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The effect of aryl substituents on the interconversion of phenylcarbene (PC), bicyclo[4.1.0]hepta-
2,4,6-triene (BCT), and 1,2,4,6-cycloheptatetraene (CHTE) has been studied by density functional
theory. It is found that substituents have a large effect on both the thermochemistry and activation
energy of these rearrangements. For instance, para-substitution yields a range of overall activation
energies for the formation of BCT from PC of 20.3 to 11.7 kcal/mol for the NH2 and NO2 substituents,
respectively. In the syn-meta-substituted cases, all of the rearrangements to the substituted CHTE
species are more exothermic than that of the parent PC. The proximity of the substituent to the
carbene center can also affect the overall chemistry as in the case of ortho-substituted species.
Here, formation of bicyclic structures and ylides, which can then rearrange to stable structures,
can compete with the ring-expansion process. Also, as calculated herein, the ortho substituents
can, by a combination of mesomeric and steric interactions with the carbene center, affect the overall
barrier to reversible ring expansion. Most notably, in the anti-ortho-substituted species, halogens
(F and Cl) raise the activation barrier to ring expansion by ∼5 kcal/mol. This is reminiscent of the
effect of fluorine substitution on the chemistry (inter- and intramolecular) of phenylnitrene.

Introduction

Evidence of reversible ring expansion in phenylcarbene
(PC) was first postulated as being involved in the
conversion of tolylcarbenes to styrene and benzocyclo-
butene.1,2

During this time, there was also a great deal of activity
concerning the pyrolysis of putative PC (eq 2) and related
C7H6 precursors (eq 3). These processes show hepta-

fulvalene formation at low temperatures3 and ring con-
traction to fulvenallene and ethynylcyclopentadiene at
high temperatures.4

There was even evidence of the reversibility of the ring-
expansion process from the organometallic field, where
it was observed that deprotonated tropylium-ferrocenyl
ions lead to products consistent with ring contraction to
the arylcarbene.5 The rearrangement of PC has been the
subject of a number of reviews.6,7

The mechanism involved in PC ring expansion and
the products formed by this process were the subject
of many debates at the time. The formation of hepta-
fulvalene as the major reaction product was taken as
evidence for the intermediacy of cycloheptatrienylidene
(CHT) in the decomposition of PC precursors.3 Singlet
CHT, it was proposed, was a particularly stable carbene,
as it had an aromatic 6-π electron system,3 although the
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possibility of cycloheptatetraene (CHTE) formation was
also recognized.8

In their seminal studies, Chapman and co-workers
provided spectroscopic evidence of CHTE as the product
of either flash-vacuum thermolysis (FVT) and matrix
photolysis of PC9 and tolylcarbene10 precursors using
matrix isolation techniques. They have also reported
several of the chloro- and fluoro-substituted PC and
CHTE derivatives described herein.9b Recently, Matzinger
and Bally reported the complete UV/VIS and IR spectra
of both PC and CHTE.11 Interestingly, to date, direct
evidence has not been obtained for the existence of
bicyclo[4.1.0]hepta-2,4,6-triene (BCT), although there
have been several product studies characterizing the
reactivity of putative BCT and related precursors.12

Studies of benzannelated derivatives, though, do provide
direct evidence for the analogous intermediates in the
rearrangement of naphthylcarbenes.13 As well, Miller and
Gaspar demonstrated the participation of a BCT ana-
logue (as either a short-lived intermediate or transition
state) in the rearrangement of cyclohexenylmethylene.12c

Recent high-level ab initio theoretical studies on the
C7H6 potential energy surface have provided details of
the PC rearrangement that had previously been quite
speculative.14-17 These works provided confirmation of
the IR spectrum of Chapman and co-workers assigned
to CHTE,14 provided detailed energetic information on
the interconversion of a number of the C7H6 isomers15,17

and also presented a detailed characterization of CHT.14-16

Perhaps the most important finding of these works is that
the formation of BCT is the rate-determining step for
this reaction (Ea ≈ 15 kcal/mol to form BCT from PC),
with the barrier to rearrangement of BCT to CHTE lying
only ∼3 kcal/mol above BCT. Thus, the failure of previ-
ous experimental studies to observe BCT as a stable
intermediate in the thermolysis or photolysis of PC is

not surprising. Any molecule with enough energy to
traverse the PC f BCT activation barrier will easily
continue along the ring-expansion surface to form CHTE,
the global minimum on this potential energy surface. It
should be appreciated that on the complete C7H6 poten-
tial energy surface, there are more stable species than
CHTE, as calculated by others.15 One of the most exciting
recent approaches to studying this process takes place
in a hemicarcerand medium.18

The effect of aryl substituents on the inter-19-23 and
intramolecular1,2,3,6,24-29 chemistry of PC and analogous
aryl-carbenes has been the topic of several experimental
efforts. Similar phenylnitrene rearrangements30 as well
as the intramolecular reactivity of several hetero-
aromatic methylidenes31,32 have also been studied. In the
case of phenylnitrene, fluorination of the aromatic ring
has been found to stabilize the 7-aza-2,4,6-bicyclo[4.1.0]-
heptatriene (BCT analogue) relative to the ketene imine
(CHTE analogue).30b-e

In this paper, we present a density functional theory
(DFT)33 study of the effect of aryl-substituents on the
ring-expansion reaction of phenylcarbene. Specifically,
the activation barriers and relative energies of substi-
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2-pyridylidene), see Kemnitz, C. R.; Karney, W. L.; Borden, W. T.
J. Am. Chem. Soc. 1998, 120, 3499. See references therein for
pyridylcarbenes in general. (b) For early references, see: Wentrup, C.
Adv. Heterocycl. Chem. 1981, 28, 231.

