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ABSTRACT

Cyclopropylmethyl palladium species can be accessed by Pd-catalyzed reaction of either cyclopropyl N-tosylhydrazone with halide or N-
tosylhydrazone with cyclopropyl halide. In both approaches migratory insertion of Pd carbene is the key process. These transformations
constitute new approaches toward 1,3-butadiene derivatives.

Molecules bearing cyclopropyl groups are versatile
building blocks in organic synthesis.1 Their unique struc-
tural and electronic properties give rise to an array of very
interesting and characteristic transformations. Among

these small ring compounds, reactions of highly strained
methylenecyclopropanes (MCPs) with various reactants,
catalyzed by transition metals such as Pd,2 Ni,3 and Pt,4

have attracted much attention. One of the characteristic
reaction patterns of MCPs is the formation of cyclopro-
pylmethyl metal species, followed by cyclopropyl ring
opening through β-carbon elimination, which ultimately
leads to homoallylic compounds (Scheme 1). In general, the
cyclopropylmethyl metal species is generated upon the
addition of M�M0 or R�M intermediates to the double
bond of MCPs, and palladium is the most commonly used
transitionmetal for this transformation (patha, Scheme1).1a,f,2

For an earlier example, de Meijere and co-workers have
demonstrated that Pd-catalyzed ring opening of MCPs
affording polyenes in a cascade reaction consisting of intra-
molecular Heck-type coupling.2f Suginome and co-workers
have developed transition-metal-catalyzed silaborative
C�Cbond cleavage ofMCPs.2c,d Palladium-catalyzed ring
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openingofMCPswith alcohols or amines as thenucleophile
have been reported by Yamamoto5 and Shi.6

In the previous studies, the regioselectivity of pallada-
tion across the CdC bond of MCPs is usually substrate-
dependent, which in some cases results in the formation of
isomeric products. This may limit the wide application of
this type of transformations. Thus, the methods for the
generation of cyclopropylmethyl metal species through
alternative approaches are highly desirable.
Recently, Pd-catalyzed cross-coupling reactionsof diazo

compounds have been proven as an efficient method for
the formation of CdC double bonds.7 The characteristic
steps of these reactions are the formation of a Pd-carbene
complex and the subsequent migratory insertion of the
carbene.The carbenoid ligand canmigrate into the aryl-,8,9

benzyl-,10 vinyl-,11 allyl-,12 acyl-,13 alkynyl-,14 and allenyl-
palladium bonds.15 The application ofN-tosylhydrazones

as nonstabilized diazo precursors in this type of Pd-cata-
lyzed cross-coupling reactions, pioneered by Barluenga
and co-workers,7b,c,8a has significantly expanded this
chemistry. As a continuation of our interest in the explora-
tion of Pd-carbene migratory insertion as a key process in
the development of new synthetic transformations, we
have conceived that the cyclopropylmethyl palladium
species may be accessed by the migratory insertion of
carbene. Herein we wish to report the Pd-catalyzed cross-
coupling of cyclopropyl N-tosylhydrazones with aryl ha-
lide, which leads to the 1,1-disubstituted 1,3-butadienes
via cyclopropylmethyl palladium species (Scheme 1, path b).
Moreover, we observed that the Pd-catalyzed coupling of
N-tosylhydrazones with bromocycylopropane led to the
formation of same palladium intermediate. This latter
reaction involves a migratory insertion of a carbenoid
ligand into the cyclopropyl-palladium bond (Scheme 1,
path c).
Initially, the path b process was explored by the reaction

of iodobenzene and cyclopropyl N-tosylhydrazone 2a in
1,4-dioxane at 80 �C with various palladium catalysts
(Table 1). It was observed that Pd(II) complexes such as
Pd(OAc)2 and PdCl2(PPh3)2 were not effective, while Pd-
(PPh3)4 gave 10% of product 3a (Table 1, entries 1�3).
When Pd2(dba)3 was employed with P(2-furyl)3 as the
ligand, 1,3-diene product 3a was obtained in a slightly
higher yield (15%). Encouraged by this result, we then
decided to optimize the reaction conditions with Pd2(dba)3
and various phosphine ligands (Table 1, entries 5�8).We
were delighted to find that an 81% yield of the desired
product 3a could be obtained when the reaction was
carried out in the presence of 2.5 mol % of Pd2(dba)3
and 5 mol % of Xphos (Table 1, entry 8). The effect of
solvents was subsequently examined, and the reactions
were found to proceed more efficiently in polar solvents
(Table 1, entries 8�11), whereas a nonpolar solvent such as
toluene was found to be unfavorable (Table 1, entry 12).
The reaction at 80 �C provided the optimal results; either
higher or lower temperatures resulted in diminished yields
(Table 1, entries 13 and 14).
With the acceptable conditions in hand (Table 1, entry 8),

