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Reductive desymmetric silylation of biaryl
bis(triflates) enabled by a chiral nickel/picolinamide

*

Given the importance of organosilicons and atropisomerism, there is a fundamental need to develop new

methods to synthesize axially chiral biaryl silanes. By use of an easily accessible chiral picolinamide as

a ligand and inexpensive nickel as a catalyst, we realize a desymmetric silylation of prochiral biaryl
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bis(triflates) with silyl chlorides under net reductive conditions. This cross-electrophile reaction offers

a new approach to preparing highly enantioenriched C;-symmetric axially chiral platform molecules,

DOI: 10.1039/d5sc09250g

rsc.li/chemical-science downstream derivatizations.

Introduction

Axially chiral biaryls are not only present as a core structure in
numerous natural products’ and pharmaceutically relevant
molecules® but are also frequently used as privileged scaffolds
for chiral ligands and organocatalysts in asymmetric catalysis.®
To date, catalytic methods have emerged as a powerful tool to
synthesize axially chiral biaryls based on different strategies,
including aryl-aryl cross-coupling, de novo arene ring forma-
tion, (dynamic) kinetic resolution of racemic biaryls, and
desymmetrization of prochiral biaryls.* In the desymmetriza-
tion variant, one of two distally positioned enantiotopic moie-
ties is enantioselectively converted, and thus this unique
reaction pattern circumvents direct construction of a sterically
encumbered chiral axis while the unreacted functionality is
available for further derivatizations.® In the 1990s, Hayashi
realized the first examples of desymmetric functionalization of
prochiral biaryl bis(triflates) via palladium-catalyzed Kumada®
and Sonogashira coupling.” Recently, this reaction mode has
been further extended by utilizing other coupling partners
including borohydride,® aromatic amines,” thiols," phos-
phines,** alkyl bromides,* aldehydes,”* and B,Pin, (ref. 13)
(Scheme 1A). However, desymmetric silylation of biaryl bi-
s(halides) or bis(sulfonates) via enantioselective C-Si bond
formation remains elusive.

Organosilicons find broad applications in organic
synthesis," material science,” and medicinal chemistry.'®
Consequently, organic chemists have endeavoured to develop
new and efficient approaches to preparing such compounds."”
However, catalytic atroposelective synthesis of (hetero)biaryl
silanes starting from achiral or racemic precursors is
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which incorporate both a silane and a triflate moiety as two distinct docking sites for various
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Scheme 1 (A) Desymmetric functionalizations of (hetero)biaryl bi-
s(pseudo)halides; (B) catalytic atroposelective synthesis of axially chiral
(hetero)biaryl silanes; (C) reductive desymmetric silylation of biaryl
bis(triflates).
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underdeveloped, and a handful of successful examples rely on
either C-H silylation®™ or cross-coupling between silicon
nucleophiles and carbon electrophiles® (Scheme 1B). On the
other side, rapid progress has been witnessed in the transition
metal-catalyzed cross-electrophile coupling (XEC) reactions
between silyl halides and diverse carbon electrophiles, which
provides new and efficient access to organosilanes.” Driven by
these elegant results and our continued interest in the devel-
opment of asymmetric XEC reactions for the synthesis of atro-
pisomers,** we wondered whether reductive silylation of aryl
(pseudo)halides with halo silanes could be applied as the
enantiodetermining step of atroposelective desymmetrization.
In this context, we realized a chiral nickel/picolinamide
complex-catalyzed reductive desymmetric silylation of prochi-
ral biaryl bis(triflates) with silyl chlorides towards the highly
enantioselective synthesis of C;-symmetric axially chiral biaryls,
which contain both a nucleophilic silane and an electrophilic
triflate moiety as two distinct docking sites to introduce new
functionalities (Scheme 1C).

