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A Mechanistic Study on the Photoisomerizations of Spiro[2,4]hept-1-ene,
Vinylidenecyclopentane, and Vinylidenecyclobutane Hydrocarbons
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The mechanisms of photochemical isomerization reactions were investigated theoretically using the following
model systems: spiro[2,4]hept-1-ene, 1-vinylcyclopentene, and vinylidenecyclobutane with the CASSCF/6-
311G(d) (six-electron/six-orbital active space) and the MP2-CAS/6-311G(d,p)/CASSCF/6-311G(d) methods.
The structures of the conical intersections, which play a central role in such photorearrangements, were obtained.
The intermediates and transition structures of the ground states were also calculated to assist in providing a
qualitative explanation of the reaction pathways. Our model investigations strongly indicate that a vinylcarbene-
like intermediate can serve as a basis for discussion and rationalization of the results of the above photoisomerizations.
Besides this, our theoretical findings suggest that the conical intersection mechanism found in this work gives a
good explanation and supports the experimental observations. Also, all the relative final product yields predicted
in the present work are in good agreement with the available experimental findings.

I. Introduction

Despite prolonged interest in the photoreactions of cyclo-
propenes,! bicyclic alkylcyclopropenes, their related allenes,
have received surprisingly little attention.? The reason for this
is probably because the parent chromophore is devoid of
absorption above 210 nm and hence requires the use of far-UV
techniques for its investigation. A recent report concerning the
photochemistry of one bicyclic alkylcyclopropene derivative?
has demonstrated that the photochemical behavior of alkylated
systems differs in several respects from that of typical arylcy-
clopropenes* (see eq 1 in Scheme 1). That is, photolysis of
spiro[2,4]hept-1-ene (1) in pentane solution with a low-pressure
mercury lamp results in a rearrangement to the isomeric allene
(vinylidenecyclopentene) 2, alkyne (ethynylcyclopentane) 3, and
diene (1-vinylcyclopentene) 4 with quantum yields of 43%,
38%, and 13%, respectively.>? Likewise, this can be compared
to the results of thermolysis of 1 at 225 °C, which yields the
alkyne 3 in 75% yield along with minor amounts of 4. On the
other hand, photolysis (185 nm) of the five-membered exocyclic
allene (vinylidenecyclopentane, 2) yields the product distribution
(1, 3, 4, and 5)? as shown in eq 2 in Scheme 1. Direct photolysis
of vinylidenecyclobutane (6) in deoxygenated solution at 185
nm produces spiro[2,3]hex-1-ene (7), ethynylcyclobutane (8),
3-methylenecyclopentene (9), ethylene (10), and photoproduct
(11) in measurable yields.’

It is these fascinating experimental results that inspired this
study. The key questions are how the various products are
formed and why certain products show a significant abundance.?
A knowledge of the features of the potential energy hypersur-
faces is in general of great value in understanding the roles of
the various possible processes. Although these experimental
results help in understanding the potential energy surfaces of
excited states in bicyclic alkylcyclopropene systems, they are
at present not capable of providing complete mechanistic detail.
We were thus curious about exactly how these reactions occur,
and we wanted detailed mechanistic knowledge in order to
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exercise greater control over them. Nevertheless, it is very
difficult to detect thermally unstable intermediates and transition
structures of ground and excited states because of their short
lifetimes. Theory is therefore a potentially useful partner to
investigate the mechanism of such photoisomerizations. Besides,
as far as we are aware, until now no quantum chemical studies
have been performed on bicyclic alkylcyclopropene photore-
arrangements. It is astonishing how little is known about the
mechanisms of photoisomerizations of bicyclic alkylcyclopro-
penes and their related allenes, considering the importance of
cyclopropenes in synthetic as well as photochemistry.!® We have
thus undertaken the investigation of the potential energy surfaces
of bicyclic alkylcyclopropene systems.

The object of this work is to gain an understanding of the
photochemical mechanism of the transformation of bicyclic
alkylcyclopropenes and their related allenes to various photo-
products. As illustrated in Scheme 1, the reaction mechanisms
of three different reactions were investigated by CASSCF and

UJ 2008 American Chemical Society

Published on Web 05/27/2008



5528 J. Phys. Chem. A, Vol. 112, No. 24, 2008

MP2-CAS calculations: namely, spiro[2,4]hept-1-ene (1), vi-
nylidenecyclopentane (2), and vinylidenecyclobutane (6) were
used as model systems. It will be shown below that the conical
intersections (Cls),” whose geometrical structure is vinylcarbene-
like, play a crucial role in the photoisomerization of these
bicyclic alkylcyclopropenes systems.

II. Methodology

All geometries were fully optimized without imposing any
symmetry constraints, although in some instances the resulting
structures showed various elements of symmetry. Ab initio
molecular orbital calculations were performed with the Gaussian
03 software package.?

