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ABSTRACT: We report a Ni-catalyzed process for the
cross-coupling of tertiary alkyl nucleophiles and aryl bro-
mides. This process is extremely general for a wide range of
electrophiles and generally occurs with a ratio of retention to
isomerization >30:1. The same procedure also accommo-
dates the use of aryl triflates, vinyl chlorides, and vinyl
bromides as the electrophilic component.

he development of transition metal-catalyzed C—C bond-

forming cross-coupling reactions has profoundly altered the
paradigms by which we approach the synthesis of organic
structures.” Although research into these cross-coupling reac-
tions is largely focused on the creation of C(sp*)—C(sp”) bonds,
transition metal-catalyzed processes that permit the use of
C(sp®) nucleophiles and electrophiles have also been deve-
loped.®® However, the use of secondary and tertiary nucleo-
philes in C—C bond-forming cross-coupling reactions still suffers
from limitations.> Recently, we reported a general Ni-catalyzed
Negishi reaction that permits the cross-coupling of acyclic
secondary alkylzinc halides and ar{l iodides without isomeriza-
tion of the secondary nucleophile.” In an attempt to build upon
this work, we investigated the possibility that a nickel-based
catalytic system could support the direct cross-coupling of
tertiary alkyl nucleophiles and aryl halides to form aryl-substi-
tuted quaternary centers. Carrying out such a reaction in an
effective and efficient manner is indeed a significant challenge;
the procedure would need to support transmetallation of a
sterically hindered tertiary nucleophile, while additionally pro-
moting facile oxidative addition and reductive elimination such
that 3-hydride elimination is averted (see Figure 1).* The few
existing reports of Pd- and Ni-catalyzed cross-coupling reactions
employing tertiary nucleophiles have led to the exclusive forma-
tion of isomerized cross-coupling products (via intermediates
analogous to 2b)°>~” due to rapid -hydride elimination. Re-
cently, Hintermann has developed an elegant copper-catalyzed
protocol for the cross-coupling of tertiary alkylmagnesium
halides and certain polychlorinated aza—aryl electrophiles.®
However, this method has not been successfully extended to a
wider range of electrophiles. Herein, we report an efficient Ni-
catalyzed Kumada cross-coupling reaction of tertiary alkylmag-
nesium halides and aryl bromides, using commercially available
N-heterocyclic carbenes (NHC) as supporting ligands.” This
process permits the formation of aryl-substituted quaternary
centers without extensive formation of inseparable isomerization
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Figure 1. Proposed catalytic cycle for the Ni-catalyzed cross-coupling of
tertiary alkyl nucleophiles and aryl halides.

byproducts. In these reactions, no dependence on the electronic
nature of the electrophilic component is observed. Aryl triflates,
vinyl bromides, and vinyl chlorides can be additionally employed
as an electrophilic partner, which significantly broadens the
utility of this cross-coupling process.

We concentrated our initial investigation on the Ni-catalyzed
cross-coupling of t-BuMgCl and 4-bromoanisole (4). 4-Bromoa-
nisole (4) was selected as a model substrate because it is
electronically deactivated (i.e., electron-rich), which makes it a
challenging electrophile, and because its potential products
(5—8) are readily analyzed by gas chromatography. Test reac-
tions were conducted using 10 mol % Ni and 10 mol % ligand at
0 °C for 1 hin THF. In an initial screen of ligand classes, NHCs
were identified as the most promising candidate for this cross-
coupling reaction. Thereafter, the effect of steric and electronic
perturbations of the NHC backbone was extensively investigated
(Figure 2). Bulky NHC ligands were ineffective at supporting the
desired transformation, leading mainly to products resulting
from isomerization (6), reduction (7), or homocoupling (8).
Fortunately, less hindered, electron-rich ligands such as 18 and
19 afforded mainly the desired cross-coupling product § while
significantly decreasing the formation of byproducts (6-8).

Further optimizations of reaction conditions were initially
hindered by poor reproducibility of the results shown in Figure 2.
When new sources of NiCl, were employed alongside ligand 18,
increased formation of reduction product was observed, and the
reactions often failed to reach completion. Closer examination of
the NiCl, source led to the conclusion that a hydrated nickel
species was necessary to reproducibly achieve the results of
Figure 2."% Samples of initially anhydrous NiCl, that had been
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Figure 2. NHC ligand screen for the Ni-catalyzed cross-coupling of
t-BuMgCl and 4-bromoanisole.
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Figure 3. The influence of NiCl,-(H,0), hydration on the cross-
coupling of t-BuMgCl and 4-bromoanisole as shown in Figure 2.