(33) (a) Labanowski, J. W.; Andzelm, J. Density Functional Methods
in Chemistry; Springer: New York, 1991. (b) Parr, R. G.; Yang, W.
Density Functional Theory in Atoms and Molecules; Oxford University
Press: New York, 1989. (c) Ziegler, T. Chem. Rev. 1991, 91, 651.

Substituent Effects J. Org. Chem., Vol. 67, No. 8, 2002 2533



tuted PC, BCT, and CHTE are presented in light of the
dramatic substituent effect observed in the ring expan-
sion of phenylnitrene.

Computational Methods

The geometry of each stationary point was optimized using
the three-parameter hybrid functional of Becke for exchange34

and the gradient-corrected functional of Lee, Yang, and Parr
for electron correlation35 (B3LYP).36 The 6-31G* basis set37 was
used for these optimizations, and analytical second derivatives
were computed to confirm each stationary point by yielding
zero imaginary vibrational frequencies for the intermediates
and one imaginary vibrational frequency for each transition
state. These frequency analyses are known to overestimate the
value of the vibrational frequencies, and we therefore scaled
the calculated zero-point vibrational energy (ZPE) corrections
by 0.9806.38 Single-point energy calculations were also carried
out on the B3LYP/6-31G* geometry using the 6-311+G** basis
set37b with six Cartesian d functions. The energies reported
in the text will correspond to this single-point energy calcula-
tion (B3LYP/6-311+G**//B3LYP/6-31G*). All calculations were
carried out with the Gaussian 98 suite39 of programs.

In this paper, the relative energy of each intermediate for
the rearrangement of substituted phenylcarbene, X-PC, is
given with respect to the carbene from which it originated.
Each activation barrier is given with respect to the molecule
that immediately precedes it on the potential energy surface.
The energy reported corresponds to ∆H0, which includes the
electronic energy of the molecule and the scaled zero-point
vibrational energy correction obtained from the vibrational
frequency analysis.

Results and Discussion

For the sake of clarity, the species in this paper will
be referred to in the following manner; p-NH2-A will
correspond to p-aminophenylcarbene, p-NH2-B, to the
BCT analogue, etc.

Substituents in the para-position of PC have been
shown to have a large effect on the electronic state of
the molecule.40,41 It has been postulated that this effect
originates from a preferential interaction with the empty
p orbital of 1PC, thus lowering ∆EST for electron-donating
substituents and raising ∆EST for electron-withdrawing
substituents.40,41 Therefore, since the ring expansion of

PC is expected to take place on the singlet surface,42

there should be a parallel effect on the energetics of ring
expansion. The experimentally observed product distri-
bution will reflect a combination of intersystem crossing
to the triplet state, trapping of intermediates, and ring
expansion on the singlet surface. For instance, even
though p-NO2-A has the lowest barrier to formation of
the bicyclo[4.1.0]hepta-2,4,6-triene, p-NO2-B, no ring
expansion has been experimentally observed in these
species.43 In fact, in the presence of certain trapping
agents with which the generated products indicate the
reacting electronic state of the carbene, triplet carbene
chemistry tends to dominate the observed product dis-
tributions for p-NO2-A.44 Aryl substitution may affect
each of these processes.6

The first point of comparison for our calculations is in
PC itself. While previous coupled cluster,14 G2(MP2,
SVP)15 and complete active space16 calculations predict
BCT to be slightly lower in energy than PC, our results,
in agreement with other density functional theory stud-
ies,45 predict PC to be lower in energy, though only
slightly. This discrepancy is likely due to the difficulty
that single determinant methods such as B3LYP have
in calculating the energy of strained alkenes such as
BCT.46 Despite this shortcoming, DFT methods have
been quite successful in the modeling of carbene chem-
istry and should reproduce energetic trends quite reli-
ably,47 providing a suitable compromise between the
computational accuracy required here and the computing
resources necessary to carry out this work for a diverse
number of substituents.

