
lable at ScienceDirect

Tetrahedron 66 (2010) 9703e9707
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
Pyrrolidine-ureas as bifunctional organocatalysts for asymmetric Michael
addition of ketone to nitroalkenes: unexpected hydrogen bonding effect

Xiao-Yu Cao a,b, Jun-Cheng Zheng a, Yu-Xue Li a,*, Zhen-Cao Shu a, Xiu-Li Sun a, Bi-Qin Wang b,*,
Yong Tang a,*

a State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai 200032, China
bCollege of Chemistry and Materials Science, Sichuan Normal University, Chengdu 610066, China
a r t i c l e i n f o

Article history:
Received 14 August 2010
Received in revised form 2 October 2010
Accepted 15 October 2010
Available online 8 November 2010

Keywords:
Pyrrolidine-urea
Bifunctional
Organocatalyst
Michael addition
Nitroalkene
* Corresponding authors. E-mail address: tangy@m

0040-4020/$ e see front matter � 2010 Elsevier Ltd.
doi:10.1016/j.tet.2010.10.038
a b s t r a c t

A series of pyrrolidine-urea bifunctional organocatalysts was efficiently synthesized and applied to the
asymmetricMichael addition of ketone to nitroolefin. Theoretical studywas performed to shed light on the
origin of their different activities and revealed that the rigid structure formed between catalyst 1b with
nitroolefin via double hydrogen bonding retarded the approach of nucleophilic enamine intermediate.

� 2010 Elsevier Ltd. All rights reserved.
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Fig. 1. Pyrrolidine-urea bifunctional organocatalysts 1aeh.
1. Introduction

During the last decade, organocatalysis has been developed into
one of the most active and attractive research fields in asymmetric
organic synthesis.1,2 In this context, much attention has been paid
to the development of efficient organocatalysts by understanding
their working mechanism. Of the developed organocatalysts, pyr-
rolidine scaffold,1,2 and (thio)ureas3 moieties have proven to be
powerful and applied successfully to asymmetric reactions in-
volving carbonyl and/or nitro groups. Recently, we designed and
synthesized pyrrolidine-(thio)urea bifunctional organocatalysts
1a and 1b (Fig. 1),4 which turned out to be efficient for the asym-
metric Michael reaction of cyclohexanone with both aryl- and
alkylnitroolefins to give the adducts in high yields with high dia-
stereo- and enantio-selectivities.4a In our continued efforts toward
understanding the catalytic mechanism of them,5 a series of
structural related chiral molecules 1ceh (Scheme 1) were synthe-
sized and subjected to the Michael addition6 between ketone and
nitroolefins.7 Surprisingly, catalysts 1cee with only one hydrogen
bond proved to be better than 1b, which can donate two hydrogen
bonds. Herein, we wish to report the detailed results.
ail.sioc.ac.cn (Y. Tang).
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2. Results and discussion

The synthesis of pyrrolidine-urea catalysts 1cehwas commenced
with the coupling between known N-Boc-protected (S)-2-amino-
methyl-pyrrolidine 28 and commercially available 3,5-bis(tri-
fluoromethyl)phenyl isocyanate, yielding compound 3 (Scheme 1).
Mono- and bis-alkylation at nitrogen atoms of ureamoiety in 3 led to



Ν
Boc

NH2

2

O C N
Ar

Et3N, THF, rt
N
H

N
H

O
Ar

N
Boc

3

1) NaH (1.0 equiv)
RI (1.5 equiv), THF

1) NaH (10 equiv)
RI (10 equiv), THF

Ar = 3,5-bis(trifluoromethyl)phenyl

N
H

N

O
Ar

N R

4c: R= Bn
4d: R= Et
4e: R= Me

N N

O
Ar

N RR

4f: R= Bn
4g: R= Et
4h: R= Me

Boc

Boc

85 %

82 %

99 %

99 %
98 %

70 %
50 %

Scheme 1. Synthesis of pyrrolidine-urea catalysts.

