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The influence of ethers upon carbenes has been investigated
computationally by the B3LYP, MP2, and MPWB1K methods.
Ylide formation is only obtained with reactive-electrophilic
carbenes like cyclopentadienylidene, whereas more nucleo-
philic carbenes like cyclopent-2-enylidene associate by in-
teractions of lone pairs of carbon and oxygen atoms with C–H
bonds. Between the stabilized-electrophilic dichlorocarbene
and the oxygen lone pairs, only weak complexes are formed.
Furthermore, the mechanism of the C–H insertion of dichlo-

Introduction

Singlet carbenes are species with a divalent carbon atom
bearing a filled and an empty orbital. This raises the ques-
tion whether they may be stabilized by compounds contain-
ing a heteroatom (P, O, N, S, etc.) with an electron lone
pair.[1] This coordination leads to ylide formation; espe-
cially phosphonium ylides[2] and sulfur ylides[3] are widely
used in organic synthesis. For ethers, in many cases, a pre-
liminary formation of an oxonium ylide between the car-
bene and the ether oxygen atom has been assumed.[4,5] This
assumption is primarily based on the observation of a for-
mal carbene insertion into the C–O bond or ring expansion
of strained cyclic ethers. These reactions are mainly noticed
with vinylidenes[5e] or with highly reactive unstabilized car-
benes,[5b,5g] i.e., methylene. Moreover, formation of a bicy-
clic ethereal oxonium ylide 2 followed by a [3+2] cyclorever-
sion can be observed (Scheme 1).[6]

Scheme 1.
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rocarbene into bicyclic ethers containing a three-membered
ring has been explored. The experimental data confirm the
computational results. The insertion occurs easily into the α-
position of the oxygen atom in secondary ethers but not into
the methyl group of methyl ethers. In all cases, insertion into
the α-position of a cyclopropane ring is not competitive.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

The methylene/water interactions[7] have been already
thoroughly investigated by Standard et al.[8] and Wiberg et
al.[9] using HF, MP2, B3LYP, and QCISD studies in the gas
phase and in solution.[10] It has been shown that an ylide-
like methyleneoxonium species is formed as an intermediate
with a relatively long C–O distance of 173.4 pm (MP2/6-
311++G**) and 188.3 pm (QCISD/6-311++G**), respec-
tively. This ylide possesses a relatively weak binding energy
(15.3–9.6 kcal/mol at different MP2 and B3LYP levels). Ac-
cordingly, QCISD(T)/6-311++G**//QCISD/6-311++G**
gives a lower value, 6.4 kcal/mol.

For the stabilized-electrophilic[11] carbene CCl2, the chlo-
rine atoms cause a decrease of the divalent carbon atom’s
reactivity and its propensity to interact with other mole-
cules. Therefore, no oxonium ylide structures could be com-
puted for CCl2. An ab initio study of CCl2·H2O at the self-
consistent field level using the Dunning DZP basis set led
only to a complex held together by a hydrogen bond.[12] A
weakly bound complex was found at the MP2/DZP level
between two water molecules and a dichlorocarbene held
together by two hydrogen bonds and one ylide-like interac-
tion, where the lone pair of the oxygen atom is oriented
toward the empty p-orbital of the carbene carbon atom.[13]

However, even in this case, the C–O distance is still very
long (279.8 pm), and the stabilization energy for this trimer
adds up to 10.7 kcal/mol for all three interactions.[13] Simi-
larly, only weak interactions were observed between car-
bene and ether by a laser flash photolysis study[14] of chlo-
ro(phenyl)carbene in THF and by the time-resolved IR
spectra[15] of chloro(phenyl)carbene in a solution of 0.1 

THF in heptane. For dichlorocarbene, no kinetic evidence
of specific solvation by an ethereal solvent was found.[16]

In fact, dihalocarbenes are known to react with satisfying
selectivity with activated C–H bonds, e.g., with C–H bonds
in α-position to a heteroatom (O, N, S, etc.).[17]
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Results and Discussion

