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Nickel-Catalyzed Reductive Allylation of Tertiary Alkyl Halides

with Allylic Carbonates

Haifeng Chen,! Xiao Jia, [P

Abstract: The construction of all C(sp®)—quaternary centers has
been successfully achieved under Ni-catalyzed cross-electrophile
coupling of allylic carbonates with unactivated tertiary alkyl halides.
For allylic carbonates bearing C1- or C3-substituents, the reaction
affords excellent regioselectivities by addition of alkyl groups to the
unsubstituted allylic carbon terminus. The allylic alkylation method
also exhibits excellent functional group compatibility, and delivers
the products with high E-selectivities.

The creation of congested all C(sp®)-quaternary centers
represents a synthetic difficulty in the realm of C-C coupling
chemistry. Although Cu- and Co-catalyzed assembly of
tertiary alkyl-Mg reagents with unactivated primary and
secondary alkyl halides are viable, these methods are limited to
unfunctionalized tertiary alkyl groups.[! Extension of the same
Kumada protocol to the coupling with allylic electrophiles often
encounters poor aly selectivity issues (Scheme 1).) On the
other hand, the assembly of tertiary alkyl halides with benzyl—
and allyl-M (M = Mg, Zn) reagents using Co or Ag as the
catalyst provides an alternative approach to all C(sp®)—
quaternary centers (Scheme 1).B! However, such an allylation
method also suffers from regionselectivity issues.®d Noteworthy
is that allylation-induced quaternary carbon scaffolds have
proven to be exceedingly useful for accessing complex bio-
active molecules.®!

In recent years, reductive cross-electrophile coupling between
alkyl and other electrophiles continues to attract attentions.®
Important progress has been achieved for arylation and
acylation of tertiary alkyl halides with aryl and acy! electrophiles,
respectively.-81 Nonetheless, the formation of quaternary
carbons relying on C(sp®-C(sp®) bond formation remains
virtually unexplored.®) Only adamantyl bromide has been
reported thus far to couple with undecorated allylic acetate using
a cobalt-catalyzed reductive protocol.*-*1 The distinctive
reactivity of adamantyl halides from a general pool of
unactivated tertiary alkyl halides should be noted, qualifying
them as a special tertiary electrophile in the reductive coupling
protocol.[*2

Herein, we report a mild Ni-catalyzed method enabling facile
construction of all (sp®-carbon quaternary centers from
reductive allylation of unactivated tertiary alkyl bromides with
allylic carbonates. This method provides a convenient entry to
allylated alkanes with a broad substrate scope and excellent
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functional group tolerance. The excellent regioselectivity arises
from addition of alkyl groups to the unsubstituted allylic carbons.

Scheme 1. Alkyl-allyl coupling methods to all-carbon quaternary centers.
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After extensive experiments, we identified an optimal recipe for
the coupling of tBu-Br 1 with methyl (2-phenylallyl) carbonate.*®!
As outlined in Table 1, a combination of NiBr,-glyme/iPr-Pybox
L1/Zn with pyridine/MgCl, as additives in DMA at ambient
temperature delivered the coupling product 2a in a highest 81%
yield (entry 1, method A). Without either pyridine or MgCl,, the
reaction yields decreased moderately (entries 2—3). Other nickel
sources/ligands proved to be less effective (entries 4-11).
Reduction of the precatalyst/ligand loading by half afforded the
product in 57% yield (entry 12).

Table 1. Optimization for the coupling of Bu-Br with methyl 2-phenylallyl
carbonate.®

>,

"method A"

NiBry(glyme) (10%)
ligand L1 (15%)

pyridine (30%)

Zn (300%), MgCl, (100%)

Ph Ph
+ _A_ocoMme M

1 2 equiv DMA, 25 °C 2a

=N

L2a,R = tBu

L2b,R=H
entry variation from the standard conditions yield®!
1 none 81%!°
2 no pyridine 72%
3 no MgClz 51%
4 Ni(COD)2 7%
5 NiBr2 71%
6 Ni(ClO4)2-6H20 71%
7 NiBrz-diglyme 69%
8 L2a instead of L1 26%
9 L2b instead of L1 41%
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10 L3 instead of L1 21%
11 L4 instead of L1 43%
12 Ni (5%), L1 (7.5%) 57%

[a] Standard conditions: 1 (0.15 mmol), allylic carbonate (2 equiv), Ni (10
mol %), ligand (15 mol %), MgClz (1 equiv), pyridine (0.3 equiv), Zn (3 equiv),
DMA (1 mL). [b] NMR yield using 2,5-dimethylfuran as the internal reference.
[c] Isolated yield.