Para-Substituted Phenylcarbenes

Substituents in the para-position of 1PC can display
mesomeric interactions with the empty p orbital of the
carbene center. Thus, one would expect that electron-
donating groups should raise the barrier to ring closure
and BCT formation, as the transition state for ring
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Carbon; Ronald Press: New York, 1964. (d) Kirmse, W. Carbene
Chemistry; Academic Press: New York, 1964.
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9, 1178.
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J. Chem. Soc., Perkin Trans. 1 1979, 6, 1625. (d) Creary, X. J. Am.
Chem. Soc. 1980, 102, 1611.
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closure (Figure 1) involves a large deviation from
coplanarity.14-16,48 This is precisely what is observed, and
the relative energies of the relevant stationary points are
given in Table 1. Note that in Table 1, only the values
for p-OH-A-anti and p-OCH3-A-anti are given. These

refer to the rotamers in which the H-O substituent is
oriented opposite to the carbene’s C-H bond, for example:

The rearrangement from the para-substituted species
gives 5-substituted CHTE with the carbene carbon
incorporated into the 1-position as shown below (the
carbene center is labeled with a star for clarity):

Substitution in the para-position by an amino group
raises TS(A-B) from 14.8 kcal/mol for the parent PC to
20.3 kcal/mol for p-NH2-A. This observation is exciting
in that it (i) demonstrates that the barrier to ring
expansion can be controlled by appropriately chosen
substituents on PC and (ii) provides a possible species
for which spectroscopic characterization can be carried
out on both the singlet and triplet states. As we demon-
strated in an earlier work, the singlet-triplet energy gap
in p-NH2-A is calculated to be 0.7 kcal/mol (with the
triplet being more stable).41 Given our likely overestima-
tion of the singlet-triplet splitting of the parent PC (5.4
kcal/mol gas-phase versus a condensed-phase experimen-
tal estimate of 2.3 kcal/mol22,23,49,50), it is likely that
p-NH2-A has a singlet ground state. This leads to the
prediction that a judicious choice of aryl-ligand should
provide a PC derivative that is both hindered toward ring
expansion and exists in a detectable equilibrium of
singlet and triplet states. Electron-withdrawing substit-
uents lower the TS(A-B) energy, and this trend is also
consistent with our rationale that the main component
of this rate-determining energetic barrier to ring expan-
sion is breaking the conjugation of the singlet carbene’s
p orbital with the aromatic ring. In fact, there is a
relatively smooth energetic decrease in TS(A-B) as one
increases the electron-withdrawing nature of the para-
substituent. Table 1 lists substituents in order of their
σp

+ values.51 The apparent anomalies in this trend are
the halides, p-F-A and p-Cl-A, which have TS(A-B)
values that are 1.3 and 0.6 kcal/mol higher than PC,
respectively. These larger barriers are likely due to the
favorable interaction of the lone pairs on the halogens
with the aromatic π-system and the empty p orbital on
the carbenic center. Again, we refer to the calculated
singlet-triplet energy gap in p-F-A and p-Cl-A previously
reported,41 in which the singlet-triplet energy gaps were
4.1, 5.4, and 5.3 for p-F-A, p-Cl-A, and PC, respectively.

(47) (a) Mendez, F.; Garcia-Garibay, M. A. J. Org. Chem. 1999, 64,
7061. (b) Bettinger, H. F.; Schreiner, P. R.; Schleyer, P. v. R.; Schaefer,
H. F. In The Encyclopedia of Computational Chemistry; Schleyer, P.
v. R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer,
H. F., III, Schreiner, P. R., Eds.; John Wiley and Sons Inc.: Chichester,
1998; pp 183-196. (c) Seburg, R. A.; Hill, B. T.; Squires, R. R. J. Chem.
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submitted.

(48) For some discussion on the energetics of rotation about the
exocyclic C-C bond in PC, see: (a) Dorigo, A. E.; Li, Y.; Houk, K. N.
J. Am. Chem. Soc. 1989, 111, 6942. (b) Cramer, C. J.; Dulles, F. J.;
Falvey, D. E. J. Am. Chem. Soc. 1994, 116, 9787.

(49) Admasu, A.; Platz, M. S.; Marcinek, A.; Michalak, J.;
Gudmundsdöttir, A. D.; Gebicki, J. J. Phys. Org. Chem. 1997, 10, 207.

(50) This estimate is based upon the surface-crossing mechanism
suggested by Griller, Nazran, and Scaiano: Griller, D.; Nazran, A. S.;
Scaiano, J. C. J. Am. Chem. Soc. 1984, 106, 198.

(51) Swain, C. G.; Lupton, E. C. J. Am. Chem. Soc. 1968, 90, 4328.

Figure 1. Structure and selected bond distances (in ang-
stroms) of A, B, and C for the parent, PC, and the transition
states connecting them, calculated at the B3LYP/6-31G* level
of theory.

