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Copper-Catalyzed Enantioselective Hydrosilylation of gem-

Difluorocyclopropenes Leading to a Stereochemical Study
of the Silylated gem-Difluorocyclopropanes

Keisuke Sekine,”” Dai Akaishi,”” Kakeru Konagaya,” and Shigekazu Ito*"”

Abstract: Optically active cyclopropanes have been widely
investigated especially from the views of pharmaceutical and
agrochemical industries, and substituting one of the meth-
ylenes with the difluoromethylene unit should be promising
for developing novel biologically relevant compounds and
functional materials. In this paper, the copper-catalyzed
enantioselective hydrosilylation of gem-difluorocyclopropenes
to provide the corresponding chiral gem-difluorocyclopro-
panes is presented. The use of copper(l) chloride, chiral
ligands including bidentate BINAPs and monodentate phos-

\

phoramidites, and silyloorane Me,PhSi-Bpin accompanying
sodium tert-butoxide in methanol was appropriate for the
enantioselective hydrosilylation of the strained C=C double
bond, and the resultant chiral difluorinated three-membered
ring was unambiguously characterized. Subsequent activation
of the silyl groups in enantio-enriched gem-difluorocyclopro-
panes showed substantial reduction of the enantiopurity,
indicating cleavage of the distal C—C bond leading to the
transient acyclic intermediates.

J

Introduction

Cyclopropanes containing the strained rings show various
particular physical properties based on the skeletal bent
bonding,"” and have been widely utilized for developing drug
candidates based on the structural aspects.” In these pharma-
ceutical and agrochemical studies, the stereochemistry of cyclo-
propanes is undoubtedly important as indicated by the
historical literatures about pyrethrins® and 1-aminocyclopro-
pane carboxylic acid.”’ Additionally, in taking the physicochem-
ical and biological characteristics of fluorine-containing molec-
ular counterparts promoting bioisosteres via metabolic stability
and lipophilicity into account, use of fluorine should be
indispensable for further studies on optically active cyclo-
propanes relating to pharmaceutical and agrochemical research
fields.®”

The gem-difluorocyclopropane skeleton is one of the well-
studied fluorinated cyclopropanes.® Whereas a considerable
number of gem-difluorocyclopropane derivatives have been
produced so far, examples of the enantio-controlled synthesis
providing optically active gem-difluorocyclopropanes have
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been limited. Taguchi et al. reported use of chiral auxiliaries in
the [2+1] processes involving Michael addition of lithium
enolates.” ltoh and co-workers developed the alternative
approach to chiral gem-difluorocyclopropanes by using kinetic
resolution of the racemic mixtures based on lipase-catalyzed
ester hydrolysis."” Also, de Meijere utilized enzymatic reactions
for synthesis of dispiro compounds containing gem-
difluorocyclopropane.” These reported studies employed
quantitative amount of the chiral reagent and the racemic
mixtures of basically epimerization-prohibited molecular struc-
tures, and thus developing novel and efficient synthetic tools
providing optically active gem-difluorocyclopropanes is highly
desirable.

Producing chiral gem-difluorocyclopropanes via enantiose-
lective catalytic processes should contribute to develop the
chemistry of fluorinated cyclopropanes. As indicated by the
intensive studies on synthesis of chiral cyclopropanes,"
enantio-controlled saturation process of the C=C double bond
in cyclopropene is a promising and efficient approach to
optically active gem-difluorocyclopropanes. Scheme 1a denotes
a recently reported enantioselective synthesis of chiral gem-
difluorocyclopropanes via hydrocupration of homochiral gem-
difluorocyclopropenes  followed by  treatment  with
(deuterio)alcohols."” Use of polymethylhydrosiloxane (PMHS) as
a hydrido source was successful, and the regio-controlled
hydrocupration furnished the corresponding chiral gem-difluor-
ocyclopropanes as formal reduction products of the cyclo-
propenes in moderate to good enantiomeric excesses (up to
90%ee). The regioselectivity of hydrocupration step depends
on the steric encumbrance of chiral ligands, and use of sterically
encumbered ligands such as DTBM-SEGPHOS provided two
regioisomers in the hydrocupration process. Shortly thereafter,
asymmetric catalytic hydrogen transfer process utilizing a
Noyori-lkariya catalyst was developed, and enantiomerically
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Scheme 1. Reported catalytic enantioselective reduction of gem-difluorocy-
clopropenes affording optically active gem-difluorocyclopropanes.

pure gem-difluorocyclopropanes were produced from gem-
difluorocyclopropenyl esters (Scheme 1b)." These catalytic
enantioselective reductions of gem-difluorocyclopropenes are
promising to progress the chemistry of fluorinated cyclo-
propanes based on subsequent conversions of the molecular
structures. In fact, the carbonyl functional groups derived from
gem-difluorocyclopropenyl esters can be utilized for chemical
conversions such as combining with N-heterocyclic units. Thus,
it should be fruitful to develop synthetic methods for chiral
gem-difluorocyclopropanes enabling additional functionaliza-
tion processes.

