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Ab Initio Triplet Potential Energy Curves of Methyl-Substituted Arylethylenes
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Synopsis. The potential energy curves of triplet states
of B-methylstyrene (3) and 2-(1-propenyl)anthracene (4)
were obtained by ab initio restricted open-shell Hartree—
Fock (ROHF) calculations as a function of the twisted angle
of the external double bond. The relative energies of trans,
perpendicular, and cis forms of 4, t<p, ¢, support that the
one-way isomerization occurs from cis to trans forms of 4.

2-Anthrylethylenes undergo one-way cis—trans iso-
merization in their excited triplet states (Chart 1),
while styrene derivatives do two-way isomerization.?
In our previous paper,? the potential energy curves of
triplet states of styrene (1), 2-vinylnaphthalene, and 2-
vinylanthracene (2) were calculated by ROHF MNDO
method® as a function of the twist angle of the external
double bond. It was shown that the shape of the lowest
triplet potential energy curve is determined by the rela-
tive energies of two triplet states, the “ring-excitation”
and “olefin-excitation” states of arylethylenes.

However, 1 and 2 have no cis and trans isomers, and
they are not appropriate to examine the difference be-
tween cis—trans and trans—cis isomerization processes.
In this paper, the potential energy curves for the triplet
states of B-methylstyrene (3) and 2-(1-propenyl)anthra-
cene (4) were obtained by ab initio calculations, and
one-way isomerization process was examined. Effect of
the substitution of a methyl group at the o carbon atom
or at the ring carbon atoms on the potential energy
curves was also examined. In the cis forms of 3 and 4,
the aryl groups are expected to be twisted about the C-
C single bond to reduce the steric repulsion. Since the
MNDO method, which has been used in our previous
paper, can not describe such a single bond rotation cor-
rectly, ab initio calculations with the STO-3G% and 6-
31G® basis sets were carried out for 1—4 in this study
(Chart 2). Calculations were carried out on the HP-730
workstations using the ABINIT program.®

Results and Discussion

Styrene and 2-Vinylanthracene. The planar
molecular structures of 1 and 2 were optimized by the
closed-shell SCF method using the STO-3G basis set. In
the calculation of 2, the anthryl group was assumed to
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have the D,p, symmetry. For the triplet states of 1 and
2, two forms were optimized by the ROHF method; one
is the planar (§=0°) and the other is the 90°-twisted
(0=90°) forms. The molecular structures are shown

Table 1. STO-3G Structures of Singlet and Triplet
States of Styrene®

Planar S Planar T1; 90°-twisted T;
Bond lengths
C1-C2 1.397 1.399 1.397
C2-C3 1.383 1.385 1.384
C3-C4 1.388 1.387 1.387
C4-C5 1.386 1.390 1.388
C5-C6 .1.384 1.382 1.384
C6-C1 1.394 1.404 1.398
Cl-Ca 1.498 1.471 1.484
Ca-Cpg 1.314 1.547 1.487
Ca-H 1.084 1.083 1.085
CB-H(1) 1.080 1.079 1.082
CB-H(2) 1.081 1.080 1.082
Bond angles
C6—C1-C2 118.5 117.9 118.5
C1-C2-C3 120.7 120.8 120.7
C2-C3-C4 120.1 120.5 120.2
C3-C4-C5 119.7 119.5 119.7
C4-C5-C6 120.1 120.2 120.1
C5-C6—-C1 120.8 121.1 119.4
C2-C1-Ca 120.7 121.0 120.7
C1-Ca—Cp 127.0 125.0 123.7
Cl1-Ca-H 114.0 118.3 117.5
Ca-CB-H(1)  123.3 121.9 121.2
Ca-CBA-H(2)  121.1 119.4 121.2
Total energy —303.873829 —303.752623 —303.776008

a) Bond lengths are in A, bond angles are in degrees,
and total energies are in au. The parameters for the ring

C—-H bonds are not shown.
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Table 2. STO-3G Structures of Singlet and Triplet States of 2-Vinylanthracene®

