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The cycloaddition of cyclopentyne with ethene was examined using (U)B3LYP and CASSCF methods
to discern the reaction mechanism. (U)B3LYP/6-31G* and (U)B3LYP/6-311+G* slightly favor the
concerted pathway, whereas CASSCF(4,4)/6-31G* and CASCF(6,6)/6-31G* favor the diradical
pathway. MRMP2 using the CASSCF(4,4) wave function also favors the diradical mechanism. In
the context of a diradical pathway, the experimentally observed complete retention of stereochem-
istry for this reaction is understood in terms of stereochemical control resulting from dynamic effects.

The cycloaddition chemistry of cyclopentyne (1) has
intrigued chemists since the discovery of its reactions
with alkenes in 1983.1 A [2 + 2] cycloadduct is formed in
the reaction, remarkably with complete retention of
stereochemistry, as indicated in Scheme 1.2,3 As under-
stood within the framework of orbital symmetry argu-
ments, symmetry conservation of this type is formally
forbidden by the Woodward-Hoffmann rules.4 While
some tentative arguments had been put forth to explain
this “violation” of the rules, by proposing involvement of
either an anti-symmetric diradical3 or a lumomer,5 we
recently reported experimental6 and theoretical7 evidence
for an alternative reaction mechanism that is consistent
with the tenets of orbital symmetry.

In the reaction of norbornyne (2) with 2,3-dihydropy-
ran, Laird and Gilbert6 observed the expected [2 + 2]
adduct 3, along with the polycyclic adduct 4. They
proposed the mechanism given in Scheme 2 to account
for these products. Concurrently, we examined this
mechanism theoretically using B3LYP/6-31G* computa-
tions.7 A concerted [2 + 1] transition state was located
connecting reactants (either cyclopentyne and ethene or
norbornyne and ethene) with the cyclopropylcarbene
intermediate. The free energy activation barrier is almost
entirely entropic in nature, and the addition is strongly
exoergonic. The cyclopropylcarbene can then undergo a

1,2-C shift with a small barrier to give the stereoretention
product, consistent with the experimental observations.

In this paper, we present further computational results
concerning the mechanism for the reaction of cyclopen-
tyne with ethene, specifically comparing this concerted
[2 + 1] addition with a stepwise diradical mechanism.

Computational Methods
The two mechanisms under investigation here involve

carbene and diradical(oid) species, both of which offer chal-
lenges for the computational chemist. Toward that end, we
have completely optimized the structures involved in the
reaction of cyclopentyne with ethene along a concerted and a
stepwise pathway (see Scheme 3) using a number of compu-
tational techniques. The B3LYP/6-31G* and B3LYP/6-311+G**
models were used for the concerted path, whereas the UB3LYP
functional was used for the diradical path.8 For an alternative
treatment of correlation, we used CAS(4,4)/6-31G* and
CAS(6,6)/6-31G*,9 where the former uses an active space
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confined to only the direct bond making and breaking, while
the latter active space also includes the second π-bond of the
precursor cycloalkyne. To include dynamical correlation with
the CAS wave function, we have computed the MRMP2/
6-31G*//CASSCF(4,4)/6-31G* energies for some structures.10

Analytical frequencies were computed for all structures to
confirm the nature of each critical point, and zero-point
vibrational energies (ZPE) and free energies were obtained as
well. All frequencies and ZPEs were used without scaling. Free
energies were computed at 298 K using standard partition-
function approximations.11 All computations were performed
using either GAUSSIAN-9812 or GAUSSIAN-03,13 except the
MRMP2 computations, which were done with GAMESS.14

Results

Invoking the mechanism of Laird and Gilbert,6 the
reaction of cyclopentyne with ethene should first create

the cyclopropylcarbene intermediate 5. The carbene then
undergoes a 1,2-C shift, passing through the transition
state TS5-6, to give bicyclo[3.2.0]hept-1(5)-ene (6). Our
principal focus for this work is on the first stage of this
process, namely how do cyclopentyne and ethene combine
to give 5? In our previous study, we examined only the
concerted [2 + 1] cycloaddition where TS1-5 is the sole
transition structure for this conversion. We now examine
the possibility of a stepwise, nonconcerted mechanism
whereby cyclopentyne and ethene first combine to form
the diradical intermediate 7, passing through transition
state TS1-7. A second chemical step closes the three-
member ring, passing through TS7-5, to produce cyclo-
propylcarbene 5.