Table 1. Relative Energies (∆H0) of Intermediates and
Activation Barriers for Para-Substituted Rearrangement

at the B3LYP/6-311+G** Level of Theorya

para
substituent σp

+ Ac
Ea

TS(A-B)c,d Bc
Ea

TS(B-C)c,e Cc

NH2 -1.111 0.0 20.3 10.5 2.2 -6.2
OHf -0.853 0.0 17.5 6.1 2.4 -8.9
OCH3

f -0.648 0.0 17.2 6.0 3.0 -6.9
CH3 -0.256 0.0 15.8 3.9 0.9 -11.3
F -0.247 0.0 16.1 3.1 1.6 -12.5
H 0.000 0.0 14.8 2.1 1.2 -13.6
Cl 0.035 0.0 15.4 2.5 1.4 -12.6
NC b 0.0 14.3 0.9 1.1 -13.7
CF3 0.582 0.0 12.8 -1.1 1.2 -15.2
CN 0.674 0.0 12.9 -0.7 0.7 -15.1
NO2 0.740 0.0 11.7 -2.3 0.3 -10.3
a Values are given in kcal/mol. b σp

+ value not available. c Fully
optimized geometries at the B3LYP/6-31G* level. d Activation
barrier is relative to A. e Activation barrier is relative to B.
f Energy reported is for the anti rotamer, which has a slightly lower
overall activation energy.
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It was also shown that the dominant origin of this
substituent effect was interaction with the singlet car-
benes. We see the same phenomenon here and its effects
on the rearrangement of PC. The large effect of fluorine
is likely due to the effective orbital overlap of the 2p lone
pair electrons from fluorine with the 2p orbital on the
aromatic carbon. Chlorine, on the other hand, must
interact with the carbon via a 3p orbital, which is less
efficient due to the size difference between the more
diffuse 3p orbital and the 2p orbital on the aromatic ring
carbon, thus the effect on the barrier for rearrangement,
TS(A-B) is attenuated.

To illustrate the effect of para substitution on the rate-
determining step, TS(A-B), we have carried out a linear
free energy (LFE) analysis52 on the para-substituted
species (Figure 2). A good correlation (R2 ) 0.957) is
observed in the plot. The slope (F value) is -3.9. This

effect is similar in magnitude to that observed on the
singlet-triplet energy gap of PC in which F is 5.0.41 As
mentioned earlier, it was established in previous studies41

that the effect on ∆EST is primarily due to interaction
with the empty p orbital on the carbene center. That a
similar effect on energy is seen in TS(A-B) in this
instance, wherein the transition state, TS(A-B), for
rearrangement requires a large deviation from coplanar-
ity, is in complete agreement with our expectations. Also
shown in Figure 2 are the LFE plots for B, C, and
TS(B-C). The primary interaction of the aromatic ring
with the carbene center takes place via the empty
p-orbital on the carbene center. This interaction is not
available in B; thus, the relative energy of the two species
should reflect this substituent interaction with the car-
bene center. If there is a negligible effect of substitution
on the stability of B formed, there should be a good linear
correlation and the F values should be similar for B and
TS(A-B). However, if there is an effect on the stability
of B that is qualitatively similar to the effect on A, there
should be a good linear correlation and F should be larger
in magnitude for this plot. In fact, there is a good linear
correlation (R2 ) 0.957) and a larger F value, -5.9 for B
versus -3.9 for TS(A-B). This stabilizing effect on B
by electron-donating substituents will become even more
evident when we discuss the reaction coordinate dia-
grams in Figure 3. The activation barrier TS(B-C),
however, is referenced to B. The plot of this value versus
σp

+ reflects the stabilizing effect of electron-donating
substituents to B (negative F value), but shows very poor
linear correlation (R2 ) 0.694), as one might expect. The
relative energy of substituted C also shows a poor linear
correlation to σp

+.
As mentioned earlier, another interesting observation

concerning the effect of para-substitution on the PC ring-
expansion potential energy surface is the relative stabil-
ity of B. In B, ring conjugation is lost, and the substituent
now plays a much smaller role in stabilization, but an
observable one nonetheless. As a result of the interaction
with the p orbital on the carbene center in A, electron-
withdrawing substituents, which served to destabilize A,
have exothermic rearrangements to B. In the extreme
case, p-NO2-A f p-NO2-B, the process is exothermic by
2.3 kcal/mol. Given that DFT underestimates the stabil-
ity of BCT (B) in the rearrangement of PC,14-16 this is
likely to be an upper limit of the reaction exothermicity.(52) Exner, O. Prog. Phys. Org. Chem. 1990, 18, 129.

Figure 2. LFE relationship of (a) the relative energy of B
and C and (b) the activation barriers separating B and C from
A and B, respectively, calculated at the B3LYP/6-311+G**//
B3LYP/6-31G* level of theory.

Figure 3. Graphical view of the potential energy surfaces of
p-NH2-A, PC, and p-NO2-A calculated at the B3LYP/6-
311+G**//B3LYP/6-31G* level of theory.
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Also noteworthy is the fact that the activation barrier
for TS(B-C) is still much smaller than for TS(A-B).
This trend has been observed in previous computational
studies.14-16 The effect of substitution on these potential
energy surfaces is shown in Figure 3, which illustrates
the reaction profile for p-NH2-A, p-NO2-A and the parent
PC. This profile illustrates that electron-donating sub-
stituents tend to raise the energy of TS(B-C).