In the investigation of photochemical reaction pathways, the
stationary point structures on Sy and S; surfaces were optimized
at the CASSCF (complete active space self-consistent field) level
of calculations by use of the standard 6-311G(d) basis set.® The
active space for describing the photoisomerizations of 1, 2, and
6 comprises six electrons in six orbitals—two p-7r orbitals, plus
two 0(C—C) and two 0*(C—C) orbitals—and is referred to as
CASSCEF(6,6). In some hydrogen shift molecules, their active
space is chosen as two p-7r orbitals, plus two o (i.e., C—C and
C—H) and two o* (i.e., C—C and C—H) orbitals. The state-
averaged CASSCF(6,6) method was used to determine geometry
on the intersection space. The optimization of conical intersec-
tions was achieved in the (f - 2)-dimensional intersection space
via the method of Bearpark et al.!” implemented in the Gaussian
03 program.

The harmonic vibrational frequencies of all stationary points
computed analytically at the CASSCF level were computed
analytically to characterize them as minima (all frequencies are
real) or transition states (only one imaginary frequency). The
optimization was determined when the maximum force and its
root-mean-square (rms) were less than 0.000 45 and 0.000 05
hartree/bohr, respectively. Localization of the minima, transition
states, and conical intersection minima was performed in Car-
tesian coordinates; therefore, the results are independent of any
specific choice of internal variables.

Further, 14 of the reactions that we have investigated have
been probed in some detail by determining the intrinsic reaction
coordinate (IRC)!" with the algorithm proposed by Gonzalez
and Schlegel.!?

To correct the energetics for dynamic electron correlation,
we have used the multireference Mgller—Plesset algorithm!3
as implemented in the program package Gaussian 03. Unless
otherwise noted, the relative energies given in the text are those
determined at the MP2-CAS-(6,6)/6-311G(d,p) level by use of
the CAS(6,6)/6-311G(d) (hereafter designed MP2-CAS and
CASSCEF, respectively) geometry. All calculations were carried
out on the IBM computers at the National Center for High-
Performance Computing, with the Gaussian 03 program.’

III. General Considerations

Although the cyclopropene derivative photoisomerizations
reported experimentally!?>® show a wide variance in their
reaction types, it is still possible to construct a certain con-
sistency in these reactions, which at least serves as a basis for
discussion. In this section, we describe possible excited-state
reaction paths that lead to the conical intersections. It is well-
known that the photochemistry of cyclopropene derivatives is
dominated by initial ring opening to produce vinylcarbene
intermediates.">* Indeed, as already shown in eq 1 in Scheme
1, photolysis of spiro[2,4]hept-1-ene (1) can yield substantial
amounts of allene and alkyne products in addition to the 1,3-
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TABLE 1: Energies of Critical Points Located along Paths
1-6*

structure state AE"
spiro[2,4]hept-1-ene (1) So 0.0 (0.0)
FC-1 Sy 150.7 (172.1)
Int-2 Sy 101.7 (90.08)
TS-1 Si 129.5 (118.8)
CI-1 Si/So 60.72 (42.83)
Int-2 So 45.94 (25.36)
TS-2 So 51.06(49.83)
TS-3 So 65.74 (56.16)
CI-2 Si/So 100.7 (144.1)
TS-4 So 79.56 (67.03)
TS-5 So 60.61 (64.53)
TS-6 So 28.44 (40.17)
2 So —15.98(—30.84)
3 So —60.86 (—30.02)
4 So —3.426 (—38.07)

% Energies were calculated at the MP2-CAS(6,6)/6-311G(d,p)//CAS-
(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses) levels
of theory and are given in kilocalories per mole. See Figures 1-3 and
Figure B in Supporting Information. * Energy relative to spiro[2,4]hept-
1-ene (1).

dienes that are characteristic of vinylcarbene-like intermediates. !
Similarly, in the case of eq 2 in Scheme 1, Leigh® proposed a
mechanism involving a vinylcarbene-like intermediate to explain
the formation of a variety of photoproducts due to the photolysis
of 2. Namely, he considered that products 1, 3, and 4 all arise
from the vinylcarbene derived from [1,2]-H migration in the
excited singlet state of 2.2 Also, it has been reported that allenes
produce cyclopropenes in both ground and singlet excited states
via vinylcarbene intermediates.!* In fact, it was reported that
photochemical cyclopropene ring opening is considered to
involve the S; state with the formation of the planar vinyl
diradical' (see Scheme 2). Besides this, it was noted that the
lowest excited triplet state of cyclopropene is unreactive toward
ring opening and generally undergoes dimerization.> We thus
do not consider the excited triplet state for the cyclopropene
derivative systems any further. From the above discussion, it is
evident that vinylcarbene-like intermediates should play a
decisive role in the photochemical mechanisms of cyclopropene
derivatives. Nevertheless, attempts to trap such intermediates
with methanol or alkene have been unsuccessful so far.*

In the following section, we shall use the above mechanisms
for locating the “funnel” from the excited-state surface to the
ground-state surface that corresponds to a conical intersection.