The Concerted Path 1 f 5. In Table 1, we present
some of the geometric parameters for 1 and 5 and the
transition state connecting them. The B3LYP/6-31G*
geometries are also drawn in Figure 1. We have not
optimized cyclopentyne at CASSCF(6,6) because there is
no need to correlate the σ-bonding electrons, especially
in comparison with the rest of the reaction pathway. The
structure of cyclopentyne (1) is little affected by the
computational method. The triple bond is a little longer
(about 0.03 Å) at CASSCF than with B3LYP, suggesting
that the latter method may not account properly for
diradical character in 1. Similarly, the computational
method has little effect on the structure of the cyclopro-
pylcarbene 5. The only difference is that the C1-C2 bond
is about 0.03 Å shorter at B3LYP than at CASSCF.

There is some question as to the lowest energy spin
state of 5. We have optimized the structure of its triplet
spin state at B3LYP/6-31G*, and its geometry is reported
in Table 1. As expected,15,16 the angle about the carbenic
center is wider in the triplet than in the singlet: 103.03°
vs 115.38°. The C1-C2-C3 angle is concomitantly smaller
in the triplet. The C-C distances in the three-membered
ring are shorter in the triplet than the singlet, though
C1-C2 is longer in the former species. Most importantly,
the singlet state is 12.3 kcal mol-1 lower in energy than
the triplet. Given that recent studies have shown that
B3LYP/6-31G* overestimates the stability of the triplet
relative to the singlet of a variety of small carbenes by a
few kcal mol,1,17-20 we can safely conclude that the singlet
state of 5 is the ground state.
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FIGURE 1. B3LYP/6-31G*-optimized geometries of the critical points along the concerted pathway.

TABLE 1. Optimized Geometrical Parameters for Cyclopentyne 1, TS1-5 and 5 (all Distances Are in Å and all Angles
Are in deg)

a Structure did not optimize at this level. b Singlet c Triplet

The Reaction of Cyclopentyne with Ethene
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Unlike for 1 and 5 where the computational methods
provide very similar structures, the geometry of the
transition state connecting these two (TS1-5) is very
dependent on methodology. The two B3LYP geometries
are similar; the magnitude of the distances (2.4 to 2.5 Å)
for the C-C bonds being formed and the fact that the
C6-C7 distance is barely increased from that in ethene
suggest a very early transition state. On the other hand,
the CASSCF(4,4) transition state is later: the forming
C-C bonds are now just slightly longer than 2 Å. Despite
repeated efforts at locating a [2 + 1] transition state using
CASSCF(6,6), the only transition state located is decid-
edly asymmetric with respect to the C1-C6 and C1-C7

distances and is in fact TS1-7, discussed below. These
differences hint at the possibility of an alternate pathway.

To conclude the discussion of the concerted [2 + 1]
path, we present in Table 2 the energies of TS1-5
relative to the intermediate carbene 5. Since the config-
uration spaces that might be used for the reactants are
not identical in size to those for the intermediates and
products, direct comparison of the energies of reactants
with the other critical points is problematic. Therefore,

we use 5 as the reference point. B3LYP/6-311+G** and
B3LYP/6-31G* place the transition state about 34 and
36 kcal mol-1 above 5. CASSCF(4,4) predicts a higher
energy for this transition state, about 43 kcal mol-1.

The Diradical Path 1 f 5. Cyclopentyne and ethene
can react to produce the cyclopropylcarbene intermediate
5 via an alternative mechanism that involves the forma-
tion of a diradical intermediate. This diradical pathway
is outlined in Scheme 3. Ethene and cyclopentyne can
approach each other in an asymmetric way, passing
through TS1-7 to create the diradical 7. This diradical
can then close, progressing through TS7-5, to give 5.

