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Abstract: Vicinal stereocenters are found in many natural and
unnatural compounds. Although metal-catalyzed cross-cou-
pling reactions of unactivated alkyl electrophiles are emerging
as a powerful tool in organic synthesis, there have been
virtually no reports of processes that generate, much less
control, vicinal stereocenters. In this investigation, we establish
that a chiral nickel catalyst can mediate doubly stereoconver-
gent alkyl-alkyl cross-coupling, specifically, reactions of
a racemic pyrrolidine-derived nucleophile with cyclic alkyl
halides (as mixtures of stereoisomers) to produce vicinal
stereocenters with very good stereoselectivity.

The transition-metal-catalyzed cross-coupling of an alkyl
nucleophile with an unactivated alkyl electrophile to generate
an alkyl-alkyl bond is emerging as a powerful tool for the
synthesis of organic molecules.! For many such processes, the
challenge is two-fold: constructing the desired carbon—carbon
bond and controlling the stereochemistry at one or both
carbon atoms. Stereoconvergent reactions, wherein a catalyst
converts a mixture of stereoisomeric substrates into a partic-
ular stereoisomer of the product, are attractive because such

cross-coupling have been described that control the stereo-
chemistry at one, but not both, of the carbon atoms of the new
carbon—carbon bond (top of Figure 1).* In contrast, there
are no examples of effective control of vicinal stereocenters in
cross-coupling reactions of unactivated secondary electro-
philes, owing to the difficulty of achieving bond formation,™
much less stereoselectivity (maximum d.r. < 1.5:1).5
Because pyrrolidine subunits are present in many natural
and non-natural compounds,”! a variety of methods for the
asymmetric synthesis of chiral pyrrolidines have been de-
scribed, including catalytic enantioselective processes.”] For
example, we have recently reported a nickel-catalyzed
enantioconvergent cross-coupling of racemic!”? a-zincated
N-Boc-pyrrolidine with an array of achiral secondary alkyl

electrophiles [Eq. (1)].2
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of sterecisomers coupling. Specifically, we examined the cross-coupling of 2-
R3 R3 zincated N-Boc-pyrrolidine with a 4-substituted cyclohexyl
R—M x— — R— halide® (entry 1 of Table 1). Under our previously reported
R R* conditions,” we generated the coupling product with very
of stggg(;?srgmers good stereoselectivity (92 % ee, 91:9 d.r.). Through the use of
a different nickel source (Ni(acac),), we were able to obtain
IR S similar results while employing a smaller excess of the
R;_M « _<R3 . R*;_<*Rs nucleophile (0.6 instead of 0.75 equiv of ZnR,).”! The ee
R2 R4 R2 R® and d.r. of the cross-coupling product remain constant
mixture fiixtire throughout the course of the reaction.
of stereoisomers  of sterecisomers This method produces good control of vicinal stereocen-

ters"'” in alkyl-alkyl cross-coupling reactions of an array of

achiral cyclohexyl and tetrahydropyranyl iodides (Table 1).
For example, Negishi reactions of 4-monosubstituted cou-
pling partners proceed with very good ee and diastereoselec-
tivity with a sterically and electronically diverse set of
substituents (Me, Et, +-Bu, CF;, and Ph; Table 1, entries 1—-
5); except in the case of the methyl-substituted electrophile,
essentially only one diastereomer is observed (>99:1).
Furthermore, the alkyl-alkyl cross-coupling of a 4,4-disub-
stituted cyclohexyl iodide occurs with good stereoselectivity

Figure 1. Stereoconvergent metal-catalyzed alkyl—alkyl cross-coupling.
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Table 1: Control of vicinal stereocenters: alkyl-alkyl cross-coupling of

achiral electrophiles.®
1 N b s

15% Ni(acac),
17% (S,S)-1

- THF/ELO, 1. S
0.6 equiv
entry R—I product ee[%]P] drll yield [%](c]
U %
R cisitrans
1 Me 83:17 93 92:8 78
2 Et 87:13 93 >99:1 75
3 tBu 90:10 91 >99:1 82
4 CF3 62: 38 92 >99:1 82
5 91:9 91 >99:1 82
6 92 85:15 94
\O—OMe Boc —OMe
i-Pr “i-Pr
>95: 5 (cis/trans)
67 : 33 ( C/s/trans)

82:18 (c;sltrans)

[a] All values are the average of two experiments. [b] Determined through
GC, HPLC, and/or SFC analysis. [c] Yield of purified product.

(entry 6). Finally, excellent control of the vicinal stereocenters
is observed in Negishi reactions of 3,5-disubstituted electro-
philes, including an oxygen heterocycle (entries 7 and 8).