Our calculations predict ylide formation with dimethyl
ether only with reactive-electrophilic[11] carbenes, e.g., sing-
let cyclopentadienylidene (a carbene with a triplet ground
state) and α-oxocarbenes (Figure 1). It is worth noticing
that in both cases a resonance structure can be drawn, in
which the negative charge is efficiently delocalized. The re-
sulting ylides 4 and 2 are characterized by an almost nor-
mal C–O bond length (147.7 and 150.8 pm, respectively)
and are about 20–25 kcal/mol more stable (24.4 and
19.9 kcal/mol, respectively) than the corresponding dissoci-
ated structures. Experimentally, many examples are given in
the literature for α-oxocarbenes forming an oxonium ylide
followed by a [1,2] insertion into the C–O bond (Stevens
rearrangement) or by a [3,2] sigmatropic rearrangement in
case of an allyl ether.[5i,6,18] Inspection of the interactions
between dimethyl ether and 2-oxoethylidene reveals that the
formation of ylide 2 is strongly affected by the fact that the
formation has to occur intramolecularly. As a result, the
oxygen atoms in 2 are forced into an (E) configuration. In
fact, 2-oxoethylidene theoretically can give two different
ylides with dimethyl ether: (E)- or (Z)-2-(dimethyloxonio)-
ethenolate 5. The arguments in favor of the description of
Z-5 as an enolate are provided by the NBO analysis for
which it is the preferred Lewis structure, by the sp2 hybrid-
ization of C(2), by the short C–C bond length (137.8 pm),
and by the high rotation barrier (34 kcal/mol) around the
C–C bond in Z-5. The destabilized E-5 gives similar results
but possesses already more characteristics of an α-oxo carb-
anion.[6] With a formation energy of 32.0 kcal/mol, Z-5 is
particularly stable, whereas the (E) isomer E-5 is 11 kcal/
mol higher in energy than Z-5. The main reason for this
difference resides in the more favorable arrangement of the
dipoles in Z-5 resulting in a lowered dipole moment of
5.16 D (9.26 D for E-5).

Interestingly, the reactive-nucleophilic[11] cyclopent-2-en-
ylidene also forms only weak complexes with dimethyl
ether, but no ylides. For example, as revealed by an NBO
analysis (see Supporting Information), complex 6 is mainly
stabilized by interactions between the C(5)–H bond of the
carbene and a lone pair on the oxygen atom and by electron
donation from the filled orbital on the carbene center to
two C–H bonds located on each methyl group. As a result
of these three interactions, formation of 6 is exothermic by
only 3.1 kcal/mol (2.4 and 4.9 kcal/mol with MPWB1K and
MP2, respectively). Similarly, nucleophilic carbenes like alk-
ylcarbenes and dimethoxycarbene have been found to form
only loose complexes with oxirane with a complexation en-
ergy within a 0.8–5.5 kcal/mol range at the B3LYP/6-31G*
level of theory.[19]

We were especially interested in the reaction between
dichlorocarbene and ethers 7, 8, and 9 (Table 1).[20] The in
silico results are in accordance with the experiments.[20] The
lowest barrier is calculated for the insertion into the C–H
bond of secondary ethers, the highest for the insertion into
the C–H bonds of a methyl group. For these compounds,
we have first examined whether DFT calculations are able
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Figure 1. Structure and formation energies of oxonium ylides 2, 4,
5, and of association complex 6. Values correspond to B3LYP/6-
31G(d) calculations, values given in parentheses result from
MPWB1K/6-31+G(d,p) calculations, and values in italics corre-
spond to MP2/6-31G(d) computations. Distances are given in pm
and energies in kcal/mol.

to predict the outcome of the reaction, i.e., which product
will be formed. In a second step, the strength of the interac-
tions between the carbene and the oxygen atom was investi-
gated.