Important geometric parameters of the critical points
along this diradical path are listed in Table 3, and the
B3LYP/6-31G* structures are drawn in Figure 2. All four
computational models give similar geometries of the
diradical intermediate 7. The C1-C2 distance is consis-
tent with a typical double bond, and the C6-C7 distance
is near that typical for a single bond.

Greater variation among the computational methods
is found for the structure of TS1-7. CASSCF computa-
tions predict a slightly later transition state: the forming
C1-C6 bond is about 0.2 Å shorter and the C6-C7 is some
0.03 Å longer with the CASSCF models than with the
B3LYP models. Whether the internal ring angle at C1 or
C2 is larger is also dependent on the method; CASSCF
again indicates a later TS with a smaller angle at C1 and
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TABLE 2. Relative Free Energies (kcal mol-1)

TS1-5 TS1-7 7 TS7-5 5 TS5-6 TS7-6 6

(U)B3LYP/6-31G*a 36.47 37.14 9.08 19.81 0.0 5.70 10.94 -48.81
(U)B3LYP/6-311+G**a 33.78 NFc 9.80 19.77 0.0 6.28 11.61 -45.29
CAS(4,4)/6-31G* 43.25 34.58 -0.95 20.69 0.0 12.10 1.56 -32.95
MRMP2/6-31G*b 43.26 33.64 1.70 12.34 0.0 -53.90
CAS(6,6)/6-31G* NFd 22.40 -4.71 27.91 0.0 8.89 12.55 -36.79
a UB3LYP was used for all structures with diradical character; otherwise, RB3LYP was employed. b MRMP2 electronic energy calculated

from the CASSCF(4,4) wave function at the CASSCF(4,4)/6-31G*-optimized geometry. d All attempts to optimize this transition state led
to dissociated reactants or TS1-5. d All attempts to optimize this transition state led to TS1-7.

TABLE 3. Optimized Geometrical Parameters for TS1-7, 7, and TS7-5 (all Distances Are in Å and all Angles Are in deg)
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wider at C2. Perhaps the more interesting result is that
despite repeated attempts, we were unable to locate a
transition state that corresponds to the TS1-7 using
UB3LYP/6-311+G**. All optimizations either led to
dissociated reactants or to the concerted TS1-5 structure
previously obtained. In other words, the unrestricted
wave function collapses to the restricted wave function
and only the concerted TS exists on this surface. Hrovat,
Duncan, and Borden reported a similar situation in their
study of the Cope rearrangement of 1,2,6-heptatriene;
attempts to locate a transition state at UB3LYP collapsed
to the spin-restricted B3LYP-concerted path solution.21

The four computational models provide very similar
geometries for TS7-5, the transition state connecting the
diradical intermediate 7 with the cyclopropylcarbene 5.
The forming C1-C7 bond is about 2.1 Å and the C1-C6-
C7 angle is around 90°. The C1-C2 distance is 1.36 Å
(B3LYP) or 1.38 Å (CASSSCF). These distances and
angles indicate an early transition state, with much
geometric change still needed to create 5.

The relative energies of the critical points along the
diradical pathway are listed in Table 2. These predicted
energetics split along methodological lines. The major
difference between the DFT and CASSCF potential
energy surfaces is the relative energies of 5 and 7. All
four models do locate local minima that correspond to 5
and 7. Both (U)B3LYP computations suggest that the
diradical intermediate 7 lies 9-10 kcal mol-1 above the
carbene 5. There is significant spin contamination for the
diradical 7 (S2 ) 1.01) and this is consistent with the
unrestricted DFT representation of this state as a 50:50
mixture of the singlet and triplet states. The sum model22

can be used to obtain the energy of the singlet as twice
the energy of the 50:50 state, less the energy of the
triplet. The triplet lies only 0.04 kcal mol-1 above the 50:
50 state. Thus, the energy correction for the true singlet
is essentially nil, leaving diradical 7 well above cyclo-