Results and discussion

For optimization of the reaction conditions, the biaryl bi-
s(triflate) 1a and chlorodimethyl(vinyl)silane (2a) were selected
as the model substrates. While some privileged chiral ligands
for asymmetric nickel catalysis, including BOX, BiOX, PyrOx,
PyBOX, and PHOX, either could not promote the target reaction
or only delivered a trace amount of the product as a racemic
mixture, a ligand class of chiral picolinamides was surprisingly
found to be effective for the intended desymmetric reductive
silylation. To the best of our knowledge, enantioselective Ni-
catalyzed cross-electrophile coupling reactions using chiral
picolinamides as the ligands is unprecedented. Systematic
screening of the reaction conditions revealed the optimized one
as follows: NiCl,(Py), (15 mol%) as the precatalyst, the picoli-
namide L1 derived from r-phenylglycinol (20 mol%) as the
ligand, and Mn (3 equiv.) as the reducing agent in DMA (0.2 M)
as the solvent at room temperature for 24 h. In this case, the
desired product 3aa was obtained in 80% yield and 91% ee
(Table 1, entry 1). Notably, the formation of the bis(silylation)
byproduct was not observed, revealing that this desymmetriza-
tion reaction is not followed by kinetic resolution. Next, we
varied the reaction parameters from the optimized conditions
to demonstrate their impact on the reaction outcome (Table 1,
entries 2-17). Replacing Ph with #Bu (L2) or Bn (L3) as the
ligand arm resulted in decreased enantiocontrol (entries 2 and
3). The ligand L4 bearing a chiral indane scaffold was also
competent but provided lower enantioselectivity (entry 4). In the
case of the chiral 1-isoquinolinecarboxamide L5 as the ligand,
both the reaction yield and the asymmetric induction were
significantly reduced (entry 5). The introduction of an N-mor-
pholinyl group to position 4 of the pyridine of the ligand did not
improve the result (L6, entry 6), whereas the installation of CF;
on position 5 attenuated both the selectivity and the efficiency
to some degree (L7, entry 7). Notably, substitution on positions
3 and 6 deteriorated the ligand performance significantly (L8
and L9, entries 8 and 9). Moreover, the reaction was almost shut
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Table 1 Deviation from the optimized reaction conditions®
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Entry Deviation from the optimized conditions Yield? (%) ee® (%)
1 None 80 91
2 L2 instead of L1 22 67
3 L3 instead of L1 68 83
4 L4 instead of L1 61 82
5 L5 instead of L1 10 11
6 L6 instead of L1 60 91
7 L7 instead of L1 24 79
8 L8 instead of L1 16 8

9 L9 instead of L1 16 3
10 L10 instead of L1 Trace n.d.
11 L11 instead of L1 19 21
12 L12 instead of L1 78 91
13 NiCl, instead of NiCl,(Py), 51 62
14 Ni(COD), instead of NiCl,(Py), 41 70
157 Ni(COD), instead of NiCl,(Py), 63 72
16 DMF instead of DMA 53 84
17 NMP instead of DMA 61 83
18 Zn instead of Mn Trace n.d.

“ Unless otherwise specified, the reactions were performed on
a 0.2 mmol scale of the biaryl bis(triflate) 1a using 3.0 equiv. of
chlorodimethyl(vinyl)silane (2a), 15 mol% NiCl,(Py),, 20 mol% ligand
L1, and 3.0 equiv. of Mn in 1 mL DMA under N, atmosphere for 24 h
at room temperature. ? Yield of the isolated product. ¢ Determined by
HPLC analysis on a chiral stationary phase. ¢ The reaction was
performed with 60 mol% pyridine as an additive.

down when using the ligand L10 based on pyrimidine-2-
carboxylic acid (entry 10). When the hydroxyl group of the
ligand was protected by TES, both the yield and the enantio-
meric excess of the product diminished dramatically (L11, entry
11). However, a nearly identical result was achieved in the case
of the ligand L12 with a pendant dimethylvinyl siloxy group,
indicating that in situ silylation of the hydroxyl group of the
ligand might occur (entry 12). When the nickel precatalysts
lacking pyridine as a coligand were employed, the desired
product was formed much less enantioselectively, suggesting
that pyridine might remain coordinated to the catalyst species
in the enantiodetermining step (entries 13 and 14). The use of
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60 mol% pyridine as an additive did not lead to significantly
improved enantiocontrol (entry 15). The desired reaction pro-
ceeded in other polar aprotic solvents tested but afforded only
inferior results (entries 16 and 17). Only a trace amount of
compound 3aa was generated when Zn was used as the reduc-
tant instead of Mn (entry 18).