Table 2
Asymmetric Michael addition of cyclohexanone 5 and nitroolefin 6 catalyzed by
organocatalyst 1ca.
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N-Boc-protected 4ceh, which were treated with TFA to provide the
desired pyrrolidine-urea catalysts 1ceh.9,10 The exact position of
benzyl group in 1cwas determined by X-ray analysis of its precursor
N-Boc-protected 4c.9

With the above organocatalysts in hand, we then set out to
evaluate their performance in asymmetric Michael addition by
using cyclohexanone 5a and nitroolefin 6a as model substrates
under previously optimized conditions.4a As shown in Table 1, the
addition of acid did not substantially influence theMichael addition
(entries 2, 5, 7). Catalysts 1beh all gave excellent syn/anti ratio and
ees, however, important difference in reaction rate was observed.
When catalyst 1bwith two hydrogen bonds was used, 5 days were
needed to achieve 100% conversion of 6a and the syn-isomer of
adduct was isolated in 76% yield (entry 1). To our surprise, im-
proved efficiency could be obtained without deteriorating dia-
stereo- and enantio-selectivities when catalysts 1cee (entries 2e4)
were employed. Catalyst 1c proved to be themost efficient one, 93%
yield of syn-isomer with 94% ee could be achieved in 11 h in the
presence of 20 mol % of catalyst 1c (entry 2).
Table 1
Asymmetric Michael addition of cyclohexanone 5a and nitroolefin 6a catalyzed by
organocatalysts 1beha.

O

5a

+
ClCl

NO2
Cat. (20 mol%)

neat, 0 oC

O
NO2

C6H3-2,4-Cl2

7a6a

Entry Catalyst t/h Yield (%)b syn/antic ee (%)d

1 1b 120 76 >50/1 95
2 1c 11 (10)e 93 (91)e >50/1 (>50/1)e 94 (96)e

3 1d 21 95 >50/1 94
4 1e 23 91 >50/1 94
5 1f 96 (96)e 96 (93)e >50/1 (>50/1)e 95 (96)e

6 1g 120 80 >50/1 95
7 1h 72 (72)e 93 (92)e >50/1 (>50/1)e 93 (94)e

8f 1c 72 73 (78)g >50/1 96
9h 1c 9 88 >50/1 94
10i 1c 20 96 >50/1 96
11j 1c 49 91 >50/1 95
12k 1c 9 days 79 (83)g >50/1 89

a All reactions were carried out using 5a (20 equiv) and 6a (0.25 mmol, 1 equiv) in
the presence of 20 mol % of catalyst at 0�C.

b Isolated yield of syn-isomer.
c Determined by 1H NMR.
d Determined by chiral HPLC analysis for syn-isomer.
e Data in brackets were results when butyric acid (10 mol %) was added.
f �25�C.
g Conversion of 6a.
h 25�C.
i 15 mol % of 1c.
j 10 mol % of 1c.
k 5 mol % of 1c.
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5 h 94 >50/1 96
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38 h 96 >50/1 94
(7 days)e (50)e (50/1)e (94)e
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5 days 94 >50/1 92
(5 days)e (21)e (50/1)e (81)e
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10 days 34 74/26 83(73)f

(22 days)e (Trace)e d d
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7h

5 days 41 d 54
(7 days)e (23)e (55)e

9
O

NO2

C6H5

7i

9 days 42 d 75
(9 days)e (Trace)e

a All reactions were carried out using 5 (20 equiv) and 6 (0.25 mmol, 1 equiv) in
the presence of 20 mol % of 1c at 0�C.

b Isolated yield of syn-isomer.
c Determined by 1H NMR.
d Determined by chiral HPLC analysis for syn-isomer.
e Data in brackets were the results when 1b was used.
f ee for anti-isomer.
The effect of temperature was then studied. Slightly improved
ee could be observed by lowering the temperature from 0 �C to
�25 �C (Table 1, entry 8) but the reaction was slowed down sig-
nificantly. Elevating temperature to 25 �C results in a further short
time to complete the reaction and the enantioselectivity was not
influenced (entry 9). When the loading of 1c was reduced to
15 mol % or 10 mol %, the excellent syn/anti ratio and ee could be
maintained although more time was needed to complete the re-
action (entries 10 and 11). Further lowering the loading of 1c to
5 mol % led to a sluggish process with only 83% conversion, even
when the reaction time was prolonged to 9 days (entry 12).

Having established optimal conditions, a survey of the scope and
limitations of this asymmetric Michael addition was carried out by
employing both 1b and 1c. As summarized in Table 2, various
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nitroolefins reacted smoothly with cyclohexanone with excellent
diastereoselectivities and high enantioselectivities in the presence
of catalyst 1c (entries 1e5). Noticeably, alkylnitroolefin (E)-3-
methyl-1-nitrobut-1-ene was a suitable substrate in this reaction,
furnishing the desired product with high syn/anti ratio (>50/1) and
ee (92%) in 94% yield (entry 5), which gave much better results than
the corresponding pyrrolidine-urea catalyst 1b used (footnote e in
Table 2).