propylcarbene 5. Along with the fact that singlet 5 is
more stable than triplet 5, this indicates that the cy-
cloaddition will take place on the singlet surface. On the
other hand, both CASSCF computations indicate the
opposite, namely that 7 is more stable than 5. CASS-
CF(4,4) predicts that 7 is only 1 kcal mol-1 below 5, while
the larger CASSCF(6,6) computation increases this dif-
ference to 4.7 kcal mol-1. It is expected that DFT would
favor a closed-shell structure over a diradical structure,
since the DFT wave function is restricted to a single
Slater determinant.11 Previous studies of the Cope and
Claisen rearrangements, which compare diradical vs
concerted pathways, generally find a small difference like
we see here.21,23

As indicated previously, we could not locate TS1-7 at
UB3LYP/6-311+G**. However, we were successful with
the other models. At B3LYP/6-31G*, TS1-7 is 28.08 kcal
mol-1 higher in energy than 7. This is quite similar to
the CASSCF(6,6) result (27.11 kcal mol-1), but CASSCF-
(4,4) predicts a higher barrier, viz., 35.53 kcal mol-1.

The two DFT models give very similar energies for the
closing of the diradical 7 to the cyclopropylcarbene 5:
10.73 kcal mol-1 with the smaller basis set and 9.97 kcal
mol-1 with the larger one. On the other hand, the two
CASSCF calculations indicate a higher barrier and
disagree on its value. The barrier is 21.64 kcal mol-1 at
CASSCF(4,4) but 32.62 kcal mol-1 at CASSCF(6,6).

CASSCF tends to favor diradicals over closed-shell
species. This artifact can be minimized by performing
MP2 calculations from the CASSCF wave function. We
computed the MRMP2 energies using the CASSCF(4,4)
wave function at the CASSCF(4,4) optimized geometries.
These relative electronic energies are listed in Table 2.
The relative energies of the two transition states TS1-5
and TS1-7 are minimally affected by the inclusion of
dynamic correlation; the transition state to the diradical
intermediate is still favored by 10 kcal mol-1. The
MRMP2 calculations, however, reverse the relative sta-
bilities of 5 and 7 from the CASSCF results; with(21) Hrovat, D. A.; Duncan, J. A.; Borden, W. T. J. Am. Chem. Soc.
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FIGURE 2. (U)B3LYP/6-31G*-optimized geometries of the critical points along the diradical pathway.
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inclusion of dynamic correlation the carbene intermediate
is now slightly favored (by almost 2 kcal mol-1) over the
diradical intermediate.

The Concerted Path 5 f 6. The cycloproylcarbene 5
can undergo a concerted [1,2]-C migration, opening up
the three-membered ring to form the final product 6.
Important geometrical parameters of the optimized struc-
tures of the transition state for this reaction (TS5-6) and
6 are listed in Table 4, and the B3LYP/6-31G* structures
are drawn in Figure 1.

The four computational models predict quite compa-
rable structures for TS5-6. The largest difference is that
CASSCF predicts a longer C2-C7 distance than does
DFT. All four models also give nearly identical structures
for 6. Here, the largest difference is in the C6-C7

distance, predicted to be about 0.02 Å longer with CAS
than with DFT.

The predicted barrier from 5 ranges from 5.7 to 12.55
kcal mol-1, with the DFT results on the lower end and
CAS results on the higher end. The reaction is quite
exergonic; DFT indicates ∆G is about -47 kcal mol-1,
while the CAS computations suggest a slightly lesser
value of -34 kcal mol-1.

The Diradical Path 7 f 6. If the reaction of cyclo-
pentyne and ethene proceeds via the diradical intermedi-
ate 7, then it is possible for the overall product 6 to be
directly formed without creating 5. We have located the
transition state for this direct closure, which basically
involves rotation about the exocyclic C-C bond to bring
the two formal radical centers close to coplanar. Once
the diradical centers are close, the ring forms without
further barriers.

