Highly Selective Reactions of Unbiased
Alkenyl Halides and Alkylzinc Halides:

Negishi-Plus Couplings

Arkady Krasovskiy and Bruce H. Lipshutz*

ORGANIC
LETTERS

2011
Vol. 13, No. 15
3822-3825

Department of Chemistry & Biochemistry, University of California, Santa Barbara,

California 93106, United States

lipshutz(@ chem.ucsb.edu

Received May 15, 2011

ABSTRACT
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High yielding stereo- and chemoselective Pd-catalyzed cross-couplings in THF at room temperature of alkenyl iodides and bromides with primary
and secondary alkyl zinc iodides have been developed with the aid of N-methyimidazole as the key additive.

Sp>—sp’ cross-couplings of E- or Z-alkenyl halides with
alkylzinc reagents, as described decades ago by Negishi,
are among the most important Pd-catalyzed reactions in
synthesis." As one of three recently chosen “name” reac-
tions to be awarded the Nobel Prize in Chemistry, these
transformations are sure to gain even further in popularity.
One of the most challenging types of Negishi couplings is
that between alkenyl halides and alkylzinc halides. Asso-
ciated with such cross-couplings, issues that may arise
include concomitant formation of undesired byproducts
(Scheme 1), as well as the potential erosion of stereochem-
istry in the case of a Z-alkenyl halide.”

Recently, we have shown that addition of TMEDA to a
reaction mixture under otherwise standard Negishi condi-
tions! prevents losses of stereointegrity in cross-couplings
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Scheme 1. Negishi Cross-Couplings of Alkenyl Halides with
Alkylzinc Todides
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of Z-alkenyl iodides.” In this report we disclose new technol-
ogy that allows for highly stereoselective cross-couplings of
alkenyl iodides and bromides with primary and secondary
alkyl zinc iodides. Our approach provides consistent
maintenance of both E- and Z-olefin geometry in the
products, and excellent levels of efficiency, which exceed
results to be expected from traditional additive-free
Negishi cross-couplings,'? and even our recently disclosed
methodology.?

As a representative example, (Z)-1-bromooct-1-ene (1-2)
and n-heptylzinc iodide were coupled using 2 mol % of the
commonly employed catalyst PdCIl,(PPh3),. Although
retention of geometry in the resulting Z-olefin was ob-
served, the reaction led to a mixture of products, including
significant amounts of protio-quench material and the
product of olefin homocoupling (Scheme 1 and Table 1,



entry 1). Among many screened mono- and bidentate
ligands (Figure 1), only conformationally flexible dppf
and DPEPhos (entries 2 and 3), both having large bite
angles,* proved to be effective for the desired Pd-catalyzed
transformation. While the restricted geometry character-
istic of XantPhos led to stereoretention (entry 4), a poor
yield was obtained.
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Figure 1. Ligands associated with Pd catalysts screened.

Table 1. Effect of Catalyst and Additives on Reactions of
Alkenyl Bromide 1 with a Primary and Secondary Alkylzinc
Todides”

Remarkably, in the presence of N,N,N',N'-tetramethyl-
ethane-1,2-diamine (TMEDA, 1.1 equiv vs substrate)
or N-methylimidazole® (N-Melm, 2.0 equiv vs sub-
strate) under otherwise identical and standard Negishi
conditions' with the simplest monodentate catalyst PdCl,-
(PPhj3),, virtually complete stereoretention and high
yields were realized (Table 1, entries 5 and 6). The overall
efficiency can be further enhanced using bidentate
ligand-containing catalyst PdCl,(DPEPhos) leading to the
desired cross-coupled product in essentially quantitative
yield (entry 7).

These newly discovered ligand/additive effects can also
be applied to Negishi cross-couplings of (E)-1-bromooct-
1-ene (1-E) with n-heptylzinc iodide. The results obtained
follow the same trend as seen in the case of isomeric
Z-alkenyl bromide 1-Z (entries 8—12). Complete conver-
sion of starting alkenyl bromide 1-F to the desired product
2-F was observed using the PdCl(DPEPhos)/N-Melm
pair (entry 12).

