83% yield and
97% ee). Furthermore, a large variety of vinylalanes was inves-
tigated, and the product 21 was further derivatised into a chiral
bicyclic structure (5, Scheme 2A). In addition, simple vinyl alu-
minium reagents and commercial alkylaluminium reagents were
examined in this methodology, providing the corresponding
products with a moderate yield but high enantioselectivity
(Scheme 2B).

In 2009, Feringa and co-workers presented the first highly enan-
tioselective 1,2-addition of dialkylzinc reagents to an N-acyl-4-
methoxypyridinium salt using a copper/phosphoramidite cata-
lytic system (Scheme 3) [20,21]. The authors highlighted that
the N-acylpyridinium salts were unstable species and that their
instability affected the regioselectivity of the dearomatisation
process upon the nucleophilic addition of the organozinc
reagents. To solve this problem, the intermediate of the N-acyl-

4-methoxypyridinium salt must be formed in situ and added
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Scheme 1: Copper-catalysed ACA of organometallics to piperidones. A) addition of organozinc reagents; B) addition of organoaluminium reagent in

the total synthesis of (+)-myrtine; C) addition of Grignard reagents.

slowly to the solution of the Cu(OTf),/L6 complex and dial-
kylzinc reagent at =78 °C. Several dialkylzinc reagents were
found to be effective as nucleophiles in this reaction, in most

cases providing the products with a high enantioselectivity and

a moderate yield. An exception was found with diisopropylzinc,
for which only 56% ee could be obtained. The methodology
was also successfully applied to the total synthesis of the natural

alkaloid (R)-coniine.
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Scheme 2: Copper-catalysed ACA of alkenylalanes to N-substituted-2,3-dehydro-4-piperidones.
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Scheme 3: Copper-catalysed asymmetric addition of dialkylzinc reagents to N-acyl-4-methoxypyridinium salts formed in situ.
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Organozirconium compounds are another class of organometal-
lic reagents that have been used widely in the synthesis of com-
plex molecules. Recently, Fletcher and co-workers demon-
strated the applicability of a hydrozirconation in the ACA reac-
tion to non-heterocyclic conjugated substrates [22-26], while
the Sebesta group was the first to report the copper-catalysed
addition of organozirconium reagents to N-substituted 2,3-
dehydro-4-piperidones (Scheme 4A) [27]. In the latter work, the
organozirconium reagents were generated first in situ by the
hydrozirconation of alkenes. Subsequently, the L.1/Cu catalytic
system was used to test different organozirconium reagents. The
results showed that with N-substituted 2,3-dehydro-4-
piperidones, several products could be obtained with an enan-
tiomeric ratio of up to 92:8, but with yields not exceeding 22%.
Interestingly, this methodology could also be applied to the
lactams 7, leading to the corresponding products with up to
81% yield and an enantiomeric ratio of up to 82:18
(Scheme 4B).

Oxygen-containing heterocyclic compounds are ubiquitous in
natural products and medicines, with many of them being
chiral. Copper-catalysed ACA reactions of organometallics
have also been employed to synthesize such chiral oxygen-con-

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

taining heterocyclic compounds. Feringa’s group reported the
highly regio- and enantioselective copper-catalysed direct
conjugate addition of Grignard reagents to chromones and
coumarins (Scheme 5) [28,29]. A variety of Grignard reagents,
including linear and secondary alkylmagnesium reagents and
various chromones and coumarins, were tolerated by the cata-
Iytic system, providing the products with a high yield and enan-
tioselectivity. It was also demonstrated that the addition prod-
ucts could be used for further transformations in order to access
various derivatives, such as 12 and 13, derived from the trap-
ping and Baeyer—Villiger oxidation of 11, respectively, or com-
pound 16, obtained via the ring opening reaction of 15 with an
amine (Scheme 5). Taking the enolate intermediate derived
from the addition of EtMgBr to coumarin as an example, it was
shown that upon the treatment with an amine, this enolate pro-
duced the final chiral amide product with a good yield (82%)
and ee (96%).

While the methodology for the ACAs of Grignard reagents to
chromones and coumarins has been established successfully,
quinolones remained challenging substrates for such transfor-
mations until very recently. It was not until 2019 that this prob-
lem was solved, when the Harutyunyan group employed a cata-

A o e ___
() = r ’.
)+ w8 (CuOTCatot COL
{ R . I |
N % TMSCI, BF3-OFEty, rt '}‘ R o. |
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8c
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Scheme 4: Copper-catalysed ACA of organozirconium reagents to N-substituted 2,3-dehydro-4-piperidones and lactams.
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Scheme 5: Copper-catalysed ACA of Grignard reagents to chromones and coumarins and further derivatisation of the corresponding products.

lytic system based on L4/Cu, which efficiently catalysed the
ACA of Grignard reagents to N-protected quinolones 17 at
room temperature (Scheme 6) [18]. Initially, the methodology
was developed for additions to N-Cbz-4-quinolone-based sub-
strates, and the catalytic system was demonstrated to facilitate
the addition of a wide variety of reagents, including linear, a-,
B-, and y-substituted, as well as aryl Grignard reagents. The
subsequent broadening of the quinolone scope revealed that
substrates bearing Me, Br, CFj3, ether, amide, and ester substitu-
ents, respectively, were also tolerated successfully. In addition,
the catalytic system was applied to the synthesis of the natural
product (+)-angustureine with an excellent outcome (92% yield,
97% ee) (Scheme 6A). When the method was applied to the
ACA of Grignard reagents to N-substituted 2-quinolones, their
lower reactivity led to a lower conversion. Performing the reac-
tion in the presence of TMSBr resolved this and allowed the
reaction to proceed for various Grignard reagents and sub-

strates with an excellent enantioselectivity (Scheme 6B).

The copper-catalysed ACA of organometallics has also been

applied to lactams, which are useful building blocks for synthe-

tic chemistry. In 2004, Pineschi and co-workers successfully
introduced the methodology of copper-catalysed ACAs of
organoaluminium and organozinc reagents to lactams
(Scheme 7A) [30]. They found that with a phenylcarbamate
protecting group on the nitrogen atom, the addition of Et,Zn
and Me3Al could be promoted by the L.1/Cu catalytic system,
leading to the corresponding alkylated products with 95% and
68% enantioselectivity, respectively. Furthermore, the interme-
diate formed upon this ACA could be trapped with acetalde-
hyde and allyl bromide or allyl acetate to form valuable com-
pounds with high ee and dr values. Later, Harutyunyan’s
research group showed that also non-activated lactams with
alkyl-protected groups could undergo ACA reactions with
EtMgBr, with 93% ee (22¢, Scheme 7A) [31]. The research
group of Alexakis was able to push this chemistry further when
they developed a new methodology that allowed to access the
chiral lactams 26 with moderate yield and high enantioselectivi-
ty (up to 96% ee). Therein, the copper(Il) naphthenate/L5-cata-
lysed ACA of alkenylaluminium and alkylaluminium reagents
to the B-substituted unsaturated conjugated lactams 25 was util-
ized (Scheme 7B) [32].
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Scheme 7: Copper-catalysed ACAs of organometallics to conjugated unsaturated lactams.

Chiral lactones are yet another interesting class of heterocyclic
substrates that have attracted great attention because of their
usefulness in both organic synthesis and medicinal chemistry.
The copper-catalysed ACA of organozinc reagents to 5,6-
dihydro-2-pyranone is one of the best methods to obtain chiral
lactones. During the past two decades, the research groups of
Chan, Hoveyda (who applied an approach depending on the
trapping by an aldehyde), Mauduit, and Wang reported a variety
of methods employing the chiral ligands L9-L13 that, in com-
bination with copper, efficiently catalysed the ACA of diethyl-
zinc to 5,6-dihydro-2-pyranone (Scheme 8), providing access to
chiral B-substituted lactones with high enantioselectivity and

conversion [33-37].

