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DFT studies on the mechanisms of palladium-catalyzed
intramolecular arylation of a silyl C(sp3)–H bond†‡

Hujun Xie,ab Hong Zhanga and Zhenyang Lin*a

Detailed mechanisms of the intramolecular C(sp3)–C(sp2) bond formation via C(sp3)–H bond activation

of a trimethylsilyl (TMS) substituent catalyzed by palladium(0) complexes have been investigated with

the aid of density functional theory (DFT) calculations. The results reveal that the favorable catalytic

cycle includes oxidative addition, ligand substitution, concerted metalation deprotonation (CMD) and

reductive elimination steps. The CMD was found to be the rate-determining step with an overall free

energy barrier of 26.4 kcal mol�1. For the analogous CMe3-substituted substrate, the C(sp3)–H bond

activation of the CMe3 substituent was calculated to have a high free energy barrier of 29.9 kcal mol�1.

Our calculation results show that during the deprotonation process of the TMS C(sp3)–H bond, the adjacent Si

atom stabilizes the charge accumulated on the C(sp3)–H carbon and facilitates the C(sp3)–H bond activation

due to the ability of Si to engage in Si–C hypervalent bonding.

Introduction

Palladium-catalyzed C–C cross coupling via direct functionalization
of C–H bonds has been the subject of tremendous research activity
over the past few years,1,2 and has been extensively developed for
synthetic applications to make new molecules for pharmaceuticals,
natural products and organic materials.3

The majority of the research work done on the above-
mentioned cross coupling reactions deals with functionalization
of arene and heteroarene C(sp2)–H bonds.4 Relevant research
work involving functionalization of C(sp3)–H bonds has attracted
wide attention in recent years. In 2006, Yu et al.5 developed a
catalytic protocol for C–C bond formation via nitrogen-containing
group-directed Pd(II)-catalyzed alkylation of C(sp3)–H bonds with
either methylboroxine or alkylboronic acids. In 2008, Fagnou
et al.6 reported palladium-catalyzed alkylation of C(sp2)–H and
C(sp3)–H of picoline N-oxide with aryl halides. Review papers
devoted to palladium-catalyzed C(sp3)–H activation/C–C cross
coupling reactions can be found in the literature.7

Significant achievements have been realized in the C–C
bond formation via C(sp3)–H bond activation. However, the
mechanistic understanding of these reactions remains limited.
Clot et al.8 have theoretically investigated the mechanism of the
intramolecular C(sp3)–H bond arylation of 2-bromo-tert-butyl-
benzene to form 1,2-dihydro-2,2-dimethylcyclobutabenzene
using a Pd(0) catalyst. Daugulis et al.9 have experimentally
studied the mechanism of palladium-catalyzed arylation and
alkylation of C(sp2)–H and C(sp3)–H bonds in carboxylic acid
derivatives. Rousseaux et al.10 have experimentally and theoretically
investigated the mechanism of palladium-catalyzed intramolecular
arylation of C(sp3)–H bonds adjacent to amides and sulfonamides.
All of these studies seem to suggest that the C–H bond activation is
crucial and most likely rate-limiting.

Xi et al.11 have recently reported palladium-catalyzed selective
cleavage of a silyl C(sp3)–H bond in a SiMe3 group and consequent
intramolecular silyl C(sp3)–C(sp2) bond formation. It was found
that the silicon atom is important in the activation of the silyl
C(sp3)–H bond, because when the SiMe3 group is substituted by a
CMe3 group, the reaction cannot take place under the same
reaction conditions. In this paper, we will theoretically study
the reaction mechanism with the aid of DFT calculations to
understand the role of the Si atom in this intramolecular cross
coupling reaction.

Computational methods

Molecular geometries of the reactants, intermediates, transition
states, and products were optimized via density functional theory

a Department of Chemistry, The Hong Kong University of Science and Technology,

Clear Water Bay, Kowloon, Hong Kong, People’s Republic of China.

E-mail: chlin@ust.hk
b Department of Applied Chemistry, Zhejiang Gongshang University,

Hangzhou 310035, People’s Republic of China

† This paper is dedicated to Professor Irina Petrovna Beletskaya for her contribution
to metal-catalysed reactions.
‡ Electronic supplementary information (ESI) available: Free energy profiles calculated
for the palladium-catalyzed intramolecular C(sp3)–C(sp2) bond coupling reaction of
CMe3-containing substrates. See DOI: 10.1039/c3nj00531c

Received (in Montpellier, France)
17th May 2013,
Accepted 25th June 2013

DOI: 10.1039/c3nj00531c

www.rsc.org/njc

NJC

PAPER

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
7/

19
/2

01
8 

7:
36

:5
7 

A
M

. 