Because high stereoselectivity and high yield can be
obtained in the cross-coupling of a racemic nucleophile (i.e.,
prepared from racemic 2-lithio-N-Boc-pyrroline) with an
electrophile that is an approximately 2:1 mixture of stereo-
isomers (entries 4 and 7 of Table 1), these Negishi reactions
are doubly stereoconvergent (bottom of Figure 1). In the case
of the stereogenic center on the pyrrolidine ring, the absolute
stereochemistry is controlled by the chiral catalyst.”) The
stereochemistry at the other carbon atom of the new carbon—
carbon bond is dependent upon the structure of the electro-
phile. We hypothesize that the nickel catalyst abstracts iodine
from the electrophile,"! which generates the same alkyl
radical from either diastereomer of the alkyl iodide. In all
cases in Table 1, the major stereoisomer of the product bears
the new alkyl substituent in the thermodynamically favored
equatorial position on the six-membered ring; this may be due
to a kinetic preference during the reaction of the alkyl radical
with nickel to form a nickel-carbon bond,™ or to reversible
nickel-carbon bond formation and stereochemistry-deter-
mining reductive elimination.!'”

By conducting the asymmetric cross-coupling with a single
diastereomer of the alkyl iodide and stopping the reaction at
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partial conversion, we determined that the electrophile
undergoes isomerization during the reaction [Eq. (2) and
Eq. (3)]; in each case, the cross-coupling product is generated
in 92% ee and with > 99:1 d.r.). Possible mechanisms for this
isomerization include halogen exchange through an Sy2
reaction (e.g., by zinc iodide that is generated during the
cross-coupling) and reversible transfer of I from the alkyl
iodide to the nickel catalyst. Because the two isomers of the
electrophile do not interconvert in the presence of an iodide
source (1 equiv Znl, or TBAI; THF/Et,0, RT, 48 h), we favor
reversible iodine transfer between the alkyl radical and nickel
as the more likely pathway."¥ Because the d.r. values of the
alkyl iodides at partial conversion are different in [Eq. (2)]
versus [Eq. (3)], this reversible iodine transfer appears not to
occur rapidly relative to the cross-coupling.

15% N|(acac)2

(o O ey
Zn
N TTHFELO rt Boc
CF3
0.6 equiv >99: 1 dr stopped at 92% ee
70% conversion X
>99:1 dr
60% yield
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"“CF3 CF3
17:1
I 15% Ni(acac),
17% (S,S)-1
(Q‘L‘Zn m — . N ®)
THF/EL,0, r.t.
Boc CF3 CF;
0.6 equiv >99:1 dr stopped at 92% ee
69% conversion .
>99:1 dr
68% yield
recovered electrophile: Im I\O
CFs ""CFq
1:1.9

Not only achiral, but also chiral electrophiles serve as
suitable substrates for this nickel-catalyzed stereoselective
alkyl-alkyl cross-coupling, generating vicinal stereocenters
with good selectivity (Table 2).*1 A 3-substituted carbocyclic
or heterocyclic alkyl iodide reacts with high stereoselectivity
to form the cis-1,3-disubstituted product (entries 1-3). Fur-
thermore, coupling of a 3,3-disubstituted electrophile pro-
ceeds with good stereoselectivity (entry 4). Finally, bicyclic
and polycyclic secondary alkyl iodides can be employed as
cross-coupling partners (entries 5 and 6).

When the (R,R) rather than the (S,S) enantiomer of ligand
1 is used, similar stereoselectivity is generally observed, with
the major products differing only in the stereochemistry at the
position a to nitrogen (Table 1). This is consistent with control
of that stereocenter by the chiral catalyst and control of the
second stereocenter by the substrate.

In summary, alkyl-alkyl cross-coupling reactions have
now been expanded to include an array of processes wherein
vicinal stereocenters, rather than a single stereocenter, are
controlled with high selectivity. In particular, a nickel/diamine
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Table 2: Control of vicinal stereocenters: alkyl-alkyl cross-coupling of

chiral electrophiles.?!

15% Ni(acac),
17% (S,S)-1

THF/EL,0, rt.

Boc Boc
0.6 equiv
entry R—I product dribel  yield [%](e.d]
| Me H o Me
1 b N X 97:3 81
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~Ar H
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NS Ph 96: 4 90
Boc o (94:6) (84)
>99:1
:Ar H Ar
—Me N “Me  86:14 65
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50: 50 (cis/trans)
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. \i:‘O\ . 95:5 81
M B Boc (94:6)  (80)
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= i-B
" G J §7:13 62
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N
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[a] The electrophilic coupling partners were applied at > 99 % ee, except
for entry 4, where the coupling partner was present at 94 % ee.

[b] Determined through HPLC analysis; ratio (major stereoisomer):{sum
of all other stereoisomers). [c] The values in parentheses are the data for
(R,R)-1. [d] Yield of purified product.

catalyst mediates doubly stereoconvergent Negishi coupling
of an alkylzinc reagent with an alkyl halide. With respect to
the new carbon—carbon bond, the chiral catalyst controls the
stereochemistry of the carbon that originates from the
nucleophile, and the substrate controls the stereochemistry
of the carbon that originates from the electrophile. Given the
frequency with which vicinal stereocenters are encountered in
organic molecules, we anticipate that the development of
methods that achieve doubly stereoconvergent alkyl-alkyl
bond formation will emerge as a highly active area of research
in the coming years.
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