In Scheme 1a, exchange of PMHS with other nucleophilic
reagents is an attractive strategy for developing synthesis of
chiral gem-difluorocyclopropanes. As mentioned in the recent
paper,"? pinacolborane (HBpin), bis(pinacolato)diboron (pinB-
Bpin), and dimethylzinc (Me,Zn) can be employed. Whereas
HBpin gave the hydrocupration product, the diboron and
organozinc reagents could generate the corresponding boro-
nated and alkylated gem-difluorocyclopropane derivatives.
Because the boron and zinc reagents required use of sterically
encumbered chiral ligands promoting the thermodynamically
unfavorable regioselectivity, the synthetic efficiency was not
comparable with the case using PMHS. However, these
preliminary findings prompted to explore convenient processes
for functionalized gem-difluorocyclopropanes based on the
copper-catalyzed asymmetric process.

In this paper, we examined the copper-catalyzed asymmet-
ric reactions using a silyloorane reagent Me,PhSi-Bpin as a
nucleophile providing silyl-substituted chiral gem-
difluorocyclopropanes." Hoveyda first confirmed usefulness of
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silylboranes for enantioselective silylcupration of cyclic con-
jugated carbonyl compounds." Recently, Oestreich demon-
strated enantioselective catalytic synthesis of chiral cyclopro-
panes via the stereoselective silylcupration process of prochiral
cyclopropenes,” which encouraged to apply for the enantiose-
lective catalytic hydrosilylation of gem-difluorocyclopropenes.
Our attempt was successful, and the optically active 1,1-
difluoro-2-silylcyclopropanes were obtained. The chiral 1,1-
difluorocyclopropane structure was confirmed absolutely, and
preliminary conversions of the silyl substituent were attempted.
Interestingly, the desilylation process accompanied deviation of
the enantiomeric purity, indicating nature of the fluorinated
cyclopropane skeleton.®'®-2?

Results and Discussion
Optimization of reaction conditions

As a starting material, we chose a methoxynaphthyl-substituted
gem-difluorocyclopropene (1a) based on the previously re-
ported copper-mediated process."® Taking the enantioselective
copper-catalyzed conversions for cyclopropenes into account,"®
we employed a silylborane Me,PhSi-Bpin [Bpin=4,4,5,5-
tetramethyl-1,3,2-dioxaborolyl (pinacolboryl)] as a nucleophile
and utilized combination of copper(l) chloride and a chiral
bidentate diphosphine ligand accompanying sodium tert-but-
oxide as a chiral catalyst component. In addition, methanol was
employed for protonation of the resultant silylcupration inter-
mediate. Table S1 shows screening of solvent with (R)-SEGPHOS,
suggesting that Et,0 is the most appropriate solvent for the
enantioselective hydrosilylation of 1a. Also, Table S1 indicates
that NHC ligands, promoting the excellent results in the
hydrosilylation of conjugated carbonyl compounds,™ would
not give desirable scores. Room temperatures are desirable for
the asymmetric hydrosilylation of 1a (Table S2).