Although the copper-catalysed ACA of Et;Zn to 5,6-dihydro-2-
pyranone has been reported, the reactivity and commercial
availability of the former renders the ACA of Grignard reagents
a more attractive methodology. Feringa and co-workers were
the first to report copper-catalysed ACAs of alkyl Grignard
reagents to pyranones and 5,6-dihydro-2-pyranone (Scheme 9)
[38]. In the presence of the Cu/L7 catalytic system, several
alkyl Grignard reagents underwent ACAs to form the chiral
lactones with high enantioselectivity. Importantly, the authors
showed how the conjugate addition products could be further
derivatised to lead to versatile chiral building blocks, such as a
B-alkyl-substituted aldehyde (66% yield, 94:6 er) or a f-bromo-
y-alkyl-substituted alcohol (71% yield, 93:7 er).
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Scheme 8: Copper-catalysed ACA of EtyZn to 5,6-dihydro-2-pyranone.
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The asymmetric allylic alkylation (AAA) is a very useful
method that allows the enantioselective formation of C-C
bonds, and copper-catalysed AAAs using Grignard, organo-
lithium, organoaluminium, and organozirconium reagents have
been reported. In 2015, Fletcher and co-workers presented the
copper-catalysed AAA of racemic 3,6-dihydro-2H-pyrans using
alkylzirconocenes in the presence of the Cu/L14 catalytic
system (Scheme 10A) [39]. Several alkylzirconocenes were ex-
amined, resulting in the respective products with 45-93% ee
and 20-33% yield. The same group also described the copper-
catalysed desymmetrisation of heterocyclic meso compounds
via the AAA reaction, once again using alkylzirconocenes as
nucleophiles (Scheme 10B). In this reaction, two seven-mem-
bered heterocyclic bisphosphates (O- and N-containing, respec-
tively,) underwent Cu/L15-catalysed AAAs and provided the
corresponding chiral products with good yield and high enantio-
selectivity (92-93% ee) [40].

Ring opening reactions where carbon—carbon bonds are formed
upon the addition of organometallics to heterocyclic acceptors,
resulting in products that are not heterocyclic, provide an alter-

native strategy to generate important building blocks with two

Cp,ZrHCI, DCM, L14
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stereocentres, starting from heterocyclic substrates. The copper-
catalysed ring opening of oxygen-bridged heterocyclic
acceptors with trialkylaluminium reagents was explored by the
group of Alexakis in 2009 (Scheme 11) [41]. Various chiral
phosphoramidite ligands, in combination with a copper salt,
were found to be efficient catalysts for this transformation, with
the best results obtained with the ligand L16.

Feringa and co-workers elaborated the copper-catalysed ring
opening reaction of oxabicyclic alkene substrates using organo-
lithium reagents, finding excellent anti selectivities and enantio-
selectivity (Scheme 12) [42]. During the optimisation studies,
they discovered that when the Lewis acid BF3-OEt; was em-
ployed in combination with the Cu/L1 catalyst system, the anti
diastereoisomer could be obtained with 97% enantioselectivity.
In addition, this methodology tolerated n-BuLi, iBuLi, n-HexLi,
and EtLi, providing a full conversion and high anti selectivity
and enantioselectivity in all cases.

Alexakis and co-workers exploited the copper-catalysed asym-
metric ring opening of polycyclic meso hydrazines with

organoaluminium reagents (Scheme 13) [43]. This reaction fol-
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Scheme 10: Copper-catalysed AAA of an organozirconium reagent to heterocyclic acceptors.
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Scheme 11: Copper-catalysed ring opening of an oxygen-bridged substrate with trialkylaluminium reagents.
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Scheme 12: Copper-catalysed ring opening of oxabicyclic substrates with organolithium reagents (selected examples).
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lowed a classical allylic substitution pathway. Interestingly, the
organoaluminium reagents in this reaction did not only act as
alkyl donors but could also activate the leaving group. After
testing several kinds of phosphoramidite ligands with copper
salts, the catalyst system L17/CuTc was selected for further
studies. The solvent was found to play a crucial role in this
reaction, with MTBE as the solvent of choice. Various
organoaluminium reagents and protecting groups were exam-
ined, providing the products with good yield (up to 90%) and ee
(up to 95%).

Copper-catalysed conjugate addition
reactions to alkenyl-substituted heterocycles

Chiral heterocyclic aromatic compounds are crucial motifs in
natural products and bioactive molecules, and in recent years,
many strategies have been reported for their highly enantiose-
lective synthesis. However, while catalytic asymmetric C—C
bond formations by ACAs of organometallics is a routine pro-
cedure for additions to common Michael acceptors, such as

CuBr-SMe,/L7
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enones and enoates, examples of catalytic asymmetric addi-
tions to N-heteroaromatic alkenyl compounds are less de-
veloped. This deficiency is largely due to the intrinsically low
reactivity of alkenyl-substituted heterocycles towards nucleo-
philic addition compared to common Michael acceptors. A way
to lift this barrier was introduced in 2016 by Harutyunyan and
co-workers, who developed a general methodology for the
direct and facile access to a variety of chiral heterocyclic aro-
matic compounds by the ACA of Grignard reagents to conjug-
ated N-heteroaromatic alkenyl compounds (Scheme 14) [44].
The key of the presented method was the enhancement of the
reactivity of the heteroaromatic alkenyl substrates by Lewis
acid activation in combination with readily available and highly
reactive Grignard reagents and a copper catalyst bound to a
chiral diphosphine ligand. Using this methodology, various
chiral heteroaromatic products were obtained with high enantio-
selectivity (up to 99% ee) and yield (up to 95%). Remarkably,
both alkyl and aromatic Grignard reagents provided a high yield
and enantioselectivity in this methodology. Furthermore, the

G
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Scheme 14: Copper-catalysed ACA of Grignard reagents to alkenyl-substituted aromatic N-heterocycles.
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same group reported a one-pot conjugate addition to alkenylhet-
eroarenes with subsequent trapping of the resulting azaenolate

with reactive Michael acceptors in a follow-up study [45].

While pyridines are among the most important classes of
heterocyclic moieties that occur in many bioactive molecules,
such as natural products, pharmaceuticals, and agrochemicals,
the initial report by the Harutyunyan group did not include
alkenylpyridines in the substrate scope. The reason for this was
the markedly lower reactivity of alkenylpyridines towards
nucleophilic addition as compared to other alkenylheteroarenes.

For the same reason, the synthesis of chiral pyridine derivatives
has always been considered a challenge in organic chemistry

research. In an attempt to overcome this reactivity issue, the

CuBr-SMe,/L7

Beilstein J. Org. Chem. 2020, 16, 1006—1021.

same authors decided to use the trimethylsilyl-based Lewis acid
TMSOTT in order to allow the covalent activation of the
alkenylpyridine via pyridinium formation. This strategy turned
out successful, and optimisation studies identified reaction
conditions that allowed highly enantioselective ACAs of
Grignard reagents to alkenylpyridines (Scheme 15) [46]. Using
the optimised conditions (Cu/L7/TMSOTT), a large variety of
pyridine-based chiral compounds was synthesized. Apart from
allowing the introduction of different linear, branched, cyclic,
and functionalised alkyl chains at the B-position of the
alkenylpyridines, the catalytic system also showed a high func-
tional group tolerance, and thus allowing straightforward chem-
ical transformations of the addition products, including, for ex-
ample, reductions, cycloadditions, and coupling reactions
(Scheme 15B).

P
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52
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Scheme 15: Copper-catalysed ACA of Grignard reagents to B-substituted alkenylpyridines.
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Meldrum’s acid and its derivatives are versatile reagents in
organic synthesis that can be transformed into a wide range of
compounds. In 2006, the group of Fillion described the highly
enantioselective synthesis of all-carbon benzylic quaternary
stereocentres via a conjugate addition of dialkylzinc reagents to
alkylidene Meldrum’s acids, resulting in the ACA products with
high enantiopurity (Scheme 16) [47-52]. Different kinds of
Meldrum’s acid derivatives were tolerated in this reaction, and
the products could undergo various chemical transformations
(Scheme 16A). Later on, this methodology was also demon-
strated to enable the 1,6-addition of dialkylzinc reagents to
functionalized alkylidene Meldrum’s acids, providing the re-
sulting products 60 with moderate yields (65%) and enantiose-
lectivity (70% ee) (Scheme 16B).