we next explored the scope of the reaction with a variety of
aryl halides and cyclopropyl N-tosylhydrazones (Table 2).
The reaction is general with respect to the structure of aryl
halides, and both iodides and bromides could be employed
as substrates with similar results (Table 2, entries 2 and 3).
Chloride was also effective, albeit providing the prod-
uct with a slightly diminished yield (Table 2, entry 3).
The reaction with ortho-, meta-, and para-substituted aryl
halides all proceeded efficiently (Table 2, entries 2�10).
2-Iodo naphthalene was also a suitable substrate for the
coupling, leading to the 1,3-butadiene 3i in good yield
(85%) (Table 2, entry 11). When 1,4-diiodobenzene was
used as a substrate, double cross-coupling occurs, afford-
ing the corresponding butadiene derivative 3j in 70% yield
(Table 2, entry 12). To further examine the scope of the
reaction, N-tosylhydrazone 2d and 2e were employed to
react with aryl halides, and they all gave the cross-coupling
products in good yields (Table 2, entries 13�16).

Scheme 1. Routes to the Cyclopropylmethyl Palladium Species
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The stereochemical outcome of the reaction seems to be
directed by the steric bulkiness of the substituents. When

the steric hindrances are similar for bothE andZ products,

the E/Z selectivity is poor (Table 2, entries 6�8 and 12).

However, when there are substituents at the ortho-position

of aryl halides, or Ar groups are much larger than the R

group, the Z-isomers are obtained as the major products.

The configuration of 3h is confirmed by its X-ray crystal

diffraction, and the configurationsofothermajor products

are assumed to be same as that of 3h.
To further expand the scope of the reaction, N-tosylhy-

drazone 4 was prepared and was subjected to the Pd-

catalyzed coupling with iodobenzene under the same reac-

tion conditions (Scheme 2). Interestingly, 1,4-diene 5 was

obtained as the major product instead of the expected 1,3-

diene 6. This result can be rationalized as follows. The

β-carbon elimination, which is driven by strain release,

requires syn-periplanar alignment of the C�Pd bond with

the proximal C�Cbond of the cyclopropyl ring, as depicted

in A. This leads to the exclusive formation of cis-(2-vinyl-

cyclohexyl)palladium species B. The intermediate B is un-

able to undergo syn-β-hydride elimination to form a

conjugate diene 6, thus producing 5 as the major product.

The observation of a minor amount of 6 can be explained

by the double bond migration, which is likely the result of

hydropalladation/dehydropalladation processes promoted

by HPdX, which is often observed in Pd-catalyzed

reactions.16 Alternatively, 6 may be formed through the

conformational change of B.
Since we have previously reported the Pd-catalyzed

cross-coupling of benzyl halideswithN-tosylhydrazone,10c

we next conceived that benzyl halide might also be em-
ployed in this typeof reaction.Weare delighted to find that

Table 2. Palladium-Catalyzed Cross-Coupling of Aryl Halides
with Various N-Tosylhydrazonesa

aAll the reactions were carried out by using N-tosylhydrazone
(0.5 mmol), aryl halide (0.25 mmol), and t-BuOLi (3.5 equiv) in the
presence of Pd2(dba)3 (2.5 mol %) and Xphos (5 mol %) in 1,4-dioxane
(2mL) at 80 �C for 12 h. b Isolated yields. cThe ratio ofE/Z selectivitywas
determinedby the crude 1HNMRandGCMS. dTheZ-configurationwas
confirmed by X-ray diffraction.

Table 1. Palladium-Catalyzed Cross-Coupling of Iodobenzene
with N-Tosylhydrazone 2aa