Planar Sg Planar T,”  Planar T2°) 90°-twisted T
Bond lengths
C1-C2 1.343 1.397 1.345 1.343
C2-C3 1.448 1.382 1.450 1.449
C9-C11 1.393 1.481 1.393 1.393
C11-C1 1.450 1.383 1.449 1.449
C11-C12 1.424 1.413 1.425 1.425
C2-Ca 1.499 1.499 1.471 1.484
Ca-Cp 1.313 1.314 1.547 1.487
Co-H 1.084 1.084 1.082 1.084
CB-H(1) 1.080 1.080 1.077 1.082
Cp-H(2) 1.081 1.081 1.079 1.082
Bond angles
C1-C2-C3 120.3 119.7 120.2 120.3
C14-C9-C11 121.3 121.5 121.3 121.4
C9-C11-C1 122.3 121.5 122.3 122.3
C11-C1-C2 121.4 121.1 121.5 121.4
C1-C2—Ca 119.0 118.1 119.1 120.3
C2-Ca-Cp 127.2 127.0 125.8 123.8
C2-Ca-H 114.0 114.2 117.7 117.2
Ca-CB-H(1) 123.3 123.2 122.0 121.2
Ca—Cp-H(2) 121.2 121.2 119.0 121.2
Total energy —605.454964 —605.361618 —605.333498  —605.357240

a) Bond lengths are in A, bond angles are in degrees, and total energies are in au.
The anthracene group was assumed to have the D,j symmetry. The parameters for

the ring C-H bonds are not shown.
excitation” state.
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in Tables 1 and 2. The C,—Cy distances for the sin-
glet, planar triplet and 90°-twisted triplet states show
clearly the difference in their electronic structures. The
T, state of 1 is the “olefin-excitation” state and its C,—
Cg bond is essentially a single bond. The T; state of
2 is the “ring-excitation” state and its C,~Cg bond
remains a double bond. In the ROHF calculation of
the triplet potential energy curves along the twisting
of the external double bond, the molecular parameters
were changed synchronously between those for the pla-
nar and 90°-twisted forms. The 90°-twisted singlet bi-
radical is expected to have the structure which is very
similar to the 90°-twisted triplet biradical. Thus, in the
calculation of the Sy potential energy curve, the molec-
ular structure was changed synchronously as a function
of 6 from the structure of the planar singlet state to
that of the 90°-twisted triplet state. The Sy poten-
tial energy curve was calculated by two configuration
SCF (TCSCF) method, which includes the ground con-
figuration and a doubly-excited configuration and rep-
resents the biradical structure at the 90°-twisted form
correctly.?)

In the case of styrene, the lowest triplet state was
found to correspond to the “olefin-excitation” for the
whole range of . When 6 increases, the triplet en-
ergy decreases. On the other hand, the lowest triplet

b) A “ring-excitation” state.

1
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state of 2-vinylanthracene corresponds to “ring-exci-
tation” and becomes unstable when 6 increases. The
shapes of the lowest singlet and triplet potential energy
curves of 1 and 2 resemble those obtained by MNDO
calculations.? The calculated triplet state energies of 1
and 2 are shown in Tables 3 and 4. The calculated
triplet energies of the planar and 90°-twisted forms
of 1 are higher than the experimental values by 8—
11 kcalmol™!. In the case of 2, the triplet state en-
ergy of the planar form is higher than the experimental
value by 17 kcalmol~!. Although the present ab initio
ROHF calculations overestimate the triplet energies of
the planar and 90°-twisted triplet states, they support
the qualitative features of the potential energy curves
obtained by the semiempirical calculations.?

Methyl-Substituted Arylethylenes. In the cal-
culation of methyl-substituted arylethylenes, 3 and 4,
the molecular parameters of 1 and 2 were used and
CHj group was introduced simply at the terminal car-
bon atom. The methyl group was fixed at the struc-
ture of the methyl group in propene (C-C=1.506 A,
C-H=1.117 A, C-C-H=110.7°)."® An important con-
formational factor is the rotation about the C-C single
bond. This rotational angle, ¢, was optimized in the
potential energy curve calculation.