IV. Results and Discussion

(1) Spiro[2,4]hept-1-ene (C7H;g). We first consider the pho-
tochemical rearrangement reactions of spiro[2,4]hept-1-ene (1).
As stated earlier, there could be three kinds of reaction pathways
for the photoisomerization reactions of 1, paths 1—3, which may
lead to the final photoproducts vinylidenecyclopentene (2),
alkyne (3), and 1,3-diene (4), respectively. Figure 1 displays
the reaction profiles computed for eq 1 in Scheme 1 and contains
the relative energies of the various points with respect to the
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Figure 1. Energy profiles for the photoisomerization modes of
spiro[2,4]hept-1-ene (1). FC, Franck—Condon; CI, conical intersection.
Relative energies were obtained at the MP2-CAS-(6,6)/6-311G(d,p)//
CAS(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses)
levels of theory. All energies (in kilocalories per mole) are given with
respect to the reactant (1). For CASSCF optimized structures of the
crucial points, see Figures 2 and 3. For more information see the text.

energy of reactant 1. Selected geometrical values and the relative
energies based on CASSCF and MP2-CAS calculations for all
the stationary points of 1 are reported in Figure 2 and Table 1,
respectively. Cartesian coordinates are given in the Supporting
Information.

The vertical excitation energy (FC-1) is calculated to lie 172
kcal/mol above the ground-state surface at the CAS(6,6)/6-
311G(d) optimized reactant geometry 1. This value drops to
151 kcal/mol after correction via MP2-CAS calculations, which
is surprisingly close to the experimental absorption band (185
nm = 155 kcal/mol).3 It is thus believed that the present model
compound with the method employed in this study should
provide reliable information for the discussion of the singlet
photochemical reaction mechanisms of 1.

Once Sp — S; vertical excitation occurs, the system will relax
from the FC-1 point [S(Sp geom)] to the S; minimum Int-2
[Si(S; geom)], which is lower in energy than the former by 49
kcal/mol. The optimized geometrical parameters of Int-1can be
found in Figure 2. Our CASSCEF results indicate that the Int-1
structure has two shorter C—C bond distances (1.447 and 1.454
A) and a longer C—C bond length (1.834 A) than its closed-
shell singlet state. This strongly implies that one C—C bond of
the triangular ring (Int-1) compound is broken during the
photochemical isomerization of 1.

After the local minimum Int-1, we found a transition state
TS-1, which is based on the model of reactant 1. The optimized
transition-state structure (TS-1) along with the calculated
transition vector at the CASSCF level is given in Figure 2. The

J. Phys. Chem. A, Vol. 112, No. 24, 2008 5529

arrows indicate the direction in which the three carbon atoms
of the triangular ring vibrate in the normal coordinate corre-
sponding to the imaginary frequency (821i cm™!). As seen in
Figure 1 and Table 1, it is apparent that the transition structure
(TS-1) for the ring opening process is lower in energy by 21
kcal/mol than the corresponding FC-1, but it is higher in energy
by 18 kcal/mol than the local intermediate Int-1. Accordingly,
owing to the large excess energy (49 kcal/mol) obtained from
the decay of FC-1 to Int-1, it is expected that this relaxation
energy is sufficient to provoke the effective photoisomerization
reactions (paths 1 and 2) for 1 (vide infra).

Furthermore, through the transition state TS-1, the lowest
energy point of the intersection seam of the Sy and S; state was
located for the ring opening process. This was identified as CI-1
as presented in Figures 1 and 2. As one can see in Figure 2, the
structure of CI-1 is quite vinylcarbene-like, just as we predicted
in the previous section. Funneling through the S¢/S| CI-1 conical
intersection can lead to two different reaction pathways on the
ground-state surface via either the derivative coupling vector
or the gradient difference vector.” The gradient difference vector
for CI-1corresponds to a CCC vibrating motion, which may
lead to a vibrationally hot species at the Sy configuration. On
the other hand, its derivative coupling vector corresponds to a
C—C bond stretching motion, which can result in another planar
intermediate Int-2. It should be noted here that although the
energy is minimized, the structure CI-1 shown in Figures 1 and
2 is just a conical intersection rather than a true minimum,’
because its energy gradient does not go to zero. Moreover the
MP2-CAS computational results indicate that the energy of CI-1
relative to the ground-state minimum (1) is 61 kcal/mol, but it
is lower than that of FC-1 by 90 kcal/mol. Also, the MP2-CAS
results demonstrate that the energy of Int-2 is 105 kcal/mol
lower than that of FC-1 but higher than that of reactant 1by 46
kcal/mol.