Conclusion

The aim of this review was to give the reader an overview on
the progress made over the past two decades in the field of
copper-catalysed C—C bond-forming reactions between hetero-
cyclic acceptors and organometallics. Many excellent method-
ologies have been reported to date, and the key to the success of
these transformations lies in the capability of chiral copper cata-
lysts to activate both the organometallics and heterocyclic

(A) 1,4 addition

%0 © 0d ©
|
Cl
58a 58b

82% yield, 89% ee  93% vyield, 78% ee
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acceptors for the reaction. The development of a wide variety of
chiral ligands allowed an impressive scope of heterocycles to
undergo reactions with organometallics. However, the current
state of the field is certainly incomplete, and future develop-
ments in substrate and organometallics scope can be expected.
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Over the years, the development of new methodologies for the introduction of various fluorinated motifs has gained a significant

interest due to the importance of fluorine-containing molecules in the pharmaceutical and agrochemical industries. In a world eager

to eco-friendlier tools, the need for innovative methods has been growing. To address these two challenges, copper-based reagents
were developed to introduce CF,H, CF,Rf, CF,CH3, CF,PO(OEt), and CF,SO,Ph motifs on a broad range of substrates. Copper-
based fluorinated reagents have the advantage of being inexpensive and generally in situ generated or prepared in a few steps,

which make them convenient to use. In this review, an overview of the recent advances made for the synthesis of fluorinated mole-

cules using copper-based fluorinated reagents will be given.

Introduction

In a society in which fluorinated molecules are playing a pivotal
role in pharmaceutical and agrochemical industries as well as in
materials science [1-4], the quest for innovation in the
organofluorine chemistry field is of high importance. In that
context, the development of new strategies is an important
driving force [5-14], offering efficient and original tools to
introduce a fluorine atom or a fluorinated moiety of unique
properties [15]. Despite the tremendous advances made in that

field, key synthetic challenges remain to synthesize fluorinated

scaffolds. Among the different developed strategies to ravel
synthetic issues, the use of inexpensive and readily available
copper-based fluorinated reagents appeared over the years as a
powerful tool in various transformations for the introduction of
fluorinated moieties. Such strategy has already demonstrated a
significant synthetic value for the trifluoromethylation of
various compounds [16-27]. In contrast, available reagents for
the incorporation of a CF>R (R = H, alkyl, Rg, FG; FG = func-

tional group) moiety remain restricted, despite the potential of
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these functionalized fluorinated moieties. In this review, the
main contributions in the field of copper-based reagents for the
introduction of CF,H, CF,FG, CF,Me and CF,Rp moieties over
the last 5 years (period of 2014-2019) will be summarized. The
design and the elaboration of either pre-formed or in situ-gener-
ated copper-based reagents was an efficient tool in several reac-
tions. Note that only transformations involving the use of such
copper-based reagents will be depicted and copper-catalyzed

reactions are therefore beyond the scope of this review.

Review

Copper-based difluoromethylating reagents

In this section the key advances made to access copper-based
difluoromethylating reagents are summarized. The CF,H
moiety [28-32], a well recognized alcohol and thiol bioisoster,
is particularly attractive due to its unique features [33-36].
Besides, this residue is present in several bioactive compounds
such as Deracoxib and Thiazopyr. In comparison with trifluoro-
methylcopper complexes, the difluoromethylcopper ones are
less stable as demonstrated by the work of Burton in 2007 [37].
Investigations on the in situ synthesis of difluoromethylcopper
from a difluoromethylcadmium source at low temperature and
the study of its reactivity with various classes of compounds
such as allylic halides, propargylic halides and tosylates,
iodoalkynes and reactive alkyl halides were realized. It was
established that CuCF,H readily decompose into 1,1,2,2-tetra-
fluoroethane and cis-difluoroethylene. From this pioneer work,
attention was paid either to the design of new synthetic path-
ways for the synthesis of a well-defined copper-based reagent
or to new tools for the in situ generation of an active CuCF,H
species and its application in several transformations.

Pre-defined difluoromethylating reagents

In the quest for well-defined and isolable MCF,H species,
Sanford depicted for the first time in 2017 the synthesis and
characterization of isolable difluoromethylcopper(I) complexes
[38]. The latter were prepared in a two-step sequence starting
from the corresponding (NHC)CuCl as precursors in the pres-
ence of NaOt¢-Bu followed by the addition of TMSCF,H
(Scheme 1). The latter was prepared in a one step synthesis after
reduction of the Ruppert—Prakash reagent with sodium borohy-
dride [39]. The key of success was the use of bulky IPr and SIPr
ligands to stabilize the organometallic species. Indeed, in the
case of IPr as a ligand, the complex was stable in solution at
room temperature for at least 24 hours. The reactivity of the
complex was then studied in stoichiometric reactions with aryl
iodides and iodonium salts. The difluoromethylation reaction
was smoothly carried out at 90 °C with electron-rich and elec-
tron-poor aryl iodides. However, the reaction was more effi-
cient with electron-poor aryl iodides (Scheme 1). It is impor-

tant to highlight that, in the course of their study for the synthe-
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sis of a stable and isolable (NHC)CuCF,;H complex and the
study of its reactivity, Sanford and co-workers demonstrated the
possibility to develop a catalytic version of the reaction through
the in situ generation of the active (IPr)CuCF,H, starting from
(IPr)CuC1 [38].

Sanford et al.

(IPr)Cu(CF,H), 51%
(SIPr)Cu(CF,H), 82%

! . 1
— iPr
| (IPCUCl 1) NaOt-Bu iPr =\ !
\ or NYN |
| I
'(SIPr)CucCl  2) TMSCFoH iPr Clu iPr !
: CF,H :
| |
I I
' ]

toluene, 90 °C, 20 h

I
R_( j/ (IPr)CUCF,H (1.25 equiv)
=
1

CN

2g, 62%

selected examples?

2a, R = 4-CgHs, 49%
G,CFZH
R
P

2b, R = 4-OMe, 40%"

2c, R =4-COMe, 71%

2d, R = 4-CHO, 90%
Scheme 1: Synthesis of the first isolable (NHC)CuCF»H complexes
from TMSCF2H and their application for the synthesis of difluoromethy-
lated arenes from aryl iodides. 2Yields were determined by 1°F NMR

2e, R =4-CN, >98%
2f, R = 3-OMe, 44%

with fluorobenzene as the internal standard. PReaction carried out at

120 °C.

In situ-generated copper-based difluoromethylating
reagents

Although the review focused on the 2014-2019 period, a brief
overview of seminal major advances should be given. In 2012,
Hartwig and co-worker studied the difluoromethylation reac-
tion of aryl and vinyl iodides by a copper-mediated transformat-
ion using TMSCF,H as the fluorinated source [39]. In this
work, CuCF,H was suggested as the active species to promote
the expected transformation. They highlighted that the forma-
tion of a cuprate species: Cu(CF,H),", favoured by the pres-
ence of an excess of TMSCF,H, might act as a reservoir of the
unstable and reactive CuCF,H species. Xu and Qing reported a
similar strategy for the difluoromethylation of electron-poor
(hetero)aryl iodides at room temperature, using only 2.4 equiva-
lents of TMSCF,H [40]. Note that the use of a strong base
(+-BuOK) and 1,10-phenanthroline as a ligand was crucial in
their system. In 2012, Prakash also studied the in situ genera-
tion of CuCF,H from n-Bu3SnCF;,H, the presence of DMF
being the key to stabilize the CuCF,H intermediate [41]
(Scheme 2).
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Hartwig et al.

Cul (1 equiv)
CsF (3 equiv)

TMSCF2H (5 equiv)

Xu, Qing et al.
CuCl (1.2 equiv) -
(Het)ArX Phen (1.2 equiv) (Het)Ar=CF,H
or t-BuOK (2.4 equiv) or
0
R TMSCF,H (5 equiv) RN CFH
X=1,Br
3,4 56

Prakash et al.
Cul (1.3 equiv)
KF (3 equiv)

n-BuzSnCF,H
(2-3 equiv)

Scheme 2: Pioneer works for the in situ generation of CuCFoH from
TMSCF2H and from n-BuzgSnCF2H. Phen = 1,10-phenanthroline.

From these seminal works, a handful of reports was then
published by different research groups. In 2014, the group of
Goossen astutely reported the in situ generation of the CuCF,H
complex starting from TMSCF,H, CuSCN and CsF as an acti-
vator in DMF. This approach was successfully applied in a
Sandmeyer-type difluoromethylation reaction (Scheme 3) [42].
Starting from (hetero)aryldiazonium salts, a panel of difluo-
romethylated arenes and heteroarenes was obtained (26 exam-
ples, up to 84% yield). Note that the transformation was also
carried out starting from 4-methoxyaniline followed by the in
situ formation of the corresponding diazonium salt.

