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ABSTRACT

MesN NMes
Ar
5 mol % g
Ar—B(pin) + g /ﬁ/\ al CuOtBu R )\K
1.25 equiv 1.00 equiv NaOR or KOR
R 1,4-dioxane, 45 °C, 24 h R
up to 99% S\2'

(18 examples)

A copper-catalyzed Sy2’-selective arylation of allylic chlorides has been achieved using arylboronic esters as nucleophiles. Arylation products
were obtained in high yield with a variety of allylic chlorides and arylboronic esters in the presence of a wide range of functional groups. A
mechanism is proposed on the basis of the results of stoichiometric experiments and the isolation of the proposed intermediate.

Since its discovery in 1969, the copper-catalyzed alylic
alkylation has been a subject of intense study and as aresult
has been developed into a valuable tool for organic synthesis.
With a broad range of substrates, highly efficient Sy2'-
selective formation of a new carbon—carbon bond can be
achieved, while a number of variants allow enantioselective
formation of both tertiary and quaternary stereocenters.® In
contrast to the large number of reports of copper-catalyzed
alylic alkylations, alylic substitutions with sp?-hybridized
carbon nucleophiles remain aformidable challenge. Hoveyda
et a. have only recently reported the first general allylic
akenylation.® Furthermore, there is still no general Sy2-
selective alylic arylation, despite the progress recently made
using copper,* iridium,® and palladium® catalysts. The major
limitation remains the poor regioselectivity in reactions of
primary electrophiles.

In this paper, we report Sy2’-selective alylic arylation of
primary allylic electrophiles using a copper(l) catalyst and
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arylboronic esters as nucleophiles. We also present results
of the preliminary study of the reaction mechanism.

One of the major problems in developing a copper-
catalyzed Sy2'-selective allylic arylation reaction is the
predominant formation of Sy2 products (3), generaly
observed in reactions of primary allylic electrophiles (1) (eq
1).5 It has been proposed that the observed selectivity is a
result of the low reactivity of arylcopper complexes, together
with the facile formation of more reactive diaryl cuprates
(4) in the presence of excess aryl nucleophile (2).” This
proposal is supported by the fact that in stoichiometric
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reactions arylcopper complexes (7) provide a substitution
product with a high S\2’ selectivity, while the preformed
diaryl cuprates provide a mixture of products.”®

We reasoned that the formation of diaryl cuprates could
be prevented if less reactive arylboronic esters were used as
nucleophiles (eq 2). This approach is particularly appealing
considering the availability, stability, and excellent functional
group compatibility of arylboronic esters.® Furthermore,
when we started the project there were no examples of
organoboron compounds being used in copper-catalyzed
dlylic alkylation or arylation reactions.***

Cu cat. : i
R/\/\Lg + oAM=, NNy ArZEuM _reactive (g
1 2 3 : intermediate

M = MgX, ZnX; Lg = OA, Br, CI, ROC(0)O,...

This work

Cu cat. 5 i
~ )\/ 1 LyCuAr reactive 2
RN 4 ArB(soR)z —* R o E T intermediate 2

In preliminary screening experiments, we discovered that
the Sy2’-selective addition of 8a to 1-chloro-2-hexene (9)
can be achieved using copper(l) complexes 10a—d as
catalysts in the presence of a stoichiometric amount of KO-
t-Bu. The best S§y2’ selectivity12 was obtained with 10a, while
catalysts 10b—d provided a higher rate™ and lower selectiv-
ity. Both the alkoxide and the copper catalyst were necessary
for an efficient reaction.™* Interestingly, alylic arylation of
9 with phenyl Grignard and 10a as a catalyst resulted in
exclusive formation of the product of Sy2 reaction, in
agreement with previously published results.*

In the process of reaction optimization, we discovered that
the highest selectivity is obtained with readily available 10e'®
as a catalyst in 1,4-dioxane (Table 1, entry 5).**>'" Among

