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ABSTRACT: Nickel-catalyzed, stereospecific cross-cou-
plings via activation of secondary C-O bonds has been well
developed in the past few years. Meanwhile, stereospecific
cross-couplings of tertiary electrophiles have been rarely ex-
plored. Herein, we describe a nickel-catalyzed, ligand-free Su-
zuki-Miyaura vinylation, using easily prepared, highly enanti-
oenriched tertiary benzylic carboxylates to install all-carbon
quaternary stereocenters in high yields and ee’s. In addition to
allowing stereospecific vinylation of these substrates for the
first time, this method overcomes the longstanding require-
ment for a naphthyl group on the benzylic carboxylate.

Harnessing tertiary electrophiles in transition metal-cata-
lyzed carbon-carbon (C-C) bond formation is one of the
longstanding challenges in modern chemistry." Because these
transformations would deliver valuable, all-carbon quaternary
centers, which are widespread in natural products and other
bioactive compounds,” tremendous effort has been directed
towards this goal.** The challenge of such cross-couplings are
two-fold; significant steric hindrance must be overcome, and
stereochemistry must be controlled. With respect to overcom-
ing the steric challenge, unactivated alkyl halides are well-de-
veloped tertiary electrophiles.® Other tertiary electrophiles
have also been demonstrated, such as benzylic aziridines,®
benzylic sulfonates,” redox-active esters,® and unactivated ter-
tiary alkyl oxalates® (Scheme 1A). However, in terms of stere-
ocontrol, only a few, limited methods are known, particularly
for non-allylic substrates.'® Namely, Fu and Zhang have devel-
oped enantioconvergent cross-couplings of tertiary lactam
bromides'! and oxindole epoxides'?, respectively (Scheme
1B). The strict requirements for the substrate structure in
these reactions belies the difficulty in controlling the stereo-
chemistry in cross-couplings of tertiary electrophiles. In an al-
ternative strategy, we developed a stereospecific Suzuki-
Miyaura arylation of enantioenriched tertiary benzylic ace-
tates (Scheme 1C).!3 However, as excited as we were to form
benzylic = quaternary  stereocenters  using  this
NiCL-DME/CyJohnPhos catalyst, we were sharply aware of
its limitations. Although vinylboronates are often more reac-
tive than their aryl counterparts, we surprisingly observed no

reaction when the arylation conditions were applied to vinyl-
boronates. The arylation was also sensitive to the steric bulk
of the boronate ester. Neopentyl glycol esters (Bneop) were
required, because the more common pinacol esters (Bpin) re-
sulted in lower yields, thus limiting the convenience of this
method. In addition to these major limitations in the nucleo-
philic coupling partner, the scope of benzylic acetates was lim-
ited to those with naphthyl (or naphthyl-like) substituents. In
fact, only one substrate lacked such substitution, and it was a
dibenzylic substrate. Notably, this requirement for a naphthyl
group or dibenzylic activation plagues stereospecific cross-

couplings as a whole, including those of secondary electro-
philes.'***

Scheme 1. Tertiary Electrophiles in Cross-Couplings
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Due to these limitations, the importance of all-carbon qua-

Limitations:
« vinylation fails
* naphthyl required
« Bneop required

« simple phenyls tolerated
« cheap nickel catalyst
* no extra ligand

ternary stereocenters, and the high utility of vinyl substituents
for further elaboration, we now report a stereospecific, nickel-
catalyzed cross-coupling of tertiary benzylic carboxylates
(Scheme 1D). To enable this vinylation, a new catalyst system
- one unsupported by any added ligand — was discovered.
This new catalyst system not only enabled the vinylation; it
also resulted in unprecedented scope in the tertiary benzylic



carboxylate, allowing even substrates with simple phenyl sub-
stituents to be used.

We selected the cross-coupling of tertiary acetate 1a and vi-
nyl boronate ester 2a for optimization studies (Table 1). Un-
der similar conditions as our previous arylation (NiCl,-DME,
CyJohnPhos), we saw only trace desired product 3 (entry 1).
A broad investigation of ligands showed that bulkier Buch-
wald-type ligands gave better yields, with XPhos providing
80% yield (entries 2—3). However, we observed even better
yield in the absence of ligand (entry 4). This surprising result
was mechanistically intriguing and offered an opportunity to
develop an inexpensive and simple catalyst. Indeed, we were
able to use an even cheaper nickel catalyst, Ni(acac),xH,0,?
by changing the base from NaOMe to LiOt-Bu (entries 5-6).
Control experiments (entries 7-8) showed that both nickel
and base were required. Additionally, the corresponding vinyl
Bneop (2b) worked (entry 9). However, use of boronic acid
2c resulted in no product (entry 10), and only 34% yield was
observed with trifluoroborate 2d (entry 11).