In the same vein, the authors used this in situ generation of a
CuCF,H species to access high value-added difluoromethylthio-
lated molecules starting from organothiocyanates [43]. With
this approach, they then developed a one pot, two-step se-
quence (generation of the organothiocyanates followed by the
difluoromethylation step) for the functionalization of alkyl bro-
mides, alkyl mesylates, aryldiazonium salts [43] as well as elec-
tron-rich arenes [44] (Scheme 4).

In 2015, the group of Qing investigated the oxidative difluoro-
methylation reaction of terminal alkynes with TMSCF;H via a
copper-mediated reaction [45]. Using a stoichiometric amount
of Cul, in the presence of +-BuOK and 9,10-phenanthraquinone,
the functionalization of a panel of (hetero)aromatic and aliphat-
ic terminal alkynes was achieved (Scheme 5). A good func-
tional group tolerance was observed as alkynes bearing a cyano,
ester, bromo or amino group among others were suitable sub-
strates. Based on 'F NMR studies, the authors suggested the

following mechanism: first the in situ generation of a CuCF,H
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Goossen et al.

CuSCN (1 equiv)

TMSCF3,H (2.5 equiv)
CsF (3 equiv)

DMF, 40 °C
CUCFzH
(Het)ArN,BF, (Het)Ar=CF2H
7 DMF, rt, 12 h 8

selected examples
83, R = 4-CGH5, 81%

8b, R = 4-OMe, 69%
8c, R = 4-Me, 81%*2
L CFH 8d, R = 4-NMe,, 84%
R{j 8e, R = 4-Cl, 61%?
Z 8f, R = 4-CN, 67%
89, R = 4-NHCOMe, 76%
8h, R = 3-Me, 86%?
8i, R = 2-OMe, 51%2

N
Et

8k, 78%

_
N

1) t-BUONO (1 equiv)
/©/NH2 p-TSA (1.5 equiv) /@CBH
MeO 2) CuCF2H (1 equiv) MeO
DMF, rt

9
45% 10

Scheme 3: A Sandmeyer-type difluoromethylation reaction via the in
situ generation of CUCF,H from TMSCF,H. 2 19F NMR yields deter-
mined using 2,2,2-trifluoroethanol as the internal standard.

complex from TMSCF;H in equilibrium with the correspond-
ing cuprate (Cu(CF,H),™) occurred followed by the reaction
with terminal alkynes under basic conditions. The resulting
organocopper derivative was then oxidized resulting in the for-
mation of the desired products.

Note that in 2018 the same group reported the copper-mediated
oxidative difluoromethylation of heteroarenes under similar
reaction conditions (TMSCF,H, CuCN, 9,10-phenan-
threnequinone, -BuOK in NMP) [46]. Not only oxazoles
(17 examples, up to 87% yield) were difluoromethylated but a
variety of other heteroarenes turned out to be suitable such as
pyridine, imidazole, benzo[d]thiazole, benzo[b]thiophene,
benzo[d]oxazole, thiazole and thiophene derivatives
(Scheme 6).
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Goossen et al.
1. NaSCN (1.2 equiv)

R-LG R=SCFH
» 2. CUSCN (1 equiv) 12
- CsF (4 equiv)
LG = Br, OMs TMSCF,H (2 equiv)
_ DMFtt p
~"
CUCFH

selected examples
R=SCF,H

12a,R = C10H21, 98%
12b, R = Bn, 98%
12¢, R = (CHy)10CO5H, 75% o

12d, R = (CH,)sCO,Et, 98% 12e, 83%

1. CuSCN (1 equiv)
Cs,CO0O3 (0.75 equiv)
NaSCN (1.5 equiv)
MeCN, 1 h, rt
(Het)ArN2BF, (Het)Ar=SCF,H
13 2. CuSCN (1 equiv) 14
CsF (4 equiv)
TMSCF2H (2 equiv)
DMF, rt Y

selected examples
14a, R = CgHs, 85% SCF>H

SCF,H 14b, R = NHCOMe, 86%
/@ 14¢, R = Br, 82% N
R 14d, R = COMe, 86% |

=
14e, R = CO,Me, 75%

14f, 61%
(0]
N—SCN
1. O (1equiv)
AICl3 (10 mol %)
MeCN, rt, 12 h
(Het)Ar—H (Het)Ar=SCF,H
15 2. CuSCN (1 equiv) 16
CsF (4 equiv)
TMSCF3H (2 equiv)
DMF, rt, overnight
selected examples
SCF,H
SCF,H x SCF,;H
> (X
/
R H MeO" "N~ "OMe
16a, R = OMe, 79% 16¢, 53% 16d, 69%

16b, R = NMe,, 88%

Scheme 4: A one pot, two-step sequence for the difluoromethylthiola-
tion of various classes of compounds via the in situ generation of
CuCFH from TMSCF,H.

Copper-based CFoFG-containing reagents

Besides the traditional CF3 and CF,H groups, a strong interest
was devoted to other CF,R groups (R = PO(OEt),, SO,Ph and

Me). In that aim, the development of copper-based reagents to

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Qing et al.
Cul (1 equiv)
9,10-phenanthraquinone
(1.2 equiv)
H t-BuOK (3 equiv) CFH
R/ R////
TMSCF,H (2 equiv)
17 DMF, 0 °Ctort 18

selected examples

CFH CF.H
~Z O Z
|
R ¥ O

18a, R=4-H, 52% 189, 62%
18b, R = 4-OMe, 75%

18c, R = 4-Br, 65%

18d, R = 4-CN, 48%

18e, R =4-COPh, 62%

18f, R = 2-NH,, 53%

CF;H CF,H
_CFaH 7 Z
N ( 7]
~
N S
18h, R = OBn, 48% 18j, 48% 18k, 45%
18i, R =Bn, 75%
proposed mechanism
TMSCF,H
Cul
t-BuOK
CuCF2H -
uLr2 17 CuCFoH oxidant
— 18
” t-BuOK %
Cu(CFzH)y~ R

Scheme 5: A copper-mediated oxidative difluoromethylation of termi-
nal alkynes via the in situ generation of a CuCF>H complex.

introduce them onto molecules was studied over the last years
and the major advances will be summarized in this section.

An in situ-generated copper-based CFoPO(OEt)»
reagent

As a bioisostere of the phosphonate group [47], a lot of atten-
tion was paid to the difluoromethylphosphonate residue as well
as the development of efficient methodologies to introduce it
onto molecules [48]. In that context, main contributions were

made by the groups of Poisson and Goossen.

1054



Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Qing et al. )
CuCN (3 equiv) Poisson et al.
9,10-ph th inone ST TTTTo-mmToToTTTTTTTTTTTTTTT !
P e?a; renequinone | TMSCF,PO(OE), !
(1.8 equiv) - ! (2.5 equiv) |
t-BuOK (4.5 equiv) 1 CuSCN —————= CuCF,PO(OEt), !
(Het)ArH (Het)Ar=CF,H \ CsF (3 equiv) |
TMSCF2H (3 equiv) reactiona ______CTTTTTTTTTTTTT
19 NMP, rt, 6 h 20 CuCF,PO(OEt),
_____________________________________ Ar—N,BF4 Ar=CF,PO(OEt),
MeCN
selected examples of oxazoles 21 0°C 1o rt 22
N N oSttt TTTEETEEEEEEEmEmEESEEEEEeS
| \>—CF2H | \>—CF2H selected examples
o ~ O _~_-CF,PO(OEt), CF,PO(OEt),
\ I
N~ X
R 22a, R = 4-OMe, 72% 22d, 60%
20a,R=H, 63% 209, 52% 22b, R = 4-Me, 65%
20b, R = OMe, 87% 22c, R = 2-OMe, 60%
20c, R =t-Bu, 81% reaction b
20d, R =F, 70% X CuCF,PO(OEt),
20e, R=CN, 77% (Het N (Het)Ar=CF,PO(OEt),
20f, R = CF3, 84% Mes \eCN:DMF (1:1)
23 0°Ctort 24
N BnO N T T T T T T T T T
\/[ \>—CF2H /\[ \>_CF2H selected examples
p 7 0 o _~_-CF,PO(OEt), «~CF2PO(OEY),
=] 7
20h, 68% 20i, 53%
_____________________________________ 24a,R=4-H, 71% 24e, 76%
24b, R = 4-OMe, 68%
selected examples of other heteroarenes 24c. R = 3-Br, 76%
CF,H NC. N 24d, R = 2-(4-NO»-OCg¢H,), 71%
Br A F I \>—CF2H reaction ;F
| NG N 3F4  CuCF,PO(OEY), ~_CF2PO(OEY);
N : R1\(|\Ar MeCN/DMF (1:1) R
P o, o e : R2
20j, 53% 20k, 56% R2 0°C to rt
25 26