View Article Online
View Journal  | View Issue

http://dx.doi.org/10.1039/c3nj00531c
https://pubs.rsc.org/en/journals/journal/NJ
https://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ037009


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013 New J. Chem., 2013, 37, 2856--2861 2857

calculations using the hybrid Becke3LYP (B3LYP) method.12

The reliability of the chosen method has been confirmed by
previous work13 and other theoretical studies of Pd-catalyzed
reactions.14 The 6-31g(d) basis set was used for C, O, and
H atoms, while the effective core potentials (ECPs) of Hay and
Wadt with a double-z valence basis set (LanL2DZ)15 were
chosen to describe the Pd, Br, P, and Si atoms. In addition,
polarization functions were added for Pd(zf) = 1.472,16 Br(zd) =
0.389, P(zd) = 0.340, Si(zd) = 0.262.17 Frequency analyses have
been performed to obtain the zero-point energies (ZPE) and
identify all of the stationary points as minima (zero imaginary
frequency) or transition states (one imaginary frequency) on the
potential energy surfaces (PES). Intrinsic reaction coordinate
(IRC) calculations were also performed for the transition states
to confirm that such structures indeed connect two relevant
minima.18 All calculations were performed using the Gaussian
03 software package.19

To consider solvent effects, a continuum medium was
employed to do single point energy calculations for all of the
optimized species, using UAHF radii on the conductor-like
polarizable continuum model (CPCM).20 Toluene was used as
the solvent, according to the experimental reaction conditions.
In this paper, solvation-corrected relative free energies were
used to analyze the reaction mechanisms.

To examine the basis set dependence, we used 6-31++G(d,p)
for C, O and H atoms instead to carry our single-point energy
calculations for the most important steps 3 - TS3 and 3_C -

TS3_C. Using the 6-31++G(d,p) basis set, the electronic energy
barriers for 3 - TS3 and 3_C - TS3_C were calculated to be
28.3 and 31.5 kcal mol�1, respectively, similar to those (27.0
and 30.8 kcal mol�1) obtained using the 6-31g(d) basis set.
Clearly, the basis set dependence is insignificant.

Results and discussion
Mechanism of the intramolecular C–C cross coupling reaction

Preliminary experimental results allowed Xi and coworkers to
propose a mechanism (Scheme 1),11 which consists of oxidative
addition, deprotonation and reductive elimination, to account
for the Pd-catalyzed selective cleavage of the silyl C(sp3)–H bond

in a SiMe3 group and intramolecular C(sp3)–C(sp2) bond formation
(eqn (1)). Herein, we perform DFT calculations to explore the
mechanism in detail.

(1)

On the basis of the recent experimental studies,11 we first
consider the oxidative addition process. Experimentally, tri-tert-
butylphosphine (t-Bu3P) was used. Considering the bulkiness of
the phosphine ligand, we expect that a monophosphine Pd(0)
complex is the active species as found experimentally.21 There-
fore, we used complex 1 as the starting Pd(0) complex in the
oxidative addition process (Fig. 1). From complex 1, oxidative
addition occurs to afford intermediate 2 (Fig. 1). The structures
of 1 and the transition state TS1 with selected structural
parameters are displayed in Fig. 2. As shown in Fig. 1, oxidative
addition occurs directly via the three-membered transition
state TS1 from 1 to form 2, with a barrier of 7.5 kcal mol�1.
The C–Br, Pd–Br and C–Pd bond lengths in TS1 were calculated
to be 2.258, 2.650 and 2.053 Å, respectively (Fig. 2).

Starting from intermediate 2, two deprotonation pathways
are possible, which are closely related to concerted metalation
deprotonation (CMD) discussed in the literature.22 Fig. 3 shows

Scheme 1 A proposed catalytic cycle for the intramolecular silyl C(sp3)–C(sp2)
bond coupling reaction shown in eqn (1).

Fig. 1 The energy profile calculated for the oxidative addition step. The solvation-
corrected relative free energies and electronic energies (in parentheses) are given
in kcal mol�1.