Table 1. Optimization®

Me, Et Ni s?urced(1b0 mol%) -
S . Boin igand, base e
OAC P NP 2-Me-THF (0.2 M) 2-Np>\/\ Ph
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97% ee 2a 8
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1 NiCl,-DME/ Na- <5 ndf nd.
CyJohnPhos OMe
2 NiCl,-DME/ Na- 7 96 99
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6 Ni(acac),xH,0 LiOt- >99 97  >99
Bu
7 none LiOt- 0 nd. nd
Bu
8 Ni(acac),xH,0 none 0 nd. nd
o Ni(acac),xH,0 LiOt- 86 96 99
Bu
102 Ni(acac),xH,0 LiOt- 0 nd. nd
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¢ Conditions: 1a (0.10 mmol), 2a (2.0 equiv), Ni source
(10 mol %), ligand (20 mol %), base (2.0 equiv), 2-Me-THF
(0.2 M), 50 ‘C, 24 h, unless otherwise noted. ® Determined
by '"H NMR analysis using 1,3,5-trimethoxybenzene as in-
ternal standard. ¢ Determined by HPLC analysis using a chi-
ral stationary phase. ¢ €s = e€product/€€starting material. ¢ n.d. = not
determined. /2b in place of 2a. £ 2¢ in place of 2a. "2d in
place of 2a.

Under the optimized conditions (Table 1, entry 6), we ob-
served a broad scope with respect to the vinyl boronate ester
(Scheme 2). Vinyl groups with both aryl (3-8) and alkyl
groups (9-14) can be incorporated. Electron-rich (4) and
electron-poor (8§, 6) aryl substituents worked well. Compati-
bility with a range of functional groups was also observed.
Noteworthy examples include an ester (6), aryl chlorides (7,
8), a TBS-protected alcohol (9), and an alkyl chloride (10),
which offer opportunities for further elaboration. Notably, a
tremendous range of vinyl substitution is tolerated, enabling
synthesis of monosubstituted alkene 11, 1,1-disubstituted al-
kene 13, and even sterically encumbered trisubstituted al-
kenes 12 and 14. Notably, these more substituted alkenes are
not accessible via an allylic arylation.”’ In all cases, the stereo-
chemical fidelity was exceptional.

Scheme 2. Scope of the Vinyl Boronate Ester
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“Conditions: 1a (0.40 mmol), 2 (2.0 equiv), Ni(acac),xH,O
(10 mol %), LiOt-Bu (2.0 equiv), 2-Me-THF (0.2 M), 50 °C, 24
h. Average isolated yields (+3%) and ee’s (£1%, determined by
HPLC or SFC analysis using a chiral stationary phase) of dupli-
cate experiments. " 80 °C.

With respect to the scope of tertiary benzylic esters, we
were particularly interested in substrates with heteroaryl and
non-naphthyl aryl groups, because these substrates failed un-
der our previous arylation conditions (Scheme 3). Excitingly,
heteroaryl substitution is well tolerated, as evidenced by the
efficient formation of benzofurans 1§ and 16, indole 17, and
quinoline 18. For substrates with non-naphthyl groups, we
observed low yields when we employed benzylic acetates as
substrates. However, we also observed decomposition of these
tertiary benzylic acetates upon purification, leading us to
question whether they were simply decomposing under the
reaction conditions, particularly if they underwent slower ox-
idative addition than naphthyl-substituted 1a. By changing to
amore stable pivalate group, we were able to break through the
limitation of naphthyl-like substrates. Using pivalates and in-
creasing the reaction temperature to 80 °C enabled efficient
cross-couplings of simple phenyl-substituted esters (19-21).
Additionally, more sterically hindered quaternary centers (22,
23) were also accessible. The ability to incorporate het-
eroaryls and non-naphthyl substituents dramatically expands
the utility of this method.

Scheme 3. Ester Scope
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“Conditions: 1a (0.40 mmol), 2 (2.0 equiv), Ni(acac),xH,O
(10 mol %), LiOt-Bu (2.0 equiv), 2-Me-THF (0.2 M), 50 °C or

i-Pr,O (0.2 M), 80 °C, 24 h. Average isolated yields (+4%) and
ee’s (£2%, determined by HPLC or SFC analysis using a chiral
stationary phase) of duplicate experiments, unless otherwise
noted. * Unknown absolute configuration. ‘ Single run.

In terms of mechanism, we hypothesize that this reaction
proceeds via a Ni! catalytic cycle, starting with oxidation ad-
dition via an Sx2*like attack of a Ni° species on the benzylic
carboxylate.'*'” The overall reaction proceeds with stereore-
tention,”” consistent with oxidative addition through a closed
transition state with the carboxylate directing Ni° to the ortho
position of the aryl ring. Subsequent transmetallation and re-
ductive elimination delivers product and completes the cata-
Iytic cycle. However, it is unclear what species supports the
nickel intermediates, particularly Ni’, because no additional
ligand is needed. One possible supporting ligand is 1,3-buta-
diene, which we have observed in low yields and likely form
during the reduction of Ni(acac),."> However, based on prec-
edent for electron-poor alkenes as ligands for Ni’,* the vinyl-
boronate ester or product may also serve as ligand.** Further
studies are needed to determine what species is the active cat-
alyst and why this catalyst offers the unprecedented ability to
activate non-naphthyl substrates.

In summary, these new conditions enable unparalleled
scope in the benzylic carboxylate and the use of widely com-
mercially available vinylboronate esters. Notably, these reac-
tions rely only on inexpensive Ni(acac),-xH,O as catalyst; no
additional ligand is needed. Exploration of the mechanism, es-
pecially the nature of the active catalyst, and efforts to expand
the use of this highly active catalyst system are ongoing in the
lab.
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