Again, after the local minimum Int-2 on the Sy potential
energy surface is produced, there could be two reaction pathways
(TS-2 and TS-3), from which one may obtain the final
photoproducts 2 and 3, respectively. From Figure 1 and Table
1, it is clear that the transition state TS-2 for intermediate Int-
2, leading to product 2, lies below the energy of TS-3, which
connects the intermediate Int-2 and product 3, by 15 kcal/mol.
We have done the IRC calculations to confirm this (for instance,
see Figure A in Supporting Information). In consequence, our
theoretical findings indicate that path 1 should be more favorable
than path 2 from an energetic viewpoint. Therefore the product
of path 1 (2; allene) is predicted to be produced in a larger
quantum yield than that of path 2 (3; alkyne). The supporting
evidence comes from the fact that, as already mentioned in eq
1 in Scheme 1, one major product (2) and two minor products
(3 and 4) were observed in the photoisomerization reaction of
spiro[2,4]hept-1-ene (1).> Consequently, our theoretical inves-
tigations suggest that the reaction mechanisms for paths 1 and
2 should proceed as follows:

Path 1: 1(Sy))+hv—
FC-1—Int-1—TS-1—CI-1— Int-2—TS-2—2
Path 2: 1(Sy))+hv—
FC-1—Int-1—TS-1—CI-1—Int-2—TS-3—3

We have also explored the mechanism of path 3, which
contains only a single conical intersection point (S;/Sg CI-2).
The derivative coupling and gradient difference vectors obtained
at the conical intersection are given in Figure 3. Our MP2-CAS
results suggest that S1/Sy CI-2 is lower in energy than FC-1 by
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Figure 2. CAS(6,6)/6-311G(d) geometries (bond lengths in angstroms, angles in degrees) for paths 1 and 2 of spiro[2,4]hept-1-ene (1), conical
intersection (CI), intermediates (Int), transition states (TS), and isomer products. Derivative coupling and gradient difference vectors—those that
lift the degeneracy—were computed with CASSCF at CI-1. Corresponding CASSCF vectors are shown as insets. Heavy arrows indicate the main
atomic motions in the transition-state eigenvector. For more information see Supporting Information.

40 kcal/mol but higher in energy than the corresponding reactant
1 by 101 kcal/mol. The existence of a low-lying conical
intersection provides a highly effective radiationless decay
channel.” Beside this, our computations predict that the photo-
chemical rearrangement reaction of path 3 should be a barrierless
process. That is, starting from the FC-1 point, spiro[2,4]hept-
1-ene (1) enters an extremely efficient decay channel, S,/Sy CI-
2. After decay at this conical intersection point, the photoisomer
4 as well as the initial reactant 1 can be reached via a barrierless
ground-state relaxation pathway. Accordingly, this work sug-
gests that the reaction mechanism for path 3 should be as
follows:

Path 3: 1(S))+hv—FC-1—CI-2—4

In addition, as shown in Figure 1, our computational results
indicate that the two conical intersection points (CI-1 and CI-
2) are 90 and 40 kcal/mol lower in energy than FC-1,
respectively. Competition between these reaction paths is

presumably governed by the surface shape and dynamical
factors. As illustrated in Figure 1, the energy difference between
these two conical intersections is substantial (about 40 kcal/
mol). Paths 1—3 compete with each other, paths 1 and 2 being
energetically more feasible from a kinetic viewpoint. The
quantum yield of 2 and 3are therefore expected to be larger
than that of 4. The energetic arguments are in qualitative agreement
with the experimentally observed relative product distributions of
2, 3, and 4, as already shown in eq 1 in Scheme 1.3
Furthermore, we have also investigated the ground-state
(thermal) potential surfaces of 1, which are given in Figure 1
and Figure B in Supporting Information. The search for
transition states on the Sy surface near the structures of S1/Sg
CI-1 gives TS-4, TS-5, and TS-6, which connect 1 and 4, 1
and 2, and 1 and 3, respectively. Our model calculations
demonstrate that these transition states all involve hydrogen
migration with the calculated imaginary frequencies 138i, 1031,
and 1062i cm™!, respectively. In consequence, our theoretical
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Figure 3. CAS(6,6)/6-311G(d) geometries (bond lengths in angstroms,
angles in degrees) for path 3 of spiro[2,4]hept-1-ene (1), conical
intersection (CI), and isomer product 4. Derivative coupling and
gradient difference vectors—those that lift the degeneracy—were
computed with CASSCF at CI-2. Corresponding CASSCF vectors are
shown as insets. For more information see Supporting Information.

investigations suggest that the reaction mechanisms for paths
8—10 should proceed as follows:

Path4: 1—TS-4—4
Path5: 1—TS-5—2
Path6: 1—TS-6—3

The barrier heights for these three reaction pathways are
computed to be 80, 61, and 28 kcal/mol, respectively. This
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TABLE 2: Energies of Critical Points Located along Paths
7—10¢

structure state AE?
vinylidenecyclopentene (2) So 0.0 (0.0)
FC-2 M 152.2 (152.0)
CI-3 S1/So 93.71 (77.29)
Int-3 So 75.85 (58.55)
TS-7 So 82.88 (65.42)
TS-8 So 90.22 (78.29)
TS-9 So 97.09 (84.46)
CI4 S1/So 102.5 (58.55)
Int-4 So 30.04 (51.06)
TS-10 So 87.51 (90.60)
Int-5 So 73.43 (70.86)
TS-11 So 76.35 (52.59)
1 So 60.86 (30.02)
3 So 44.88 (—0.8158)
4 So 57.44 (—8.051)
5 So 32.96 (—14.46)

@ Energies were calculated at the MP2-CAS(6,6)/6-311G(d,p)//CAS-
(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses) levels
of theory and are given in kilocalories per mole. See Figures 4 and 5
and Figures C and D in Supporting Information. * Energy relative to
vinylidenecyclopentene (2).

152
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FC-2
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e - CI{S1/S0)
—— : SO

[unit: kcal/mol]

Figure 4. Energy profiles for the photoisomerization modes of
vinylidenecyclopentene (2). FC, Franck—Condon; CI, conical intersec-
tion. Relative energies were obtained at the MP2-CAS-(6,6)/6-311G(d,p)//
CAS(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses)
levels of theory. All energies (in kilocalories per mole) are given with
respect to the reactant (2). For CASSCF optimized structures of the
crucial points, see Figure 5 and Figures C and D in Supporting
Information. For more information see the text.

strongly implies that in the thermal reactions the yield of product
alkyne (3) should be greater than that of either 2 or 4. Again,
our theoretical findings are in good agreement with the available
experimental work.?

In short, our model investigations provide a qualitative
explanation of the photoisomerization of 1 to final photoproducts
via conical intersections as well as via thermal reactions. That
is, an efficient photoisomerization occurs when the photoexcited
reactant 1* evolves along barrierless excited-state paths, decays
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Figure 5. CAS(6,6)/6-311G(d,p) geometries (bond lengths in angstroms, angles in degrees) for paths 7—10 of vinylidenecyclopentene (2), conical
intersections (CI), and intermediates (Int). Derivative coupling and gradient difference vectors—those that lift the degeneracy—were computed
with CASSCF at CI-3 and CI-4. Corresponding CASSCF vectors are shown as insets. Heavy arrows indicate the main atomic motions in the
transition-state eigenvector. For more information see Supporting Information.

at conical intersection points, and after several chemical steps
finally relaxes to the ground state between 1 and photoproducts
(2, 3, and 4). The present calculations also indicate that the
energy of the conical intersection CI-1 for paths 1 and 2 is lower
than that of the other conical intersection (CI-2). In consequence,
path 1 should be the most favorable pathway in the photore-
arrangement reactions of spiro[2,4]hept-1-ene (1). Our theoreti-
cal conclusions agree well with the relative quantum yields of
various photoproducts based on the experimental observations.?
On the other hand, our theoretical work also demonstrates that
path 6 should be the preferred route in the thermal reactions of
1, giving 3 as the major product. Again, these theoretical findings
are in accordance with the experimental observations.??

(2) Vinylidenecyclopentane (2). For comparison, we next
consider the photoisomerizations (eq 2 in Scheme 1) of
vinylidenecyclopentane 2. In this section we shall again examine
the photochemical reaction pathways corresponding to a vinyl-
carbene mechanism as described in the previous section. The
discussion of these reaction pathways will be based on 14 fully
optimized structures corresponding to minima, transition states,
and real crossing points on the So and S; (sr*) potential
surfaces. A schematic overview of the computed energy profiles
for the photoreaction pathways of 2 is shown in Figure 4. The
structures optimized at the CASSCF/6-311G(d) level are
outlined in Figure 5 and Figures C and D in Supporting
Information, with the corresponding energies based on CASSCF
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TABLE 3: Energies of Critical Points Located along Paths
11—-14¢

structure state AE.”

0.0 (0.0)

vinylidenecyclobutane (6) So

FC-3 S 157.0 (144.1)
CIL-5 S1/So 91.43 (88.60)
Int-6 So 60.86(59.66)
TS-12 So 62.59 (64.66)
TS-13 So 79.80 (86.77)
CI-6 S1/So 43.82 (79.15)
Int-7 So 34.13 (10.66)
TS-14 So 67.75 (74.21)
Int-8 So 35.41(31.09)
TS-15 So 47.16 (47.32)
7 So 57.89 (24.49)
8 So —37.78 (—13.33)
9 So —29.21 (—25.48)
CL-7 S1/So 113.0 (110.1)

10 So —78.37(—78.07)
11 So —154.3 (—153.8)

@ Energies were calculated at the MP2-CAS(6,6)/6-311G(d,p)//CAS-
(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses)
levels of theory. See Figures 6-9. » Energy relative to vinylidenecy-
clobutane (6).