Meta-Substituted Phenylcarbenes

The effect of meta substitution on the ring expansion
of PC is presented in Tables 2 and 3. Again, we would
like to clarify our naming convention and choice of which
species to report. In the meta species, there are two
rotations that are important. First is the rotation about
the aromatic ring-substituent bond, which typically has
a barrier of less than 5 kcal/mol.53 There is also the
rotation about the aromatic ring-carbene bond, which
has a much higher barrier (10-15 kcal/mol) and is
energetically close to the barrier for ring expansion.53

Therefore, since rotation about the ipso-carbon carbene-
carbon bond is energetically comparable to the barrier
(TS(A-B)) for ring closure to B, we believe that the

rotamer orientation in which the carbene is born will
dictate the regiochemistry of ring closure. Since aromatic
ring-carbene rotation should be a slow process and
aromatic ring-substituent rotation should be quite facile,
we will treat the carbene rotamers separately and only
report the lower energy pathway for the meta substituent
rotamer. We should note that the carbene can only
undergo ring closure with the bond that is opposite to
the carbene H, as shown below. Our naming convention
is to give the carbene rotamer designation as a prefix and
the substituent rotamer as a suffix:

1. Syn-Meta-Substituted PC. Table 2 presents the
relative energy of the syn-meta species. These are pre-
sented in increasing order of σm.54 The most striking
feature of these data is the range of TS(A-B) energies.
Whereas in the para-substituted cases, the energetic
range was 8.6 kcal/mol, the range for the meta cases is
only 1.6 kcal/mol. Compare this with the range of the
singlet-triplet energy gaps calculated for the para- and
meta-substituted cases, which is 9.6 and 2.6 kcal/mol,
respectively.41 Interestingly, syn-meta substitution serves
to both lower the activation barrier TS(A-B) and, in
accordance with Hammond’s postulate,55 lower the rela-
tive energy of B.

2. Anti-Meta-Substituted PC. Table 3 presents the
results of anti-meta substitution. As in syn-meta substi-
tution, all of the TS(A-B) energies are lower upon sub-
stitution as compared to the prarent PC. Here, though,
the range is a little larger (2.5 kcal/mol), quite close to
the range of singlet-triplet splittings of 2.6 kcal/mol.41

Also, for these rotamers, all of the rearrangements to B
are predicted to be exothermic, except for PC and anti-
meta-tolylcarbene. For all of the species, TS(B-C) is still
quite low; thus the experimental observation of B (now
a quite exothermic rearrangement given DFT’s under-
estimation of the stability of strained alkenes, see above)
is still quite unlikely. The overall rearrangements of the
anti-meta species are not as exothermic as those of the
syn-meta species, but in both cases, C is by far the most
stable species on the portion of the C7H5-X potential
energy surface studied here.

Ortho-Substituted Phenylcarbenes

The chemistry of ortho-substituted PC is complicated
by the availability of intramolecular rearrangement
involving the carbene center and the ortho substitu-

(53) Geise, C. M.; Hadad, C. M.; Zheng, F.; Shevlin, P. B. J. Am.
Chem. Soc. 2002, 124, 355.

(54) McDaniel, D. H.; Brown, H. C. J. Org. Chem. 1958, 23, 420.
(55) (a) Hammond, G. S. J. Am. Chem. Soc. 1955, 77, 334. (b) Leffler,

J. E. Science 1953, 117, 340.

Table 2. Relative Energies (∆H0) of Intermediates and
Activation Barriers for Syn-Meta-Substituted

Rearrangement at the B3LYP/6-311+G** Level of Theorya

meta
substituent σm Ab

Ea
TS(A-B)b,d Bb

Ea
TS(B-C)b,e Cb

NH2 -0.160 0.0 13.2 1.6 1.6 -18.1
CH3 -0.069 0.0 14.3 1.9 1.6 -14.9
H 0.000 0.0 14.8 2.1 1.2 -13.6
OCH3

c 0.115 0.0 12.9 0.8 2.1 -16.5
OHc 0.121 0.0 13.4 1.5 1.5 -17.3
F 0.337 0.0 13.8 1.3 1.1 -17.2
Cl 0.391 0.0 14.2 1.4 1.0 -16.8
CF3 0.430 0.0 13.8 0.2 1.3 -15.6
NC f 0.0 13.8 0.4 1.0 -16.6
CN 0.560 0.0 13.9 0.0 0.9 -15.9
NO2 0.710 0.0 13.9 -0.1 0.8 -16.6
a Values are given in kcal/mol. b Fully optimized geometries at

the B3LYP/6-31G* level. c Energy reported is for the syn-rotamer,
which has a slightly lower overall activation energy. d Activation
barrier is relative to A. e Activation barrier is relative to B. f σm
value not available.