B"\©[N>_ Me N .../

S=CF,H \CI S=—CF,H selected examples

, o>_ @\/\/ | E(\VCFZPO(OH)Z
201, 87% 20m, 72% o CF2PO(OEY); e

N CN 26a, 94% 26b, 92%
S=CF,H reaction d
BnO\/[S>— 2 ®CFZH o
S Q CUCF,PO(OEY),
20n, 50% 200, 64% — Ph—=——CF,PO(OEt),
Ph MeCN/DMF (1:1)
Scheme 6: A copper-mediated oxidative difluoromethylation of 27 0°Ctort 28, 64%
heteroarenes.
reaction e PdCly(PPhs),
. . . . (5 mol %)
In the course of their study regarding the synthesis of difluo- CuCF,PO(OEt),
romethylphosphonate-containing molecules, Poisson and (Het)Ar—l MeCN. 0 °C (Het)Ar=CF,PO(OEt),
eCN,

co-workers investigated the in situ generation of a __ _2? ________________________ 3 9 ________
CuCF,PO(OEt), species and its application to functionalize selected examples
various classes of compounds [49-54]. The active species was CF2PO(OEt), = | CF,PO(OEY),
prepared from TMSCF,PO(OEt),, a copper salt and an activa- R RN
tor. Note that the TMSCF,PO(OETt), was easily prepared from 30a, R = OMe, 64% 30¢, R = Cl, 70%
the commercially available BrCF,PO(OEt), and TMSCI under 30b, R = CO;Me, 58% 30d, R =Br, 49%
basic conditions [49] The access to CF,PO(OEt),-containing
arenes was obtained after a Sandmeyer-type reaction Scheme 7: Synthesis of difluoromethylphosphonate-containing mole-

(Scheme 7, reaction a) [49]. The reaction was efficient, al- oules using the in situ-generated CUCF2PO(OEW); species.
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though heteroaryl diazonium salts were reluctant in this reac-
tion. To overcome these limitations, hypervalent iodinated
species were used as substrates. The copper-mediated reaction
with A3-iodanes demonstrated a large functional group toler-
ance and was efficiently applied to the synthesis of
CF,PO(OEt),-containing (hetero)arenes, alkenes and alkynes
(Scheme 7, reactions b—d) [50]. Later on, the same group
depicted the Pd-catalyzed introduction of the CF,PO(OEt),
residue on (hetero)aryl iodides [51] by using an in situ-gener-
ated copper-based reagent (19 examples, up to 80% yield,
Scheme 7e).

With a similar method and in the presence of 1,10-phenanthro-
line as a ligand, the functionalization of alkenyl halides (8 ex-
amples, up to 82% yield), allyl halides (7 examples, up to 99%
yield) and benzyl bromides (6 examples, up to 87% yield) was
investigated (Scheme 8) [52].

Poisson et al.
R1
RZ&X ]
CuSCN (1 equiv)

31 CsF (3 equiv) 32
Phen (1 equiv)

R1
— RZJ\/CFZPO(OEt)z

RTX"Br RX~"NCF,PO(OEt),
TMSCF,PO(OEt),
33 (2.5 equiv) 34
MeCN/DMF (1:1)
SN — ° L
Ar” "Br 0°Ctort Ar”NCF,PO(OEt),
35 36
selected examples
CF,PO(OEt),
X
Ph/\'J.CFzPO(OEt)z
32a, X = Br, 34a, 91%
E stereoisomer, 72%
32b, X =1,

Z stereoisomer, 79%

CO,Et
(\_CF,PO(OE),

32c, X = Br, 66%

/@ACFZPO(OEt)z
R

36a, R=H, 87%
36b, R =Br, 74%

Scheme 8: Synthesis of difluoromethylphosphonate-containing mole-
cules using in situ-generated CuCF,PO(OEt), species with 1,10-
phenantroline as a ligand. Phen: 1,10-phenanthroline.

Finally, the Poisson’s group developed a methodology for the
Ullman cross-coupling reaction between the in situ-generated
CuCF,PO(OEt); and aryl iodides containing a coordinating
group (e.g., CO,CH3, COCHj3, NO,), at the ortho-position of
the halide [52]. This reaction broadened the portfolio of

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

CF,PO(OEt),-containing molecules leading to the correspond-
ing compounds in good to excellent yields (Scheme 9). Note
that the versatility of this methodology was further proved
through its application to disulfides [52] with moderate to good
yields.

Poisson et al.

CuCl (1 equiv)
/\ CG  CsF (3 equiv)
R_'

AN

37

R
TMSCF,PO(OEt), Z \CF,PO(OEH),

(2.5 equiv) 38
Phen (1 equiv)
MeCN/DMF (1:1),

0°Ctort
selected examples

CO,Et @NOZ
CF,PO(OEt), CF,PO(OEt),

38a, 84% 38b, 54%

Br ~ CO,Me MeO CO,Me
|
= CF,PO(OEt), CF,PO(OEt),
OMe
38c, 74% 38d, 93%

Scheme 9: Synthesis of difluoromethylphosphonate-containing mole-
cules using in situ-generated CuCFoPO(OEt), species by an Ullman
cross-coupling. CG = coordinating group.

Poisson and co-workers also reported the reaction of the
CuCF,PO(OEt), reagent with a-diazocarbonyl derivatives.
Depending on the copper salt used for the generation of the
copper reagent, the reaction with a-diazocarbonyl derivatives
provided either the a-fluorovinylphosphonate, in a stereoselec-
tive fashion, or the SCF,PO(OEt), derivatives [53]. In the same
vein, the reaction of the CuCF,PO(OEt), species, generated
from CuSCN, with a-bromoketones provided the
a-SCF,PO(OEt),-containing ketones [54] (Scheme 10).

In 2019, the group of Goossen developed an approach to access
SCF,PO(OEt),-containing arenes based on a Sandmeyer thio-
cyanation reaction followed by a Langlois-type nucleophilic
substitution of the cyano group by the CF,PO(OEt), residue
[55]. Several (diethylphosphono)difluoromethylthiolated prod-
ucts were obtained and this report further showcased the poten-
tial of using a copper-based reagent for the introduction of fluo-
rinated moieties as this reaction involved the in situ generation
of a suitable CuCF,PO(OEt), species (Scheme 11).
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(0]
Poisson et al. CuCl R
o) (1 equiv) ﬁoﬁ
R%RZ H,0

(45 equiv) F PO(OEt),
MeCN/NMP 39
(1:1)

N2
TMSCF,PO(OEt), (1 equiv)

i 0°Ctort
(2.5 equiv) CsF
(3 equiv)
CuSCN 0
(1 equiv) R? R2
HO0  SCF,PO(OEt),
(45 equiv) 40
MeCN/NMP
(1:1)
_____________________ 0O°Ctort__________
selected examples
R R
0 o}
F~  PO(OEt), SCF,PO(OEt),

39a, R = Me, 86% 40a, R=H, 52%

39b, R = OMe, 86% 40b, R = Me, 72%

39¢,R=Br, 71% 40c, R = OMe, 32%

39d, R=Cl, 87% 40d, R =Cl, 51%

= | 0 o
NS OEt
F PO(OEt)z SCszo(oEt)z
39, 91% 40e, 56%
M
eO o < — o
—
| o™ OFt
F,PO(OE
F~ > PO(OEt), SCF2PO(OEt),
39f, 91% 40f, 55%

CuSCN (1 equiv)

) . o)
CsF (3 equiv)
R)J\/Br R)I\,SCFZPO(OEt)2
TMSCF,PO(OEY),
(2.5 equiv)

H,0 (45 equiv) 42

MeCN/NMP (1:1),
0°Ctort

selected examples

o 42a, R = 4-H, 65%
42b, R = 4-OMe, 68%

N SCFPO(OEY: 43¢, R=4-CN, 71%
RT 42d, R = 3-OMe, 66%
42e R = 2-OMe, 38%
Q 0
SCF,PO(OEt), SCF,PO(OEt),
N
e .
42f, 62% 42, 73%

Scheme 10: Synthesis of (diethylphosphono)difluoromethylthiolated
molecules using in situ-generated CUCF,PO(OEt), species. Phen:
1,10-phenanthroline.
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Goossen et al.
1. CuSCN (1 equiv)
Cs,CO03 (2 equiv)
NaSCN (1.5 equiv)

MeCN, 1 h, rt
(Het)Ar—NoBF4 (Het)Ar=SCF,PO(OEt),
2. TMSCF,PO(OEt),
43 (1.5 equiv) 44
DMF, 16 h, rt

selected examples

SCF,PO(OEt),  SCF2PO(OEY),
Y e J
R =

44a, R = OMe, 78% 44e, R = 3-Me, 66%
44b, R = NMe,, 59% 44f, R = 2-Me, 45%
44c, R =Cl, 59%

44d, R = Me, 69%

Et

N l SCF,PO(OEt),

449, 62%

Scheme 11: Access to (diethylphosphono)difluoromethylthiolated mol-
ecules via the in situ generation of CuCF,PO(OEt), species.

