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Intermolecular Heck reaction of common alkyl halides, a electrophiles, but these reagents usually need additional steps to
longstanding problem in palladium catalysis, is realized with prepare.® Wittig reaction of aryl-substituted triphenylphosphine
a simple Pd/dppf catalyst. Both primary and secondary alkyl « ylides typically gave a mixture of frans- and cis-isomers.” To
halides are suitable in coupling with aromatic olefins. Single form selectively trans-olefins, modified P-ylides reagents,
electron transfer from (dppf)Pd’ to alkyl halide initiated the arylaldimine or Schlosser modification was needed.'’ The trans-
catalytic cycle and gave alkyl radicals. B-alkylstyrenes can also be accessed from olefin Ru-catalyzed

metathesis."!

Initially, we used a model reaction between cyclohexyl iodide
and styrene to find an active Pd catalyst. After many experiments,
we found that ferrocene bisphosphine dppf was a quite active
ligand (entry 1, Table 1). The desired trans-isomer was obtained
in 70% yield and in good E/Z ratio (14:1). Other phosphines were
so much worse, for example, dppp and BINAP furnished 0% and

40% yield, respectively (entries 6-7).

Other reaction parameters were also critical to the realization
of this difficult transformation. When the Pd source was switched
from Pd(dba), to Pd(PPhj),, the yield of Heck product was

s further improved to about 80% (entry 16). Pd(dppf), itself was a
highly active catalyst (entry 17). Under these conditions, some
byproduct derived from insertion of two molecules of styrene was
detected (mostly <10%). PhCF; was the solvent of choice. In
other aromatic solvents (toluene and xylenes) and ethereal
solvents (1,4-dioxane, monoglyme and triglyme), the yield was
slightly lower. Cy,NMe was the most suitable base for this
reaction. The product yield decreased significantly if /Pr,NEt or
Et;N was used instead. In the dark, the catalysis also proceeded
with the same efficiency, so the model reaction was not catalyzed
by light.

@ Ph Br Pd/SIMes 5 mol% Ph\q ‘
‘ Cs2C03, MeCN Table 1 Effect of phosphorus ligands on Heck reaction (GC yield)

Fu et al. 2007 73%
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Heck reaction of aryl and vinyl halides is well developed and has
been widely used in organic synthesis." However, Heck reaction
of common alkyl halides is difficult owing to premature {-
hydride elimination.? For alkyl halides that lack eliminable B-
hydrogens, Heck products can indeed be obtained, e.g., from
benzyl halides, allyl halides and o-bromoesters.® For alkyl halides
that carry eliminable f-hydrogens, intramolecular cyclization
with pedant olefins also proceeded efficiently to form five- or six-
membered rings (Fig la-b).* However, Pd-catalyzed
intermolecular Heck reaction of common alkyl halides remained
a great challenge. For example, Alexanian et al. reported
Pd(PPhj)s-catalyzed Heck reaction of cyclohexyl iodide and
styrene that gave around 50% yield. The scope of the reaction

"
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catalyzed intermolecular coupling between both primary and
secondary alkyl halides with styrene, but very basic Grignard
reagents must be used to form the active catalyst (Fig 1c).® A
similar Heck-type process of styrene was disclosed by Kambe et
al. using a titanocene catalyst and a Grignard reagent.”
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Pd(dba); 5 mol%

O/I 2~ ph ligand 7 mol% O’“\/Ph x-Ph
PA(PPh)s 10mol% . Cy,NMe, PhCF; Ph

Tso A~ - (1:2)
© N CO (10 atm) N%Mj 110°C, 12 h
PMP, benzene —
K( i 70%
Alexania et al. 2011 Ent Ligand C o (E)-isomer  E/Z Double
niry 1gan onv. (%) (%) ratio  insertion (%)

O\ CoCly(dpph) 5 mol% O\A ! dppf 100 70 14 ?
C N
© gr = Ph Z~ph 2 dnpf 57 12 38 5

TMSCH,MgCl, Et,0

Oshima et al. 2002 91% 3 dippf 18 2 7 2
4 dppp 15 0 - 0
Fig. 1 Examples of Heck reaction of alkyl halides.

