
10.1021/ol4030452 r 2013 American Chemical Society
Published on Web 11/26/2013

ORGANIC
LETTERS

2013
Vol. 15, No. 24
6202–6205

Palladium-Catalyzed Arylation of
Cyclopropanes via Directing Group-
Mediated C(sp3)�H Bond Activation To
Construct Quaternary Carbon Centers:
Synthesis of cis- and trans-1,1,2-
Trisubstituted Chiral Cyclopropanes

Naoyuki Hoshiya,*,† Takaaki Kobayashi,† Mitsuhiro Arisawa,†,§ and Satoshi Shuto*,†,‡

Faculty of Pharmaceutical Sciences and Center for Research and Education on Drug
Development, Hokkaido University, Kita-12, Nishi-6, Kita-ku, Sapporo 060-0812, Japan

shu@pharm.hokudai.ac.jp

Received October 23, 2013

ABSTRACT

Pd(II)-catalyzed tertiary C(sp3)�H arylation of cyclopropanes via directing group-mediated C�H activation for the construction of a chiral
quaternary carbon center on cyclopropanes using aryl iodides as a coupling partner is reported. The arylation had a wide substrate scope and good
functional group tolerance, including heteroaryl iodides, to provide various chiral arylcyclopropanes with the cis- and trans-1,1,2-trisubstituted structures.

Cyclopropane motifs are efficient conformational
restricting units in medicinal chemistry due to their char-
acteristic small and rigid structural features, and therefore,
synthetic methods of cyclopropanes have been extensively
investigated.1 In cyclopropane chemistry, cyclopropanes
bearing an aryl or heteroaryl moiety constitutes a unique
and specific scaffold due to their significant biological
activity (Figure 1).2

For example, milnacipran, having a phenylcylopropane
structure, is a clinically useful antidepressant.3Thus, various

arylcyclopropanes have been designed and synthesized
extensively to investigate their biological activity.4

In our continuous studies using cyclopropanes as key
conformational restriction units, we needed to prepare a
variety of chiral 1,1,2-trisubstituted arylcyclopropane
structures (A, ent-A, B, and ent-B) with a quaternary
carbon center bearing an aromatic ring (Figure 2). To
construct such chiral 1,1,2-trisubstituted arylcyclopropane

Figure 1. Biologically active arylcyclopropanes.
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structures,5 the directing group mediated arylation via
transition-metal-catalyzed direct C�H activation might
be the most attractive strategy to employ because it regio-
and stereoselectively provides a wide range of arylated
compouds via a short synthetic route.6 In this paper, we
report a method of preparing chiral 1,1,2-trisubstituted

arylcyclopropanes by directing group-mediated arylation
via transition-metal-catalyzed tertiary C(sp3)�H activation
to construct quaternary carbon centers.7�9

To achieve this aim required “intermolecular” arylation
of a tertiary carbon of cyclopropane rings via C(sp3)�H
activation (Scheme 1, eq 1). This type of arylation of
tertiary C(sp3) remains extremely elusive; however, there
is only one notable report by Huang’s group in which
highly reactive triarylmethyl carbons were arylated via the
C(sp3)�H activation (Scheme 1, eq 2).10

In cyclopropane chemistry, two “intramolecular” ver-
sions of the Pd(0)-catalyzed direct arylation of the tertiary

Figure 2. Chiral 1,1,2-trisubstituted arylcyclopropanes having a
quaternary carbon center.

Scheme 1. Arylation of Cyclopropanes via C�HActivation for
Constructing a Quaternary Carbon Center

Scheme 2. Synthesis of the Designed Chiral Substrates 1-cis and
1-trans from our Chiral Cyclopropane Units 2-cis and 2-trans

Table 1. Optimization of Reaction Conditions

entry Pd(OAc)2 (mol %) AgX yielda,b (%)

1 10 Ag(OAc)2 95

2 5 Ag(OAc)2 82

3 10 Ag2CO3 75

4 10 Ag3PO4 81

aThese reactions were performed with 0.2 mmol (entry 1) or 0.05
mmol (entries 2�4) of 1-cis. bYields are isolated yield (entries 1 and 2) or
determined by 1H NMR spectra using benzyl alcohol as an internal
standard (entries 3 and 4).(4) (a) Yonezawa,S.;Yamamoto,T.;Yamakawa,H.;Muto,C.;Hosono,
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N.; Yamasaki, Y.; Arisawa,M.; Shuto, S.Org. Biomol. Chem. 2012, 10, 736.
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C(sp3)�H of cyclopropane were reported by Charette’s
and Cramer’s groups, respectively, by which spiro-cyclo-
propane compounds were effectively prepared (Scheme 1,
eqs 3 and 4).11,12 These results suggested that tertiary
C(sp3)�H activation of cyclopropane occurs more
readily, especially in an intramolecularmanner, than usual
C(sp3)�Hactivations, due to its sterically rigid and stereo-
electronically sp2-like properties.13 Thus, we speculated
that selective activation of the tertiary C(sp3)�H of cyclo-
propanes and subsequent “intermolecular” arylation for
constructing a quaternary carbon center on cyclopropanes
might proceed. To this end, we planned to use of the
directing group strategy with a chelating auxiliary to
facilitate the access of the active metal species to the target
tertiary C(sp3)�H of cyclopropanes.
Based on the above-mentioned considerations and ex-

amination of various directing groups, we reached the two
chiral cyclopropane substrates 1-cis and 1-trans having an
8-aminoquinoline auxiliary as a directing group for the
intermolecular arylations to prepare the desired chiral
arylcyclopropanes with both cis- and trans-1,1,2-substi-
tuted structures (Scheme 2). The substrates 1-cis and 1-
trans were effectively prepared from the chiral cis- and
trans-cyclopropane units 2-cis and 2-trans, which we pre-
viously developed (Scheme 2).4e

