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a b s t r a c t

Wehave explored the singlet ground state potential energy surface (S0 PES) between cyclobutadiene (CBD)
and tetrahedrane (THD) looked down from S1/S0 conical intersections through multi-configuration self-
consistent field theory. On the basis of the obtained S0 PES, we propose the revised process of the THD to
CBD symmetry-forbidden reaction. According to the present result, the THD to CBD rearrangement occurs
via plural steps similarly toprevious suggestions, but via a tetra-radical species (instead of an endo-species),
which is considered for thefirst time in this paper. Since the endo-species is significantly destabilizedwhen
hydrogen atoms are replaced bybulky substituents (such as tert-butyl group), the present one,where endo-
species are not involved, would be realized in actual systems having bulky substituents.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Cyclobutadiene (CBD) is a very interesting simple molecule. Many
theoretical and experimental chemists often regard it as an anti-
aromatic paradigm1e3 because CBD is a typical antiaromaticmolecule
inviewofHückel rule. In spite of its simplicity, the structureof CBDhas
not been established experimentally because of its instability. How-
ever, many theoretical and experimental results suggest that its
structure shouldberectangularD2h in the singlet groundstate (S0).4e14

Although the property of the unsubstituted CBD is still uncertain,
relatively stable derivatives of CBD show very interesting photo-
chemical properties. That is, the derivatives having bulky sub-
stituents isomerize to corresponding derivatives of tetrahedrane
(THD).15e20 For example, tetra-tert-butyl CBD isomerizes to tetra-
tert-butyl THD with light of wavelength >300 nm (<4.12 eV)15 as
shown in Scheme 1. The CBD to THD rearrangement is a symmetry-
x: þ81 29 853 6503; e-mail
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forbidden reaction since the occupied and unoccupied orbitals
should be crossed during this arrangement as seen in the orbital
correlation diagram in Figure 1. Hence, this rearrangement is
Figure 1. Orbital correlation diagram between CBD and THD. The sign of ‘A’ and ‘S’,
which denote ‘Anti-symmetry’ and ‘Symmetry,’ respectively, are assigned to orbitals
assuming C2 symmetry. In CBD (left side), 1S and 1A orbitals are doubly occupied and
2A and 2S are empty (virtual). In THD (right side), 1S and 2S orbitals are doubly oc-
cupied and 1A and 2A are empty. When THD4CBD rearrangement occurs, the occu-
pied orbital should intersect the virtual orbital.
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achieved only by light irradiation. However, the reverse reaction,
tetra-tert-butyl THD to tetra-tert-butyl CBD, occurs thermally
(Scheme 1) though it is also symmetry-forbidden.15e20

Some chemists16,21,22 attempted to elucidate this reaction pro-
cesses by calculating the THD to CBD rearrangement as a model of
that of the tetra-tert-butyl THD to CBD, etc. We consider that this
selection of a model system is adequate, on the basis of our pre-
liminary calculation,23 which showed that the electronic structure
of tetra-tert-butyl CBD is very similar to that of CBD. Furthermore,
by exploring the reaction process from THD to CBD, we possibly
examine whether the unsubstituted THD, which has never been
isolated, is synthesizable or not.

According to the previous calculations,16,21,22 it is widely as-
sumed that the THD to CBD rearrangement process proceed via the
following plural steps (Scheme 2): first, by breaking of one bond of
THD (2), exo-bicyclodiracial is produced. Second, the exo-bicyclo-
diradical converts to an endo-species. Finally, the endo-species
isomerizes to CBD (1).
Scheme 2.
The estimated activation energies differs significantly depending
on employed computational methods, ab initio or semi-empirical.
The energy of the reaction-rate controlling transition state (TS) cal-
culated by ab initio calculations (HF, MP2)16,21 is about 230 kJmol�1

with respect to CBD, which is approximately twice that calculated by
a semi-empirical calculation (MINDO/3).21 Kollmar et al.21 claimed
that the activation energy should be larger for THDs with bulky
substituents than this estimate because the intermediate species are
destabilized due to the steric repulsion between the bulky groups.
Considering the destabilization due to such steric repulsion, the ac-
tivation energy for tetra-tert-butyl THD to CBDmay become too large
to occur. However, in this paper, wewill propose the reaction process
that is less affected by the steric repulsion between bulky groups.