The UB3LYP/6-31G* structure of TS7-6 is shown in
Figure 2, and geometric parameters for all four models
are listed in Table 4. The geometries are in excellent

agreement with each other. On the other hand, although
UB3LYP/6-31G*, UB3LYP/6-311+G** and CASSCF(4,4)/
6-31G* all predict that TS7-6 lies about 2 kcal mol-1

above 7, the barrier is much higher at CASSCF(6,6)/6-
31G*, 17.26 kcal mol-1. While this disparity is discon-
certing, the more important point is that the barrier for
the path 7 f 6 is lower than the barrier for the competing
path, 7 f 5.

Discussion

Any proposed mechanism for the reaction of cyclopen-
tyne with ethene must account for the observations of
complete stereoretention in the product cyclobutene. In
addition, the mechanism must account for the production
of the spiro cyclopropane 4 in the reaction of norbornyne
with 2,3-dihydropyran.6 A concerted [2s + 2s] cycload-
dition can explain the stereochemistry, though in viola-
tion of the rules of conservation of orbital symmetry. We
proposed the [2 + 1] pathway outlined in Scheme 2 to
account for both the stereochemistry and the spiro
product.6,7 We now address the questions of whether the
alternative diradical pathway competes with the con-
certed pathway and whether it can account for the
experimental observations.

Assessing the energetic preference of the two compet-
ing pathways is complicated by some disagreements
between the computational methods. This needs to be
tempered by understanding that B3LYP will tend to favor
closed-shell species whereas CASSCF will do the op-
posite, as noted earlier. The nature of the reaction surface
is simply very sensitive to the methodology employed and
so we report and discuss a variety of methodologies to
try to achieve a consensus conclusion.

In general, the two (U)B3LYP models give similar
results, indicating that the size of the basis set is not an

TABLE 4. Optimized Geometrical Parameters for TS5-6, TS7-6, and 6 (all Distances Are in Å and all Angles Are in deg)
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issue. Figure 3a presents a schematic of the potential
energy surface. The concerted pathway (indicated by the
dashed line) is preferred over the diradical pathway. The
highest energy point is TS1-7, the transition state to
form the diradical intermediate. It is about 1.5 kcal mol-1

above TS1-5, the highest energy point along the con-
certed pathway. In addition, the carbene 5 is 9-10 kcal
mol-1 more stable than the diradical 7.

The two CASSCF models also give at least qualita-
tively similar results, indicating that the size of the active
space is not an issue. Figure 3b shows a schematic of the
potential energy surface computed at CASSCF(4,4). Here,
the diradical pathway is now favored over the concerted
one. The highest energy point is TS1-5, lying nearly 9
kcal mol-1 above TS1-7. The most significant difference
between the CASSCF(4,4) and CASSCF(6,6) results is
the lack of the [2 + 1] transition state (TS1-5) on the
CASSCF(6,6) surface; only the diradical pathway is
observed at CASSCF(6,6). Further, the diradical 7 is
more stable than 5. The MRMP2 computations suggest
that the carbene is slightly more stable than the diradi-
cal, but increases the preference for the transition state
leading to the diradical.

So, how does one reconcile these results? While not
without some bias, the MRMP2 method does incorporate
the effects of both dynamic and nondynamic correlation
to some extent. These computations indicate a diradical
pathway, as do the two CASSCF models. The support
for the concerted path is only marginal at DFT, with
TS1-5 only slightly below TS1-7. Therefore, we lean
toward the diradical pathway as the preferred option for
the process.

Although the concerted pathway is entirely consistent
with complete stereoretention in the products, partial or
total diastereomerization normally results from diradical
processes.24 In fact, the barrier to rotation about the
C6-C7 bond in 7 is less than 1 kcal mol-1 at UB3LYP/

6-31G*. One might expect that if the diradical is formed
and has any appreciable lifetime, that rotation about the
C6-C7 bond would lead to loss of stereochemistry. Since
the rotational barrier is so much less than the barrier to
close to 5, complete diastereomerization might be ex-
pected. Furthermore, the diradical may close directly to
6 and this barrier is not too much higher that the
rotational barrier. Again, rotation about the C6-C7 bond
in 7 might be expected to occur prior to this direct closure,
inducing some diastereomerization.