With the chiral cyclopropane substrates 1-cis and 1-trans
in hand, we investigated the reaction using 1-cis and
4-iodoacetophenone 3a (Table 1). Thus, when the reaction
was performed under the conditions with Pd(OAc)2
(10 mol %) and AgOAc (1.5 equiv) in toluene at 80 �C,
the tertiary C(sp3)�H bond activation of 1-cis occurred
effectively to afford the desired arylation product 5a with
the 1,1,2-trisubstituted cyclopropane structure in 95%
isolated yield (entry 1).14 The reaction proceeded under
lower catalyst loading conditions with 5 mol % of Pd-
(OAc)2, giving 5a in 82%yield (entry 2).Use ofAg2CO3 or
Ag3PO4 instead of AgOAc did not improve the yield of 5a
(entries 3 and 4). Therefore, the optimized conditions were
confirmed to be 10 mol % of Pd(OAc)2, 1.5 equiv of
AgOAc in toluene at 80 �C for 6 h.15

We next examined the scope of the arylation by using
various aryl iodides (3a�n) under the optimized conditions
(Scheme 3).16 Most of the aryl iodides examined reacted
smoothly with 1-cis under the conditions to afford the
correspondingarylationproducts ingoodyields.Substitution
with an electron-withdrawing or electron-donating group at
the para- (3a�d) ormeta-position (3e�g) of aryl iodides was
well-tolerated to give the coupling products in high yields.

For an ortho-substituted aryl iodide (3h), a higher reac-
tion temperature was required to provide the product in
69% yield. Nonsubstituted phenyl iodide (3i) and 2-iodo-
naphthalene (3j) were also good coupling partners to
afford the corresponding products in 83%and 71%yields,
respectively. In the arylation, functional groups, ketone
(3a), ester (3b), aldehyde (3e), phenolic alcohol (3f), ali-
phatic alcohol (3g), and bromide (3d) were tolerated.
Fortunately, the reactions with various aromatic hetero-
cyclic iodides gave the corresponding arylation products in
synthetically useful yields: 3-iodothiophene (3k, 92%) and
5-substituted 1-iodofuran (3l, 76%), unprotected 5-iodoin-
dole (3m, 77%), and5-iodoquinoline (3n, 61%), respectively.
We next investigated the arylation of 1-trans to obtain

chiral arylcyclopropanes with the stereoisomeric 1,1,2-
substituted structures, which would be more challenging
than that of the 1-cis, because both the C�H abstraction
and the subsequent arylation might be impeded by the
steric effects of the adjacent bulky TBDPSOCH2 moiety.
The arylation of 1-trans was optimized with 4-iodoaceto-
phenone 3a (Table 2). The reaction under the conditions
optimized for 1-cis described above successfully produced
the desired coupling product 4a, but the yield was rather
low (entry 1).17 A higher temperature (110 �C) did not
improve the yield (49%, entry 2), and addition of CsOPiv

Scheme 3. Scope of Arylation of 1-cisa

aYields are isolated yields. bThe yield on a 0.2 mmol scale was 82%.
cThe reaction was run for 12 h. dThe reaction was carried out at 100 �C
for 12 h. ePd(OAc)2 (20 mol %) was used.
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was also ineffective (entry 3). We then tested various
acetates as additives18(entries 4�7), and KOAc improved
the yield of 5a (67%, entry 6). Furthermore, we examined
effect of the counteranion and found thatK3PO4 improved
the yield of 5a (75%, entry 8).
Using the optimized conditions, the arylation of 1-trans

with a variety of substituted aryl iodides was tested
(Scheme 4). Aryl iodides with a substituent at the para-
or meta-position furnished the desired coupling products
in 71% to 48% yields (3a�e,g,p), while the ortho-substi-
tuted aryl iodide 3ewas ineffective under these conditions.
The arylation of 1-trans showed excellent functional group
tolerance, and heterocyclic aryl iodides (3n,q) were also
tolerated in the reaction to provide the corresponding
coupling products. The 8-aminoquinoline auxiliary was
effectively removed and provided the corresponding
carboxylic acid in high yield.19

In conclusion, we have successfully developed a metho-
dology of Pd(II)-catalyzed intermolecular directing group-
mediated arylation of cyclopropanes via the tertiary

C(sp3)�H activation for constructing a chiral quaternary
carbon center on cyclopropanes. The arylation had a wide
substrate scope as well as good functional group tolerance
including heterocyclic substrates to provide a variety of
chiral arylcyclopropaneswith both the cis- and trans-1,1,2-
trisubstituted structures.
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Table 2. Reaction Optimization of Arylation of 1-trans

entry temp (�C) additive conva (%) yielda,b (%)

1 80 none 49 41

2 110 none 89 49

3 80 CsOPiv 39 30

4 80 LiOAc 58 51

5 80 NaOAc 51 43

6 80 KOAc 99 67

7 80 CsOAc 59 59

8 80 K2CO3 65 56

9 80 K3PO4 87 75

aYields are isolated yield (entries 1, 2, and 9) or determined by 1H
NMRspectra using benzyl alcohol as an internal standard (entries 3�8).
bAny epimerization of the stereogenic center was not observed in all of
the entries. A trace of diaryl product (less than 5% yield) was obtained
(entries 2, 6, 8, and 9).

Scheme 4. Scope of Arylation of 1-transa

aAll yields are isolated yields, and the numbers in parentheses are
conversion yields. bThe yield on a 0.2 mmol scale was 70%. cThe
reaction was performed at 100 �C for 24 h.
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