The asymmetric addition of other ketones and aldehyde to
nitrostyrene 6b using 1c as a catalyst was also investigated (Table 2,
entries 6e9). It was found that dihydro-2H-pyran-4(3H)-one also
participated in the asymmetric process smoothly, affording the
corresponding adduct in 87% ee and 88% yield with syn/anti ratio as
>50/1 (entry 6). The ring size of cyclic ketones strongly affected not
only the reaction rate but also the stereoselectivity. For example,
the reaction of cyclopentanone gave only 34% yield of syn-isomer
N
N N

O

BnH
Ph

O
N O

Ph Re face

Re face

Ar = 3,5-bis(trifluoromethyl)phenyl

Fig. 2. Proposed transition state model involving catalyst 1c.

Fig. 3. The optimized intermediates and transition states for 1b and 1c systems. The select
DGsol(273.15 K), the distortion energies DEdist, and the contribution of DS to DG (�TDS, T¼2
with 83% ee in 10 days (entry 7). However, no adduct derived from
cyclopentanone was observed when using 1b as a catalyst instead
of 1c (entry 7). For the reaction of acetone and isobutyl aldehyde,
moderate yields and ees could be obtained (entries 8e9). In most
cases, improved reaction rates could be observed when 1c was
employed instead of 1b. Thus, mono-Bn substituted pyrrolidine-
urea 1c proved to be more efficient than its precursor 1b that was
reported as a good catalyst for this protocol.4a

On the basis of the experimental results described above and
documented mechanism related with nucleophilic ketone en-
amines,1,2 a stereochemical model was proposed. As shown in
Fig. 2, pyrrolidine-urea catalyst 1cworked as a bifunctional catalyst.
The pyrrolidine reacted with ketone to form an enamine and the
urea moiety activated nitroolefin via hydrogen bonding. Sub-
sequent CeC bond formation occurred between the Re-face of en-
amine and the Re-face of trans-b-nitroolefin to afford the Michael
adduct, which was consistent with the observed stereochemistry.

As demonstrated above, the catalytic activity of 1cwith only one
hydrogen bond was much higher than that of 1b, which has two
hydrogen bonds. This is inconsistent with most documented urea
catalysts utilizing hydrogen bonding for the asymmetric Michael
addition of ketone and aldehyde with nitroolefins, where dual
hydrogen bonding was proposed to be preferred in transition state
models.5 In order to understand the difference between organo-
catalysts 1b and 1c, density functional theory (DFT)11 studies have
been performed with the Gaussian 03 program12 using the B3LYP13

method and the 6-31G** basis set. Reaction of cyclohexanone 5a
with trans-b-nitrostyrene 6b was studied. For each optimized
structure, a harmonic vibrational frequency calculation was carried
out and thermal corrections were made. All structures were shown
to be either transition states (with one imaginary frequency) or
ed bond lengths (in angstroms), and the relative free energies including solvent effect
73.15 K) are in kcal/mol. Calculated at B3LYP/6-31G** level.
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local minima (with no imaginary frequency). The solvent effect of
the cyclohexanone itself was estimated using IEFPCM14 method
(UAHF atomic radii) in acetone (3¼20.7) with the gas-phase opti-
mized structures. The difference of the reaction barrier between 1b
and 1c systems is expected to be very small (about 1.3 kcal/mol). It
is difficult to calculate the absolute reaction barrier accurately and
to compare the barriers of two different systems. Nevertheless, the
following discussion should be helpful to rationalize the experi-
mental observations.

Models Int-2H/TS-2H, and Int-HBn/TS-HBn are used in the cal-
culation for 1b and 1c systems, respectively. The optimized struc-
tures are shown in Fig. 3. The distortion energy DEdist are defined as
the energies required to distort the intermediates into the transi-
tion state geometries.7m,15 The contribution of DS to DG (�TDS,
T¼273.15 K), and the relative free energies including solvent effect
(DGsol, 273.15 K) are also given. The structures of Int-2H and TS-2H
were constructed based on the former studies.4 In Int-HBn and TS-
HBn, the initial conformation of the Bn group was kept the same as
that in N-Boc-protected catalyst 4c, which has been characterized
by X-ray crystallography.9