An in situ-generated copper-based CFoSO5Ph
reagent

As a long standing interest to the PhSO,CF, moiety [56-60]
thanks to its unique features, the group of Hu investigated the
generation of the PhSO,CF,Cu species from PhSO,CF,TMS,
Cul and CsF in DMF [61] (Scheme 12). Note that
PhSO,CF,TMS was prepared from PhSO,CF,Br after treat-
ment with n-BuLi and TMSCI [61]. Due to its relatively low
stability at room temperature, PhSO,CF,Cu was in situ gener-
ated and applied to the (phenylsulfonyl)difluoromethylation
reaction of propargyl chlorides and alkynyl halides, offering an
access to the corresponding fluorinated allenes (6 examples)
and alkynes (8 examples). In 2016, still interested by this versa-
tile fluorinated moiety, the same authors demonstrated that the
PhSO,CF,Cu species might be prepared from difluo-
romethylphenylsulfone (PhSO,CF;H) and used it to function-
alize an array of (hetero)aromatic boronic acids [62]
(Scheme 12). The transformation showed a good functional
group tolerance (aldehyde, CN, halogens). Note that the synthe-
tic utility of the CF>,SO,Ph group was further demonstrated by
its conversion into the high value-added CF,H moiety after
treatment with Mg/AcOH/AcONa.

An in situ-generated copper-based CF>CH3 reagent
A strong interest was dedicated to the CF,CHj residue, an im-
portant moiety in medicinal chemistry [63]. Among the differ-

ent approaches developed to synthesize CF,CHj-containing
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Hu et al. TMSCF,SO,Ph

(1 equiv)

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Cul (1 equiv)
CsF (1.1 equiv)
DMF, =30 °C, 4 h

X  CuCF,SO,Ph

R3 DMF, 0°C, 16 h
45 46
eloctedexamples
R1
PhO,SF,C__-~ "Me

47a, R = Me, 60%

47b, R = Et, 63%

47¢, R = CgHs, 64%

47d, R" = CH,CH,CgHs, 56%

R! CF,SO,Ph
)\ or ///
PhOZScm\/' R2 R3
47 48
CF,SO,Ph
=
R3

48a, X = |, R3 = CgHg, 79%
48b, X = Br, R® = CgHs, 69%
48c, X = |, R® = n-Bu, 82%
48d, X = |, R% = CH,0Bn, 45%
48e, X = |, R3 = Bn, 62%

PhSO,CF,H
(2-2.5 equiv)
CuCl (2-2.5 equiv)

t-BuONa (4-5 equiv)
DMF, —20 °C, 30 min

CuCF,SO,Ph
(Het)ArB(OH), (Het)Ar=CF,S0O,Ph
AgNO3 (0.6 equiv)
49 Cu(OAc),H20 (0.3 equiv) 50

DMF, air, rt, 4 h

selected examples

@ECFZSOZPh
R

50a, R = H, 75%
50b, R = CF3, 65%
50c, R = CHO, 66%
50d, R = CN, 70%

50e, R = SO,CH3, 64%
50f, R = NO,, 70%

itrc FzSOzPh
R
Pz

509, R =4-NO,, 61%
50h, R = 3-NOy, 69%

~CF250,Ph
| 7

FC~ N

50i, 63%

Scheme 12: Synthesis of (phenylsulfonyl)difluoromethyl-containing molecules via the in situ generation of CuCF2SO2Ph species.

molecules, Wang, Hu and co-workers demonstrated the possi-
bility to use 1,1-difluoroethylsilane (TMSCF,CH3) as a precur-
sor for the in situ generation of the corresponding CuCF,CHj3
species [64]. The synthetic utility of this copper-based reagent
was illustrated through the 1,1-difluoroethylation of diaryliodo-
nium salts, leading to the corresponding (1,1-difluoro-
ethyl)arenes in moderate to high yields (Scheme 13). The trans-
formation turned out to be functional group tolerant and even

heteroaromatic compounds were functionalized.

Copper-based CFoRfg reagents

Due to the importance of perfluorinated moieties [2] and since
their synthesis could not be achieved from the fluorination of
the corresponding alkyl chains like in case of perfluoroalkyl
arenes, several research groups investigated the synthesis of
CF,Rg-containing molecules via the use of perfluoroalkyl
copper species. Before 2014, key contributions were made by
the groups of Kremlev, Tyrra [65], Hartwig [66,67] and Grushin

[68] as briefly summarized below. These major advances paved
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CuCl
(1.5 equiv)
TMSCF,CHj3 (1.5 equiv)
t-BuOK (3 equiv)

Wang, Hu et al.

DMF, 0 °C
CUCcmH;;
(Het)Ar'IAROTF (Het)Ar'*CF,CH;
51 DMF,0°Ctort, 1h 52

selected examples

/\ CF,CH;
R_'
of

52a, R =4-t-Bu, 77%
52b, R = 4-OMe, 71%
52c, R = 4-Me, 64%
52d, R = 4-Br, 73%

52e, R = 4-CO,Et, 81%
52f, R = 4-NO,, 63%
529, R = 3-Me, 56%
52h, R = 3-CN, 60%
52i, R = 3-CHO, 72%

GF2CHs i CF,CH
MeN)j/ 2~
e .
Me
52j, 91% 52k, 40%

Scheme 13: Copper-mediated 1,1-difluoroethylation of diaryliodonium
salts by using the in situ-generated CuCF>CHs species.

Kremlev, Tyrra et al.

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

the way towards the synthesis of important pentafluoroethy-
lated and more generally perfluoroalkylated molecules.
Kremlev, Tyrra and co-workers depicted the in situ generation
of a CuCF,CFj species by mixing Zn(CF3)Br-2DMF and CuBr
[65], and its application for the functionalization of (hetero)aryl
halides (Scheme 14).

In the course of their studies to develop stable and well-defined
copper reagents for perfluoroalkylation reactions [66], Hartwig
developed in 2011 the (Phen)CuCF3 and (Phen)CuCF,CF,CF3
complexes from inexpensive reagents. Indeed, when mixing
(CuOtz-Bu)y, 1,10-phenanthroline and the corresponding
TMSRE, the perfluoroalkyl copper complexes were isolated for
the first time (Scheme 14, a). One year later, they demonstrated
that these copper-based reagents ((Phen)CuCF,Rp, R = F, CF3
and CF,CF3) were efficient in a two-step sequence reaction
(borylation/perfluoroalkylation) allowing the functionalization
of either sterically hindered arenes or aryl bromides with the
CF,CF3 and CF,CF,CF3 moieties (Scheme 14, b) [67]. In 2013,
the group of Grushin reported the synthesis, characterization
and application of a copper-based pentafluoroethylating reagent

(Scheme 14) [68]. Using the cost-efficient pentafluoroethane as

(Het)ArX (0.5 equiv)

CuBr (2 equiv) 8 h, 85-90 °C
Zn(CF3)Br-2DMF CuCF,CF; (Het)Ar=CF,CF3
DMF X=Br, |
Hartwig et al. (a) (Het)Arl