Table 1. Reaction Optimization

NHCCuX Ar

102 /\)\/
- = .
Me

ArB(pin)  + NS
(pin) Me 9 a 1.00 equiv MOt-Bu

8a-b
1.25 equiv solvent, 45 °C, 24 h
entry Ar? cat. mol % MOt-Bu solvent Sp2:Sy20  yield (%)°
1 8a 10a 10 KOt-Bu THF 2011 99
2 8a 100 10 KOt-Bu THF 8:1 99
3 8a 10c 10 KOt-Bu THF 8:1 99
4 8a 10d 10 KOt-Bu THF 31 94
5 8a 10e 10 KOt-Bu 1.4-dioxane 421 92
[ 8a 10e 10 NaOt-Bu 1,4-dioxane 50:1 30
7 8a 10e 10 LiOt-Bu 1,4-dioxane 35:1 6
8 8a 10e 5 KOt-Bu 1,4-dioxane 48:1 98
9 8b 10e 5 KOt-Bu 1,4-dioxane 18:1 91
10 8b 10e 5 NaOt-Bu 1.4-dioxane 2011 95
,N/=\N. 10a X = Cl, R = 2,4,6-Me,CgH, 10d X = Cl, R = adamanty!
R R 10b X = CI, R = Me 10e X = Ot-Bu, R = 2,4,6-Me,CgH,
10a-e CuX 10c X = Cl, R = cyclohexyl

28a, Ar = 4-MePh; 8b, Ar = 4-(CHO)Ph; B(pin) = pinacol boron.
b Determined by GC analysis.

the alkali tert-butoxides, potassium akoxide provided the
highest yield. With electron-poor boronic esters, such as 8b,
both sodium and potassium alkoxides could be successfully
used, with slightly better selectivity obtained with sodium
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akoxide®® (Table 1, entries 9 and 10). Overall, the best
results were obtained using reaction conditions described in
entry 8 for electron-rich boronic esters and in entry 10 for
electron-poor boronic esters.

With the optimized reaction conditions in hand, we
explored the reactivity of various arylboronic esters. The
reaction can be successfully performed in the presence of a
variety of functional groups, including formyl and nitro
groups, which are not compatible with previously described
copper-catalyzed allylic substitution reactions (Table 2).

Table 2. Arylboronic Esters in Allylic Arylation Reaction

Me/\)\/

5 mol % 10e

ABRIN)  + e NN
9

8c-h 1.00 equiv alkoxide

1.25 equiv 1,4-dioxane, 45 °C, 24 h
entry” Ar alkoxide Sn27/Sx28  yield® (%)
1 4-MeOPh (8¢) KO-¢-Bu 58:1 85
2 4-(CHO)Ph (8b) NaO-¢-Pent 20:1 97
3 4-CFsPh (8d) NaO-¢-Pent 24:1 75
4 4-NO,Ph (8e) NaO-¢-Pent 13:1 92
5 3-NO,Ph (8f) NaO-¢-Pent 10:1 66
6 4-BrPh (8g) KO-¢t-Bu 32:1 78
7 2,6-Me,Ph (8h) KO-#-Bu 24:1 85

@ All reactions were performed on 0.5 mmol scale. ® Determined by
GC analysis. ° Yield of isolated products.

Furthermore, we observed a direct correlation between the
electron-donating ability of the aryl substituents and the
regioselectivity. Steric properties of the boronic ester, on
the other hand, had little effect on the reaction outcome, as
demonstrated by the reaction of the ortho,ortho-disubstituted
arylboronic ester 8h.