5 dppe 14 0 - 0
Herein, we disclosed Pd-catalyzed intermolecular Heck 6 dppb 23 0 - 0
s reaction of alkyl halides and styrenes. The products, trans-f3- 7 (R)-BINAP 96 40 4 10
alkyls.tyrenes are commonly prepared from metal-catalyzed cross- q (R)-Segphos 5o 1 3 4

couplings using trans-alkenylmetal reagents or trans-alkenyl
9 XantPhos 14 3 - 0
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10 DPE-Phos 96 56 9 11
11 PPF-Xyl 20 0 -- 0
12 P(o-tolyl); 5 0 - 0
13 P(2-furyl)s 14 4 9 4
14 P(cyclohexyl); 26 1 - 0
15 P/Bus 28 1 -- 5
16 dppf + Pd(PPhs), 100 79 19 11
17 Pd(dppf), 100 81 62 7

Under optimized conditions using 1:2 stoichiometry of RX and
styrene and 5% Pd catalyst, most secondary alkyl halides can
couple in good yield (Fig. 2). In most cases, only two isomers
were produced, the frans and cis olefins with the ratio shown in
parentheses. The use of an additive, Lil can improve the yields
from alkyl bromides (about 10%). The presence of oxygen and
nitrogen atoms into the rings did not affect the coupling process.
In cases such as cyclopentyl and cyclohexyl bromides, the yields
were only around 50%, which can be improved by using an
alternative procedure (3:1 ratio of RX and styrene; 10 mol%
Pd/dppf). Notably, exo-2-norbornyl bromide gave exclusively the
exo-Heck product, while trans-1-iodo-2-methoxycyclopentane
afforded the trams-olefinic isomer selectively with a trans
configuration on cyclopentane. Both examples indicated that
most likely alkyl radicals are involved so that subsequent styrene
insertion occurred at the less hindered face. The reaction of Cyl
and styrene was scaled up to gram scale synthesis (75% yield).

For Heck reaction of most primary alkyl halides, Pd(dba), and
dppf formed the most active catalysis (Fig. 3). The main side
reaction was Pd-assisted premature elimination of alkyl halides to
olefins.’? In a control experiment without the Pd catalyst, N-
alkylation of Cy,NMe to form quaternary salts became the major
side reaction at 110 °C. Thus, 3:1 ratio of primary RX and styrene

s was used to furnish good yields (>70%) in most cases. The

procedure using 1:2 ratio generally gave about 50% yield.
Hindered neopentyl iodide also coupled well. Polar groups such
as esters, nitriles and phthalimides were tolerated. 6-lodo-1-
hexene afforded the ring-closed Heck product in 52% yield and in
3:1 selectivity versus other isomers. Primary alkyl chlorides can
also couple. Alkyl iodides that were in situ generated from RCI
and Lil may be the actual coupling reagents. Cyclopropylmethyl
bromide failed to give any Heck product (judged by GC and
GCMS). Benzylic and allylic halides gave little Heck products,
either.

Pd(PPh3), 5 mol%

j\z PN dppf 7 mol% )\/\
R X Cy,NMe, Lil, PhCF4
(1:2) 110°C, 36 h
o O O O e
78% (20:1) 78% (40:1) 68% (41:1) 71% (12:1) 86% (10:1)
10% Pd, 3:1 ratio 10% Pd, 3:1 ratio
OMe
Me Et Ve Ef O,
Br
nBu/\)\I nBu\)\l Ph/\)\l |
69% (24-1)  67% (15:1) 7% (12:1) 5% (57:1) /6% (13:1)

10% Pd, 3:1 ratio

Br Br Me
@ T AT
Me
76% (21:1)  63%(26:1)  e495(82:1)  72% (24:1)  80% (38:1)

10% Pd, 3:1 ratio 10% Pd, 3:1 ratio

Fig. 2 Heck reaction of secondary alkyl halides.

Pd(dba), 10 mol%

dppf 14 mol%
P

_ > AN
R™ "X Z"Ph "cy NMe, Lil, PhCF; R Ph
@3:1) 110°C, 48 h
Me/\(\}7/\x O\/X O\/ C\
X=1 74% (8:1) X=1 75% (10412 X=1 78% (12:1 52"? (3d1 o
cyclized product
X =Br 74% (4:1) 310 mol% Pd(PPhy); X =Br 756% (13:1) (as major)
Me Me N
Ph Br
| NN N N
Me>‘\/ NC N _~_DBr
74% (6:1) 75% (4:1) X =Cl 64% (7:1)
X =Br 76% (9:1) 76% (17:1)
o
L Me” g ™Cl <LBr
73% (2:1) 74% (4:1)

0%
Fig. 3 Heck reaction of primary alkyl halides.

Pd(PPhg), 5 mol%
dppf 7 mol%
QL o o
CysNMe, PhCF3 F Ar
(1:2)

110°C, 36 h

Q, Q, O o

Y=Me 80%(32:1) Y =CF376% (40:1) Y =OMe65% (49:1) 70% (30:1)
Y=0OMe 76% (53:1) Y=Cl 82%(381) Y=Cl 59% (16:1)

/\QG Me Ph
%Ph %Ph

R = 2-naphthyl 64% (14:1) 74% (11:1) 76% 62% (3:1)
40 R = 2-mesityl 47% (3:1)

Fig. 4 Examples of aromatic olefins and a conjugated diene.