1) Phen (1 equiv)

benzene /" R= CF,CF, N
rt, 30 min
1/4 (CuOt-Bu) 4 PhenCuCF;R (Het)ArBR, (Het)Ar=CF3;R
2) TMSCF,R \_from ArH or ArBr »
(1.1 equiv)
t, 18 h (b) R = CFs,
CF,CF;
Grushin et al.
2 t-BuOK HCF,CF3
CuCl (K(DMF))Cu(Ot-Bu), (K(DMF),)(t-BuO)Cu CF,CF3
DMF 20-25°C >95%
DMF
RX
53 23-90°C
0.5-96 h
R: Ar, Alk, alkyne R=CF,CF;
X: H, Br, B(OH), 54
selected examples:?@
CF2CFs CF,CF
2LF3
Jij = Ph” NCF,CF,
R

54a, R = H, from CgHsBr, 95%
54b, R = CgHs,
from 4-Ph-CgH4B(OH),, 86%

54c, from PhCCH, 68%

54d, from PhCH,Br, 78%

Scheme 14: Pioneer works for the pentafluoroethylation and heptafluoropropylation using a copper-based reagent. Phen = 1,10-phenanthroline.
a19F NMR yields determined using 1,3-bis(trifluoromethyl)benzene as the internal standard.
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a precursor, the (K(DMF),)(t-BuO)Cu(CF,CF3) complex was
prepared either from the pre-isolated (K(DMF))Cu(Oz-Bu), or
in situ from CuCl, ~-BuOK in DMF in a nearly quantitative
yield. The copper reagent was used for the pentafluoroethyla-
tion of a panel of (hetero)aryl iodides and bromides (up to 99%
I9F NMR yield) and its synthetic utility was further demon-
strated with the functionalization of different classes of com-
pounds (benzyl and vinyl bromides, 4-biphenylboronic acid,

phenylacetylene for instance).

From these pioneering reports of perfluoroalkylation (trifluoro-
methylation, pentafluoroethylation and heptafluoropropylation),
several groups studied the synthesis and/or the application of
copper-based reagents in various transformations as depicted in
this section. This latter will be organized into two sub-sections
depending if the CuRg-reagent was well-defined or in situ
generated.

Well-defined pentafluoroethylating reagents

In 2014, a report from Hartwig dealt with the copper-mediated
perfluororalkyaltion of (hetero)aryl bromides using the previ-
ously developed PhenCuRp [69]. Although the trifluoromethyl-
ation reaction was mainly studied, the methodology was effi-
ciently extended to the pentafluoroethylation of various
heteroarenes such as pyridine, pyrimidine and quinolone deriva-
tives, for instance, when the PhenCuCF,CF3 complex was used
as the pentafluoroethyl source (24 examples, up to 99%
I9F NMR yield and up to 93% isolated yield, Scheme 15). Note
that a complete mechanistic study was recently reported to
explain the reactivity of this well-designed complex [70].

In 2015, Grushin reported the generation of four well-defined
CuC;Fs complexes, namely (Ph3P),CuCF,CFj3, (bpy)Cu-
CF,CFj3, (IPr*)CuCF,CF3 and (Ph3P)Cu(Phen)CF,CF3. The
reactivity of the latter was studied for the synthesis of penta-
fluoroethyl ketones from acyl chlorides [71]. Indeed, the penta-
fluoroethylation of a large panel of acyl chlorides (23 examples)
was achieved illustrating the synthetic utility and the efficiency
of the newly designed (Ph3P)Cu(phen)CF,CF3; reagent
(Scheme 16).

Huang and Weng and co-workers reported the synthesis of air-
stable perfluorocarboxylatocopper(I) complexes and their use in
the perfluoroalkylation of (hetero)aryl halides [72]. By mixing
t-BuOClu, in situ generated from CuCl and -BuONa, with 1,10-
phenanthroline, followed by a reaction with perfluorocar-
boxylic acids, four (Phen),Cu(O,CCF;RE) complexes were
synthesized (Rgp = CF3, CF,CFj3, CF,CF,CFj3; and
CF,CF,CF,CF3). The reaction was efficient (65 examples, up
to 97% yield), showed a good functional group tolerance (i.e.,

cyano, ester, ketone) and even heteroarenes such as pyridine,

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Hartwig et al.
PhenCuCF,CF3; (1.2 equiv)
(Het)Ar—Br (Het)Ar=CF,CF;
55 DMF, 80 °C, 8 h 56
selected examples
CF,CF;
» »
N~ "CF,CF3 N™ "OBn

56a, R = H, 98% 56e, 82%, 75%2
56b, R = NO,, 99%, 93%?
56¢, R = NHAc, 84%, 79%?

56d, R = OBn, 87%, 80%?

L. T L

MEOZC N CF2CF3 CF2CF3
56f, 98%, 90%2 569, 99% 56h, 99%
o
N l,\\l/Ie
S—CF,CF MeN
@,\P_ 2+ o )—CF,CF;
Me o“ N~ N
Me

56i, 93%, 69%?2 56j, 98%, 79%?

Scheme 15: Pentafluoroethylation of (hetero)aryl bromides using the
(Phen)CuCF,CF3 complex. °F NMR yields were determined using
4-trifluoromethoxyanisole as the internal standard. 2Isolated yields.

Grushin et al.
O (PhsP)Cu(Phen)CF,CF; (1 equiv) o
)J\ 3 2CF3 q

R™a THF, 65 °C, 0.5-20 h R™ "CF,CF,
57 58

selected examples
58a, R = 4-Me, 93%
(0] 58b, R = 4-OMe, 81%
S){CF o 58c, R = 4-F, 93%
R-+ 2&73 58d, R = 3-CF3, 94%
= 58e, R = 3-Br, 87%
58f, R = 2-Br, 50%

X 0] (0]
| s P
CF,CF
CFzCF3 @J{CFZCFS 2%r3
58i, 87% 58j, 95% 58k, 85%

Scheme 16: Synthesis of pentafluoroethyl ketones using the
(PhaP)Cu(phen)CF>CF3 reagent. 19F NMR vyields were given using
1,3-bis(trifluoromethyl)benzene as the internal standard.
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quinoline and quinoxaline were functionalized with the four

fluorinated moieties (Scheme 17).

Huang, Weng et al.
1) Phen (2 equiv)
rt, 5 min
t-BuOCu

|
|

|

:

|
:THF
irt,2h
|
|
|
|
|
|
|

(Phen),Cu(O,CCF,Rg)

2)HO,CCF:RE  Rg = CFs, 79%

(1 equiv) Rr = CF,CF3, 60%
cucl THF, rt, 20 min Rg = CF,CF,CF3, 50%
+ RF = CF2CF20F2CF3, 51%
t-BuONa
(1.2 equiv) !
(Phen),Cu(O,CCF2RE) (1.5 equiv)
(Het)Arl (Het)Ar=CF,Rg
59 1.4-dioxane, 130 °C, 16 h 60
selected examples
0]
CF,CF;
A CF,CF
R—:(j MeOJ\@[ 2vrr3
%
60a, R = 4-t-Bu, 82% Me
60b, R = 4-OMe, 87% 60f, 68%
60c, R = 4-CN, 39%
60d, R = 4-COyMe, 76%
=9_ 0,
60e, R = 2-OMe, 61% CF,CF,CF;
LA ()
—
N~ "CF;Rg O
609, Rg = CF,CF3, 70% E‘h
60h, Rg = CF,CF,CF3, 68%
60i, Rg = CF,CF,CF,CF3;, 56% 60k, 91%

CIL
Z N7 NCF,CF,CF,CF3

60j, 68%

Scheme 17: Synthesis of (Phen)2Cu(O2CCF2RF) and functionaliza-
tion of (hetero)aryl iodides.

In situ-generated copper-based pentafluoroethy-
lating reagents

Several research groups investigated the generation of a
CuCF,CF;5 species from different fluorinated precursors
offering various technological solutions.

In 2014, a study from Mikami reported the functionalization of
a panel of (hetero)arylboronic acids (10 examples, up to 95%
yield) and (hetero)aryl bromides (11 examples, up to 98%
19F NMR yield) via the in situ generation of the suitable
CuCF,CFj; from CuCl, KOz-Bu or NaOz-Bu and ethyl pentaflu-
oropropionate [73]. Note that the methodology was also applied
to the functionalization of a vinylboronic acid and a vinyl bro-
mide (Scheme 18).