Cross-coupling of secondary alkyl zinc iodides proved to
be more demanding. Use of either PACl,(PPhs), or PdCl,-
(DPEPhos) alone led to only traces of final product (entries
13, 14, 20). Under the best conditions of PdCl,(DPEPhos)/
N-Melm found for couplings with primary alkylzinc
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Br n-C;H,sZnl nCzHys
n-CgHyz - W n'CsH13\}
1 THF, it 2
yield
entry 1 catalyst Z/E® (%)
1 Z  PdCly(PPhy), 99/1 64
2 Z  PdCly(dppf) 99/1 92
3 Z  PdCly(DPEPhos) 99/1 94
4 Z  PdCly(XantPhos) 98/2 72
5 Z  PdCly(PPhy); + TMEDA® 99/1 91
6 Z  PdCly(PPhy), + N-Melm” 99/1 93
7 Z  PdCl,(DPEPhos) + N-MeIm’  99/1 >99
(96)¢
8 E  PdCly(PPhy), 1/99 34
9 E  PdCly(DPEPhos) 1/99 90
10 E  PdCly(PPhy), + TMEDA® 1/99 72
11 E  PdCly(PPhg), + N-Melm/ 1/99 82
12 E  PdClLy(DPEPhos) + N-MeIm/  1/99  >99
(95)¢
Br ¢-CgHq42nl cCgHqq
nCeHia cat. PACI,{L) n-Cehha A
1 THF, it 3
yield
entry 1 catalyst Z/E® (%)
13 Z  PdCly(PPhs), ND <5
14 Z  PdCly(DPEPhos) ND <5
15 Z  PdCly(PPhy); + TMEDA® 94/6 40
16 Z  PdCly(PPhg), + N-MeIm” 96/4 69
17 Z  PdCly(DPEPhos) + N-MeIm' 96/4 83
18 Z  PdCly(Amphos); + N-MeIm” 99/1  >99
(96)?
19 E  PdCly(PPhs), 1/99 49
20 E  PdCly(DPEPhos) 1/99  ~10
21 E  PdCly(PPhy), + TMEDA® 1/99 66
22 E  PdCly(PPhy), + N-MeIm” 1/99 81
23 E  PdCly(DPEPhos) + N-MeIm’ 1/99 93
24 Z  PdCly(Amphos); + N-MeIm/  1/99  >99

(98)?

“ Conditions: n-heptylzinciodide or cyclohexylzinciodide (1.1 mmol,
1.0 M in THF), alkenyl bromide (1.0 mmol), Pd catalyst (2 mol %).
Reactions were run at 0.33 M atrt, 24 h.® Z/E ratio determined by NMR
and GC on crude material.  GC yield. “Isolated yield. ¢ 1.1 equiv.” 2.0
equiv.

halides (vide supra), full conversion was not observed
(entries 17, 23).

Additional screening of ligands ultimately led to an
especially efficient combination: PdCl,(Amphos),®/N-
Melm. This catalyst/additive system affords both excellent
yields and essentially total stereoretention (entries 18, 24).

To further explore the scope of these cross-coupling
reactions, several alkenyl halides containing varying
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Table 2. Cross-Couplings of n-Decylzinc lodide with Repre-
sentative Alkenyl Bromides®

X n-CyoH
at. PdL, 100121
’KJ + n'C1°H21Zn| © n K
R THF, it R
x=Br 1 4-9
entry X product yield (%)
Ph
1  Br )=\ 4 92
n-CyoHz4
n-CqoHz4
2 Br 5 i i
Ph
n-CyoHzy
3 | 6 89
OH d
4 I 7 95
n-CyqHz
H“CSHT
5 | 8 94
nCsHz  n-CqoHpy
6 I 9 86
mcme

“Conditions: n-decylzinc iodide (1.1 mmol, 1.0 M in THF), alkenyl
halide (1.0 mmol), PdCl,(Amphos), (2 mol %), N-Melm (2.0 mmol).
Reactions run at 0.33 M at rt, 3 h (12 h for entries 4 and 5). ®Isolated
yield. ¢ From 90% technical grade a-bromostyrene. ¢ n-Decylzinc iodide
(2.4 equiv) used.

substitution patterns were examined (Table 2). Thus, in
addition to the f-substituted alkenyl halides illus-
trated in Table 1, both §.,8- (entry 1), a- (entries 2, 3),
and o,f-substituted (entries 4, 5) alkenyl halides coupled
smoothly at room temperature under these newly found
conditions. Also noteworthy is the case of highly labile
(Z)-1-(2-iodoethenyl)cyclohexene (entry 6), found to readily
undergo cross-coupling with complete retention of config-
uration. While both alkenyl bromides and iodides react
smoothly, use of alkenyl iodides is preferred for reactivity
and stability reasons.’