Table 3. Relative Energies (∆H0) of Intermediates and
Activation Barriers for Anti-Meta-Substituted

Rearrangement at the B3LYP/6-311+G** Level of Theorya

meta
substituent σm Ab

Ea
TS(A-B)b,d Bb

Ea
TS(B-C)b,d Cb

NH2 -0.160 0.0 12.5 -2.2 2.9 -12.6
CH3 -0.069 0.0 14.0 0.9 2.4 -12.5
H 0.000 0.0 14.8 2.1 1.2 -13.6
OCH3

c 0.115 0.0 12.3 -2.5 3.6 -11.9
OHc 0.121 0.0 12.8 -2.1 2.4 -13.8
F 0.337 0.0 13.7 -1.2 2.0 -14.9
Cl 0.391 0.0 13.5 -1.7 2.1 -14.2
CF3 0.430 0.0 13.7 -1.2 2.5 -14.6
NC f 0.0 13.3 -2.2 2.5 -14.8
CN 0.560 0.0 13.3 -2.1 2.2 -15.0
NO2 0.710 0.0 13.3 -2.6 2.1 -15.4
a Values are given in kcal/mol. b Fully optimized geometries at

the B3LYP/6-31G* level. c Energy reported is for the anti-rotamer,
which has a slightly lower overall activation energy. d Activation
barrier is relative to A. e Activation barrier is relative to B. f σm
value not available.
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ent.56,57 As discussed earlier, this is aptly illustrated in
the formation of styrene and benzocyclobutene from the
tolylcarbenes.1,2 In this section, we will only discuss our
computational findings regarding the energetics of the
ring-expansion reaction for the ortho isomers. Recently,
we have studied in more detail the intramolecular
reactions of methoxy-substituted PC both computation-
ally and experimentally.53

1. Syn-Ortho-Substituted PC. Table 4 summarizes
the relative energy of the stationary points involved in
the expansion of syn-ortho-substituted A. Several factors,
including resonance stabilization of the singlet A, hy-
drogen-bonding and steric destabilization of the reacting
carbene contribute to the observed activation barriers to
rearrangement. These factors converge to provide a
picture that is quite different from the mesomerically
similar para isomers. For instance, in syn-o-NH2-A (Table
4), the overall barrier to rearrangement is 17.2 kcal/mol
(vis á vis 14.8 kcal/mol for PC). The explanation here is
that preferential resonance stabilization of the starting
carbene that does not contribute to stabilizing the out-
of-plane transition state results in a higher activation
barrier (Figure 1). In the case of syn-o-OCH3-A-syn, which
should also provide resonance stabilization to the empty
p-orbital of the carbene, the activation barrier is 11.9
kcal/mol, which is 2.9 kcal/mol lower than in PC. This is
likely due to destabilization of the carbene via steric
repulsion between the methoxy group and the carbene
(Figure 4) which forces the H1-C2-C3-C4 dihedral angle
between the carbene C-H bond and the aromatic ring
to be 7.0° out of plane. In fact, the complete rearrange-
ment of syn-o-OCH3-A-syn to syn-o-OCH3-C-syn is much
more exothermic (7.8 kcal/mol) than that of the structur-
ally similar syn-o-OH-A-anti. This is a reasonable result
if there is a large degree of steric interaction of the
carbene with the ortho-substituent.

Electron-withdrawing substituents, such as CF3, lower
the barrier to ring closure to BCT compared to PC. Syn-
o-CF3-A has a barrier to rearrangement of 10.6 kcal/mol,
which is 4.2 kcal/mol lower than in PC. Again, this is
probably due to a combination of electronic and steric
destabilizing interactions with the carbene center ac-
companied by a relatively small interaction in the transi-
tion state. The electron-withdrawing effect should be

much smaller in the ortho position, as inductive effects
are not as strong owing to the ∼60° dihedral angle
between the ring C-carbene C and ring C-substituent
bonds as opposed to a corresponding 180° angle in the
para-substituted species. Evidence that this is mainly a
steric effect can be inferred from the results for anti-o-
CN-A. Here, steric interaction with the carbene center
should be quite small, as CN is a linear substituent. In
such a case, electron-withdrawing effects are expected
to be the major contributor to activation energy differ-
ences and the barrier is only lowered by 2.1 kcal/mol.

2. Anti-Ortho-Substituted PC. The relative energet-
ics of the anti-o-X-A potential energy surface for ring
expansion are given in Table 5. For both the NH2- and
OH-substituted species, 1,4-H-migration complicates the
ring-expansion process.41 Therefore, we do not report
findings on the ortho-substituted NH2 and OH species
here.

The overall activation barrier for the ring closure with
every substituent, given by TS(A-B), is larger for the
anti-o-X-A isomer than for the syn-o-X-A isomer (Table
6). Thus, ring expansion toward the ortho-X substituent
always has a larger activation barrier for rearrangement
than away from the substituent. This result can be
rationalized by the dominant effect that geometric de-
formation has on the energetics of this process in which
movement of the ortho substituent (X) requires some
distortion energy in the transition state. This explanation
is further supported by the fact that both electron-
donating and electron-withdrawing substituents raise the
TS(A-B) energy of the anti-ortho species relative to A

(56) See, for instance, refs 27, 28, and 29 and references therein.
(57) Sander, W.; Morawietz, J. Tetrahedron 1993, 34, 1913.