Fig. 2 Optimized structures for selected species involved in the oxidative
addition step shown in Fig. 1.
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the free energy profiles calculated for the two possible pathways.
Selected optimized structures are presented in Fig. 4.

Path A shown in Fig. 3 considers proton abstraction directly
by the bromide ligand. Clearly, this pathway is energetically very
unfavorable, suggesting that the bromide is not basic enough to
facilitate the deprotonation process. Path B considers a ligand
substitution of tBuO� for Br� prior to deprotonation, giving

intermediate 3 in which tBuO� replaces Br�. Path B has a barrier
of 26.4 kcal mol�1, leading to the formation of intermediate 4.

From intermediate 4, reductive elimination with an intra-
molecular C(sp3)–C(sp2) bond coupling occurs with a barrier of
6.9 kcal mol�1. Finally, re-coordination of substrates, accompanied
by the release of the product molecule, regenerates the
palladium(0) complex 1.

Based on the calculation results discussed above, a detailed
version of the catalytic cycle is given in Fig. 5. The reaction
mechanism consists of four major parts: (1) oxidative addition
of the C–Br bond to give an arylpalladium intermediate 2;
(2) ligand substitution of OtBu� for Br� to form intermediate 3
containing an OtBu� ligand; (3) a CMD step generates a seven-
membered palladacycle intermediate 4; (4) finally reductive
elimination gives the six-membered silacycle product and
regenerates the active species 1. The CMD step is rate-determining
and the overall rate-determining free energy barrier was calculated
to be 26.4 kcal mol�1 (the energy of TS3 relative to 3 in Fig. 3). The
rate-determining barrier of 26.4 kcal mol�1 is moderately high,
consistent with experimental conditions of 120 1C.11

The role of Si in the intramolecular cross coupling reaction

As mentioned in the Introduction, when the SiMe3 group in the
substrate is substituted by a CMe3 group, no cross coupling reaction
was observed in the experiments (Scheme 2).11 To investigate the
role played by the Si atom of the SiMe3 group in the intramolecular
cross coupling reaction, we also calculated the free energy profile of
the corresponding palladium-catalyzed C–C bond coupling reaction
for the CMe3-containing substrate. The complete free energy profile
is given in the ESI.‡ Here, we only provide the energies associated
with the rate-determining step (Fig. 6) and the calculated structures
for the relevant species (Fig. 7).

Fig. 6 shows that the CMe3-substituted substrate gives a rate-
determining free energy barrier of 29.9 kcal mol�1 (the energy
of TS3_C relative to 3_C). The barrier difference (3.5 kcal mol�1)

Fig. 3 The energy profile calculated for the deprotonation process starting from
intermediate 2. The solvation-corrected relative free energies and electronic
energies (in parentheses) are given in kcal mol�1.

Fig. 4 Optimized structures for selected species involved in the deprotonation
process calculated and shown in Fig. 3. The hydrogen atoms associated with
PtBu3, OtBu and the substrate RBr have been omitted for the purpose of clarity.

Fig. 5 A detailed catalytic cycle for the intramolecular C(sp3)–C(sp2) bond
coupling reaction shown in eqn (1).
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can give a multiplicative difference of about 102 in the reaction
rate if we assume an Arrhenius expression for the rate constant
and similar preexponential factors, explaining the experimental
observation illustrated in Scheme 2. Experimentally, the reaction for
the SiMe3-substituted substrate took 12 hours to achieve a yield of
74%.11 Given the difference in the reaction rate, we can understand
that the corresponding reaction was not observed experimentally for
the CMe3-substituted substrate.

The next important question is why there is such a rate-
determining barrier difference for the two different substrates.
Examining the rate-determining transition structures TS3

(Fig. 4) and TS3_C (Fig. 7), we believe that the ability of Si to
be hypervalent is the key to such a significant difference. The
rate-determining transition states correspond to C–H deproto-
nation by the ButO� ligand. Therefore, in the transition states,
it is expected that the C–H carbon atom would accumulate
negative charge. In the rate-determining transition structure
TS3 for the coupling reaction of the SiMe3-substituted sub-
strate, the silicon atom is able to stabilize the negatively
charged carbon atom through Si–C hypervalent bonding inter-
action. Indeed, the natural atomic charges on the C–H carbon
atoms for TS3 and TS3_C were calculated to be �1.367 and
�0.814, respectively, consistent with the hypervalent bonding
interaction argument given above. Furthermore, the calculated
transition state structural parameters (TS3, Fig. 4) show clearly
that the relevant Si–C bond (1.879 Å) is noticeably shorter than
the other three Si–C bonds (1.892, 1.896 and 1.906 Å). In
contrast, in the rate-determining transition structure TS3_C