Table 1 summarizes screening of chiral bidentate ligands.
Structures of the ligands Ligand*? are shown in Figure 1. The
initially employed (R)-SEGPHOS gave the corresponding 1,1-
difluoro-2-silylcyclopropane 2a as a single diastereomer almost
quantitatively with a moderate enantioselectivity (Entry 1).
Compound 3a was not observed, indicating that the silylcupra-
tion process was almost regioselective under the thermody-
namic control promoting the predominant cupration at the
arylmethyl position."”® The 'HNMR spectroscopic data of 2a
characterized the trans configuration. (R)-DM-SEGPHOS gave a
comparable result with (R)-SEGPHOS (Entry 2). However, the
excess steric encumbrance was not appropriate, and in fact (R)-
DTBM-SEGPHOS gave a low yield together with a considerable
amount of the inseparable kinetic product 3a (Entry 3). The
minor regioisomer 3a indicated that the excess steric hindrance
of the ligand avoided the cupration at the arylmethyl
position."”™ Use of (R)-BINAP slightly improved the enantiose-
lectivity although the yield was low (Entry 4). To our delight, (R)-
Tol-BINAP was effective to promote a desirable enantioselectiv-
ity and a good yield (Entry 5). On the other hand, (R)-DM-BINAP
was of poor enantioselectivity and regioselectivity (Entry 6), and
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Table 1. Screening of chiral bidentate ligands.
CuCl (10 mol%) EF
Ligand*2 (12 mol%)
/A NaOfBu (20 mol%)
OO Me,PhSi-Bpin (1.2 eq) CO 'S"V'ezph
Meo ‘B 2in MO
1a
R F
Me;Phsi, X
nes
3a
Entry  Ligand*? al[%]™  eeof 2a[%] a [%]®
1 (R)-SEGPHOS 99 73 0
2 (R)-DM-SEGPHOS 94 75 0
3 (R)-DTBM-SEGPHOS 21 n.d. 23
4 (R)-BINAP 18" 83 o
5 (R)-Tol-BINAP 87 92 0
6 (R)-DM-BINAP 72 16 17
7 (R)-Cy-BINAP 17' 29 trace!
8 (S)-Hg-BINAP 88 90 trace
9 (R)-MeO-BIPHEP 99 84 0
10 (5)-SYNPHOS 99 65 trace
1 (R)-DTBM- MeO-BIPHEP 23" nd. 234
[a] Yields were determined by '°F NMR using BTF as an internal standard.
[b] 74% Recovery of 1a. [c] 60% Recovery of 1a. [d] Enantiomer of 2a
(ent-2a) was characterized by HPLC analysis. [e] 51 % Recovery of 1a.

o)
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o] PR,
I
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(R)-SEGPHOS: R = Ph (R)-BINAP: R = Ph
(R)-DM-SEGPHOS: R=Ar"  (R)-Tol-BINAP: R = Ar3

(R)-DTBM-SEGPHOS: R = Ar? (R)-DM-BINAP: R = Ar'
(R)-Cy-BINAP: R = cyclohexyl
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Figure 1. Structures of bidentate ligands (Ligand*?).

use of (R)-Cy-BINAP resulted in a low yield (Entry 7). (S)-Hg-
BINAP, (R)-MeO-BIPHEP, and (S)-SYNPHOS gave moderate to
good yields and enantioselectivity (Entries 8-10). Use of the (S)-
configured ligands gave the enantiomer of 2a (ent-2a). As
indicated by Entry 3, (R)-DTBM-MeO-BIPHEP gave a low yield
and accompanied a considerable amount of 3a (Entry 11).
Accordingly, we concluded that Tol-BINAP is the most appro-
priate bidentate ligand for the copper-catalyzed enantioselec-
tive hydrosilylation of 1a.

The structure of 2a was confirmed by X-ray crystallography
(Figure 2).”* Accordingly, the (1R,3S) absolute configuration was
confirmed. It is noteworthy that the distal bond (C1-C3) is
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Figure 2. Molecular structure of 2a (50% probability level). Selected bond
lengths (A) and angles (°): C1—C2 1.473(8), C2—C3 1.473(8), C1—C3 1.600(6),
C1-F11,367(7), C1-F2 1.351(7), C1-Si1 1.897(5), C3—C,,, 1.489(7), C1-C2—C3
65.7(4), C2—C1—-C3 57.3(3), C1-C3—C2 57.0(3), F1—C2—F2 106.7(4). CCDC-
2145088.

elongated, and correspondingly the C1—-C2—C3 angle is larger
than the other skeletal angles. This structural aspect would
correlate with the fluorine effects promoting the biradical
structure via bond cleavage of the distal bond.®'®*?

Next, we examined screenings of chiral monodentate
ligands. All the screenings of 25 monodentate ligands are
tabulated in Tables S3-S6. Tables S3-S5 summarize the con-
ditions using 12 mol% of ligands. Table 2 shows the selected
results using 20 mol % of monodentate phosphorus ligands. In
addition, Table S6 shows all results using 20 mol% monoden-
tate ligands. Structures of monodentate ligands Ligand*' are
listed in Figure3. The binaphthyl-based phosphoramidite
ligands L-1/2/3/4 showed moderate to good yields but the
lower enantioselectivity compared with the bidentate ligands
(Entries 1-4). Installing substituents at the 3,3’-positions was not
effective (Table S4). Ligands L-5 and L-6 bearing the octahy-
drobinaphthyl skeleton did not improve the scores (Entry 5,6).