The previous calculations16,21,22 have certainly some weak
points. First, the calculations of the PES were done by single-de-
terminant based methods, i.e., HF, MP2, and MINDO/3. Since the
crossing (degeneracy) between the occupied and unoccupied orbital
is expected in the rearrangement, as shown in Figure 1, multi-
configuration based calculation [e.g., the complete active space self-
consistent field (CASSCF) theory] is more suitable for the theoretical
analysis of this system.24 Second, the previous calculations imposed
C2 symmetry on the systemwith a fixed symmetry axis. According
to our prediction, a distorted structure from such C2 symmetry
(shown in Fig. 1) would be involved in the reaction process. Then,
the HOMO of CBD (1A) should intersect (degenerate with) the next
LUMO (2S) as shown in Figure 1. Considering the linear combina-
tion between the HOMO and next LUMO, therefore, THD would
isomerize to CBD via an ionic TS as in Figure 2. This TS is hardly
searched while imposing the C2 symmetry because the C2 sym-
metry axis of this TS is different from the assumed one of those of
Figure 2. Qualitative linear combination between 1A and 2S orbitals of CBD. From this,
it is considered that the ionic species would be involved in the THD to CBD
rearrangement.
CBD (normal to the CBD plane). As will be shown, an ionic TS has
been located from the tetra-radical species, which exist in the vi-
cinity of a conical intersection (CI) between the ground state (S0)
and first excited state (S1) of CBD.23

In recent years, theoretical chemists have revealed the impor-
tance of CIs, real crossing between potential energy surfaces (PESs),
as already predicted by Teller several decades ago.25 The existence
of CIs makes it possible to explain sub pico-second-order ultra fast
photo-induced processes because the barrierless non-adiabatic
transition without emission of light is possible at CIs.26e28 The
cisetrans photoisomerization of the retinal protonated Schiff base
is a well-known example.29e31 However, some recent theoretical
calculations demonstrated that the CIs also affect directly thermal
reactions. Namely, some thermal reaction is hindered because an
upward transition from the ground to first excited state is possible
at the CIs.32e35 This is called as a non-adiabatic trapping effect.

In this paper, we report the analysis of thermal reaction process
expected for the THD to CBD rearrangement on the basis of
a ground state (S0) PES looked down from CIs, though we do not
report the direct involvement of the CIs in the process. Considering
that CIs would be the highest points on the ground PES, placing CIs
on the PES at the first stagemakes easier the analysis of the thermal
reaction process. This paper will demonstrate the importance of
locating CI even in analyses of thermal reactions and propose the
revisedmechanism of the THD to CBD rearrangement on the S0 PES.

2. Computational details

Geometry optimization, minimum-energy-path (MEP) calcula-
tion, and intrinsic reaction coordinate (IRC) calculation were per-
formed using the complete active space self-consistent filed
(CASSCF) method implemented in Gaussian03.36 The feature of
CASSCF is the flexibility in selecting an appropriate active space.
One should select orbitals as an active space suitably.

The optimized geometry of CBDbyCASSCF,37where thep system
(fourelectrons in fourorbitals)was employedas theactive space, did
not agree with the result of the calculation that includes dynamical
electronic correlation (CCSD).38 In order to reduce this disagree-
ment, eight p electrons in eight p orbitals that correspond to the p
systemof two acethylenes, i.e., the fourp electrons in fourp orbitals
and four s electrons in four s orbitals were used as the active space
[CAS(8,8)]. The result of CASSCF appeared to be improved by adding
the s orbital to the active space.23 That is, the optimized structure of
CBD by CAS(8,8) is comparable to that by CCSD.38

To describe the 6 equivalent s bonds of THD accurately, 12 elec-
trons in12orbitals are preferable as anactive space.However, suchan
active space is demanding even for modern computers. We expected
that the result in this paper [CAS(8,8)] would not be different signif-
icantly fromthatofCAS(12,12)becausewedokeepoff the breakageof
the s bonds that constructs the original s bonds of CBD.

According to Ref. 38, there are no marked difference in resultant
geometries between CCSD calculations with cc-pVDZ and cc-pVTZ
except for the CeH bonds. Hence, we adopted cc-pVDZ as the basis
set throughout this work.