stored outside of the glovebox for several months performed
significantly better in these reactions than samples of anhydrous
NiCl, removed from the glovebox immediately prior to use.
Furthermore, the addition of exogenous substoichiometric water
to reactions that employed anhydrous NiCl, directly from the
glovebox led to enhanced yields of cross-coupling product and
decreased reduction. However, the best yields obtained by
addition of water to fresh anhydrous NiCl, were consistently
~20% lower than the best yields obtained when hydrated
samples of NiCl, were employed. In order to determine the
optimal water content for this reaction, we prepared a series of
NiCl, samples with different water content by heating NiCl, -
(H,0)s under vacuum. These samples were then employed in
the cross-coupling reaction of t-BuMgCl and 4-bromoanisole,
giving the results shown in Figure 3. The most eflicient catalytic
systems were obtained when the nickel source consisted of
1.2—1.8 equivalents of water per molecule of NiCl,."> When
less than one equivalent of water was present per molecule of

Table 1. Final Optimization of the Ni-Catalyzed Cross-Cou-
pling of t-BuMgCl and 4-Bromoanisole

Br veuntgo) NICEH:Oh s (10%) tBu #Bu
4 4 B L (10%) A
MeO IMin THF — U0%) 5 6
e 1 equiv 0°C.1h MeO MeO

2 equiv
(0.25 M in THF)
entry L variation from conditions of Figure 2 yield (%)  5:6”

1 18 050 M in THF 84 25:1

2 18 0 50 M in THF; 5% cat.; 5% L 77 24:1

3 18 0 50 M in THF; —10 °C 90 40:1

4 18 050Min THF; —10 °G; <5 -
Ni(COD), (10%)

S 18  050M in THF; —10 °C; NiBr,(10%) 17 18:1

6 18  050Min THF; —10°C; 83 38:1
NiBr,—H,O (10%)

7 18 050 Min THE; —10 °C; 69 25:1
Ni(acac),-H,0 (10%)

8 18 0 50 M in THF; —10 °C; 78 42:1
NiCl,-glyme (10%)

9 18  0.50Min THE; —10 °C; <5 -
Ni(OH),(10%)

10 18 050 M in THF; —10 °C, <5 -
NiCl,(10%); KOH®

11 18 0.0 Min THE; —10 °C, 32 35:1
NiCly(10%); NaO#-Bu

12 none 0.50 M in THF; —10 °C 17 3:1

“Yields and selectivities determined by GC. 0.4 equiv.

NiCl, the yield of cross-coupling product dramatically decreased
while the yield of reduction product increased.

We selected NiCl, - (H,0); 5 to be the nickel source for our
next series of optimization efforts."" By reducing the reaction
temperature to —10 °C and increasing the concentration of the
aryl bromide to 0.5 M, we obtained the best conditions for this
transformation. These conditions afforded the cross-coupling
product in 90% yield with a 40:1 ratio of retention product (5) to
isomerization product (6)."* The use of alternative nickel sources
resulted in inferior yields, although the importance of water was
again demonstrated (see Table 1, entries S and 6). The addition
of NaOt-Bu and KOH to reactions with anhydrous NiCl, did not
result in improvement of the reaction (entries 10 and 11)."

The conditions developed in Table 1 are general for substrates
typically compatible with Grignard reactions. Both electron-rich
and electron-deficient aryl substrates performed well in this
reaction (Table 2). Thus, this reaction does not demonstrate
sensitivity to the electronic properties of the aryl bromide. The
catalytic system also displayed complete selectivity for an aryl
bromide over an aryl chloride, as indicated by selective transfor-
mation of 4-bromo-chlorobenzene to 4-t-butyl-chlorobenzene.
Therefore, chloroaryl-substituted quaternary centers can be
easily generated for use in follow-up cross-coupling reactions.
The presence of acetals, esters, pyrroles, silyl-protected alcohols,
and trifluoromethoxy groups was also tolerated by the reaction
conditions. When heteroaryl bromides were employed in this
reaction, cross-couplings generally occurred more slowly and
failed to undergo complete conversion. Despite this, products
from cross-coupling reactions involving a bromoquinoline and a
bromothiophene could still be generated in reasonable yields.
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Table 2. Ni-Catalyzed Cross-Coupling Reactions of ¢-

BuMgCl and Aryl Bromides”®
NiCly»(H20)1 5 (10%) N BU
| ~ t-BuMgCl 18 (10%) |
AZ  MinTHF ~ 30°C, 90 min AZ
R R
r—Bu /O/I-Bu /@/r-Bu
O Bu Et0,C
77%P (>50:1) 77% (31:1) 81% (>50:1)
Q; -8
MeO +-Bu x©/f-8u @/?‘BU
H
U MeO
84% (45:1) 79% (47:1) 75% (34:1)
FaCO tBu O By <o: C ~+Bu
U cl o
70% (>50:1) 84% (>50:1) 73%" (>50:1)
/@,f-Bu /©/H3u TBDMSO O/!-BU
MeN Fol
76%P (36:1) 81% (>50:1) 67%P (34:1)

t-Bu

@\
w
—_

t-Bu
J@/ oy -
L o
Me N

?5% (>50:1) 52%° (13:1) 47%9 (20:1)
Me Me t-Bu

Me -Bu Me MeO
85% (32:1) 55% (10:1) 86%? (>50:1)

“ArBr (1 mmol), tBuMgCl (2 mmol); average isolated yields of two
runs. Ratio (determined by "H NMR spectroscopy) of retention product
to isomerization product in parentheses * Isolated alongsrde an addi-
tional ~10% reduction product “Yield determined by "H NMR; 90%
conversion by GC after 24 h. ¢ Calibrated GC yield; 64% conversion by
GC after 24 h.