First of all, the computations were performed on the
most stable conformer of 1-methoxybicyclo[3.1.0]hexane (7)
(Figure 2) as given by B3LYP/6-31G(d). At the beginning,
the most reactive C–H bonds were determined by means of
the calculation of their hydride transfer potential (HTP).[21]

This methodology is particularly suitable to predict the re-
gioselectivity of the C–H insertion of stabilized-electrophilic
carbenes like dihalocarbenes. Indeed, these insertions pro-
ceed with a good selectivity due to a relatively high acti-
vation energy combined with a comparatively late transition
state.[21] It has also been shown that these reactions take
place efficiently only if the developing positive charge can
be stabilized.[21,22] However, the reaction is concerted, and
no fully developed carbocation is generated. Therefore, an
analysis of the stability of the corresponding cation is mis-
leading; instead, a better agreement is obtained by calcula-
tion of the HTP values. Using this methodology, it is found
that the most likely insertion should take place into the
methoxy group. HC, the hydrogen atom anti to the C(1)–O
bond is not activated, as reflected by its low HTP
(46.1 kcal/mol). The reaction should occur either with HA

or HB with the carbene placed in a synperiplanar arrange-
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Table 1. Insertion reactions of dichlorocarbene into C–H bonds of
ethers.[a]

TS Bond HTP[b] E[c,d] Ecomplex
[d,e] Yield[f]

7 7A C(4)–Hexo 76.8 (67.7) 12.1 (11.3) 14.5 (14.6) 0
7B C(7)–HA 68.3 (57.8) 10.7 (11.1) 13.1 (14.4)
7C C(7)–HB 72.0 (61.3) 10.5 (11.5) 12.9 (14.8)
7D C(7)–HC 46.1 (34.8) – –

8 8A C(8)–HA 84.1 (74.1) 8.0 (9.4) 9.8 (13.2) 47
8B C(8)–Hb 88.5 (78.9) 7.8 (9.4) 9.6 (13.0)

9 9A C(2)–H 95.0 (86.1) 5.1 (6.1) 8.2 (9.7) 93
9B[g] C(2)–H – 5.3 (6.8) 8.4 (10.4)
9C C(2)–H – 6.1 (8.0) 9.2 (11.6)

[a] For the description of hydrogen atoms, see Figure 2. Activation
energies in kcal/mol as given by B3LYP/6-31G(d); values in paren-
theses represent MPWB1K/6-31+G(d,p) computations. [b] The hy-
dride transfer potential (HTP) is obtained from the isodesmic equa-
tion CH4 + R+ � CH3

+ + RH by a single-point energy calculation
with the cation obtained by removal of a hydride ion from the
optimized structure of the parent hydrocarbon. [c] Energies relative
to the reactants. [d] ZPEs calculated at the B3LYP/6-31G(d) level
of theory. [e] Energies relative to the complex. [f] Taken from ref.[20]

[g] See text for geometry.

ment to the sterically least hindered C–H bond, i.e., C(7)–
HC. For these insertions, a barrier of 10.7 or 10.5 kcal/mol,
respectively (7B and 7C), has to be overcome. In compari-
son to parent bicyclo[3.1.0]hexane (10, Scheme 2), in 7, the
C–H bond in α-position to the cyclopropane ring, C(4)–
Hexo, is slightly deactivated because of the inductive effect
of the methoxy group. Indeed, the calculated barrier (7A:
12.1 kcal/mol) for this insertion is higher in energy than in
10 (11.4 kcal/mol).[21] However, this value is lower than the
computed barrier for the formation of endo-2-dichlorome-
thylbicyclo[3.1.0]hexane (11) (12.4 kcal/mol) or for the in-
sertion into spiro[2.5]octane (12) (12.4 kcal/mol),[21] two re-
actions that were observed experimentally, albeit in low
yield.[20]

In fact, no insertion into methyl ether 7 was found. These
results suggest that the presence of the ether group slows
down the insertion and permits other carbene reactions to
dominate (e.g., dimerization). Indeed, many examples for
the influence of ethers on the reactivity of carbenes are
known.[10,23] We located several complexes between the
ether oxygen atom and dichlorocarbene. 7E is the complex
lying in the deepest minimum that we found (Figure 2, see
also Supporting Information). It is still very weak (∆E0 =
–2.4, ∆G298 = +7.1 kcal/mol) and does not represent a
bound minimum at ordinary temperatures. In usual cases,
such weak interactions are mechanistically not relevant.[24]