With regard to the scope of olefins, electron-donating and —
withdrawing groups on aryl rings of styrene were well tolerated
(Fig. 4). Hindered 2-vinylmesitylene can also couple. On a

45 position of styrene, alkyl and aryl groups can be present, but f3-
substitutions were not tolerated. a-Methylstyrene produced -
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(cyclohexylmethyl)styrene as the major isomer with 11:1

selectivity. A conjugated diene, 1,3-cyclohexadiene also coupled

in reasonable yield with 3:1 selectivity of 1-alkyl-1,3-

cyclohexadiene versus other isomers. Unfortunately, methyl
s acrylate, 1-octene and n-butyl vinyl ether failed to couple.

To confirm the involvement of alkyl radicals in our Heck
reaction, we included 1 equiv of TEMPO, a radical trap in the
model Heck reaction. No Heck product was detected and N-
cyclohexyl-TEMPO a was formed in 2:1 molar ratio to pd°

10 catalyst (Fig. 5a). Therefore, it is possible that during oxidative
addition of (dppf)Pd’, two consecutive single electron transfer
events occurred to generate two alkyl radials and (dppf)Pdl,.

In another trapping experiment, the alkyl radical from N-Cbz-
4-iodopiperidine b was partially intercepted by 1,4-

15 cyclohexadiene (5 equiv) via hydrogen atom abstraction (Fig.
5b).

In 2012, Jian et al. reported Pd/dppf-catalyzed intramolecular
cyclization of alkyl iodides and pedant olefins. Atom transfer
radical addition was proposed to account for the formation of

2 alkyl halide products after ring closure."> We excluded a possible
sequence of atom transfer radical addition to from benzylic
halides, followed by base-assisted elimination to form olefin
products (Fig. 5¢). When a model "intermediate" ¢ was added to
an active Heck reaction of Cyl and styrene, ¢ was fully

2s consumed, but the expected elimination product from ¢ was only
formed in moderate yield (41%). Homocoupling of the benzylic
radical derived from ¢ was the main side reaction. Furthermore, ¢
interfered with the Heck reaction of Cyl and the yield of Heck
product derived from Cyl was reduced from >70% to 13%.

30
Pd(PPhg)4 x mol%
o~ dppf 1.4x mol% ﬂ
(a) ©\| Z “Ph 7(’\?? N Heck product (0%)
|
o

- .
CyzNMe, PhCF4

) 110°C, 12 h “c-Hex
(1 equiv) a
Pd cat. (x mol%) a (%)
10 20
20 41
50 100
Pd(PPhg), 5 mol% b b
Cbz. d o, Cbz 7N Z.
ppf 7 mol% ~ N N
oL O L »
| CyzNMe, PhCF4 Zph H
b (xequiv) 110°C, 12h H
x =0 equiv 91% 1% 7%
5 equiv 46% 26% 13%
1
Pd/dppf base
© RX R, ——— R,
atom transfer elimination?
radical addition?
A ph Pd(PPhg), 5 mol% c—Hex\/\Ph Ph
| . dppf 7 mol% 13%
(2equiv) — - P
! Cy,NMe, PhCF5 Mo
Me L. 110°C, 12h " pp Me Ph
Ph 41% <5%
c (1 equiv)

Fig. 5 Mechanistic studies.
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(L = dppf)

base /~

+ (L)PA(1)X
Fig. 6 A possible catalytic cycle for Heck reaction of alkyl halides.

A tentative catalytic cycle is proposed in Fig 6. It starts from
single electron transfer from (dppf)Pd’ to alkyl halide, followed
by alkyl radical addition to styrene. The rate of alkyl radical
addition to styrene in solution was estimated by Minisci et al. to
be around 10° M's".'* Recombination of the resulting benzylic
radical and (dppf)XPd(I) forms (alkyl)PdX which undergoes Pd-
assisted p-hydride elimination to afford the Heck product.

In conclusion, we disclose herein an efficient Pd-catalyzed
method for intermolecular Heck reaction of alkyl halides, which
was an unsolved problem for many years. The simple, easily
Pd/dppf catalyst showed good reactivity. Our
mechanistic investigation points to single electron transfer from
(dppfHPA°® to alkyl halides. Compared to Co-catalyzed method
reported by Oshima ef al.,® no Grignard reagents were used which
allowed base-sensitive functional groups to be present.
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An efficient Pd-catalyzed method for intermolecular Heck
s reaction of common alkyl halides is described for the first time.

cat. Pd/dppf R™NF"Ar

Ry 40 examples Ri o
X
RZ_ Rz)\/\Ar
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