Table 2. Screening of chiral monodentate ligands.
CuCl (10 mol%) EF
Ligand*! (20 mol%)
/A _NaOfBu (20 mol%)
OO Me,PhSi-Bpin (1.2 eq) OO 'S“V‘ezph
MeO “’;?5‘ rf e meo
1a
FF
MeoPhsi X
MeO OO

3a
Entry Ligand*' 2a [%]” ee of 2a [%] 3a [%]”
1 L-1 92 44 trace
2 L-2 74" 43 trace!™
3 L-3 76" 46 54
4 L-4 93 33 7
5 L-5 37 28 1@
6 L-6 82 17 4
7 L-7 78 88 trace
8 L-8 920 96 1
9 L-9 89 88 trace
[a] Yields were determined by '"F NMR using BTF as an internal standard.
[b] 10% recovery of 1a. [c] 11% recovery of 1a. [d] 55% recovery of 1a.
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Figure 3. Structures of monodentate ligands (Ligand*'). Cy = cyclohexyl.

On the other hand, the yields and enantioselectivity were
excellent when using L-7/8/9 (Entries 7-9), and especially L-8
could be decided as the most effective monodentate ligand for
the enantioselective hydrosilylation of 1a. It should be noted
that the absolute configuration of 2a produced in the presence
of L-1 to L-9 was identical to the product of the R-configured
bidentate ligands such as (R)-Tol-BINAP.

Substrate scope

As described above, we succeeded in optimizing both bidentate
and monodentate chiral ligands for the copper-mediated
hydrosilylation of 1a. Next, we worked about scope and
limitation of the optimized conditions for synthesis of chiral
gem-difluorocyclopropanes (Scheme 2). The naphthyl-substi-
tuted substates 1a-c gave the corresponding product 2a-c in
good yields and enantioselectivity. Whereas both Condition A
with (R)-Tol-BINAP and Condition B with L-8 could be employed
for the p-chlorinated and p-methoxycarbonylated substrates 1e
and 1f, 1d and 1g permitted only use of Condition B or
Condition A, respectively. Both Tol-BINAP and L-8 gave poor
results in the reactions using nitro-substituted substrate 1h and
p-methoxyphenyl derivative 1i. In the synthesis of 2h, insepa-
rable syn isomer was accompanied, indicating that the electron-
withdrawing group might stabilize the cupration intermediate
extremely and/or promote the complicated electron-transfer
process. Whereas 1i could not provide the corresponding
product, the m- and o-methoxy substrates 1j and 1k were
tolerant to give 2j and 2k, respectively. The p-methoxy
substrate 1i was reluctant to interact with the nucleophilic
silylcopper species, which was in sharp contrast with the achiral
synthesis using Xantphos."” Although the reason has not been
clarified yet, the electron-rich nature of the C=C unit and/or the
steric properties might suppress the silylation step from the
silylcopper species bearing the chiral phosphorus ligands. It
should be noted that 1i showed low yield even in the reaction
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CuCl (10 mol%)
Condition A or B
NaOtBu (20 mol%)

FF
/N,
"Me;PhSi-Bpin (1.2 60) @ SiMezPh
MeOH (2.0 eq)

Et,0, 1t, 24 h 2a1
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Condition B: L-8 (20 mol%)
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Scheme 2. Substrate scope. The yields were determined by '°F NMR using
BTF as an internal standard.

with chiral copper hydride reagent."® The quinoline-substituted
derivative 21 could be synthesized by employing Condition A,
indicating that the electronic character of L-8 might not be
suitable to facilitate the interaction between the silylcopper
species and the cyclopropane 11I. The findings about synthesis
of 2d, 2g, and 2l suggest that the chiral bidentate and
monodentate ligands can be utilized complementary according
to the gem-difluorocyclopropene substrates.

Possible reaction mechanisms

Based on the published literatures,"”***! it would be possible to
propose a catalytic procedure shown in Scheme 3. The
silylcopper species [L*,Cu-SiPhMe,] generated from copper(l)
alkoxide [L*,Cu-OMe, initially L*,Cu-OtBu], could coordinate on
the C=C double bond in 1 enantioselectively, and the
production via Re approach was predominant in using the (R)-
configured chiral bidentate ligands as well as monodentate
ligands L1-9. Subsequent stereoselective syn addition of the
Si—Cu bond provided Int-2 followed by protonation furnishing
2 and spontaneous regeneration of the catalytic species.