However, a difference in the calculated energy barrier of
less than 2 kcal/mol is sufficient to distinguish between an
activated bond into which the insertion of dichlorocarbene
generated under PTC conditions[21] occurs in good yields
and an unreactive C–H bond. From a synthetic point of
view, these weak interactions are probably decisive.
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Figure 2. Geometries of the most stable complexes of 7, 8, and 9
with dichlorocarbene and of the lowest transition states for the
insertion into the α-C–H bonds. All distances are in pm. Energies
are in kcal/mol and correspond to B3LYP/6-31G(d) calculations,
values in parentheses result from MPWB1K/6-31+G(d,p) calcula-
tions.

Scheme 2.

Next, the most stable conformer of 1-ethoxybicy-
clo[4.1.0]heptane (8) was subjected to calculations. In order
to minimize steric repulsion with the bicyclic skeleton, the
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attack of CCl2 occurs preferably in a specific orientation in
which the chlorine atoms are close to the methyl group. The
complex formed with CCl2 is particularly weak (8C:
–1.8 kcal/mol). The modest height of the barrier (8B:
7.8 kcal/mol) is compatible with the moderate yield ob-
tained experimentally (47%).[20] With the MPWB1K func-
tional, a slightly higher barrier (9.4 kcal/mol) is calculated,
and complex 8C is predicted to be slightly more stable
(–3.4 kcal/mol). This trend can be found again at almost all
stationary points which were located in this work.

In contrast, high yields (93%) are obtained by the reac-
tion of endo-2-methoxybicyclo[3.1.0]hexane (9) with dichlo-
rocarbene leading to C(2)–H insertion. Comparable results
were observed from the insertion reactions into endo-2-
methoxybicyclo[4.1.0]heptane (13) and 1-methoxybicy-
clo[4.1.0]heptane (14).[20] The most stable conformer of the
secondary ether 9 is the one with the C–O bond antiper-
iplanar to C(2)–C(3). Dichlorocarbene approaches the
C(2)–H bond in a synperiplanar arrangement to the C–O
bond (9A: Figure 2). Since the corresponding carbocation
being formed is tertiary and efficiently stabilized by the oxy-
gen atom, the HTP of 9 is especially high (95.1 kcal/mol)
and the barrier for the C–H insertion particularly low (9A:
5.1 kcal/mol in comparison to the reactants, 8.2 kcal/mol
starting from the complex). Interestingly, the insertion into
9 is one of the rare examples in which the π-approach is
favored over the σ-approach,[25] probably because the tran-
sition state is already highly polar and dipole–dipole inter-
actions start to play a significant role. In fact, at the transi-
tion state, the chlorine atoms are in an eclipsed conforma-
tion upon C(3) and O(1) as in 9B, and in a nearly eclipsed
conformation upon C(1) and O(1) for 9A, respectively. All
other transition states described in this work result from a
σ-approach.

An analysis of the charge partitioning for the transition
states 7C, 8B, and 9A reveals that the insertion into second-
ary ethers is significantly more polar than the reaction with
methyl ether 7 (Figure 2). This difference can be directly
related to the better ability of 9 to delocalize the positive
charge build-up. At the transition states, the results from
the Natural Population Analysis (NPA) and the Atomic Po-
lar Tensor (APT)[26] model are in good agreement. How-
ever, for the complexes, the APT methodology predicts a
positive charge on the carbene fragment, whereas NPA cal-
culates a negative charge. The NPA result is in agreement
with the interactions between occupied and virtual natural
bond orbitals. Indeed, the stabilization results from electron
donation from the oxygen lone pair into the LP* of the
carbene. On the other hand, the APT result takes into ac-
count that the carbene starts to coordinate with a strongly
electronegative heteroatom. Overall, whereas the APT
model has proven to be very reliable for the description of
molecules as long as electron-correlation effects are repro-
duced,[27] it has been shown to perform poorly for the esti-
mation of charge transfer.[28]