Table 4. Relative Energies (∆H0) of Intermediates and
Activation Barriers for Syn-Ortho-Substituted

Rearrangement at the B3LYP/6-311+G** Level of Theorya

ortho
substituent Ab

Ea
TS(A-B)b,c Bb

Ea
TS(B-C)b,d Cb

NH2 0.0 17.2 7.3 3.6 -10.4
OHe 0.0 15.8 4.5 3.2 -12.5
OCH3

f 0.0 11.9 0.2 2.5 -20.3
CH3 0.0 12.2 0.2 2.2 -16.0
H 0.0 14.8 2.1 0.9 -13.6
F 0.0 16.5 4.6 2.1 -14.3
Cl 0.0 13.5 1.2 1.8 -17.1
CF3 0.0 10.6 -2.9 1.2 -19.3
CN 0.0 12.7 -0.7 1.2 -16.4
NC 0.0 13.9 1.3 1.9 -15.3

a Values are given in kcal/mol. b Fully optimized geometries at
the B3LYP/6-31G* level. c Activation barrier is relative to A.
d Activation barrier is relative to B. e Energy reported is for the
anti-rotamer, which has a lower energy. f Energy reported is for
the syn-rotamer, which has a lower energy.

Figure 4. Structure and selected geometric parameters
(distance in angstroms, angle in degrees) of syn-o-OCH3-syn-A
calculated at the B3LYP/6-31G* level of theory.

Table 5. Relative Energies (∆H0) of Intermediates and
Activation Barriers for Anti-Ortho-Substituted

Rearrangement at the B3LYP/6-311+G** Level of Theorya

ortho
substituent Ab

Ea
TS(A-B)b,c Bb

Ea
TS(B-C)b,d Cb

OCH3
e 0.0 16.0 -1.1 0.6 -17.9

CH3 0.0 17.2 2.1 1.0 -14.6
H 0.0 14.8 2.1 1.7 -13.6
F 0.0 19.8 -6.5 3.1 -18.2
Cl 0.0 19.6 -7.5 3.1 -18.8
CF3 0.0 12.8 -7.9 3.4 -19.9
CN 0.0 14.0 -3.0 1.2 -17.7
NC 0.0 18.2 -3.6 1.4 -18.1

a Values are given in kcal/mol. b Fully optimized geometries at
the B3LYP/6-31G* level. c Activation barrier is relative to A.
d Activation barrier is relative to B. e Energy reported is for the
anti-rotamer, which has a lower energy.
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compared to their syn-ortho counterparts (Table 6). This
effect gives rise to some very interesting results. For
instance, the effect of syn-halogen substitution on the
ring-expansion activation energy for both fluorine and
chlorine substitution is raised by ∼5 kcal/mol from PC.
This is actually a much larger effect than is observed in
the para-substituted species. Also, the rearrangement to
B for each is quite exothermic and moreover, further ring
expansion (TS(B-C)) has a barrier of 3.1 kcal/mol. The
TS(B-C) barrier for the halogens is surpassed only by
TS(B-C) for anti-o-CF3-A. The origin of this effect is
likely the stabilization of the cyclopropene ring by
fluorine substitution (see below).30g,58 This result is
reminiscent of the effect of fluorine-substitution on the
ring-expansion of phenylnitrene.30,59

3. Ortho-Difluoro-Substituted PC. As mentioned
earlier, difluoro substitution has a large effect on the
relative energies of the various species on the phenyl-
nitrene ring-expansion potential energy surface. In addi-

tion to the monosubstituted aryl species studied herein,
we have also calculated the energetics for ring expansion
of ortho-difluoro-PC in order to compare substituted
PC to phenylnitrene. Figure 5 summarizes the relative
energies of the monofluoro- and difluorophenylcarbene
rearrangement processes.

Interestingly, the rearrangement of anti-ortho-F-A to
anti-ortho-F-B is exothermic by 6.5 kcal/mol, whereas for
syn-ortho-F-A to syn-ortho-F-B, the rearrangement is
endothermic by 4.6 kcal/mol. This can be attributed to
the stabilizing effect of fluorine substitution on small ring
compounds.30g,58 Also, a hydrogen-bonding interaction of
the carbene H with the fluorine substituent in syn-ortho-
F-A stabilizes this rotamer compared to anti-ortho-F-A.
It appears that difluoro substitution does not result in
any special effects on the PC rearrangement surface as
it does with the phenylnitrene surface. This observation
is consistent with the hypothesis presented by Gritsan
et al.30e in which the origin of the fluorine effect in
phenylnitrene is rationalized as the result of an unfavor-
able Coulombic interaction between adjacent carbons in
the transition state due to the electronegativity difference
between C and N.

