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Abstract

Alkenes are an appealing functional group that can be transformed into a variety of structures.
Transition-metal catalyzed dicarbofunctionalization of alkenes can efficiently afford products with
complex substitution patterns from simple substrates. Under reductive conditions, this
transformation can be achieved while avoiding stoichiometric organometallic reagents.
Asymmetric difunctionalization of alkenes has been underdeveloped, in spite of its potential
synthetic utility. Herein, we present a summary of our efforts to control enantioselectivity for
alkene diarylation with a nickel catalyst. This reaction is useful for preparing triarylethanes. The
selectivity is enhanced by an A-oxyl radical additive.
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Introduction

Dicarbofunctionalization of alkenes represents a compelling approach to efficiently access
substituted, saturated molecular scaffolds from simple, abundant starting materials.!
Traditional methods to difunctionalize a,-unsaturated carbonyl compounds have been
achieved through a two-step process, in which a nucleophile undergoes conjugate addition
with an activated alkene and the resulting enolate is then trapped with an electrophile
(Scheme 1A).2 This strategy is limited to activated alkenes in conjugation with a carbonyl
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group, and functional groups must be compatible with the highly reactive organometallic
nucleophiles.

Transition metal catalysis has allowed for one-step difunctionalization of alkenes using a
nucleophile and an electrophile (Scheme 1B).12 This redox-neutral strategy has employed
palladium catalysts and aryl or vinyl nucleophiles and electrophiles to achieve the
regioselective difunctionalization of vinylarenes,3 dienes,# and, using a directing group,
unactivated alkenes.> A few asymmetric variants have been reported, but the scope has been
restricted to diene substrates® or intramolecular reactions.” Nickel catalysts have expanded
the scope of nucleophiles and electrophiles to include alkyl groups,® but asymmetric
reactions have been restricted to intramolecular examples.?

Reductive coupling reactions have recently emerged to eschew stoichiometric nucleophiles
and thus expand the substrate scope to include moieties sensitive to organometallic
nucleophiles.1? Nevado developed a Ni-catalyzed reductive dicarbofunctionalization of
alkenes using alkyl and aryl iodides in combination with tetrakis(dimethylamino)ethylene
(TDAE) as a reductant (Scheme 1C).11 In this reaction, Ni mediates the formation of an
alkyl radical, which is added to the alkene. Combination of the radical with Ni forms a Ni-
alkyl intermediate, which undergoes reductive elimination to afford the product. While the
C(sp3) electrophile is restricted to tertiary alkyl iodides, this method is notable for its mild
conditions.

This example highlights the radical reactivity of nickel compared to its Group 10 congener
palladium, which favors two-electron pathways.12 The access to radical intermediates by
nickel catalysts provides new opportunities for controlling enantioselectivity. In particular,
for palladium-catalyzed arylation of alkenes, the enantioselectivity is dictated by either the
alkene coordination or migratory insertion step (Scheme 2, steps 7and /),13 while for a
nickel-mediated pathway involving single-electron redox chemistry, radical capture by
nickel (1) or reductive elimination (v7) could be enantio-determining.14 We applied the
radical properties of nickel catalysts to develop an intermolecular asymmetric
difunctionalization of alkenes (Scheme 1D).

Reaction Development

We began our investigation by developing conditions for racemic diarylation of styrene
using bromobenzene. A dimeric nickel(l) catalyst has been previously shown to enable the
carbofunctionalization of dienes!®, and we were able to utilize this catalyst to conduct
diarylation on styrene to generate 1,1,2-triphenylethane in good yield, so these conditions
were used as a basis from which an asymmetric reaction could be evolved (Equation 1).
Polar, aprotic solvents such as N, N-dimethylacetamide (DMA) or dimethylpropyleneurea
(DMPU) were necessary in order to achieve high yields of the desired difunctionalization
products. Heterogeneous reductants such as manganese and magnesium offered some
diarylation product, while zinc powder gave the highest yield. Among various classes of
chiral ligands, bioxazoline (biOx) ligands, commonly used in nickel catalysis, 16 proved to be
the most effective for achieving high yield and enantioselectivity.
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Equation 1
Racemic diarylation of styrene with bromobenzene

We observed a marked decrease in enantioselectivity from 38% to only 2% when the styrene
substrate was distilled prior to use rather than used directly from its commercial bottle
(Table 1, entries 1 and 2). Due to their propensity for auto-polymerization, styrenes are
typically stabilized with radical inhibitors such as 2,6-di-zert-butyl-4-methylphenol (BHT).
We speculated that the presence of such an additive, or the stabilized C-radical resultant
from quenching of a radical by BHT, could be responsible for this discrepancy. While the
use of BHT did not result in higher enantioselectivity (entry 3), the addition of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) had a dramatic effect, raising the enantiomeric
excess to 49% (entry 4). Furthermore, equimolar TEMPO loading with respect to nickel was
paramount in order to achieve optimal results, with lower loading engendering worse
enantioselectivity (entry 5), while higher loading shut down the reaction (entry 6).

These observations led us to evaluate various accessible A-oxyl radicals. The
enantioselectivity exhibits a strong correlation with the percent buried volume (%Vy,), a
computationally derived steric descriptor,1” of the Aoxyl radical. Less bulky A-oxyl
additives gave higher enantioselectivities (Figure 1). 9-Azabicyclo[3.3.1]nonane N-oxyl
(AB-NO) delivered the difunctionalized product with the highest enantiomeric excess (Table
1, entry 7). Enantioselectivity was further improved by modifying the substituent on the
biOx ligand, lowering the reaction temperature, and using a mixture of DMPU and
tetrahydrofuran (THF) as the solvent (entry 8).