157
(144)
FC-3

[ R |
o = CI(S1/S0)
— SO

[unit: kcal/mol]

_
o9

-37.8
(-13.3)
8

Figure 6. Energy profiles for the photoisomerization modes of
vinylidenecyclobutane (6). FC, Franck—Condon; CI, conical intersec-
tion. Relative energies were obtained at the MP2-CAS-(6,6)/6-311G(d,p)//
CAS(6,6)/6-311G(d) and CAS(6,6)/6-311G(d) (values in parentheses)
levels of theory. All energies (in kilocalories per mole) are given with
respect to the reactant (6). For CASSCF optimized structures of the
crucial points, see Figures 7-9. For more information see the text.

and MP2-CAS calculations in Table 2. Cartesian coordinates
and energetics calculated for the critical points at the CASSCF
level are available as Supporting Information.

As in the case of spiro[2,4]hept-1-ene 1, the singlet photo-
rearrangement reactions of 2 studied in this work follow reaction
paths similar to those shown earlier. On the basis of the
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CASSCF(6,6)/6-311G(d) structure of the ground state 2, the
vertical excitation energy from Sy to S; [So — Si (So geom)]
was calculated to be about 152 kcal/mol (FC-2) above the
ground-state reactant 2. This value agrees well with the
experimental value of 185 nm (= 155 kcal/mol in energy)
obtained by irradiating a dilute solution of 6.

Once the Sy — S; vertical excitation occurs, the system will
relax from the FC-2 point to the conical intersection points (CI-3
and CI-4). Our MP2-CAS results suggest that CI-3 and CI-4
are 58 and 49 kcal/mol lower in energy than FC-2, respectively.
The optimized geometrical parameters of CI-3 and CI-4 can
be found in Figure 5. As mentioned earlier, both adopt
vinylcarbene-like structures. In Figure 5, we also give the
directions of the derivative coupling and gradient difference
vectors for the CI-3 and CI-4 conical intersections. As a result,
funneling through the CI-3 and CI-4 conical intersections may
lead to two different reaction pathways on the ground-state
surface via either the derivative coupling vector or the gradient
difference vector direction.” On one hand, as can be seen in
Figure 5 for CI-3, the major contribution of the gradient
difference vector involves the alkylcyclopropene ring expansion,
while the derivative coupling vector corresponds to a concerted
CC bond stretching motion. Furthermore, following the gradient
difference vector from CI-3 leads to the formation of a
vinylcarbene-like intermediate (Int-3) in the trans form. From
this point, three reaction pathways (paths 7—9) were explored
in this work. The search for transition states on the Sy surface
gives TS-7, TS-8, and TS-9 for the products spiro[2,4]hept-1-
ene 1 (path 7), alkyne 3 (path 8), and diene 4 (path 9),
respectively. Their selected geometrical parameters are given
in Figure C in Supporting Information. Additionally, our MP2-
CAS computational results indicate that the energy of TS-7,
TS-8, and TS-9 relative to the vinylcarbene-like intermediate
(Int-3) is 7.0, 14, and 21 kcal/mol, respectively. From the kinetic
viewpoint, we thus predict that spiro[2,4]hept-1-ene (1) produced
by path 7 should have the largest quantum yield of the three
photoproducts.

Alternatively, we also located another vinylcarbene-like
conical intersection, which was identified as CI-4 in Figure 4.
Its key structural parameters are given in Figure 5, accompanied
by the derivative coupling vector and the gradient difference
vector. These vectors correspond to changes in the C;—C3 and
C;—C; bond lengths, respectively. An increase in the C;—C;3
bond length coupled with a decrease in the C;—C; bond length
leads to a local minimum, Int-4. It should be emphasized that
this bending motion species (CI-4) is in accordance with the
previous proposed vinylcarbene as mentioned in Scheme 2.
Then, as one can see in Figure D in Supporting Information,
from Int-4 this intermediate undergoes C,—C7 bond formation
to obtain TS-10. The theoretically calculated eigenvalue gives
an imaginary frequency of 158i (TS-10) cm™!. Indeed, inspec-
tion of the transition vector shows clearly that the reaction
proceeds toward formation of a six-membered ring species (Int-
5). Furthermore, the transition state located for the 1,2-H
migration in path 10 is characterized by one imaginary frequency
of 108i cm™! for TS-11. The normal coordinate corresponding
to the imaginary frequency is primarily located at the C—H bond
cleavage. Again, from TS-11 isomerization can take place in
one direction, in which the 1,2-H shift occurs to form the final
product 5. As a result, the rearrangement reactions may be
summarized as follows:

Path 7: 2 (Sy) +hv—FC-2—CI-3—Int-3—TS-7—1
Path 8: 2(Sy))+hv—FC-2— CI-3—Int-3—TS-8§ —3
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Path 9: 2 (S, +hv—FC-2— CI-3— Int-3—TS-9—4
Path 10: 2 (S, +hv—

FC-2— CI-4 — Int-4 — TS-10 — Int-5 — TS-11—5

As discussed previously, path 7 has the lowest barrier height
among paths 7—9. On the other hand, path 10 (Int-4 — TS-
10) possesses a barrier height computed to be about 58 kcal/
mol. Due to the large excess energy of 122 kcal/mol obtained
from the decay of FC-2 to Int-4, this barrier can easily be
surmounted. However, one can readily see that path 7 should
be favored over path 10 from an energetic viewpoint. Besides
this, path 7 is a four-step process, while path 10 is a six-step
process. As a result, it presumably takes a longer time for the
photorearrangement of 2 to occur via path 10, since it involves
more steps to obtain the final photoproduct. Supporting experi-
mental evidence comes from the fact that irradiation of 2
produces the products 1 (path 7), 3 (path 8), 4 (path 9), and §
(path 10) in yields of 32%, 18%, 4.8%, and 4.9%, respectively.?

Su

(3) Vinylidenecyclobutane (6). We have also investigated
the photoisomerizations of vinylidenecyclobutane 6 (eq 3 in
Scheme 1). The potential energy profiles for photoisomerization
of 6 to produce various photoproducts at the MP2-CAS and
CASSCEF levels are given in Figure 6. Their selected geometrical
parameters are collected in Figures 7-9, together with the
nonadiabatic coupling and gradient difference vectors of the
conical intersection points. The energies relative to the reactant
molecule (1) are also listed in Table 3. Cartesian coordinates
and energies calculated for the crucial points at the CASSCF
level are available as Supporting Information.

The quality of the vinylidenecyclobutane 6 model has been
tested by computing the S;—Sy energy gap at the Franck—Condon
structure (see FC-3 in Figure 6). Remarkably, the computed
vertical excitation energy (157 kcal/mol) to the lowest excited
% state of 6 is in good agreement with the experimental
absorption of 185 nm (=155 kcal/mol) light by 6.

103.52777 308
C C
1;7\/\

Derivative Coupling

\ Gradient Differencel

179.5°
ko 1.307:1.298:§>

\S Int-7

Figure 7. CAS(6,6)/6-311G(d,p) geometries (bond lengths in angstroms, angles in degrees) for paths 11—14 of vinylidenecyclobutane (6), conical
intersections (CI), and intermediates (Int). Derivative coupling and gradient difference vectors—those that lift the degeneracy—were computed
with CASSCF at CI-5 and CI-6. Corresponding CASSCF vectors are shown as insets. Heavy arrows indicate the main atomic motions in the
transition-state eigenvector. For more information see Supporting Information.
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Int-6
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Int-7

Figure 8. CAS(6,6)/6-311G(d) geometries (bond lengths in angstroms, angles in degrees) for paths 11—13 of vinylidenecyclobutane (6), transition
states (TS), intermediates (Int), and isomer products. Heavy arrows indicate the main atomic motions in the transition-state eigenvector. Corresponding
CASSCEF vectors are shown as insets. For more information see Supporting Information.

We next investigated the subsequent process, relaxation on an
excited-state potential surface. We searched for conical crossing
points between the Sp and S; surfaces for the three reaction
pathways as given in eq 3 in Scheme 1. Specifically, the
photochemically active relaxation path, starting from the S; excited
state of 6, leads to S1/Sy CI-5 (paths 11 and 12), CI-6 (path 13),
and CI-7 (path 14), which are shown in Figure 6.

The geometry at the conical intersection CI-5 of C; symmetry
is shown in Figure 7. As expected, CI-5 adopts a vinylcarbene-
like geometry. Our theoretical findings suggest that CI-5 is 66
kcal/mol lower in energy than FC-3 at the MP2-CAS level of
theory. In Figure 7, we also give the directions of the derivative
coupling and gradient difference vectors for CI-5. These vectors
give an indication of the possible reaction pathways available
on the ground-state surface after decay. As demonstrated in
Figure 7, the major contribution of the gradient difference vector
involves a three-membered ring opening, while the derivative
coupling vector corresponds to a concerted CCH bending
motion. Furthermore, following the gradient difference vector

from CI-5 leads to either the formation of a vinylcarbene-like
species Int-6 or a back reaction to the reactant 6. From Int-6,
the system undergoes either a C—C bond closing via transition
state TS-12 (path 11) or the 1,2-sigmatropic shift of the CH
group via transition state TS-13 (path 12) to give spiro[2,3]hex-
1-ene (7) and ethynylcyclobutane (8), respectively. The geom-
etry at the conical intersection CI-6 (path 13) is also given in
Figure 7. Again, from CI-6 the isomerization can take place in
one direction to yield the intermediate Int-7. Then, from Int-7
the C3—C¢ bond is broken and a C,—Cg bond is formed to form
a five-membered ring species, the observed photoproduct 9. As
a result, our theoretical investigations suggest that the reaction
mechanism of paths 11—13 should proceed as follows:

Path 11: 6 (Sy) + hv—

FC-3— CI-5—Int-6 — TS-12—7
Path 12: 6 (Sy) + hv—

FC-3— CI-5—Int-6 —TS-13—8
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Path 13: 2 (S, +hv—
FC-3— CI-6 — Int-7 — TS-14 — Int-8§ — TS-15—9
Our MP2-CAS computations shown in Table 3 and Figure 6
point out that the barrier heights from Int-6 to TS-12 (path 11),
from Int-6 to TS-13 (path 12), and from Int-6 to TS-14 (path
13) are 1.7, 19, and 34 kcal/mol, respectively. Because of a
large excess energy (96 and 123 kcal/mol) obtained from the
decay of FC-3 to Int-6 and of FC-3 to Int-7, these barriers
can readily be surmounted. Our model calculations thus predict
that path 11 should be much more favorable than paths 12 and
13 from the kinetic viewpoint. Indeed, it was reported that
photolysis of 6 gives 7 (18%), 8 (14%), and 9 (23%).
Accordingly, our theoretical predictions presented in this work
are in qualitative agreement with the experimental observations.?
On the other hand, we also explored the mechanism of path
14, which contains only one conical intersection point (CI-7).
The derivative coupling and gradient difference vectors obtained
at the conical intersection are given in Figure 9. As seen in / - \
Figure 6, the MP2-CAS results suggest that CI-7 is lower in
energy than FC-3 by 42 kcal/mol but higher in energy than its
corresponding reactant 6 by 115 kcal/mol. Comparing this to
the previous reaction pathways (paths 11—13), one may easily c
see that path 14 is the least favorable of these four reaction
pathways from an energetic viewpoint. In particular, as one can C c
see in Figure 9, the derivative coupling vector of 6 in CI-7 can
lead to two C—C bonds breaking, which can form ethylene (10) . . .
and a linear molecule (11). As a result, our computational results Derivative Coupling
suggest that the mechanism for path 14 should be represented
as follows:

Path 14: 6 (S, + hv—FC-3— CI-7—10,11

V. Conclusion C

1-ene 1 (eq 1), 1-vinylcyclopentene 4 (eq 2), and vinylidenecy-
clobutane 6 (eq 3) have been investigated in this work. Taking
all these systems studied in this paper together, one can obtain Gradient Difference

following conclusions: \ /

The photochemical mechanisms (Scheme 1) of spiro[2,4]hept- E

SCHEME 3

[1,2]-H E>:-:
(1) L[ }
Oq‘ EEI__;&H [1,2]-H — E%géi 10

1.277
[1,2]-closing

. <
E>_§H (1214 Qﬁ
WA

O

Figure 9. CAS(6,6)/6-311G(d) geometries (bond lengths in angstroms,
angles in degrees) for path 14 of vinylidenecyclobutane (6), conical
intersection (CI), and isomer products. Heavy arrows indicate the main
atomic motions in the transition-state eigenvector. For more information
see Supporting Information.

(2) Q:-: hv CI-B [14}-H
-
"

We can elaborate on the standard model of the photochemistry
H of spirocyclopropene derivatives. Scheme 3 summarizes the
<>_'S. — results of our theoretical and experimental investigations of the
H [121H < > — photochemistry of cyclopropene derivatives described above,
showing the role of vinylcarbene-like intermediates. That is,

[1,2]-closing

photolysis of these compounds (1, 4, and 6) yields a variety of

g\ , Q: products, most of which are formally derived from the vinyl-
ay carbene-like species formed by either cleavage of one C—C o
CI-E bond or by a 1,2-hydrogen shift in the excited singlet state. The
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vinylcarbene-like species, which can serve as a funnel in the
conical intersection, are formed in the S; state from the Sy
cyclopropene derivative. Indeed, our theoretical investigations
indicate that the structures of these funnels are vinylcarbene-
like. Then, the molecule can decay to products by ring closure
or hydrogen migration after internal conversion to the Sy surface.
Knowledge of the conical intersections of cyclopropene deriva-
tives is of great importance in understanding their reaction
mechanisms since it can affect the driving force for photochem-
istry. That is, the conical intersections can efficiently funnel
molecules from the !(7z7r*) state to the ground-state surface. As
a result, these funnels, which are easily accessed once the !(7z7*)
surface is populated, determine the reaction path taken on the
ground-state surface.” Consequently, these findings, based on
the conical intersection viewpoint, have helped us to better
understand the photochemical reactions and to support the
experimental observations.?
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