(Fig. 7) for the coupling reaction of the CMe3-substituted
substrate, where hypervalent interaction is not possible, the
corresponding C–C bond (1.557 Å) is slightly longer than the
other three C–C bonds (1.546, 1.553, 1.551 Å).

Conclusions

The detailed mechanisms of the palladium-catalyzed intra-
molecular C(sp3)–C(sp2) bond formation reaction via silyl
C(sp3)–H bond activation have been investigated with the aid
of density functional theory calculations. The computational
results are consistent with a catalytic cycle that includes: (1)
oxidative addition of the C–Br bond to yield an arylpalladium
intermediate, (2) ligand substitution of OtBu� for Br� to form
the intermediate LPd(Ar)(OtBu), (3) concerted metalation
deprotonation (CMD) to produce a seven-membered pallada-
cycle intermediate, and (4) reductive elimination to give the six-
membered silacycle product and regenerate the active species.
The CMD was found to be the rate-determining step with an
overall free energy barrier of 26.4 kcal mol�1. The CMD process
for the C(sp3)–H bond of an analogous substrate having a CMe3

substituent (instead of a trimethylsilyl substituent) was
calculated to have a very high overall free energy barrier of
29.9 kcal mol�1, consistent with the experimental results that
the corresponding intramolecular C(sp3)–C(sp2) bond formation
reaction for such a substrate did not occur. The ability of the Si
atom to engage in Si–C hypervalent bonding is essential for the

Scheme 2 Importance of Si in the palladium-catalyzed intramolecular C(sp3)–
C(sp2) cross coupling reaction.

Fig. 6 The energy profile calculated for the CMD step in the palladium-
catalyzed intramolecular C(sp3)–C(sp2) cross coupling reaction of the CMe3-
containing substrate. The solvation-corrected relative free energies and electronic
energies (in parentheses) are given in kcal mol�1.

Fig. 7 Optimized structures for selected species involved in the deprotonation
process calculated and shown in Fig. 6. The hydrogen atoms associated with
PtBu3, OtBu and the substrate RBr have been omitted for the purpose of clarity.
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deprotonation of the TMS C(sp3)–H bond, which can stabilize
the transition state structure and facilitate the CMD process.

Acknowledgements

This work was supported by the Research Grants Council of
Hong Kong (HKUST603711) and the National Natural Science
Foundation of China (no. 21203166).

Notes and references

1 (a) D. Balcells, E. Clot and O. Eisenstein, Chem. Rev., 2010,
110, 749; (b) C. H. Park, V. Ryabova, I. V. Seregin,
A. W. Sromek and V. Gevorgyan, Org. Lett., 2004, 6, 1159;
(c) B. B. Toure, B. S. Lane and D. Sames, Org. Lett., 2006,
8, 1979; (d) K. J. Stowers, K. C. Fortner and M. S. Sanford,
J. Am. Chem. Soc., 2011, 133, 6541; (e) M. Miura, T. Tsuda,
T. Satoh, S. Pivsa-Art and M. Nomura, J. Org. Chem.,
1998, 63, 5211; ( f ) S. Lin, C. X. Song, G. X. Cai,
W. H. Wang and Z. J. Shi, J. Am. Chem. Soc., 2008,
130, 12901; (g) D. Shabashov and O. Daugulis, J. Am. Chem.
Soc., 2010, 132, 3965; (h) V. D. Zaitsev, D. Shabashov and
O. Daugulis, J. Am. Chem. Soc., 2005, 127, 13154.