With the optimized reaction conditions in hand, we

commenced to evaluate the substrate scope of this nickel-
catalyzed desymmetrization reaction (Table 2). First, we

Table 2 Evaluation of the substrate scope

ab,cde

View Article Online

Edge Article

focused on investigating the generality of the biaryl bis(triflates)
1. It turned out that suitable R' substituents of compounds 1
include phenyl bearing alkyl (1b-1f), phenyl (1g), OMe (1h and
1k), OPh (1i), OCF; (1j), and halide (11-1n) on para or/and meta-
position, and the corresponding products 3ba-na were ob-
tained in 52-82% yields and 81-98% ee. The reaction also
tolerated o-fluorine phenyl (10), affording the product 3oa in
74% yield and 82% ee. In contrast, bulkier methyl on the ortho-
position of the phenyl substituent (1j and 1k) had a significant
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¢ Unless otherwise specified, the reactions were performed on a 0.2 mmol scale of the biaryl bis(triflate) 1 using 3.0 equiv. of the silyl chlorides 2,

15 mol% NiCl,(Py),, 20 mol% ligand L1, and 3.0 equiv. of Mn in 1 mL DMA under N, atmosphere for 24 h at room temperature.

Yields of the

isolated products. ¢ Determined by HPLC analysis on a chiral stationary phase. ¢ The reaction was performed on a 1 mmol scale of 1b. ¢ The
reaction was performed using L5 as the ligand instead of L1.
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detrimental effect on the asymmetric induction of the studied
reaction, yielding the products 3pa and 3qa in much lower
enantiomeric excesses. The sterically more encumbering o-
naphthyl (1r) led to the formation of a nearly racemic product
3ra. Coordinative pyridine on the para-position of phenyl (1s)
posed no problem, furnishing the product 3sa in 81% yield and
85% ee. Strong electron-withdrawing cyano group (1t and 1u)
undermined the enantiocontrol of the studied reaction
dramatically (3ta and 3ua). Replacing phenyl by 3-thienyl as the

! substituent (1v) also resulted in a low enantiomeric excess
(3va). In the case of isopropyl (1w) or ethyl (1x) as R*, the desired
reactions proceeded smoothly, providing the products 3wa and
3xa in 87% ee and 81% ee, respectively. Notably, phenoxy (1y)
and N-indolyl (1z) were also found to be pertinent R' substitu-
ents, affording the products 3ya and 3za in 84% ee and 89% ee,
respectively. Subsequently, permutation of the R*> substituent
was performed. It turned out that alkyl (1aa, 1ab, and 1ae), PhO
(1ac), and F (1ad and 1af) on either para or meta position were
all compatible, delivering the corresponding products in 3aaa-
3afa 41-74% yields and 80-92% ee. Moreover, moderate results
in terms of both yield and enantiomeric excess were obtained in
the case of a-naphthyl (3aga). Next, we turned our attention to
assessing the scope of silyl chlorides. Chlorodiphenyl(vinyl)
silane (2b) and chlorotrivinylsilane (2¢) were both suitable
precursors, providing the products 3agb and 3cc in 88% ee and
83% ee, respectively. The vinyl substituent of silyl chlorides was
confirmed to be vital for this transformation since its absence
shut down this target desymmetrization. The coordination-
assisted oxidative addition of vinyl substituted silyl chlorides
to low-valent nickel is likely. However, it could also be attributed
to higher ability of vinyl substituted silyl chlorides regarding
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Pd/C, Hy, MeOH, r.t., 24 h; d) ICI (2 equiv), DCM, r.t., 24 h; e) Grubbs Il (20 mol%), styrene (10 equiv), DCM,
40°C, 24 h; f) PPh,CI (1.75 equiv), n-BuLi (1.5 equiv), THF, -78 °C - r.t., overnight.

Scheme 2 Derivatizations of the desymmetrization product.
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Scheme 3 (A) Preparation of [Ni()Cl(Py)s-L1]CL; (B) reaction using
[Ni(NCl(Py)s-L1]ICl as a catalyst; (C) cyclic voltammetry measurement;
(D) stoichiometric reaction with Ni(COD),; (E) non-linear effect.

oxidative addition to low-valent nickel. Moreover, the reaction
for the synthesis of compound 3ba on a 1 mmol scale afforded
a similar result (75% yield, 91% ee). In addition, the absolute
configuration of compound 3aba was unambiguously deter-
mined to be R through X-ray crystallography (CCDC number:
2452324).

A variety of downstream derivatizations focusing on the
transformations of the pendant triflate and/or silane moiety of
the coupling products were carried out (Scheme 2). First, simple
sodium hydroxide-mediated hydrolysis of the compound 3ca
provided a chiral phenol 4 in 92% yield and 84% ee. Further-
more, the nickel-catalyzed Kumada methylation of the aryl
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triflate 3ca delivered a chiral silane 5 in 81% yield and 85% ee.
Moreover, the vinyl group of 3ca was successfully hydrogenated
using Pd/C in 99% yield and 90% ee. Upon treatment with ICI,
the resultant saturated silane 6 underwent iodination, affording
a chiral aryl iodide 7 in 67% yield and 87% ee. Besides, the
compound 3ca was subjected to metathesis with styrene,
furnishing a chiral silane 8 bearing an internal olefinic unit 8 in
44% yield and 86% ee. In addition, the sequential reactions
consisting of Kumada methylation, hydrogenation, iodination,
and n-BuLi-mediated phosphination with PPh,Cl converted the
compound 3ba into a chiral phosphine 9 in 26% overall yield
and 86% ee.