R R
\/\ng /\Me)g
Ph

Me. Me Ph
n-Oct
3a, R = H: 85% 4a, R =H: 83% 5:76%
3b, R = CF3: 74% 4b, R = OMe: 87%
Me Ph
M Me_ Me Ph
TSOM
6a, R = H: 85%
6b, R =CI: 81% 7:71%
6c, R = OMe: 86%
Me. Me Ph
Me Ph Me Me Ph M
\/\M h
8:80% 9: 74% 10 83%
o Et_ Et Ph
Ph
Me Ph Me Ph Et
11: 85% 12: 73%l¢d 13: 49%
Me Ph
Ph 'V'e
14: 80%!®!
Me Me Me o__0 weFh
BzO oo ©§/§
Boc H
15: 46% 16: 66%l1 17: 65%9!

Figure 1. [a] Reaction conditions as in Table 1, entry 1. [b] Isolated yield. [c]
Nil2 was used. [d] A mixture of diastereomers in a ratio of 1.5:1. [e] 4 equiv
allylic carbonate was wused. [f] Alkyl chloride was used. [g] No
enantioselectivity was observed.

With method A, installation of electron-donating or -withdrawing
groups onto the 2-phenylallyl carbonate did not alter the
coupling efficiency, as evident in 3a—b and 4a-b. Both open-
chain and cyclic tertiary bromides (5-14) were suitable for the
coupling reaction conditions. Excellent functional group
compatibility was observed for the coupling of a variety of
unactivated tertiary alkyl bromides with methyl (2-
phenylallyl)carbonate. ~ This comprised ester, tosylate,
phthalimidyl, chloride, ketone, amine and hydroxyl groups. The
more hindered 3-bromo-3-ethylpentane also furnished 13 in a
moderate yield. Formation of the biallyl product 14 was highly
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effective by double allylation of the tertiary alkyl di-bromide
precursor. By comparison, 2-methylallyl carbonate was less
effective than the 2-aryl counterpart; moderate yield was
obtained for 15.

The coupling strategy was also applied to the allylation of
structurally more complex scaffolds, including cyclotryptamine

16 and protected a-allyl cyclohexanone 17. The results
demonstrated the potential utility of this allylation method.
, "method B"
R : o 1
Ni (10%) R
R? dtBBipy L2a (15%) ’
+ R OCO,Me R
>28r SRR G, (100%) xR
R3 Zn (300%)
1 equiv 2 equiv pyridine-2,6-diamine (30%) R®
DMA, 25 °C
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Figure 2. [a] Reaction conditions similar to method A, except that dtBBipy and
pyridine 2,6-diamine was used; yields refer to isolated yields. [b] Ni(COD)2 was
used. [c] Nil2 was used. [d] The ratios of the aryl-linear products to the
branched isomers were detected to be 8:1 for 28a, 5:1 for 28b, 2:1 for 29a and
15:1 for 29b, respectively. [e] When ligand L1 was used to replace L2a, the
ratio of 29a/the branched isomer was boosted to >9:1. [f] NMR yield using 2,5-
dimethylfuran as the internal reference. [g] 3-Methylbut-2-en-1-yl phenyl
carbonate was used at 40 °C. [h] Mn and TBAC was used. [i] The ratio of
trans- to cis-alkenes was 11:1, and the ratio of trans-linear product to trans-
branched diastereomer was 15:1. [j] (Z)-methyl pent-2-en-1-yl carbonate was
used, and the ratio of trans- to cis-alkenes was 12:1.

30: 15%[°1 31: 33%[0d]

Although formation of 18a was achieved in 66% yield using
method A, the same reaction conditions were not suited for allyl
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methyl carbonates decorated with 3-aryl and 3-alkyl groups.i3
To our delight, utilization of bipyridine and pyridine-2,6-diamine
as the ligands and/or additives (method B, Figure 2) significantly
boosted the coupling efficiency for allyl carbonates of these
types (Figure 2). Unlike method A (Table 1, entry 3), MgCl; is
indispensable.l*3! The incorporation of unsubstituted allyl groups
into 18-27 were highly effective under the modified conditions.
The reactions were suitable for alkyl halides on a 3 mmol scale,
which delivered 18a in 70% yield by using 5 mol % of Ni(COD)..
Of note is that the quaternary product 23 was obtained in 78%
yield wherein the primary bromide remained intact. For 3-aryl
decorated allyl carbonates, good results were obtained for
phenyl and 4-methoxyphenyl derivatives (28—-29), wherein small
amounts of branched isomers were detected as minor products
(linear/branched ratio >5:1, Figure 2).1*% It should be noted that
the ratio of linear/branched isomers of 29a was boosted from 2:1
to 9:1 when L2a was replaced with L1, indicating the impact of
catalysts on controlling the regioselectivity. The disubstituted
allyl carbonates such as (E)-Methyl (2-methyl-3-phenylallyl)
carbonate and methyl (3-methylbut-2-en-1-yl) carbonate
generated 30-31 in poor yields, possibly due to steric bulkiness
of the substrates. Finally, (E)-3-methyl allyl carbonate delivered
the trans-linear product 32a in moderate yield with a trace
amount of cis- and branched isomers (15:1 ratio of
linear/branched and 11:1 ratio of cis/trans isomers, Figure 2).t3
By contrast, (Z)-methyl pent-2-en-1-yl carbonate furnished 32b
in a similar yield with a 12:1 E/Z ratio.