Figure 1 depicts the potential energy curves of 3 and
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Table 3. The Lowest Triplet Energies (kcalmol™) of Methyl-Substituted
Styrenes
Substitution Planar conformation Perpendicular conformation
STO-3G  6-31G  Exp.® STO-3G 6-31G  Exp.®
None (1) 76.1 73.5 64.9 61.4 59.1 51.2
B(3)» 75.2 73.7 60.5 61.09) 59.5 53.2
a) Ref. 7. b) The trans form. c¢) The corresponding Sp energy calculated
by the TCSCF method is 61.6 kcalmol—1.
Table 4. The Lowest Triplet Energies (kcalmol™!) of Methyl-
Substituted 2-Vinylanthracenes
Substitution = Planar conformation  Perpendicular conformation
STO-3G  Exp. STO-3G Exp.
None (2) 58.6 41.6% 61.3 52.7%)
e 58.4 58.4
B(4)® 57.9 42.59 60.99 53.5)
9 56.1 61.4
10 56.1 61.3
a) Ref. 8. b) The trans form. c¢) Ref. 9. d) The corresponding
So energy calculated by the TCSCF method is 61.6 kcalmol—1.
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Fig. 1. Potential energy curves of (a) 3-methylstyrene (3) and (b) 2-(1-propenyl)anthracene (4) as a function of the

twisted angle of the external double bond.

4. The energy difference between cis and trans confor-
mations of 3 is 3.2 kcalmol™! in the Sy state and 5.6
kcalmol~! in the T; state. The corresponding energy
difference of stilbene in its Sy state is 4.6 kcalmol~%,”
indicating that the steric repulsion in the cis form of 3
is smaller than that between two phenyl groups in cis-
stilbene. The phenyl ring in the cis form of 3 is twisted
around the single C-C bond to reduce this steric repul-
sion. The ¢ values for the Sg and T, states of the cis
form (#=180°) of 3 were calculated to be 63° and 51°,
respectively.!”) The ¢ value was calculated to be 0° for
0<120°.

The Sy and T3 potential energy curves of 4 resemble
the Sp and T; potential energy curves of 3. An impor-

tant point observed in Fig. 1b is that the T state for the
trans and cis forms of 4 corresponds to the “ring-excita-
tion,” as was pointed out in the previous paper.? This
triplet state has double bond character at the olefinic .
C-C bond and becomes unstable when the double bond
is twisted. The T; and T3 potential energy curves of 4
were calculated using different molecular structures and
they cross together near §=30° in Fig. 1b, although they
belong to the same irreducible representation. Since the
electronic structures of these two triplet states are dif-
ferent largely from each other, two triplet states can be
obtained separately by ROHF calculations, even if the
same molecular structure is employed. The ¢ values
of So and T; states of the cis form of 4 were calcu-
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lated as 64° and 59°, respectively. The T state of the
trans conformation of 4 is located at the energy mini-
mum and lies 3 kcal mol~! lower than the perpendicular
triplet state. Thus the trans conformation can be the
decay channel to the ground state, suggesting a possible
cis—trans one-way isomerization.

Since the cis—trans one-way isomerization requires
that the T, state of the trans conformation is at an
energy minimum and more stable than the perpendicu-
lar T state, it is interesting to examine how the triplet
state energies of the planar and perpendicular forms are
changed by substitution. Table 4 shows the energies of
the planar and perpendicular forms of methyl-substi-
tuted 2-vinylanthracenes. In this calculation, molecu-
lar structures of 1 and 2 were used and the hydrogen
atom was replaced by a methyl group with the standard
structure. The substitution at the a position stabilizes
the perpendicular T, state largely, while the ring-sub-
stitution stabilizes the planar T; state. This trend can
be understood from the fact that the T, state of 4 is
the “ring-excitation” state. It is thus expected that the
cis—trans one-way isomerization hardly occur in the a-
substituted anthrylethylenes while it can occur in the
ring-substituted anthrylethylenes.
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