Multi hydrogen bonds will benefit the activation of the nitro-
olefin and will stabilize the negative charges on the oxygen atom of
the nitro group in the transition state. These effects will lower the
reaction barrier. However, multi hydrogen bonds can also stabilize
the intermediate, which causes larger entropy loss and will require
larger distortion energy (DEdist) to distort their geometries into the
transition states. These effects increase the reaction barrier. In Int-
HBn, there is only one hydrogen bond between one hydrogen atom
of the urea group and one oxygen atom of the nitro group. This
structure is flexible and the nitroolefin is parallel to the enamine,
indicating that the reaction center C2 approaches C1 easily.
Whereas in Int-2H, there are two strong hydrogen bonds and in this
rigid structure, the nitroolefin and the enamine are vertical to each
other. Therefore, compared with the 1c system, large distortion and
strain energy arosed when the reaction center approaches each
other (DEdist, 45.0 vs 40.5 kcal/mol). Further more, in the transition
state, the structure becomes more rigid and the larger entropy loss
leads to energy increasing (�TDS, 5.8 vs 3.8 kcal/mol). Thus, the
activity of 1c is relatively higher than 1b, which could explain the
experimental results very well.

3. Conclusion

In conclusion, we have synthesized several pyrrolidine-urea bi-
functional organocatalysts and found catalyst 1c with single hydro-
gen bond was superior to catalyst 1b, which contains two hydrogen
bonds in the asymmetricMichael addition of ketonewith nitroolefin.
Theoretical study was performed to shed light on the origin of their
difference. The rigid structure formed between catalyst 1b with
nitroolefin via double hydrogen bonding retarded the approach of
nucleophilic enamine intermediate. These results provide valuable
insight into the functionof hydrogenbonding andmight behelpful in
the development of new and more efficient organocatalysts.

4. Experimental section

4.1. General

Representative procedure for the Michael addition of cyclo-
hexanone 5a to nitroolefin 6a. Catalyst 1c (22.0 mg, 0.05 mmol) in
cyclohexanone (0.5 mL, 5.0 mmol) was stirred for 15 min at 0 �C,
and then nitroolefin 6a (55.0 mg, 0.25 mmol) was added. The re-
action was stirred at 0 �C until nitroolefin 6a was consumed
(monitored by TLC). The resulting mixture was concentrated under
reduced pressure and the residue was then subjected to flash
chromatography (petroleum/EtOAc¼1/4) to give the product 7a.
Yield: 73 mg (93%), syn/anti¼50/1, 94% ee, determined by HPLC
analysis (Chiralcel AS, i-PrOH/hexane¼10/90, 0.8 mL/min, 238 nm;
tr (minor)¼12.63 min, tr (major)¼18.01 min); 1H NMR (400 MHz,
CDCl3): d 7.40 (d, J¼2.4 Hz, 1H), 7.26e7.16 (m, 2H), 4.89e4.87 (m,
2H), 4.25e4.23 (m, 1H), 2.81e2.90 (m, 1H), 2.49e2.37 (m, 2H),
2.13e2.09 (m, 1H), 1.85e1.81 (m, 1H), 1.74e1.70 (m, 2H), 1.67e1.58
(m, 1H), 1.35e1.25 (m, 1H).

Acknowledgements

We are grateful for the financial support from the National
Natural Science Foundation of China (No. 20821002 and
20932008), the Major State Basic Research Development Program
(Grant No. 2009CB825300), the Chinese Academy of Sciences, and
the Science and Technology Commission of Shanghai Municipality
(No. 10ZR1437000).

Supplementary data

Characterization data for all new compounds, full experimental
details, CIF file for 4c, and chiral HPLC spectra of 7. Supplementary
data related to this article can be found online at doi:10.1016/
j.tet.2010.10.038.

References and notes

1. Special issues on asymmetric organocatalysis, see: (a) Acc. Chem. Res. 2004, 37;
(b) Adv. Synth. Catal. 2004, 346; (c) Berkessel, A.; Gr€oger, H. Asymmetric Orga-
nocatalysis; from Biomimetic Concepts to Applications in Asymmetric Synthesis;
Wiley-VCH: Weinheim, Germany, 2005; (d) Chem. Rev. 2007, 107; (e) Enantio-
selective Organocatalysis; Dalko, P. I., Ed.; Wiley-VCH: Weinheim, Germany,
2007.