When but-3-en-2-yl methyl carbonate was subjected to the
reaction conditions (method B), the yield for 32a was estimated
to be ~60% based on *H NMR analysis. [**! However, a 3:1 ratio
of E/Z isomers was observed. An equivalent E/Z ratio was also
detected for the coupling of methyl pent-1-en-3-yl carbonate,
which delivered a mixture of E- and Z-32b in 51% yield. In lieu of
ligand L2a with L5a, Zn with Mn, and MgCl, with MgBr. (method
C), a 64% isolated yield for a mixture of E- and Z-32a was
obtained with an E/Z ratio of 5.6:1. Using method C, a 61%
isolated yield for a mixture of E- and Z-32b was determined with
an E/Z ratio of 9:1 (eq 1).

"method C"
Me. Me NiBrydiglyme (10%)
L5a (15%) Me  Me
820 Br 9 9 /\X/\/
0.15 mmol Mg,z’,rz (1202 :;) M.n (3(22;)) BzO SR M
pyridine-2,6-diamine o
OCO,M
7 2% pma, 25°C
& MeO OMe 32a, R=Me:64% (E/Z =5.6:1)
0.3 mmol 32b, R = Et: 61% (E/Z = 9:1)

The coupling of deuterated allylic ether 33 with methyl (2-
phenylallyl) carbonate furnished a cyclization/coupling product
34 in 58% vyield with a 1:1 ratio of diastereoselectivity upon
formation of the quaternary carbon stereocenter. Thus, alkyl
halides proceeding via a radical process were plausibly
proposed in this allylation event.[4
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"method A"
Ph 0
SN }vocoznne
g \/\/003 o (2)
He 58% yield R2 R' Ph
Br M 34
. _ ... [syn:R"=CHs, R?=CD;
33 dr (synfanti) = 1:1 { anti: R' = CD3, R? = CH,

The regioselective formation of 32a from either 1-methyl or 3-
methyl substituted allyl methyl carbonates may arise from a n-
allyl-Ni intermediate. Interestingly, subjection of an E/Z mixture
of allyl-3-d methyl carbonate to the reaction conditions provided
the quaternary carbon products 35a and 35b in a 1:2 ratio (eq 3)
This result suggests that at least for the unsubstituted allyl
carbonate, n*-allyl-Ni (A) formed by addition of Ni to the terminal
alkene carbon may participate in the allylation product formation
more favorably than n3-allyl-Ni (B) and n*-allyl-Ni (C) (eq 4).11%
By contrast, use of allyl-1-d methyl carbonate resulted in a 2:1
ratio of 35a/35b (eq 3),% which is consistent with the notion that
addition of Ni to the terminal alkene carbon is more favored.
However, whether the production of 32a originates from the n?-
2-butenyl-1-nickel or n-allyl-Ni intermediate is not clear at this
time.[26!

H 0CO,Me Me  Me
M Me = 5 2 RO/\X/\"FH
e R'R° H 3% D
(3)
RO Br . , M
R = 4-MeOC¢H,C(O) method B Me ™ 4
RO X
R'=D, R?=H, 35a:35b = 1:2 D" “H
R'=H, R?=D, 35a:35b = 2:1 35b
Ni
Ni H Ni
35b “— A . / _— = —
g H N T By >> 352 (4)
n'-allyl (A) n?® —allyl (B) n'-allyl (C)

In summary, we have illustrated an efficient allylation protocol
that affords all carbon quaternary centers constituting four
C(sp®)—C(sp®) bonds. The mild Ni-catalyzed conditions are
suited for a wide set of unactivated tertiary alkyl bromides and
allylic carbonates decorated with different substituents at the
allylic carbon positions. The reaction displays excellent
regioselectivity by addition of the tertiary alkyl groups to the
unsubstituted allylic carbon terminus. The preliminary
mechanistic studies indicate that tertiary alkyl radicals engage in
the reaction process.
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Ni-catalyzed reductive coupling of tertiary alkyl bromides with allylic carbonates
enables the formation of all C(sp®)—quaternary centers. The reactions exhibit
excellent regioselectivity and functional group tolerance.
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