entry catalyst L solvent

t

(�C)
yield

(%)b

1 Pd(OAc)2 PPh3 dioxane 80 0

2 PdCI2(PPh3)2 � dioxane 80 0

3 Pd(PPh3)4 � dioxane 80 10

4 Pd2(dba)3
c P(2-furyl)3 dioxane 80 15

5 Pd2(dba)3 L1 dioxane 80 <10

6 Pd2(dba)3 L2 dioxane 80 20

7 Pd2(dba)3 L3 dioxane 80 37

8 Pd2(dba)3 Xphosd dioxane 80 81

9 Pd2(dba)3 Xphos MeCN 80 51

10 Pd2(dba)3 Xphos DCE 80 40

11 Pd2(dba)3 Xphos DMF 80 33

12 Pd2(dba)3 Xphos toluene 80 <10

13 Pd2(dba)3 Xphos dioxane 60 45

14 Pd2(dba)3 Xphos dioxane 100 75

aAll of the reactions were carried out by using iodobenzene
(0.5mmol),2a (1mmol), and tBuOLi (2mmol)with2.5mol%ofpalladium
as the catalyst and 5 mol % of ligand in 5 mL of solvent for 16 h. bYields
were determined by using GC/MS methods with n-dodecane as the
internal standard. cPd2(dba)3=tris(dibenzylideneacetone)dipalladium(0).
dXphos = 2-dicyclohexylphosphino-20,40,60-triisopropylbiphenyl.

(16) (a) Larhed, M.; Hallberg, A. In Handbook of Organopalladium
Chemistry for Organic Synthesis; Negishi, E.-i., Ed.; Wiley-Interscience:
New York, 2002; Chapter IV, p 2. (b) Gauthier, D.; Lindhardt, A. T.;
Olsen, E. P. K; Overgaard, J.; Skrydstrup, T. J. Am. Chem. Soc. 2010,
132, 7998. (c) Martı́nez, C.; �Alvarez, R.; Aurrecoechea, J. M.Org. Lett.
2009, 11, 1083.
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benzyl bromide is a suitable substrate for the cross-cou-
pling with cyclopropyl N-tosylhydrazone 2a, which furn-
ished the ring-opening product 7 in moderate yield (59%).
It is noteworthy that alkene 8 was also formed in a
considerable amount, which indicates that in the corre-
sponding cyclopropylmethyl palladium intermediate the
β-H elimination competes effectively with the ring opening
of the cyclopropane moiety.

As shown inScheme 1, the cyclopropylmethyl palladium
intermediate can also be generated by migratory insertion
of a carbenoid ligand into a cyclopropyl-palladium bond
(path c). Toexplore suchapossibility, Pd-catalyzed reaction
of bromocyclopropane and diphenylN-tosylhydrazonewas
investigated. After extensive optimization experiments by
varying palladium catalysts, ligands and solvents, we found
that the expected 1,10-diphenyl-1,3-butadiene 3a could be
obtained in moderate yield as shown in Table 3 (entry 1).
The major byproduct is tetraphenylethylene, which is
derived from the homo coupling of an in situ generated
diazo substrate. Upon experimentation, it seems to us
that this obstacle is not easily overcome.
Thus, with [Pd(allyl)Cl]2 as the catalyst, Xphos as the

ligand, and Cs2CO3 as the base in MeCN at 80 �C, the
reaction provided the coupling product 3a in 40% yield.
Several other N-tosylhydrazones were also examined un-
der the same conditions, and they afforded the cross-
coupling products in low to moderate yields. In the cases
of coupling withN-tosylhydrazones 10d and 10e, the ratio of
E/Z isomers was almost 1:1. However, when N-tosylhydra-

zone 10f was employed to react with bromocyclopropane,
only the Z-isomer was isolated as the major product. This
result indicates that the stereochemical outcome of the reac-
tion is dominated by the steric bulkiness of the substituents.

In conclusion, we have developed two novel routes
toward the cyclopropylmethyl palladium species, which
ultimately lead to the formation of 1,3-butadiene deriva-
tives in moderate to good yields.17 Further studies on the
scope and synthetic application of these coupling reactions
are ongoing in our laboratory.
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Scheme 2. Cross-Coupling of Iodobenzene with 4

Table 3. Palladium-Catalyzed Cross-Coupling of Bromide 9
with N-Tosylhydrazones 10a

entry Ar Ar0
product

3 E/Zc

yield

(%)b

1 Ph Ph 3a � 40

2 p-MeC6H4 p-MeC6H4 3o � 45

3 p-PhC6H4 p-PhC6H4 3p � 28

4 Ph p-PhC6H4 3q 1:1 45

5 Ph 3,4-diMeC6H3 3r 1:1 36

6 Ph 1-naphthyl 3s >10:1 32

aN-Tosylhydrazones (0.5 mmol), bromocyclopropane (1 mmol),
Cs2CO3 (4 equiv), [Pd(allyl)Cl]2 (2.5 mol %), Xphos (10 mol %),
CH3CN (5 mL), 80 �C, 4 h. b Isolated yield. c E/Z selectivity was
determined by 1H NMR of the crude product.

(17) For the details of the proposed reaction mechanism, see Sup-
porting Information.
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