Next, a series of preliminary mechanistic studies were con-
ducted, and the results were demonstrated in Scheme 3. First, it
turned out that NiCl,(Py), could react with the picolinamide
ligand L1 to afford a cationic Ni(i) complex [Ni(un)Cl(Py);-L1]Cl,
the structure of which was determined by X-ray crystallography
(CCDC number: 2452325) (Scheme 3A). Furthermore, the direct
use of [Ni(u)Cl(Py);-L1]Cl as the precatalyst for the desymmet-
rization of the biaryl bis(triflate) 1a with chlorodimethyl(vinyl)
silane (2a) provided a similar outcome to the one under the
standard conditions (Scheme 3B). The cyclic voltammetry (CV)
measurement of [Ni(u)Cl(Py);-L1]Cl gave irreversible reduction
waves at —0.89 V and at —1.02 V (vs. Ag/AgCl in DMA), which
could be assigned to the reduction of Ni(u) to Ni(1) and Ni(i) to
Ni(0), respectively (Scheme 3C). According to the seminal work
of Stahl et al.,”? the thermodynamic potential of Mn**/Mn is E’
= —1.08 V (vs. Ag/AgCl in DMA), suggesting that Mn is capable
of reducing the Ni(u) precatalyst into a Ni(0) species in situ.
Moreover, the stoichiometric reaction between the biaryl bi-
s(triflate) 1ab and Ni(COD), in the presence of the ligand L1
afforded the detriflated product 10 after quenching with water
in 42% yield, indicating that the oxidative addition of biaryl
bis(triflates) to Ni(0) is viable (Scheme 3D). The picolinamide
ligand-enabled generation of Ni(0) via reduction might be the
key for the success of this asymmetric silylation, since Mn is

TfO I oTf

Ni(0) ‘
1/2 MnCl, 1a

g O oTf Ni()Cl \
O TFO(I)Ni OTf
3aa O A

1/2 Mn

| oTf 1/2 Mn(OTf),
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Me—Si—Ni oTf (DNi

\/

A _Cl B
= "Si;
Me” Me
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Scheme 4 Proposed catalytic cycle.
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known to be unable to reduce Ni(i)PyrOx,> Ni(1)BiOX,>* or Ni(u)
BOX* into their corresponding Ni(0) species. In addition, the
dependence of the enantiomeric excess of the product 3aa on
the enantiopurity of the ligand L1 was investigated, and a linear
relationship was obtained, revealing that no high-order cata-
Iytically active on-cycle species containing multiple units of the
chiral entity is present in this nickel-catalyzed reaction (Scheme
3E).

Based on the preliminary mechanistic studies and the
previous report,*** a plausible catalytic cycle exemplified by the
precursors 1a and 2a was proposed in Scheme 4. Initially, Ni(0)
is generated under reductive conditions and undergoes two-
electron oxidative addition with the biaryl bis(triflate) 1a in an
enantioselective manner. The resultant axially chiral Ni(u)
complex A is subsequently reduced by Mn into a Ni(1) species B,
to which chlorodimethyl(vinyl)silane (2a) performs the second
oxidative addition. Next, stereoretensive reductive elimination
from the generated Ni(m) complex C provides the product 3aa
and Ni(1)Cl, and the latter is reduced by Mn to Ni(0) for the next
catalytic cycle.

Conclusions

In conclusion, we have developed a reductive desymmetric
silylation of prochiral biaryl bis(triflates) with silyl chlorides.
This desymmetrization reaction is promoted by a simple chiral
nickel/picolinamide complex, allowing for the synthesis of C;-
symmetric axially chiral biaryl silanes in a highly enantio-
selective fashion. The downstream derivatizations of the
coupling products, focusing on the conversions of the pendant
silane and triflate moieties, provide a variety of functionalized
axially chiral biaryls. According to the preliminary mechanistic
investigations, the picolinamide ligand enables the generation
of a Ni(0) species via reduction, to which biaryl bis(triflates)
perform enantiodiscriminating oxidative addition.
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