The insertion reactions of dihalocarbene into benzyl
methyl ether,[29a] ethyl methyl ether,[29b] dimethyl ether,[29c]

and methyl isopropyl ether[29d] were already studied at the
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MP2/6-31G(d) level of theory. The obtained results confirm
our findings with a very low barrier found for the insertion
of dichlorocarbene into the isopropyl group (4.9 kcal/mol),
low barriers for the insertion into the benzyl group and the
α-C–H bond of the ethyl group (9.0 and 7.8 kcal/mol,
respectively). However, we disagree on the very high barri-
ers computed previously for the insertion into methyl
groups (28.7–31.6 kcal/mol).[29a–29d] For the C–H insertion
into dimethyl ether, we calculated a barrier of only
11.2 kcal/mol at the B3LYP/6-31G(d) level of theory and
10.5 kcal/mol at the MP2/6-31G(d) level.

Conclusions

The B3LYP/6-31G(d) level of theory is suitable for the
prediction of the reactivity of bicyclic ethers toward the in-
sertion of dichlorocarbene into their C–H bonds. Experi-
mentally, the insertion is very efficient into secondary
ethers. In contrast, insertion into methoxy C–H bonds still
has never been observed, even though the calculated barrier
for this reaction is not excessively high (10.5–11.2 kcal/mol),
because the partial positive charge that has to be built up
during the insertion cannot be stabilized efficiently by this
primary substituent. Moreover, partly because of the induc-
tive effect of the electronegative oxygen atom, no insertion
into the C(2)–H and C(4)–H bonds of methyl ether 7 is
obtained, although these bonds have proven to be efficiently
activated by the cyclopropane ring.[21] Our results speak for
synthetically significant interactions between dichlorocar-
bene and the ether group, although only weak stabilizations
(1.3–3.1 kcal/mol) are computed for the complexes of 7–9
with dichlorocarbene, a stabilized-electrophilic[11] carbene.
Since these complexes are higher in energy than the reac-
tants on the free-energy surface at the standard state, they
cannot be considered as a first step in the insertion reaction.
Strong interactions between ethers and carbenes leading to
ylide formation were only found for reactive-electrophilic[11]

carbenes like cyclopentadienylidene or acylcarbenes. In the
case of predominantly nucleophilic carbenes (e.g., cy-
clopent-2-enylidene), the weak association obtained be-
tween carbene and ether takes place mainly between C–H
bonds and the lone pairs of the divalent carbon atom and
the oxygen atom.

Computational Methods
The Gaussian 03 program[30] was used for density functional theory
calculations, employing Becke’s[31] three-parameter hybrid method,
and the exchange functional of Lee, Yang, and Parr (B3LYP).[32]

Geometries were optimized at the B3LYP/6-31G(d) level of theory.
The stationary points were characterized by vibrational analysis.
All reported energies include zero-point corrections. The results ob-
tained were confirmed by geometry optimizations with two other
methods. The geometry optimization was repeated using ab initio
calculations at the MP2(FC)/6-31G(d) level of theory and the
newly developed hybrid meta density functional theory model for
kinetic MPWB1K[33] in association with the 6-31+G(d,p) basis set.
MPWB1K is based on the modified Perdew and Wang 1991 ex-
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change functional[34] (mPW) and Becke’s 1995 meta correlation
functional[35] (B95). MPWB1K has been shown to be one of the
most accurate recent DFT methods, significantly better than
B3LYP.[36] It is recommended for general-purpose applications in
thermochemistry and kinetics.[37,38] It is also recommended for
noncovalent interactions involving nonmetals and performs better
without counterpoise correction for the basis set superposition er-
ror (BSSE).[37,39] The zero point vibrational energies (ZPE) were
scaled by a factor of 0.9806 for B3LYP/6-31G(d),[40] 0.967 for
MP2(FC)/6-31G(d),[40] and 0.9537 for MPWB1K/6-31+G(d,p).[33]

The hydride transfer potential (HTP) was obtained from the iso-
desmic equation CH4 + R+ � CH3

+ + RH by a single-point energy
calculation for the cation obtained by removal of a hydride ion
from the optimized structure of the parent hydrocarbon. Unless
otherwise stated, all values in the text refer to B3LYP calculations.
Quantification of donor/acceptor interactions has been made by
second-order perturbation analysis as incorporated in the Natural
Bond Orbital (NBO) method.[41]

Supporting Information (see footnote on the first page of this arti-
cle): Cartesian coordinates and energies for all relevant stationary
points.