CASSCF calculation takes into account the non-dynamic elec-
tronic correlation, but not dynamic electronic correlation properly.
To make the result of calculation more reliable, it is necessary to
include the effect of dynamic electronic correlation. The results of
the CASSCF calculation showed that electronic structures have
multi-configurationpropertyat somestationarypoints on theS0 PES
wehave located. Thismeans thatmulti-reference calculation ismore
suitable. Hence, to improve the computed energetics by in-
corporating the effect of the dynamic electronic correlation,wehave
carried out single point calculations using multi-reference
MøllerePlesset second-order perturbation (MRMP2)39 imple-
mented in GAMESS40 on the CASSCF-optimized geometries. A
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reference CASSCF/cc-pVDZ wave function with the same active
space described above was used for all MRMP2 calculations. The
weights of states in MRMP2 were equally assigned for three states
(S0, S1, and S2) for consistent comparisonwith the energies of the CIs.

3. Result and discussion

Hereafter, the atomic numbering for carbon is used as shown in
Figures 1, 5, and 6. That for the hydrogen atoms uses the number of
the carbon it attached to. The geometric parameters, energies, and
Mulliken charges of carbon atoms at the stationary points we have
located are tabulated in Tables 1e3, respectively. Each species is
Table 1
Geometric parameters of cyclobutadiene (CBD), S1/S0 conical intersections, and other sta

CBD (1) CIionic CItetra 50 4 4

Bond length (�A)
C1eC2 1.35 1.47 1.53 1.58 1.48
C2eC3 1.59 1.44 1.46 1.48 1.44
C3eC4 1.35 1.47 1.53 1.41 1.48
C4eC1 1.59 1.44 1.49 1.48 1.44
C1eH1 1.08 1.09 1.09 1.09 1.08
C2eH2 1.08 1.08 1.08 1.09 1.08
C3eH3 1.08 1.09 1.08 1.08 1.08
C4eH4 1.08 1.08 1.09 1.08 1.08
C1eC3 2.09 1.86 2.07 2.00 1.83
C2eC4 2.09 2.18 2.07 2.00 1.83

Sum of the bond angles around carbon atoms (�)
SC1

a 360.0 356.6 332.6 314.1 336.6
SC2

a 360.0 338.3 344.2 314.1 336.6
SC3

a 360.0 356.6 344.2 359.4 336.6
SC4

a 360.0 338.3 332.6 359.4 336.6

Dihedral angle (�)
C1eC2eC3eC4 0.0 18.9 24.8 36.6 49.4
H1eC1eC2eH2 0.0 7.8 �118.0 �159.2 �147.6 �
H2eC2eC3eH3 0.0 �8.5 106.6 109.1 146.8
H3eC3eC4eH4 0.0 7.8 �118.0 �53.9 �147.6 �
H4eC4eC1eH1 0.0 �8.5 129.5 �109.1 146.8

a Sum of the bond angle around a carbon atom.

Table 2
CAS(8,8)/cc-pVDZ and MRMP2//CAS(8,8)/cc-pVDZ energies for cyclobutadiene (CBD), S1/

Species State ECAS
a ECAS

b

CBD (1) S0 �153.77413 d

S1 d d

CIionicf S0 d �153.70294
S1 d �153.70294

CItetraf S0 d �153.63570
S1 d �153.63570

50 S0 �153.65448(1186i) d

S1 d d

4 S0 �153.69496 d

S1 d d

40 S0 �153.69495(154i) d

S1 d d

3 S0 �153.69836 d

S1 d d

30 S0 �153.69419(540i) d

S1 d d

THD(2) S0 �153.70040 d

S1 d d

6 S0 �153.72182 d

S1 d d

60 S0 �153.72170(395i) d

S1 d d

70 S0 �153.64975(837i) d

S1 d d

a Single-state CASSCF energy in atomic units (computed by Gaissian03). Values of ima
b Two-state-averaged CASSCF energy for S0 and S1 in atomic units (computed by Gais
c Three-state-averaged CASSCF energy for S0, S1, and S2 in atomic units (computed by
d MRMP2 energy for S0, S1, and S2 in atomic units (computed by GAMESS).
e MRMP2 relative energy with respect to the S0 equilibrium structure of CBD in kJmo
f Geometries are obtained by two-state-averaged CASSCF (Gaissian03).
discriminated by assigning the bold Arabic numerals. The bold
Arabic numerals with prime indicate the TSs. The reaction process
we report in this paper is schematically summarized in Figure 5.