2. Selected reviews on organocatalysis, see: (a) List, B.; Yang, J. W. Science 2006,
313, 1584; (b) Enders, D.; Grondal, C.; H€uttl, M. R. M. Angew. Chem., Int. Ed. 2007,
46, 1570; (c) MacMillan, D. W. C. Nature 2008, 455, 304; (d) Dondoni, A.; Massi,
A. Angew. Chem., Int. Ed. 2008, 47, 4638; (e) Bertelsen, S.; Jørgensen, K. A. Chem.
Soc. Rev. 2009, 38, 2178; (f) Grondal, C.; Jeanty, M.; Enders, D. Nat. Chem. 2010, 2,
167; (g) Bart�ok, M. Chem. Rev. 2010, 110, 1663.

3. Recent reviews on (thio)urea in asymmetric organocatalysis, see: (a) Taylor, M.
S.; Jacobsen, E. N. Angew. Chem., Int. Ed. 2006, 45, 1520; (b) Doyle, A. G.; Ja-
cobsen, E. N. Chem. Rev. 2007, 107, 5713; (c) Connon, S. J. Synlett 2009, 345; (d)
Zhang, Z.; Schreiner, P. R. Chem. Soc. Rev. 2009, 38, 1187.

4. (a) Cao, C.-L.; Ye, M.-C.; Sun, X.-L.; Tang, Y. Org. Lett. 2006, 8, 2901; (b) Cao, C.-L.;
Sun, X.-L.; Zhou, J.-L.; Tang, Y. J. Org. Chem. 2007, 72, 4073; (c) Cao, C.-L.; Sun, X.-
L.; Kang, Y.-B.; Tang, Y. Org. Lett. 2007, 9, 4151; (d) Cao, C.-L.; Zhou, Y.-Y.; Zhou, J.;
Sun, X.-L.; Tang, Y.; Li, Y.-X.; Li, G.-Y.; Sun, J. Chem.dEur. J. 2009, 15, 11384.

5. Selected bifunctional amine-(thio)urea catalyzed asymmetric Michael addition
of ketone/aldehyde and nitroolefin, see: (a) Huang, H.; Jacobsen, E. N. J. Am.
Chem. Soc. 2006, 128, 7170; (b) Lalonde, M. P.; Chen, Y.; Jacobsen, E. N. Angew.
Chem., Int. Ed. 2006, 45, 6366; (c) Tsogoeva, S. B.; Wei, S. Chem. Commun. 2006,
1451; (d) Yalalov, D. A.; Tsogoeva, S. B.; Schmatz, S. Adv. Synth. Catal. 2006, 348,
826; (e) Cao, Y.-J.; Lu, H.-H.; Lai, Y.-Y.; Lu, L.-Q.; Xiao, W.-J. Synthesis 2006, 3795;
(f) Liu, K.; Cui, H.-F.; Nie, J.; Dong, K.-Y.; Li, X.-J.; Ma, J.-A. Org. Lett. 2007, 9, 923;
(g) Mandal, T.; Zhao, C.-G. Angew. Chem., Int. Ed. 2008, 47, 7714; (h) Uehara, H.;
Barbas, C. F., III. Angew. Chem., Int. Ed. 2009, 48, 9848; (i) Jiang, X.; Zhang, Y.;
Chan, A. S. C.; Wang, R. Org. Lett. 2009, 11, 153; (j) Zhang, X.-J.; Liu, S.-P.; Li, X.-
M.; Yang, M.; Chan, A. S. C. Chem. Commun. 2009, 833; (k) Lu, A.; Gao, P.; Wu, Y.;
Wang, Y.; Zhou, Z.; Tang, C. Org. Biomol. Chem. 2009, 7, 3141; (l) Kokotos, C. G.;
Kokotos, G. Adv. Synth. Catal. 2009, 351, 1355; (m) Li, B.-L.; Wang, Y.-F.; Luo, S.-
P.; Zhong, A.-G.; Li, Z.-B.; Du, X.-H.; Xu, D.-Q. Eur. J. Org. Chem. 2010, 656; (n)
Chen, J.-R.; Cao, Y.-J.; Zhou, Y.-Q.; Tan, F.; Fu, L.; Zhu, X.-Y.; Xiao, W.-J. Org. Bi-
omol. Chem. 2010, 8, 1275; (o) Li, Z.-B.; Luo, S.-P.; Guo, Y.; Xia, A.-B.; Xu, D.-Q.
Org. Biomol. Chem. 2010, 8, 2505.