Acknowledgments

Calculations were performed on the Schrödinger III cluster at the
University of Vienna.

[1] a) J. S. Clark, Nitrogen, Oxygen and Sulfur Ylide Chemistry,
Oxford University Press, Oxford, 2002; b) A. Padwa, S. F.
Hornbuckle, Chem. Rev. 1991, 91, 263; c) A. F. Khlebnikov,
M. S. Novikov, R. R. Kostikov, Russ. Chem. Rev. 2005, 74, 171.

[2] a) N. J. Lawrence, in Preparation of Alkenes: A Practical Ap-
proach (Ed.: J. M. J. Williams), Oxford University Press, Ox-
ford, 1996; b) H.-J. Cristau, Chem. Rev. 1994, 94, 1299; c) D. G.
Gilheany, Chem. Rev. 1994, 94, 1339.

[3] a) S. N. Lakeev, I. O. Maydanova, F. Z. Galin, G. A. Tolstikov,
Russ. Chem. Rev. 2001, 70, 655; b) V. K. Aggarwal, C. L. Winn,
Acc. Chem. Res. 2004, 37, 611.

[4] W. Kirmse, Eur. J. Org. Chem. 2005, 237.
[5] a) W. Kirmse, R. Lelgemann, K. Friedrich, Chem. Ber. 1991,

124, 1853; b) T. A. Young, C. O’Rourke, N. B. Gray, B. D.
Lewis, C. A. Dvorak, K. S. Kuen, J. P. DeLuca, J. Org. Chem.
1993, 58, 6224; c) K. Ito, T. Katsuki, Chem. Lett. 1994, 23,
1857; d) K. Ito, M. Yoshitake, T. Katsuki, Heterocycles 1996,
42, 305; e) T. Sueda, T. Nagaoka, S. Goto, M. Ochiai, J. Am.
Chem. Soc. 1996, 118, 10141; f) S. Kim, J.-Y. Yoon, C. M. Cho,
Chem. Commun. 1996, 909; g) J. W. Cubbage, B. L. Edelbach,
K. S. Kuen, J. P. DeLuca, Tetrahedron 1997, 53, 9823; h) S.
Kim, J.-Y. Yoon, Synthesis 2000, 1622; i) F. P. Marmsäter, J. A.
Vanecko, F. G. West, Org. Lett. 2004, 6, 1657.

[6] A. Oku, Y. Sawada, M. Schroeder, I. Higashikubo, T. Yoshida,
S. Ohki, J. Org. Chem. 2004, 69, 1331.

[7] a) W. Kirmse, in Advances in Carbene Chemistry, vol. 3 (Ed.:
U. H. Brinker), Elsevier, Amsterdam, 2001, p. 1–51; b) W.
Kirmse, in Advances in Carbene Chemistry, vol. 1 (Ed.: U. H.
Brinker), JAI, Greenwich, 1994, p. 1–57.

[8] a) L. L. Zub, J. M. Standard, THEOCHEM 1996, 368, 133; b)
J. M. Tucker, J. M. Standard, THEOCHEM 1998, 431, 193.

[9] C. Gonzalez, A. Restrepo-Cossio, M. Marquez, K. B. Wiberg,
J. Am. Chem. Soc. 1996, 118, 5408.

[10] See also: a) B. F. Yates, W. J. Bouma, L. Radom, J. Am. Chem.
Soc. 1987, 109, 2250; b) M. Moreno, J. M. Lluch, A. Oliva, J.
Bertrán, Can. J. Chem. 1987, 65, 2774; c) J. A. Dobado, H.
Martinez-Garcia, J. M. Molina, M. R. Sundberg, J. Am. Chem.
Soc. 1999, 121, 3156.