The scope of the allylic arylation was further explored in
reactions of a variety of alylic chlorides. It was discovered
that both E- and Z-substituted electrophiles can be used in
the reaction with similar success (Table 3, entries 1 and 2).
Azides, nitriles, chlorides, and TBS-protected alcohols are
all compatible with the reaction conditions, further demon-
strating the exceptional functional group tolerance of the
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Table 3. Allylic Chlorides in Allylic Arylation Reaction

R! Ar
A 5 mol % 10e
(—B(pin)  + N ,
1.25 equiv R a 1.00 equiv NaOt-Pent R !
R3 1,4-dioxane, 45 °C, 24 h R' Rs
entry? electrophile product SN2:Sy2° yield (%)°

1 1850 "¢ 32:1 91

2 TBSO ~e—"c 211 94

CO,Me

N
TBSO/\j\©\

N
c'\/\j\©\ 20:1 90

COMe
S
4 NN Nc/\/\j\©\ 21:1 92
COMe

X
5 NN 33:1 90
COMe
?\Q\ 30:1 64
CO,Me

3 AN ="

@ All reactions were performed on 0.5 mmol scale. ® Determined by
GC analysis of pure products. © Yield of isolated products. ¢ KO-t-Bu was
used.

reaction. Finally, cyclic and aryl-substituted alylic chlorides
are also suitable substrates for alylic arylation (entries 6—8).

In addition to alylic arylation, we discovered that orga
noboron reagents can also be used as nucleophilesin copper-
catalyzed alkenylation and alkylation of primary alylic
electrophiles. With pentenyl boronic ester, the alkenylation
product is obtained in good yield and excellent selectivity
(eq 3). Allylic akylation, on the other hand, can be
accomplished using trialkylboranes formed in situ from an
alkene and 9-BBN (eq 4). The hydroboration—allylic alky-
lation sequence allows highly efficient and selective one-
pot coupling of terminal alkenes and alylic chlorides.

Me” "X Blpin) a TBSO
+

E— @3)
TBSO/\/\\/\Cl Me S F
86% yield, >99% Sy2'

x b
©/\/\ N Me/\/\/\cl 2, ()
Me &

82% yield, 97% Sy2'

In an attempt to provide a better understanding of the
source of the observed S\2' selectivity, we studied the
mechanism of the reaction, with the catalytic cycle presented
in Scheme 1 as aworking hypothesis. We were able to isolate
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Scheme 1. Proposed Mechanism and Stoichiometric Reactions

KClI LCu-OR

ArB(pin)
ROK ROB(pin)
LCu-ClI LCu-Ar
Ar
RJ\/ RTNA"g
"""""""""""""""""""""" toluene T
(4-Me)PhB(pin) + IMesCuOt-Bu e ——— IMesCu-Ph(4-Me} (5)
8a 10e 60°C,16 h 11
1.0 equiv 60% yield
o
g 1,4-dioxane ®)
IMesCu-Ph(d-Me) + Me”” """ o (e Me
1 °

10.0 gquiv 79% yield, 96% Sy2'

the product of transmetalation (11) from a stoichiometric
reaction of 10e and 8a (Scheme 1, eq 5) and provide direct
evidence for the transmetal ation from boron to copper(1).2%%°
Theisolation of 11 aso alowed usto investigate the potential
role of this complex in the second step of the proposed
catalytic cycle.

A stoichiometric reaction of 11 and 9 resulted in the
formation of the expected product within seconds, in good
yield and with selectivity comparable to the selectivity
obtained in a catalytic reaction (Scheme 1, eq 6). Further-
more, 11 is a competent catalyst and can be used instead of
10e. Together, these results support the idea that the
arylcopper intermediate is the reactive nucleophile respon-
sible for the selectivity observed in catalytic reactions.
Finally, in the last step of the cataytic cycle, copper(l)
alkoxide is regenerated from copper(l) chloride and KO-t-
Bu in a well-precedented transformation.®*

In conclusion, we have developed the first general S2'-
selective alylic arylation reaction using a copper(l) catalyst
and arylboronic esters as nucleophiles. The reaction has a
broad substrate scope and can be performed in the presence
of a variety of functional groups including formyl, car-
bomethoxy, nitrilo, azido, chloro, bromo, and nitro groups.
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