We believe that the diradical pathway is consistent
with stereoretention when dynamic effects are consid-
ered. Carpenter has effectively argued that such effects
can play a critical role in dictating the choice between
reaction channels.25 Basically, dynamic effects take into
account momentum along with the potential energy
surface; in other words, one must consider the reaction
in phase space. When a molecular array crosses over a
transition state, or more properly through a bottleneck
in phase space, it does so with momentum in that forward
direction and will thus tend to continue in that direction
unless some barrier intercedes.

For the reaction at hand, one can consider the approach
of ethene in a plane approximately perpendicular to
cyclopentyne. Crossing through the transition state
bottleneck in the neighborhood of TS1-7, the ethene
fragment has forward momentum that continues to
propel it toward cyclopentyne, making the C1-C6 bond
and keeping C7 positioned essentially perpendicular to
the cyclopentyne ring. This momentum will carry C7

(24) (a) Montgomery, L. K.; Schueller, K.; Bartlett, P. D. J. Am.
Chem. Soc. 1964, 86, 622-628. (b) Bartlett, P. D.; Cohen, G. M.; Elliott,
S. P.; Hummel, K.; Minns, R. A.; Sharts, C. M.; Fukunaga, J. Y. J.
Am. Chem. Soc. 1972, 94, 2899-2902. (c) Doering, W. v. E.; Sachdev,
K. J. Am. Chem. Soc. 1974, 96, 1168-1187. (d) Berson, J. A.; Dervan,
P. B.; Malherbe, R.; Jenkins, J. A. J. Am. Chem. Soc. 1976, 98, 5937-
5968. (e) Leber, P. A.; Baldwin, J. E. Acc. Chem. Res. 2002, 35, 279-
287. (f) Baldwin, J. E. Chem. Rev. 2003, 103, 1197-1212.

FIGURE 3. Potential energy surfaces for the concerted (dashed line) and stepwise (solid line) reactions of cyclopentyne with
ethene. Relative free energies in kcal mol-1: (a) energies at (U)B3LYP/6-31G*; (b) energies at CASSCF(4,4)/6-31G*.
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forward toward C1 without any twisting about the
C6-C7 bond. It is this twisting that would lead to
diastereomerization, but would involve transfer of mo-
mentum from the forward motion into rotational motion,
effectively requiring a sharp turn of the complex in phase
space. The barrier represented by TS7-5 might aid in
deflecting this trajectory and creating rotation about
C6-C7, but it is much lower in energy than TS1-7. We
expect, therefore, that momentum simply drives the
ethene fragment, conformationally unperturbed, forward
to culminate in carbene 5. This process might be pictured
in a stylized way as shown in Figure 4. Once 5 is formed,
the concerted 1,2-C shift can produce 6 with net overall
retention of stereochemistry. The same argument applies
to explain the lack of direct closure from the diradical 7
to the product 6; this route requires transfer of momen-
tum into rotational motion about the C1-C6 bond.

Another way of framing this argument is that the system
passes directly over the potential energy well of the
diradical, thereby having essentially no lifetime as the
radical. With no residence as the diradical, there is no
opportunity for rotation about C6-C7 that would lead to
diastereomerization. Unfortunately, a molecular dynam-
ics study to test this hypothesis requires computational
power that is beyond our current resources. We hope that
it will be possible to undertake this study soon, however.
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FIGURE 4. Schematic of the trajectory for the reaction following the diradical pathway. The reaction begins by (a) crossing a
transition state in the neighborhood of TS1-7 and then (b) passes through the well of the diradical 7, continuing next to (c) start
to form the three-membered ring, and finishing at (d) the carbene 5. The full line indicates the actual PES, while the dashed line
indicates the hypothetical energies of the points along the reaction trajectory.
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