6. Recent reviews on asymmetric organocatalytic Michael addition, see: (a) Tso-
goeva, S. B. Eur. J. Org. Chem. 2007, 1701; (b) Vicario, J. L.; Bad�ıa, D.; Carrillo, L.
Synthesis 2007, 2065; (c) Sulzer-Moss�e, S.; Alexakis, A. Chem. Commun. 2007,
3123; (d) Almasi, D.; Alonso, D. A.; Najera, C. Tetrahedron: Asymmetry 2007, 18,
299; (e) Pellissier, H. Tetrahedron 2007, 63, 9267.

7. Selected examples of organocatalytic Michael addition between ketone
andnitroolefin, see: (a) List, B.; Pojarliev, P.;Martin,H. J.Org. Lett.2001,3, 2423; (b)
Alexakis, A.; Andrey, O. Org. Lett. 2002, 4, 3611; (c) Berner, O. M.; Tedeschi, L.;
Enders, D. Eur. J. Org. Chem. 2002, 1877; (d) Ishii, T.; Fujioka, S.; Sekiguchi, Y.;
Kotsuki,H. J. Am.Chem. Soc.2004,126, 9558; (e) Luo, S.;Mi, X.; Zhang, L.; Liu, S.;Xu,
H.; Cheng, J.-P. Angew. Chem., Int. Ed. 2006, 45, 3093; (f) Pansare, S. V.; Pandya, K. J.
Am. Chem. Soc. 2006,128, 9624; (g) Xu, Y.; Cordova, A. Chem. Commun. 2006, 460;
(h)Wang, J.; Li, H.; Lou, B.; Zu, L.; Guo, H.;Wang,W. Chem.dEur. J. 2006,12, 4321;
(i) McCooey, S. H.; Connon, S. J. Org. Lett. 2007, 9, 599; (j) Garc�ıa-Garc�ıa, P.;
Lad�epe

ˇ

che, A.; Halder, R.; List, B. Angew. Chem., Int. Ed. 2008, 47, 4719; (k) Freund,



X.-Y. Cao et al. / Tetrahedron 66 (2010) 9703e9707 9707
M.; Schenker, S.; Tsogoeva, S. B. Org. Biomol. Chem. 2009, 7, 4279; (l) Tan, B.; Zeng,
X.; Lu, Y.; Chua, P. J.; Zhong, G. Org. Lett. 2009,11, 1927; (m) Belot, S.; Quintard, A.;
Krause, N.; Alexakis, A. Adv. Synth. Catal. 2010, 352, 667.

8. Dahlin, N.; Bøgevig, A.; Adolfsson, A. Adv. Synth. Catal. 2004, 346, 1101 We
modified the synthesis of compound 2 by employing Mitsunobu reaction
without using explosive NaN3, for details, please see Supplementary data.

9. For details, please see Supplementary data.
10. We tried the synthesis of mono- and bis-protected analogue of compound 1a,

but failed.
11. (a) Hohenberg, P.; Kohn, W. Phys. Rev. 1964, 136, B864; (b) Kohn, W.; Sham, L. J.

Phys. Rev. 1965, 140, A1133.
12. Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.;

Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.;
Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.;
Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
O.; Frisch, M. J.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J.
B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A.
J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G.
A.; Salvador, P.; Dannengerg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Fores-
man, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.;
Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian
03, Revision C.02; Gaussian: Wallingford, CT, 2004.

13. (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648; (b) Lee, C.; Yang, W.; Parr, R. G.
Phys. Rev 1988, B37, 785.

14. (a) Canc�es, E.; Mennucci, V.; Tomasi, J. J. Chem. Phys. 1997, 107, 3032; (b) Cossi,
M.; Barone, V.; Mennucci, B.; Tomasi, J. Chem. Phys. Lett. 1998, 286, 253.

15. (a) Tang, Z.; Jiang, F.; Cui, X.; Gong, L.-Z.; Mi, A.-Q.; Jiang, Y.-Z.; Wu, Y.-D. Proc.
Natl. Acad. Sci. U.S.A. 2004, 101, 5755; (b) Allemann, C.; Gordillo, R.; Clemente, F.
R.; Cheong, P. H.-Y.; Houk, K. N. Acc. Chem. Res. 2004, 37, 558; (c) Legault, C. Y.;
Garcia, Y.; Merlic, C. A.; Houk, K. N. J. Am. Chem. Soc. 2007, 129, 12664.