Since sensitivity to steric effects is expected for a cross-coupling
reaction involving a tertiary alkyl nucleophile, we were delighted
to observe excellent reactivity when the bromide was located in
the sterically hindered a-position of naphthalene. Even the
presence of an ortho methyl group on the electrophile could
be tolerated, although the formation of reduction product was
significant in this case. In general, insignificant isomerization of the
tertiary nucleophile was observed in these reactions. The ratio of
retention product to isomerization product was greater than 30:1
for most substrates. Thus, the formation of inseparable isomer-
ization products was, for the most part, unproblematic. The
major byproduct formed in these reactions was the reduced aryl
bromide.

In order to verify that tertiary alkylmagnesium halides could be
employed in this Ni-catalyzed cross-coupling process in a general
fashion, we performed cross-coupling reactions with nucleophiles
other than +-BuMgCl. The presence of a mono-a-branched nucleo-
phile (e.g,, t-amylMgCl) was well tolerated in these reactions
(Table 3) and resulted in negligible isomerization. The use of a
cyclic tertiary nucleophile was also successful. While an acyclic

Table 3. Ni-Catalyzed Cross-Coupling Reactions of Aryl
Bromides with Different Tertiary Alkylmagnesium Halides”

1 2
Br  MgX  NiCly(Hs0); 5 (10%) Ty
O * g +R1 A0 W
R R2 =10 °C, 90 min

Bt

73% (>50:1) 76% (12:1) 51%P (5:1)

? ArBr (1 mmol), RMgX (2 mmol); average isolated yields of two runs.
Ratio (determined by "H NMR spectroscopy) of retention product to
isomerization products in parentheses. ” The reaction was warmed to rt
and stirred overnight (10 h).

Table 4. Ni-Catalyzed Cross-Coupling Reactions of Aryl
Triflates with -BuMgCl*

oTf NiClz+(H20) 5 (10%) - BY
| , FBuMgCl 18 (10%)
A 2 IMin THF -0 °C, 90 min A
A A
t-Bu

1-+Bu; 37%° (14:1)
2-t-Bu: 77%" (28:1)

76%° (32:1) R = 3-OMe: 70% (32:1)

R = 4-OMe: 38%° (12:1)

“ ArBr (1 mmol), tBuMgCl (2 mmol); average isolated yields of two
runs. Ratio (determined by 'H NMR spectroscopy) of retention product
to isomerization product in parentheses. * Isolated alongside an addi-
tional ~10% reduction product. “ Calibrated GC yield.

NiClz*(H20), 5 (10%) - FBu

X :
/@/\, +BuMgCl 18 (10%) /(j\/
1M in THF =10°C, 90 min
MeO MeO" x Z'Br 70% (>50:1)
X = Cl 83% (>50:1]

Figure 4. Ni-catalyzed cross-coupling reaction of +-BuMgCI and vinyl
electrophiles (ratio of retention product to isomerization product in
parentheses).

bis-a-branched nucleophile could be successfully employed, ~15%
of the total product was the isomerized species. These results
suggest that the use of bulkier nucleophiles tends to increase the
concurrent formation of isomerization products.

Although aryl bromide substrates constitute the major focus of
this study, we also investigated the performance of other electro-
philes in this cross-coupling reaction. Nonhindered, nondeactivated
aryl triflates gave good yields under reaction conditions identical to
those used with aryl bromides (Table 4), but electron-rich 4-meth-
oxy phenyl triflate and sterically hindered 1-naphthyl triflate per-
formed poorly compared to their corresponding aryl bromides.
Thus, reactions employing aryl triflates appear to be more sensitive
to steric and electronic effects than the analogous aryl bromide
reactions. Good yields were also obtained in cross-coupling reac-
tions involving vinyl chlorides and vinyl bromides (Figure 4).'*"
The ability to employ such a wide variety of electrophiles without
altering the reaction conditions gives this process excellent overall
utility and operational simplicity.
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In summary, we have developed a general Ni-catalyzed
process for the cross-coupling of tertiary alkylmagnesium halides
and aryl bromides. This process permits the efficient construc-
tion of aryl-substituted quaternary centers with nominal con-
current isomerization of the tertiary nucleophile. We have demo-
nstrated that the same conditions used with aryl bromides can be
successfully employed with aryl triflates and vinyl halides, result-
ing in a high degree of utility and simplicity for this process. Final-
ly, we have shown that this process is highly dependent on the
extent of NiCl, hydration. Detailed mechanistic and kinetic stu-
dies of this reaction, and the role of water therein, are currently in
progress.
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