In PC, there is not a significant electronegativity
difference between the carbene carbon and the aryl
carbon, and there is no significant ortho-fluorine effect
in PC (apart from the general effect that all substituents,
regardless of electronic demand, retard insertion toward
the substituent). Indeed, the following isodesmic reaction
is nearly thermoneutral (0.2 kcal/mol), which implies
that the substituent effects observed individually are
approximately additive in the difluoro-PC cases.

Conclusions
Gas-phase calculations predict that the reversible

ring-expansion reaction of PC is sensitive to substit-
uents on the aromatic ring. The effect on the activation
barrier for this rearrangement is much larger for para

(58) (a) Getty, S. J.; Hrovat, D. A.; Xu, J. D.; Barker, S. A.; Borden,
W. T. J. Chem. Soc., Faraday Trans. 1994, 90, 1689. (b) Wiberg, K.
B.; Marquez, M. J. Am. Chem. Soc. 1998, 120, 2932.

(59) (a) Zhai, H.; Platz, M. S. J. Phys. Org. Chem. 1996, 10, 22. (b)
Gritsan, N. P.; Yuzawa, T.; Platz, M. S. J. Am. Chem. Soc. 1997, 119,
5059. (c) Gritsan, N. P.; Zhai, H. B.; Yuzawa, T.; Karweik, D.; Brooke,
J.; Platz, M. S. J. Phys. Chem. A 1997, 101, 2833. (d) Marcinek, A.;
Platz, M. S.; Chan, S. Y.; Floresca, R.; Rajagopalan, K.; Golinski, M.;
Watt, D. J. Phys. Chem. 1994, 98, 412. (e) Poe, R.; Schnapp, K.; Young,
M. J. T.; Grayzan, J.; Platz, M. S. J. Am. Chem. Soc. 1992, 114, 5054.
(f) Marcinek, A.; Platz, M. S. J. Phys. Chem. 1993, 97, 12674. (g) Banks,
R. E.; Sparkes, G. R. J. Chem. Soc., Perkin Trans. 1 1972, 1964. (h)
Abramovitch, R. A.; Challand, S. R.; Yamada, Y. J. Org. Chem. 1975,
40, 1541. (i) Schuster, G. B.; Platz, M. S. Adv. Photochem. 1992, 17,
69.

Figure 5. Comparison of ortho-fluoro- and ortho-difluoro-PC potential energy surfaces (∆H (0K), kcal/mol). The ortho-difluoro-
PC energies are from fully optimized structures at the B3LYP/6-311+G** level of theory. All mono-fluorinated energies are given
relative to the anti-ortho-F-PC isomer which is denoted as zero. Each activation barrier is relative to the reactant’s energy for
that specific step.

Table 6. Comparison of the Relative Energies (∆H0) of
the Activation Barriers for Ring Expansion for

Syn-Ortho- and Anti-Ortho-Substituted PC at the B3LYP/
6-311+G** Level of Theorya

ortho
substituent

Ea TS(A-B)b,c

syn-ortho-A carbenes
Ea TS(A-B)

anti-ortho-A carbenes

OCH3 11.9d 16.0e

CH3 12.2 17.2
H 14.8 14.8
F 16.5 19.8
Cl 13.5 19.6
CF3 10.6 12.8
CN 12.7 14.0
NC 13.9 18.2

a Values are given in kcal/mol. b Fully optimized geometries at
the B3LYP/6-31G* level. c Activation barrier is relative to A.
d Energy reported is for the syn-rotamer, which has a lower energy.
e Energy reported is for the anti-rotamer, which has a lower
energy.
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substituents than for meta substituents. In fact, para
substituents ranging from NH2 to NO2 yield a range of
TS(A-B) energies of 20.3 to 11.7 kcal/mol. Such a large
substituent effect should be readily observable in the
experimental ring expansion/contraction process, and
such work would be quite welcome for comparison to the
computational results reported here.

Ortho-substituted PC ring-expansion is complicated by
steric interactions between the proximal substituent and
the carbene center, the energetics associated with geo-
metric deformations of substituents relative to H as well
as rearrangement processes that can lead irreversibly to
bond-insertion products. The latter has, of course, been
known since the early days of tolylcarbene chemistry and
the observed formation of benzocyclobutene.1,2

Halogens have a large effect on the ring-expansion
process, particularly in the anti-o-X-A species. The syn-
halogen species seem to be affected by the steric and
hydrogen-bonding interactions of the carbene H and the
halogen. In the case of fluorine, which presumably
forms better hydrogen bonds than chlorine, the activa-
tion barrier is raised by 1.7 kcal/mol relative to PC.
However, for the larger chlorine substituent, which
would not benefit as much from a stabilizing hydrogen-

bonding interaction, the activation barrier is lowered by
1.3 kcal/mol relative to PC. Thus, when provided spatial
proximity, significant interaction of the ortho substituent
with the carbene center can have a large effect on the
activation barrier for ring expansion. This can also lead
to bicyclic structures and ylides that eventually rearrange
to stable products. Indeed, substitution on the aromatic
ring of PC has a large effect on the relative energetics of
the well-known ring-expansion process.
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