The well-known functional group tolerance of organo-
zinc reagents,® together with the exceptionally mild
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conditions developed for these stercoselective cross-
couplings, should allow for the synthesis of a variety of
functionalized isomerically pure alkenes. As illustrated in
Scheme 2, functional groups such as Boc- and an ester are
tolerated within the starting organozinc reagents. Note-
worthy is the high yield and isomeric purity of very
sterically hindered alkene 10 derived from (Z)-1-iodo-
3,3-dimethylbut-1-ene.” Here again, experiments utilizing
different catalysts and additives, including TMEDA, were
not consistently as effective as the PdCly(Amphos),/
N-Melm combination."®

Scheme 2. Cross-Couplings of Functionalized Reagents®
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/
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Z/E  yield ZEE  yield
PdCI5(PPh3), ND <20% ND <5%
PdCI,(PPh3), + TMEDA 99/1 84% 92/18 47%
PdCl,(PPh3), + N-Melm 99/1 88% 95/5 60%

PdCly(Amphos), + N-Melm  99/1  91% 99/1  88%

CiZn :
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\=/ cat. PdCIz(Amphos); =
Z/E - 991 THF, rt 12
ZIEE  yield
without N-Melm 63/37 85%
with  N-Melm 991 92%

“Conditions: organozinc halide (1.1 mmol, 1.0 M in THF),
alkenyl halide (1.0 mmol), Pd catalyst (2 mol %), TMEDA (1.1
mmol), N-Melm (2.0 mmol). Reactions were run at 0.33 M at rt, 24
h (3 h for 12). Z/E ratio determined by NMR and GC on crude
material. Isolated yields.

In general, reactions of alkylzinc halides leading to
various undesired products (Scheme 3) has been addressed
by using bidentate ligands to ensure saturation of the
coordination sphere of Pd,'" thus discouraging pathways
such as fB-H elimination and homocoupling via ligand

(9) (2)-1-1odo-3,3-dimethylbut-1-ene as a starting material was cho-
sen over the corresponding bromide due to the volatility of the latter
compound.
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Scheme 3. Sequence Leading to the Desired “Product” When
Pd(0)L,, = PdCl,(Amphos),/N-Methylimidazole, or Product
Mixtures Using Other Catalysts/Additives
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scrambling. We assume that addition of stoichimetric
amounts of N-methylimidazole, or TMEDA, serves the same
purpose, thus allowing use of simple monodentate ligand-
containing catalysts such as PdCl,(Amphos),. Presumably,
the presence of these additives in stoichiometric amounts
provides a coordinating ligand for both catalytic palla-
dium'? and stoichiometric zinc.'?

It is known that 3-H elimination is also responsible for
the formation of isomerized cross-coupled products in the
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M. B. Acta Crystallogr. 1982, B38, 1818. (c¢) Citeau, H.; Conrad, O.;
Gulando, D. M. Acta Crystallogr. 2001, E57, mS5. (d) Htoon, C.; Ladd,
M. F.C.J. Cryst. Mol. Struct. 1974, 4, 357. (e) Yasuda, H.; Ohnuma, Y ;
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A. H. Organometallics 1998, 17, 779.
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case of secondary alkyl zinc reagents.'* Our preliminary
studies showed that addition of N-methylimidazole also
suppresses this undesired transformation leading to branched
products 13—14 in excellent yields without detectable forma-
tion of isomerized byproducts (Scheme 4)."

Scheme 4. Cross-Couplings of Aryl Halides with sec-C4HoZnI“

L

“Conditions: organozinc halide (1.1 mmol, 1.0 M in THF), aryl
bromide (1.0 mmol), Pd(Amphos), (2 mol %), N-Melm (2.0 mmol), 6 h
at 40 °C for 13 and 3 h at rt for 14. Isolated yields.

sec-C4HgZnl

cat. Pd(Amphos),

N-methylimidazole
THF

13R=0Me, 9%6%
14 R = CO,Et, 98%

In summary, a new catalyst system has been identified
that offers a general solution to fundamental problems that
can be encountered in Negishi couplings: that is, protio-
quenching and homocoupling that can dramatically im-
pact yields and stereochemical issues, most notably when
Z-alkenyl educts are involved. These “Negishi-Plus” reac-
tions involve a combination of catalytic PACl,(Amphos),
together with stoichiometric N-methylimidazole; when
used in THF at room temperature, cross-couplings be-
tween 1° and 2° alkylzinc reagents and variously substi-
tuted alkenyl iodides or bromides take place in high yields.
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