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Mikami et al.
1) t-BuOM (2 equiv)
M=K orNa
DMF, rt, 1 h
CuCl CuCF,CF;
2) EtCOCF,CF3
(1 equiv), DMF, rt, 1 h
CuCF,CF; (2 equiv)
(Het)Ar—B(OH), (Het)Ar=CF,CF3
61 toluene, rt, 2 h 62
selected examples Me
62a, R = t-Bu, 93%
R 62b, R = OMe, 95% ~ yMe
62c, R = NO,, 81%
CF,CF; 62d, R=CHO, 89% CF,CF3
62e, R =Br, 91% 62f, 83%

CETCFZCFZ /@/\/CFzCF:;
| —
N Ph

629, 85% 62h, 71%
CUCF,CF; (2 equiv)
(Het)Ar—Br (Het)Ar=CF,CF3
63 DMF, 80-90 °C, 24-72 h 64

selected examples

64a, R = t-Bu, 81%2b N© "
R 64b, R = OMe, 77%320 e
64c, R = NO,, 92%3¢
CF2CF3 644, R = CHO, 92%24 CF2CF,

Gde, R = CF,, 85%ad  64f, 60%2°

AN CF2CF3 \,CcmF:;
Xy
N
64g, 86%3° 64h, 74%>°
(0]
CO,Et
@ MeN)j,CFZCF3
CF,CF; O¢I\N
Me
64i, 99%° 64j, 85%

Scheme 18: Pentafluoroethylation of arylboronic acids and
(hetero)aryl bromides via the in situ-generated CuCFoCF3 species
from ethyl pentafluoropropionate and CuCl. @Yields were determined
by 19F NMR using benzotrifluoride (BTF) or trifluoromethoxybenzene
as internal standards. 90 °C, 72 h. °80 °C, 24 h. 980 °C, 48 h. €90
°C, 48 h.

More recently, in the course of their investigation to generate a
CuCFj reagent from a cyclic-protected hexafluoroacetone, an
air-stable liquid trifluoromethylating reagent, and KCu(Oz-Bu),,
the group of Mikami showed that a CF,CF3 analog
(Scheme 19) was prepared in a similar way and applied for the

pentafluoroethylation of aromatic derivatives [74] (2 examples).
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CF5CF, CF2CF3

Mikami et al.

n

(1 equiv)
KCu(Ot-Bu),

CUCF20F3
DMF, 50 °C, 4 h

Scheme 19: In situ generation of CuCF>CF3 species from a cyclic-pro-
tected hexafluoroacetone and KCu(Ot-Bu). '9F NMR yields were de-
termined using benzotrifluoride (BTF) as the internal standard.

In 2015, Grushin and co-workers further investigated the func-
tionalization of vinyl halides with CuRf reagents generated
from inexpensive fluoroform (Rg = CF3) and pentafluoroethane
(CF;CF;H) [75]. Both trifluoromethylation and pentafluoethy-
lation of vinyl bromides and iodides were efficiently achieved
in high yields under mild reaction conditions. Noteworthy, the
transformation turned out to be functional group tolerant and

highly chemo- and stereroselective (Scheme 20).

The group of Hu studied the fluoroalkylation of aryl halides.
Indeed, a copper(0)-mediated reductive cross-coupling reaction
between the iodobenzene and various 2-bromo-1,1,2,2-tetra-
fluoroethyl derivatives (RCF,CF,Br) was developed presum-
ably involving a RCF,CF;,Cu species (Scheme 21) [76].

In 2015, Yagupolskii and co-workers investigated the synthesis
of perfluoroalkylcopper reagents [77]. Depending on the reac-
tion conditions they were able to access to perfluoroorgano-
lithium copper species or perfluroalkylcopper derivatives from
iodoperfluoroalkanes in reaction with either n-BuLi or copper

powder, respectively (Scheme 22).

In 2017, the group of Hu offered an original synthetic route to
the generation of the PhenCuCF,CF5 reagent [78]. Indeed,
they demonstrated that the Ruppert—Prakash reagent was a suit-

Yagupolskii et al.
n-BulLi (4 equiv)

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Grushin et al.
R3 CuCF,CF; (1.1 equiv) R3
1 from HCF,CF3 1
R R
\%\X \%CcmF:;
R2 DMF R2
65 66

selected examples

©ﬂ\/CF2CF3
MeO

66a, 89%
X =Br

\/CcmF;; OO \/CF2CF3
Cl

66¢, 83% 66d, 93%
X=Br X=1

e
CF,CF;

66e, 84%
X=1

\/CcmF;;

66b, 93%
X =Br

Scheme 20: Pentafluoroethylation of bromo- and iodoalkenes. Only
examples of isolated compounds were depicted.

Hu et al.
Cu (2 equiv)
BrCF,CF;R ArCF,CF;R
CgHsl (1 equiv)
DMSO, 130-140 °C, 36 h
67 68

selected examples
RCF,;CF,CgHs5

68a, R = CgHs, 77% 68d, R = 4-NO»-CgH,40, 70%
68b, R = 4-MeO-CgH,, 40%  68e, R = SO,CgHs, 50%
68c, R = OCgHs, 64% 68f, R = SO,Py, 28%

Scheme 21: Fluoroalkylation of aryl halides via a RCF,CF2Cu
species.

CuBr (1 equiv)
Li(CF2Rg)2Cu

25 min, -90 °C

R = CF3, CF,CF3, CF,CF,CF;3

ReCF,l LiCF,RE
(2.5 equiv) Et0,-95°C
Cu (2.5 equiv)
ReCF,l

DMF, 130 °C

CUCFzRF

RF = CF2CF3, CF2CF2CF3

Scheme 22: Synthesis of perfluoroorganolithium copper species or perfluroalkylcopper derivatives from iodoperfluoroalkanes.
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able source for the generation of tetrafluoroethylene in the pres-
ence of a catalytic amount of Nal. Then, the cupration of the
tetrafluoroethylene led to the formation of the expected Phen-
CuCF,CFj reagent (Scheme 23). This constituted a comple-
mentary approach to the existing ones for its synthesis, as it
avoided the use of TMSCF,CF3 or CF3CF,H. This copper-
based reagent was then used for the pentafluoroethylation of
iodoarenes [78]. The transformation was efficient and turned
out to be functional group tolerant. The same group extended
their protocol to the functionalization of aryldiazonium salts
[79]. Very recently, a similar protocol was applied to the penta-
fluoroethylation of (hetero)aryl halides as well as alkenyl
iodides derived from natural compounds (e.g., glycals, nucleo-

sides and nucleobases) [80].

In 2018, Hu and co-workers reported a complementary ap-
proach for the pentafluoroethylation of aryl iodides using
TMSCF; for the formation of CuCF,CF3 [81]. They suggested
that in the presence of CuCl, KF and TMSCEFj3, the correspond-
ing CuCFj5 species will be formed and a subsequent homologa-
tion step involving a putative copper difluorocarbene will allow
the formation of the CuCF,CF;3 species. With this tool in hand,
a panel of aryl iodides was functionalized (Scheme 24).

Beilstein J. Org. Chem. 2020, 16, 1051-1065.

Hu et al. cuCl

(5.77 equiv)
TMSCF; (3.85 equiv)
KF (3.85 equiv)
DMF, Py,
80°C, 10 h

CUchcF3
(Het)Arl Ar(Het)=CF,CF;
71 80 °C, 10-48 h 72

selected examples
72f, R = 2-NOy, 73%

A\ CF2CFs
R
=

CF,CF;
(UCFzCF;; COsMe
| P
N MeO

OMe

729, 83%

72a, R = 4-t-Bu, 89%
72b, R = 4-OBn, 83%
72¢, R = 4-CgHs, 91%
72d, R = 4-CO,Et, 93%
72e, R = 4-NO,, 89%

72h, 96%

Scheme 24: Generation of a CuCF,CF3 reagent from TMSCF3 and
applications.

Hu et al.
chamber A
T TTTTTTTTTTTTTTTToT T |
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Scheme 23: Formation of the PhenCuCF>CF3 reagent by means of TFE and pentafluoroethylation of iodoarenes and aryldiazonium salts.
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Conclusion

This review aims at providing an overview of the recent
advances made since 2014 for the construction of CF,R-con-
taining molecules (R # F) using versatile and efficient copper-
based reagents. Groundbreaking advances were made in the
synthesis of well-defined copper-based reagents and innovative
strategies were developed to generate in situ CuR¢ complexes
from various precursors. Unprecedented transformations were
successfully achieved using these copper-based reagents and
these efficient synthetic tools opened new perspectives in the
very active research field of organofluorine chemistry. Never-
theless, this field is still in its infancy and milestones towards
copper-based difluoromethylating reagents are expected in the

upcoming years.
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