3.1. S0 MEPs from the S1/S0 CIs of CBD

First of all, we should report the S0 MEP calculations from the
S1/S0 CIs of CBD. We had already located the two CIs; ionic CI
(CIionic) and tetra-radical CI (CItetra).23 CIionic is found as the terminal
point of the S1 MEP from the FrankeCondon state by CASSCF. The p
electrons of CIionic are biased to the two diagonally opposite carbon
atoms. The structure at CIionic is rhomboid as shown in Figure 3. In
tionary points optimized by CAS(8,8)/cc-pVDZ implemented in Gaussian03

0 3 30 THD(2) 60 6 70

1.48 1.49 1.48 1.51 1.45 1.43 1.50
1.44 1.45 1.44 1.47 1.44 1.47 1.45
1.48 1.49 1.48 1.51 1.45 1.43 1.50
1.44 1.45 1.44 1.47 1.44 1.47 1.45
1.08 1.07 1.07 1.07 1.08 1.09 1.08
1.08 1.09 1.07 1.07 1.08 1.08 1.08
1.08 1.07 1.07 1.07 1.08 1.09 1.08
1.08 1.09 1.07 1.07 1.08 1.08 1.08
1.79 1.56 1.57 1.51 1.68 1.71 1.73
1.86 1.91 1.67 1.47 2.25 2.23 2.29

333.8 360.0 337.0 347.0 354.4 354.7 347.3
340.8 327.3 354.8 350.6 319.1 322.2 340.4
333.8 360.0 359.4 350.6 354.4 354.8 347.3
340.8 327.3 354.8 350.6 319.1 322.2 340.5

49.7 56.4 62.0 67.5 29.0 27.9 26.6
146.4 �113.0 �81.8 �5.9 5.7 6.1 �109.5
145.5 111.0 78.4 0.0 �7.7 �8.6 110.0
146.4 �112.9 �81.8 �5.9 5.7 6.0 �109.4
145.5 111.0 78.4 0.0 �7.7 �8.6 110.0

S0 conical intersections, and other stationary points

ECAS
c EMRMP2

d Erel
e

�153.76684 �154.20179 0(0)
�153.61701 d (393.39)
�153.70493 �154.15040 134.91(162.56)
�153.69349 �154.14195 157.08(192.61)
�153.63127 �154.09954 297.33(355.96)
�153.62925 �154.08469 307.45(361.24)
�153.64346 �154.10244 260.83(323.95)
�153.58437 d (479.09)
�153.68257 �154.14415 151.33(221.27)
�153.45547 d (817.53)
�153.68242 �154.14420 151.19(221.67)
�153.46438 d (794.14)
�153.67887 �154.14840 140.17(230.99)
�153.46297 d (797.83)
�153.67183 �154.14466 149.99(249.46)
�153.37018 d (1041.44)
�153.65625 �154.15076 133.99(290.36)
�153.37569 d (1026.99)
�153.70575 �154.16742 90.24(160.4)
�153.60373 d (428.2)
�153.70454 �154.16485 96.98(163.59)
�153.61807 d (390.61)
�153.63831 �154.10326 258.69(337.5)
�153.56461 d (531.0)

ginary frequency (cm�1) are shown in parentheses.
sian03).
GAMESS).

l�1. The values in parentheses are those of the three-state-averaged CASSCF energy.



Table 3
Mulliken charges of carbon atoms calculated by CASSCF at each species in atomic units

CBD(1) 50 4 40 3 30 THD(2) 60 6 70

C1 �0.0204 �0.0637 �0.0689 �0.0596 �0.0285 �0.0404 �0.0261 0.0194 0.0123 �0.0425
C2 �0.0204 �0.0637 �0.0689 �0.0766 �0.0679 �0.0406 �0.0261 �0.1134 �0.1096 �0.0815
C3 �0.0204 �0.0340 �0.0689 �0.0596 �0.0285 �0.0404 �0.0261 0.0194 0.0123 �0.0425
C4 �0.0204 �0.0340 �0.0689 �0.0766 �0.0678 �0.0406 �0.0261 �0.1134 �0.1096 �0.0817