[11] J.-L. Mieusset, U. H. Brinker, J. Org. Chem. 2008, 73, 1553.

Eur. J. Org. Chem. 2008, 3363–3368 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 3367

[12] J. R. Pliego Jr, W. B. De Almeida, Chem. Phys. Lett. 1996, 249,
136.

[13] J. R. Pliego Jr, W. B. De Almeida, J. Phys. Chem. A 1999, 103,
3904.

[14] a) S. Çelebi, M.-L. Tsao, M. S. Platz, J. Phys. Chem. A 2001,
105, 1158. See also: ; b) M.-L. Tsao, Z. Zhu, M. S. Platz, J.
Phys. Chem. A 2001, 105, 8413.

[15] Y. Sun, E. M. Tippmann, M. S. Platz, Org. Lett. 2003, 5, 1305.
[16] S. I. Presolski, A. Zorba, D. M. Thamattoor, E. M. Tippmann,

M. S. Platz, Tetrahedron Lett. 2004, 45, 485.
[17] a) E. V. Dehmlow, Methoden Org. Chem. (Houben-Weyl) (Ed.:

M. Regitz), Thieme, Stuttgart, 1989, vol. E19b, p. 1521–1589;
b) Y. Masaki, H. Arasaki, M. Shiro, Chem. Lett. 2000, 29,
1180; c) Y. Masaki, H. Arasaki, M. Iwata, Chem. Lett. 2003,
32, 4; d) H. Arasaki, M. Iwata, M. Makida, Y. Masaki, Chem.
Pharm. Bull. 2004, 52, 848; e) S. S. Zlotskii, G. G. Bazunova,
N. N. Mikhailova, Bashk. Khim. Zh. 2005, 12, 21, Chem. Abstr.
2006, 144, 446530; f) Y. Masaki, Gifu Yakka Daigaku Kiyo
2005, 54, 29, Chem. Abstr. 2005, 143, 305669.

[18] a) D. M. Hodgson, F. Y. T. M. Pierard, P. A. Stupple, Chem.
Soc. Rev. 2001, 30, 50; b) E. Cuevas Yañez, A. Ar-
ceo de la Peña, J. M. Muchowski, R. Cruz Almanza, Rev.
Quim. Soc. Méx. 2003, 47, 202, Chem. Abstr. 2004, 141,
243255; c) E. N. Talinli, O. Anaç, I. V. Kumbaraci, Helv. Chim.
Acta 2003, 86, 2779; d) J. S. Clark, S. B. Walls, C. Wilson, S. P.
East, M. J. Drysdale, Eur. J. Org. Chem. 2006, 323.

[19] M.-D. Su, S.-Y. Chu, Chem. Eur. J. 2000, 6, 3777.
[20] U. H. Brinker, G. Lin, L. Xu, W. B. Smith, J.-L. Mieusset, J.

Org. Chem. 2007, 72, 8434.
[21] J.-L. Mieusset, U. H. Brinker, J. Org. Chem. 2007, 72, 10211.
[22] a) M. Ramalingam, K. Ramasami, P. Venuvanalingam, V. Se-

thuraman, THEOCHEM 2005, 755, 169; b) M. Ramalingam,
K. Ramasami, P. Venuvanalingam, Chem. Phys. Lett. 2006,
430, 414.

[23] a) E. M. Arnett, E. J. Mitchell, T. S. S. R. Murty, J. Am. Chem.
Soc. 1974, 96, 3875; b) H. Tomioka, Y. Ozaki, Y. Izawa, Tetra-
hedron 1985, 41, 4987; c) M. H. Abraham, P. P. Duce, D. V.
Prior, D. G. Barratt, J. J. Morris, P. J. Taylor, J. Chem. Soc. Per-
kin Trans. 2 1989, 1355.