With optimized conditions in hand, we explored the substrate scope of this reaction (Scheme
3).18 Electron-donating and -withdrawing substituents had little effect on the
enantioselectivity, although higher catalyst loadings were required to obtain good yields for
electron-poor vinylarene substrates. Disubstituted alkenes were not well-tolerated, with 1,1-
disubstituted vinylarenes showing no reactivity, although diarylation of indene gave a 17%
yield of the frans-difunctionalized product.

Mechanistic Investigation

We gained insight into the mechanism by considering several observations. First, formation
of a dimer at the benzylic position suggests the presence of a benzylic radical (Scheme 4A).
Second, the diarylation of indene resulted solely in the formation of the #rans-diarylation
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product (Scheme 4B). One would expect a syr-addition from a typical migratory insertion,
so the observed product diastereomer suggests the formation of a radical that combines with
nickel on its less-hindered face (Scheme 4C). Third, the presence of excess N-oxyl radical
with respect to nickel inhibited the reaction, mostly likely via interference of radical
intermediates. Finally, no evident linear correlation was found between the observed
enantiomeric ratio and the electronic effect of vinylarenes, suggesting that the enantio-
determining step could involve a radical species.

We performed control experiments to investigate the possible in situ generation of an
organozinc reagent, which could afford the difunctionalized alkene as in redox-neutral
strategies. When phenylzinc chloride was used in place of bromobenzene in the absence of
zinc powder, no diarylation product was observed. This experiment suggests that direct
oxidative addition of zinc to the aryl bromide does not enable the reaction.

A mechanistic hypothesis consistent with our findings is presented in Scheme 5. Oxidative
addition and reduction of a nickel(l) bromide species to the aryl bromide electrophile results
in an arylnickel(l) species.® This intermediate undergoes migratory insertion with the
alkene substrate. Oxidative addition of another molecule of aryl bromide to the arylnickel(l)
makes a nickel(I11) species. This open-shell intermediate can eject a stabilized benzylic
radical, which accounts for our observations of both the benzylic dimer byproduct and the
trans-diastereoselectivity with indene. This reversible radical ejection is consistent with
computational work performed by Kozlowski and co-workers.14 Recombination of this
radical with the chiral nickel catalyst followed by reductive elimination furnishes the
diarylated product and regenerates the nickel(l) bromide.
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Future Outlook

We have developed the first intermolecular asymmetric diarylation of vinylarenes using a
chiral biOx-nickel catalyst. The enantioselectivity is enhanced by the use of an auxiliary
N-oxyl radical ligand, although the precise role of this radical remains obscure. However,
we have shown that the radical mechanistic pathways available to nickel can be harnessed
to elicit control over reaction outcomes in a different way than palladium commonly
operates. We anticipate that the elucidation of the precise role of the A-oxyl additive
could provide insight for the development of asymmetric nickel-mediated reactions with
mechanisms invoking radical pathways.
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Figure 1.
Steric effect of N-oxyl additives on enantioselectivity
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(A) Traditional difunctionalization of activated alkenes
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(B) Transition-metal-catalyzed alkene difunctionalization
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(C) Nevado's reductive alkene dicarbofunctionalization
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Scheme 1.
Strategies for difunctionalization of alkenes
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Pd-catalyzed alkene arylation
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Mechanisms of palladium- and nickel-catalyzed asymmetric alkene functionalization
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Scheme 3.
Selected asymmetric diarylation substrate scope. Reagents and conditions. alkene (0.2

mmol), aryl bromide (0.8 mmol), (dme)Ni-Br, (10 mol%), sec-Bu-biOx (20 mol%), ABNO
(8 mol%), Zn (0.4 mmol), DMPU/THF (0.1 mL each). Reactions were performed for 16 h.
Yields were measured by IH NMR analysis with an internal standard. @ Product was
hydrolyzed with aqueous NaOH prior to isolation. ® 20 mol% (dme)NiBr,, 40 mol% sec-Bu-
biOx, and 16 mol% ABNO were used.
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Mechanistic experiments and proposed origin of frans-diastereoselectivity
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Scheme 5.
Proposed catalytic cycle
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Table 1
.. . . . a
Optimization of Reaction Conditions
(dme)NiBr;
iPr-biOx, Zn />_<\
addmvc
DMPU, 25 ¢ C iPr-biOx
. 0
Entry Additive (mol%) vidd (%)b ee(%)c
10’ none 73 38
2 none 61 2
3 BHT (10%) 62 14
4 TEMPO (10%) 44 49
5 TEMPO (5%) 72 26
6 TEMPO (20%) 1 -
7 ABNO (10 mol%) 57 76
gf ABNO (8 mol%) 90 91

aReaction conditions: 4-acetoxystyrene (0.2 mmol), bromobenzene (0.8 mmol), (dme)NiBr2 (10 mol%), Pr-biOx (13 mol%), Zn (0.4 mmol),
DMPU (0.2 mL). Reaction was performed for 16 h, then ester was hydrolyzed with aqueous NaOH prior to purification.

b, . L . .
Yields were determined by IH NMR analysis with mesitylene as internal stan

dard.

Enantiomeric excess was determined by HPLC with a chiral column after column chromatography purification.

a . . . T
4-Acetoxystyrene was used directly from commercial bottle without distillation.

61Reaction performed with (dme)NiBr2 (10 mol%), sec-Bu-biOx (20 mol%), and DMPU/THF (0.1 mL each) at 10 °C.
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