Figure 3. S0 minimum-energy-path (MEP) from the CIionic with the initial direction to
its �GD and �DC by CASSCF. We depicted this picture by making the �GD axis per-
pendicular to the �DC axis.
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CItetra, four p electrons seem to be assigned equally to the four
carbon atoms. This electronic structure results in pyramidalized
carbon atoms. Consequently, the hydrogen atoms are alternately
attached to the four-membered ring from the up and down sides of
the ring as shown in Figure 4.
Figure 4. S0 minimum-energy-path (MEP) from the CItetra with the initial direction to
its �GD and �DC by CASSCF. We depicted this picture by making the �GD axis per-
pendicular to the �DC axis.
We carried out the S0 MEP calculation in the mass-weighted
coordinate from these S1/S0 CIs of CBD. MEP calculations make it
possible to explore the reaction path within the first-order dis-
placement at the starting point. At CIs, one can define the two in-
ternal coordinates of the molecule that lift the degeneracy.26e28

One is the gradient difference vector (GD; g),
g ¼ vðE1 � E0Þ
vR

; (1)

where E1 and E0 are the upper and lower energies, respectively, R the
coordinateofnuclei. Theother is thederivative couplingvector (DC;h),

h ¼
�
J0

���� vvRJ1

�
; (2)

where, H is the electronic Hamiltonian, J1 and J0 are wave func-
tion of the upper and lower sates, respectively. Hence, we have
carried out S0 MEP calculations by putting an initial displacement
along one of �GD and �DC at each CI.

The results of the S0 MEP calculations from CIionic are shown in
Figure 3. The S0 MEPwith an initial displacement to�GD shows the
barrier in an early stage of this path. This fact may indicate that
CIionic has property of the so-called sloped CI.41 All the S0 MEPs
show that CBD via CIionic undergoes the automerization as we al-
ready predicted in a previous paper.23 The single- and double-
bonds of CBD reached in S0 MEP with an initial displacement to
�GD or �DC are alternated with those reached in S0 MEP with an
opposite initial displacement (þGD or þDC). The TS, which corre-
sponds to 60 as will be shown later, can be located in the direction to
þGD. This TS has the endo-bicyclo structure and is similar to that of
the TS that leads CBD to endo-species and was reported by Kollmar
et al.21,22 Vibrational analysis shows that the imaginary frequency
of 60 is 395i cm�1 and represents H1 and H3 wagging motion.

The results of the S0 MEP calculations from CItetra are shown in
Figure 4. The product obtained from S0 MEP with an initial dis-
placement along þGD or �DC is CBD (no automerization). On the
other hand, S0MEP calculationwith an opposite initial displacement
(�GD or þDC) failed in the vicinity of CItetra (<1.0 Bohr amu1/2)
although the molecular structure tends to distort in a more tetra-
radical like manner. We therefore carried out geometry optimiza-
tions from the final points of the S0 MEP calculations in the
directions to �GD and þDC. We obtained an energy minimum that
has a bicyclodiradical structure (3), whose electronic structure
corresponds to the bicyclodiracial located previously by Kollmar
et al.21,22 This bicyclodiracial lies 140.2 kJmol�1 above CBD and only
6.2 kJmol�1 above THD at the MRMP2//CASSCF level.

We also carried out TS searching calculation from the final point
of the S0 MEPs with initial displacements to þDC and �GD. In the
direction to �GD, we have located the TS (70) that leads endo-bicy-
clo-species to exo-bicyclodiradical species. TS 70 has already been
located by Kollmar et al.16,21,22 Therefore, CItetra is certainly involved
in the criss-cross reactionof CBD.On theotherhand,wehave located
a tetra-radical like TS (40) in the direction to þDC, which has never
been located previously. The IRC calculation indicated that 40 leads
a bicyclodiradical intermediate (3) to a tetra-radical intermediate
(4), which is reached only after the intersection of the HOMO (1A)
andnext LUMO(2S) in CBD.Hence, these tetra-radical species (4 and
40) are expected to be intermediate or TS on the course to THD. The
details of 4 and 40 are described in the next section.

3.2. Rearrangement from THD to CBD via tetra-radical species

The isomerization process from THD (2) to CBD (1) we propose
in this paper is summarized in Figure 5, which helps reading this
section.