2 (a) R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-Kreutzer and
O. Baudoin, Chem.–Eur. J., 2010, 16, 2654; (b) L. McMurray,
F. O’Hara and M. J. Gaunt, Chem. Soc. Rev., 2011, 40, 1885;
(c) I. A. I. Mkhalid, J. H. Barnard, T. B. Marder, J. M. Murphy
and J. F. Hartwig, Chem. Rev., 2010, 110, 890; (d) S. Y. Zhang,
F. M. Zhang and Y. Q. Tu, Chem. Soc. Rev., 2011, 40, 1937;
(e) L. Sun, B. J. Li and Z. J. Shi, Chem. Rev., 2011, 111, 1293;
( f ) T. P. Liu, C. H. Xing and Q. S. Hu, Angew. Chem., Int. Ed.,
2010, 49, 2909; (g) G. Dyker, Angew. Chem., Int. Ed., 1992,
31, 1023.

3 (a) M. Wasa, K. M. Engle and J. Q. Yu, J. Am. Chem. Soc.,
2010, 132, 3680; (b) B. F. Shi, N. Maugel, Y. H Zhang and
J. Q. Yu, Angew. Chem., Int. Ed., 2008, 47, 4882; (c) C. C. C. J.
Seechurn, M. O. Kitching, T. J. Colacot and V. Snieckus,
Angew. Chem., Int. Ed., 2012, 51, 5062; (d) P. Larini,
C. E. Kefalidis, R. Jazzar, A. Renaudat, E. Clot and
O. Baudoin, Chem.–Eur. J., 2012, 18, 1932; (e) T. E. Barder,
S. D. Walker, J. R. Martinelli and S. L. Buchwald, J. Am.
Chem. Soc., 2005, 127, 4685; ( f ) M. Lautens, D. Alberico,
C. Bressy, Y. Q. Fang, B. Mariampillai and T. Wilhelm, Pure
Appl. Chem., 2006, 78, 351; (g) D. S. Surry and
S. L. Buchwald, Angew. Chem., Int. Ed., 2008, 47, 6338;
(h) C. Bressy, D. Alberico and M. Lautens, J. Am. Chem.
Soc., 2005, 127, 13148; (i) A. Rudolph, N. Rackelmann and
M. Lautens, Angew. Chem., Int. Ed., 2007, 46, 1485.

4 (a) T. Itahara, M. Ikeda and T. Sakakibara, J. Chem. Soc.,
Perkin Trans. 1, 1983, 1361; (b) B. M. Trost and F. D. Toste,
J. Am. Chem. Soc., 1996, 118, 6305; (c) E. M. Ferreira and
B. M. Stoltz, J. Am. Chem. Soc., 2003, 125, 9578; (d) J. J. Li,
T. S. Mei and J. Q. Yu, Angew. Chem., Int. Ed., 2008, 47, 6452;
(e) S. H. Cho, S. J. Hwang and S. Chang, J. Am. Chem. Soc.,
2008, 130, 9254; ( f ) Y. H. Zhang, B. F. Shi and J. Q. Yu,
J. Am. Chem. Soc., 2009, 131, 5027.

5 (a) X. Chen, J. J. Li, X. S. Hao, C. E. Goodhue and J. Q. Yu,
J. Am. Chem. Soc., 2006, 128, 78; (b) X. Chen, C. E. Goodhue
and J. Q. Yu, J. Am. Chem. Soc., 2006, 128, 12634.

6 L. C. Campeau, D. J. Schipper and K. Fagnou, J. Am. Chem.
Soc., 2008, 130, 3266.

7 (a) H. Li, B. J. Li and Z. J. Shi, Catal. Sci. Technol., 2011,
1, 191; (b) R. Jazzar, J. Hitce, A. Renaudat, J. Sofack-Kreutzer
and O. Baudoin, Chem.–Eur. J., 2010, 16, 2654; (c) X. Chen,
K. M. Engle, D. H. Wang and J. Q. Yu, Angew. Chem.,
Int. Ed., 2009, 48, 5094; (d) K. M. Engle, T. S. Mei,
M. Wasa and J.Q. Yu, Acc. Chem. Res., 2012, 45, 788;
(e) S. R. Neufeldt and M. S. Sanford, Acc. Chem. Res., 2012,
45, 936; ( f ) A. N. Campbell and S. S. Stahl, Acc. Chem. Res.,
2012, 45, 851.