It is quite hard to clarify the difference between the
bidentate and monodentate ligands in the catalytic process,
which induces the remarkable substrate dependence. It is
plausible that the catalytic process includes the complicated

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202200657

R F

Ar”_ “SiPhMe,
2

MeOH

Me,PhSi-Bpin

L*
“Cu-OMe
L* ROBpin

R F

L*
A\K L*\,Cu—SiPhMez

L*-Cl]\ SiPhMe,

|
L* Int-2

RF +

-

L*u‘cliu—‘SiPhMe2 - |

L* L*

L*—Cu-SiPhMe,

Int-1

Scheme 3. A proposed reaction mechanism.

equilibrium including the reaction intermediates. Attempts to
simulate the complicated equilibrium experimentally and
theoretically are in progress.

Desilylation accompanying reduction of enantiopurity

The silyl-substituted chiral gem-difluorocyclopropanes are at-
tractive because of possible subsequent transformations. In this
study, we examined desilylation of 2 as a preliminary attempt
toward synthesis of functional chiral gem-difluorocyclopropanes
from 2. Scheme 4 displays the desilylation of 2a, 2b, and 21 by
TBAF. As one of the comparable reports suggested,” desilyla-
tion with fluoride ion proceeds via retention of configuration.
However, all the examined substrates provided the correspond-
ing gem-difluorocyclopropane 4a, 4b, and 4l in moderate
yields but accompanied decrease of enantiomeric purity. Silyl-
substituted gem-difluorocyclopropanes 2a and 2b showed
reduction of ee of 5-12%. On the other hand, 21 bearing the
electron-deficient quinoline substituent provided the corre-
sponding desilylation product 41 with the considerable
decrease of ee from 21 (Aee =43 %).

The substantial drops of ee should relate with the physical
properties of the gem-difluorocyclopropane skeleton bearing

RS 1) TBAF (1.2 eq) RS

THF, rt, 24 h
| 2) MeOH, rt l o

~
X E X E
2a: X = OMe, E = CH; 92% ee

2b: X =H, E = CH; 95% ee
2l: X=H,E=N; 95% ee

X “’SiMe,Ph

4a: 73%, 77% ee
4b: 78%, 88% ee
41: 75%, 42% ee

Scheme 4. Desilylation of the selected silyl-substituted gem-difluorocyclo-
propanes with decrease of enantiopurity.

Chem. Eur. J. 2022, 28, €202200657 (5 of 6)

the aryl substituents. Attempted DFT calculations for the
difluorocyclopropyl anions®' generated from 2a, 2b, and 2I
indicated that the distal bond of difluorocyclopropyl anion
leading to 41 is elongated (Table S7), which might correlate
with the decrease of ee in Scheme 4. Although intensive study
should be requisite, it could be predicted that the electron-
withdrawing substituents in gem-difluorocyclopropane might
promote elongation of the distal bond probably because of
partial delocalization of the negative charge up to the alfa
position facilitating the transient biradical state. As indicated by
the X-ray structure of 2a in Figure 2, the distal bond can be
homolytically cleaved leading to the corresponding biradical
species,®'®2? which would relate with the reduction of
enantiopurity. Effects of the methoxy group are complicated,
but further investigations will clarify the particular substituent
effect.

Conclusion

We have presented the copper-mediated enantioselective and
regioselective hydrosilylation of gem-difluorocyclopropenes
affording the corresponding optically active silyl-substituted
difluorocyclopropanes. Both bidentate (Tol-BINAP) and mono-
dentate (TADDOL-type) ligands can be utilized complementary.
Structural elucidate of the silyl-substituted difluorocyclopro-
panes was completed, and the reaction mechanisms were
discussed accordingly. As a characteristic finding on gem-
difluorocyclopropanes, we observed notable decrease of enan-
tiomeric purity in the fluoride-mediated desilylation procedure,
indicating notable characters of the negatively charged gem-
difluorocyclopropane unit. Although intensive studies should
be requisite for understanding the unexpected physical proper-
ties of the silylated gem-difluorocyclopropanes, the findings will
be fruitful to synthesize functional chiral gem-difluorocyclopro-
panes for developing such as pharmaceutical and agrochemical
sciences.
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