Table 4
Comparison with previous calculation data in kJmol�1

MP2a MINDO/3b MRMP2c

CBD (1) 0 0 0
60 89.5 61.1 97.0
6 71.5 59.0 90.2
70 236 179 258.7
3 100 173 140.2
30 100 178 150.0
THD (2) 95.8 133 134.0

a Ref. 16.
b Ref. 21.
c This paper.

Figure 6. Schematic representation of the S0 potential energy surface in the THD/CBD
system with the relative energies to CBD (in kJ mol�1) along the path previously
suggested. Bold Arabic numerals are to discriminate species. Bold Arabic numerals
with prime indicate transition state species.

Figure 5. Schematic representation of the S0 potential energy surface in the THD/CBD
system with the relative energies to CBD (in kJmol�1) along the path newly proposed.
Bold Arabic numerals are to discriminate species. Bold Arabic numerals with prime
indicate transition state species.
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Tetra-radical species (4 and 40), which is to be involved in the
THD to CBD rearrangement, were found from CItetra. We have found
that the TS (50) leads the tetra-radical intermediate (4) to CBD. This
TS is the ionic TS as we expected.

TS 50, which lies 260.8 kJmol�1 above CBD and 109.5 kJmol�1

above 4 at the MRMP2//CASSCF level, can be easily located by QST2
strategy.36 The imaginary frequency of 50 was calculated as
1186i cm�1 and represents the hydrogen rocking motion at the
CASSCF level. Its electronic structure agreed with our qualitative
predication. Namely, electrons are biased to C1 and C2. The charges
of C1 and C2 are �0.064 a.u. Consequently, C1 and C2 have sp3

character (SC1,C2¼314� in Table 1). The relation between CBD, 50,
and 4 was confirmed by the IRC calculation at the CAS(8,8) level.

TS 40 was also located in the direction to the C1eC3 length
shortening of 4 at the CAS(8,8) level. The imaginary frequency of 40 is
154i cm�1 and represents thestretchingof theC1eC3bond.However,
the estimated energy of 40 at the MRMP2//CASSCF level is slightly
lower than that of 4 (by 0.14 kJmol�1). Therefore, the S0 PES between
4and40 isflat. The IRCcalculationat theCASSCF level indicatedthatan
exo-bicyclodiradical intermediate (3) is produced via 40 from 4. In-
termediate 3 lies only 11 kJmol�1 below 4 and 40. The exo-bicyclo-
diradical 3 is linked to THD via the TS involved in the C2eC4 bond
breaking/making (30) similarly to the previous calculations.21,22 TS 30

has been located in the direction to the C2eC4 bond shortening of 3.
At the CAS(8,8) level, the imaginary frequency of 30 is 540i cm�1

and represents the C2eC4 bond breaking/making. MRMP2//CASSCF
calculation indicates that 30 lies 9.8 kJmol�1 above the exo-bicy-
clodiradical intermediate (3). Furthermore, the IRC calculation in-
dicated that 30 leads 3 to THD (2). The energy of THD is calculated as
134 kJmol�1 with respect to CBD at the MRMP2//CASSCF level.
Therefore, the barrier for breaking of the single bond of THD is only
16 kJmol�1. This value is extremely smaller than those calculated
by MINDO/3 and HF.21,22,42

We summarized the new reaction process in Figure 5. First, one
s bond (C2eC4) of THD (2) is broken and THD changes into the
bicyclodiradical intermediate (3). The s bond (C1eC3) of 3 is bro-
ken again and 3 changes into the tetra-radical species (4 or 40). At
the CASSCF level, the tetra-radical intermediate structure (4) is
expected. However, the MRMP2//CASSCF calculations indicated
that 4 is possibly non-stationary. In any way, the tetra-radical
species changes into CBD (1) via the ionic TS (50).
3.3. Comparison with the previous reaction processes