8 C. E. Kefalidis, O. Baudoin and E. Clot, Dalton Trans., 2010,
39, 10528.

9 D. Shabashov and O. Daugulis, J. Am. Chem. Soc., 2010,
132, 3965.

10 S. Rousseaux, S. I. Gorelsky, B. K. W. Chung and K. Fagnou,
J. Am. Chem. Soc., 2010, 132, 10692.

11 Y. Liang, W. Z. Geng, J. N. Wei, K. B. Ouyang and Z. F. Xi,
Org. Biomol. Chem., 2012, 10, 1537.

12 (a) A. D. Becke, J. Chem. Phys., 1993, 98, 5648; (b) C. Lee,
W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter Mater.
Phys., 1988, 37, 785; (c) A. D. Becke, J. Chem. Phys., 1993,
98, 1372; (d) A. D. Becke, Phys. Rev. B: Condens. Matter Mater.
Phys., 1988, 38, 3098.

13 (a) S. Y. Tang, Q. X. Guo and Y. Fu, Chem.–Eur. J., 2011,
49, 13866; (b) M. Perez-Rodriguez, A. A. C. Braga, A. R. de
Lera, F. Maseras, R. Alvarez and P. Espinet, Organometallics,
2010, 29, 4983; (c) P. Surawatanawong and M. B. Hall,
Organometallics, 2008, 27, 6222.

14 (a) K. C. Lam, T. B. Marder and Z. Y. Lin, Organometallics,
2010, 29, 1849; (b) L. Q. Xue and Z. Y. Lin, Chem. Soc. Rev.,
2010, 39, 1692; (c) H. Z. Yu, Y. Fu, Q. X. Guo and Z. Y. Lin,
Organometallics, 2009, 28, 4507; (d) T. Bai, L. Q. Xue, P. Xue,
J. Zhu, H. H. Y. Sung, S. M. Ma, I. D. Wiliams, Z. Y. Lin and
G. C. Jia, Organometallics, 2008, 27, 2614; (e) W. X. Zheng,
A. Ariafard and Z. Y. Lin, Organometallics, 2008, 27, 246;
( f ) K. C. Lam, T. B. Marder and Z. Y. Lin, Organometallics,
2007, 26, 758; (g) A. Ariafard and Z. Y. Lin, J. Am. Chem. Soc.,
2006, 128, 13010.

15 (a) C. E. Check, T. O. Faust, J. M. Bailey, B. J. Wright, T. M.
Gilbert and L. S. Sunderlin, J. Phys. Chem. A, 2001, 105, 8111;
(b) P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299.

16 A. W. Ehlers, M. Bohme, S. Dapprich, A. Gobbi, A. Hollwarth,
V. Jonas, K. F. Kohler, R. Stegmann, A. Veldkamp and
G. Frenking, Chem. Phys. Lett., 1993, 208, 111.

17 S. Huzinaga, Gaussian Basis Sets for Molecular Calculations,
Elsevier Science Pub. Co., Amsterdam, 1984.

18 (a) K. Fukui, J. Phys. Chem., 1970, 74, 4161; (b) K. Fukui,
Acc. Chem. Res., 1981, 14, 363.

19 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery Jr.,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi,

NJC Paper

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
7/

19
/2

01
8 

7:
36

:5
7 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c3nj00531c


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013 New J. Chem., 2013, 37, 2856--2861 2861

V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala,
Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu,
A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin,
D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon,
E. S. Replogle and J. A. Pople, GAUSSIAN 03, Revision B. 05,
Gaussian, Inc., Wallingford, CT, 2004.

20 (a) V. Barone and M. Cossi, J. Phys. Chem. A, 1998, 102, 1995;
(b) M. Cossi, N. Rega, G. Scalmani and V. Barone, J. Comput.
Chem., 2003, 24, 669.

21 (a) J. F. Hartwig and F. Paul, J. Am. Chem. Soc., 1995,
117, 5373; (b) J. P. Stambuli, M. Bühl and J. F. Hartwig,
J. Am. Chem. Soc., 2002, 124, 9346.

22 (a) S. I. Gorelsky, Organometallics, 2012, 31, 4631; (b) S. I.
Gorelsky, Coord. Chem. Rev., 2013, 257, 153; (c) L. Ackermann,
Chem. Rev., 2011, 111, 1315; (d) S. I. Gorelsky, D. Lapointe and
K. Fagnou, J. Am. Chem. Soc., 2008, 130, 10848.

Paper NJC

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 X
ia

m
en

 U
ni

ve
rs

ity
 o

n 
7/

19
/2

01
8 

7:
36

:5
7 

A
M

. 
View Article Online

http://dx.doi.org/10.1039/c3nj00531c