[24] D. A. Singleton, Z. Wang, Tetrahedron Lett. 2005, 46, 2033.
[25] R. D. Bach, M.-D. Su, A. Ehab, J. L. Andrés, H. B. Schlegel,

J. Am. Chem. Soc. 1993, 115, 10237.
[26] J. Cioslowski, J. Am. Chem. Soc. 1989, 111, 8333.
[27] a) K. B. Wiberg, P. R. Rablen, J. Comput. Chem. 1993, 14,

1504; b) F. De Proft, J. M. L. Martin, P. Geerlings, Chem. Phys.
Lett. 1996, 250, 393; c) A. E. de Oliveira, R. L. A. Haiduke,
R. E. Bruns, J. Phys. Chem. A 2000, 104, 5320; d) R. L. T. Par-
reira, S. E. Galembeck, THEOCHEM 2006, 760, 59.

[28] B. G. Oliveira, R. C. M. U. de Araújo, Quim. Nova 2007, 30,
791, Chem. Abstr. 2007, 147, 165889.

[29] a) Q.-J. Lin, D.-C. Feng, C.-S. Qi, Gaodeng Xuexiao Huaxue
Xuebao 2000, 21, 1922, Chem. Abstr. 2001, 134, 310869; b) D.-
C. Feng, Q.-J. Lin, W.-Y. Ma, H.-J. Wang, Gaodeng Xuexiao
Huaxue Xuebao 2000, 21, 1708, Chem. Abstr. 2001, 134,
115655; c) Q.-J. Lin, D.-C. Feng, W.-Y. Ma, Gaodeng Xuexiao
Huaxue Xuebao 2000, 21, 1427, Chem. Abstr. 2001, 134,
100542; d) Q.-J. Lin, D.-C. Feng, C.-S. Qi, Jiegou Huaxue 2000,
19, 224, Chem. Abstr. 2000, 133, 73748.

[30] M. J. Frisch, G. W. Trucks, H. B. Schlegel, E.G. Scuseria, M. A.
Robb, J. R. Cheeseman, J. A. Montgomery Jr, T. Vreven, K. N.
Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A.
Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R.
Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian,
J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Strat-
mann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador,
J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Dan-
iels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.



J.-L. Mieusset, U. H. BrinkerFULL PAPER
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Ba-
boul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Lia-
shenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M.
Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W.
Wong, C. Gonzalez, J. A. Pople, Gaussian 03, Gaussian, Inc.,
Pittsburgh, PA, 2003.

[31] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[32] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[33] Y. Zhao, D. G. Truhlar, J. Phys. Chem. A 2004, 108, 6908.
[34] C. Adamo, V. Barone, J. Chem. Phys. 1998, 108, 664.
[35] A. D. Becke, J. Chem. Phys. 1996, 104, 1040.
[36] a) M. D. Wodrich, C. Corminboeuf, P. R. Schreiner, A. A.

Fokin, P. v. R. Schleyer, Org. Lett. 2007, 9, 1851; b) E. P. F. Lee,
J. M. Dyke, W.-K. Chow, F.-T. Chau, D. K. W. Mok, J. Com-
put. Chem. 2007, 28, 1582.

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 3363–33683368

[37] Y. Zhao, N. E. Schultz, D. G. Truhlar, J. Chem. Theory Com-
put. 2006, 2, 364.

[38] a) Z. Slanina, P. Pulay, S. Nagase, J. Chem. Theory Comput.
2006, 2, 782; b) A. Gil, J. Bertran, M. Sodupe, J. Chem. Phys.
2006, 124, 154306; c) E. M. Pérez, M. Sierra, L. Sánchez,
M. R. Torres, R. Viruela, P. M. Viruela, E. Ortí, N. Martín,
Angew. Chem. Int. Ed. 2007, 46, 1847.

[39] Y. Zhao, D. G. Truhlar, J. Chem. Theory Comput. 2007, 3, 289.
[40] A. P. Scott, L. Radom, J. Phys. Chem. 1996, 100, 16502.
[41] a) E. D. Glendening, A. E. Reed, J. E. Carpenter, F. Weinhold,

NBO, version 3.1; b) A. E. Reed, L. A. Curtiss, F. Weinhold,
Chem. Rev. 1988, 88, 899.

Received: March 7, 2008
Published Online: May 9, 2008