In order to compare the reaction process proposed in this paper
with the reaction process previously proposed, we have located by
CASSCF the stationary points (6, 60, and 70) appeared in the old
process16,21,22 and these energies have recalculated by the MRMP2
(70 was located starting from the CItetra). The results are compared
with the previous calculations in Table 4. We confirmed the re-
actant/product relations by IRC calculations at the CASSCF level. The
schematic energy diagram depicted on the basis of MRMP2//
CASSCF calculations is shown in Figure 6.
The relative energies of all stationary points obtained by
MRMP2//CASSCF are higher than those by the MINDO/3 or MP2
calculations. However, the energy barrier (70) from the side of the
exo-bicyclo intermediate (3) became lower than that by MP2, al-
though the energy of 70 at the MINDO/3 level is extremely smaller
than MRMP2//CASSCF or MP2. The total exothermic energy calcu-
lated by MRMP2//CASSCF is 134 kJmol�1, which is comparable to
that by MINDO/3 (133 kJmol�1)22 and recent B3LYP
(110 kJmol�1).43 The MP2 calculation seems to underestimate the
total exothermic energy.16,44
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The distance between C1 and C3 of endo-bicyclo species (6, 60,
and 70) is short (<1.8�A). This does not mean the bonding between
C1 and C3, because electrons are biased to C2 and C4: the charges of
C2/C4 at 6 and 60 are �0.1096 and �0.1134 a.u., respectively. Thus 6
and 60 appears to be endo-bicyclo ‘ionic’ species. The charges of C2
and C4 decrease down to �0.0817 a.u. around 70. Hence, the C1eC3
bond may be formed around 70.

The relative energy of the largest barrier in both reaction pro-
cesses (Figs. 5 and 6) is 259e261 kJmol�1 at the MRMP2//CASSCF
level. The highest barrier (50) in the present process is the ionic TS
slightly higher than that (70) in the previous process. However, from
the foot of the barrier in the side of THD (2), the barrier (50) is lower
than 70. That is to say, the foot of the barrier from the side of THD in
the present process (Fig. 5) is tetra-radical species (sit in around
151 kJmol�1 relative to CBD). The energy difference between 50 and
4 or 40 is 109 kJmol�1. On the other hand, the foot of the barrier in
the side of THD in the previous process (Fig. 6) is exo-bicyclodiracial
intermediate (3). The energy difference between 70 and 3 is
119 kJmol�1.

In actual systems, the hydrogen atoms of THD are replaced by
more bulky substitutuents (such as tert-butyl group) for stabiliza-
tion. We have to consider the steric repulsion between bulky sub-
stituents, accordingly. Clearly, the endo-bicyclo species (60, 6, and 7)
would be destabilized by the steric repulsion more severely than
the exo-bicyclodiracial and tetra-radial species (4, 40, 3, and 30), and
the ionic TS (50). Consequently, we conclude that the present re-
action process is more feasible than the previous one in realistic
systems with bulky substituents.

4. Conclusion

We have shown an analysis of thermal reaction looked down
from CIs at the CASSCF level. Although persisting on the ground
state PES is a way widely used whenwe attempt to analyze thermal
reactions, looking down from the excited state (conical in-
tersection) brings us to a new view point, fromwhich we can easily
realize the existence of the new species. Indeed we have found the
new intermediate species, i.e., tetra-radical species of CBD that is
concealed under S1/S0 CItetra.

On the basis of this PES, we have proposed a new process of the
symmetry-forbidden reaction, THD to CBD. Although the height of
the barrier is approximately the same as the reaction process pre-
viously suggested, by inserting tetra-radical species into the re-
action process, which is found from the S1/S0 CI, the barrier is
slightly lowered than the previous process from the side of THD.
Furthermore, any endo-species is not involved along the present
process. The endo-species are expected to be destabilized severely
due to the steric repulsion between bulky substituents when hy-
drogen atoms are replaced by bulky substituents. Our reaction
process is, on the other hand, expected to be less affected by such
steric repulsion. Hence, the reaction process that we proposed in
this paper for the first time would cover wider situation than the
reaction process suggested previously by Kollmar et al.21,22

The unsubstituted THD has never been isolated. Although the
barrier height of the THD to CBD reaction-rate controlling TS is
larger than 100 kJmol�1 in both the present and previous reaction
process at the MRMP2//CASSCF level, the barrier for the single-
bond breaking in THD is only 16 kJmol�1. Therefore, it is expected
that isolation of the unsubstituted THD is possible only at ex-
tremely low temperatures even if it is produced via an excited state.

Supplementary data

The Cartesian coordinates of the stationary points discussed in
this paper are tabulated. Results of IRC calculations from the
transition states with these three-dimensional descriptions of vi-
bration modes having imaginary frequencies are given. Supple-
mentary data associatedwith this article can be found, in the online
version, at doi:10.1016/j.tet.2010.04.083.
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