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A b s t r a c t  

Semiempirical MNDO-PM3 quantum chemical calculations were carried out for the merocyanine-form isomers of l',3',3'-trimethyl-6- 
nitrospiro[2H-l-benzopyran-2,2'-indoline] to reveal the thermal back reaction of the photochromic spiropyran. The thermal cyclization 
mechanism was discussed on the basis of the potential barrier heights during the conformational changes between the merocyanine-form 
isomers. 
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1. I n t r o d u c t i o n  

1' ,3' ,3'-Trimethyl-6-nitrospiro [ 2H- 1 -benzopyran-2,2'- 
indoline ] (1) is the most extensively studied photochromic 
compound [ 1 ]. UV irradiation of the colourless spiro isomer 
leads to cleavage of the C - O  bond to give a coloured open- 
form isomer called photomerocyanine. The structures of the 
four pseudoplanar transoid stereoisomers of  photomerocy- 
anine and the spiro isomer are shown in Scheme 1. The 
cycloreversion of  photomerocyanine to the colourless spiro 
isomer proceeds photochemically as well as thermally. Ther- 
mal cyclization takes place at room temperature, and the 
reaction kinetics have been extensively studied in various 
matrices [2--4]. In the present study, we have carried out 
semiempirical calculations on the reaction coordinate of the 
conformational changes between the merocyanine-form iso- 
mers to reveal the mechanism of  the thermal back reaction of  
the spiropyran. 

2. C o m p u t a t i o n a l  m e t h o d  

The calculations were carried out at the restricted Hartree- 
Fock (RHF) level with the MNDO-PM3 semiempirical SCF- 
MO method [5 ], as implemented in the MOPAC93 program 
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[6].  All geometrical variables for the stable isomers were 
tully optimized without making any assumptions, except for 
the carbon atom direction of  the N-methyl group. The num- 
bering of the atoms for the spiro- and merocyanine-form 
isomers is shown in Scheme 1. All stationary points were 
characterized by calculating the molecular vibrational fre- 
quencies. Transition states were determined by the reaction 
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Scheme 

d) 

2. 

coordinate method and verified by the existence of only one 
negative vibrational frequency. 

3. Results and discussion 

3.1. Optimized structures and relative energies for the 
spiro- and merocyanine-form isomers 

Optimization of the geometry of 1 led to two minima, 
Perspective views for the two conformers are shown in 
Scheme 2. One is a conformer (a) having an N-methyl group 
at the same side as the oxygen atom of pyran, as illustrated 

Table 1 

Selected bond lengths (~ ) ,  torsion angles (°) and atomic charges of five isomers 

in the side view (b). The other is a conformer (c) having an 
N-methyl group at the opposite side, as illustrated in the side 
view (d). Although the latter is 0.54 kJ mol -  ' more stable 
than the former, conformer (c) was omitted from this dis- 
cussion because X-ray crystallographic data of a bromo deriv- 
ative have been reported to give the mirror image of 
conformer (a) [7].  

The geometries for the merocyanine-form isomers were 
optimized by keeping the N-methyl group in the same direc- 
tion in the spiro-form, i.e. the torsion angles C22-N1--C2-C3 

are negative. In the optimized structure for the merocyanine- 
form isomers, the indole ring and benzene ring are almost 
coplanar. The selected geometrical parameters, atomic 

Closed EE EZ ZE ZZ C = O  group 
of acetone 

Bond lengths 
C2-Ois 1.442 5.119 3.981 5.186 3.960 

CI4-O1s 1.361 1.224 1.229 1.224 1.228 1.214 

C2-Clo 1.503 1.359 1.360 1.357 1.356 

Clo-Cl~ 1.337 1.429 1.421 1.428 1.424 

Cj l-Cl~ 1.452 1.366 1.372 1.367 1.371 

Torsion angles 
Cjo-Cz-Cz-C3 - 121.6 - 177.7 - 178.0 - 175.9 - 175.8 

C~ ,-CIo-C2--C 3 114.6 - 2.4 - 2,5 - 177.6 - 177.1 

C~2-CI~-Cm-C2 1.6 180.0 179.6 179.0 178.9 

OIs-C2-C3-NI  -- 111.4 175.8 - 179.8 171.4 176.8 

C22-C:-C2-C 3 - 157.8 - 156.3 - 158.9 - 149,5 - 147.4 

Charge on N, +0 .002  +0 .150  +0 .164  +0 .153  +0.141 

Charge on C~4 + 0.179 + 0.362 + 0.379 + 0.361 + 0.375 + 0.250 

Charge on O~s - 0 . 1 8 5  - 0 . 3 4 6  - 0 . 3 6 3  - 0 . 3 4 6  - 0 . 3 5 2  - 0 . 3 1 2  

Hr (kJ tool -  l) 73.07 105.12 114.33 109.34 119.94 

Relative Hf - 32.05 0.00 9.21 4.22 14.82 
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charges and other physical properties are shown in Table 1. 
The bond lengths of C14-O~8 are slightly longer than the 
calculated bond length of C=O for acetone. The atomic 
charge on N~ is decreased by the scission of the C2-O18 bond 
and that on dis  is increased, These results suggest that the 
merocyanine-form isomers have some zwitterionic character, 
which agrees with the experimental hypsochromic shift in 
polar solvents. All of the merocyanine-form isomers (four 
conformers) are less stable by as much as 32.03-46.85 kJ 
tool- J than the spiro-form isomer. Of the four conformers, 
the most stable is EE, the next ZE and the most unstable ZZ. 
(For the related molecule spironaphthoxazine, the most sta- 
ble isomer has been reported as EZ, the next ZZ and the most 
unstable ZE by ab initio calculation [ 8 ].) The coloured form 
of some spiropyrans has been reported to be the EZ isomer 
based on NMR measurements [9,10]. The energy profiles of 

the isomerization processes are discussed below in order to 
clarify the above discrepancy, 

3.2. lsomerization from EE to EZ 

We start from the most stable EE conformer. The geome- 
tries for the reaction coordinate were calculated using a partial 
optimization technique by fixing the torsion angle C~3-C~2- 
C~ t-C~o constant and keeping the torsion angle O~8-C2-C3- 
N~ negative. The potential energy curve for the isomerization 
from the EE to the EZ conformation is shown in Fig. l (a ) .  
In the transition state (TS), the torsion angles C~-Cj2-Cj  j -  
C~o and O~-C2-C3-N~ are 91.70 ° and - 143.38 °. The heat 
of formation at the TS is 219.51 kJ mol ~. The barrier heights 
to the TS from EE and EZ are 114.39 and 105.25 kJ mol - 
respectively. The E E ~ E Z  process is allowed from both 
directions based on the potential energy calculation. The 
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Fig. 1. Potential energy surfaces of thermal isomerization of photomerocyanine-form isomers: (a) from EE to EZ; (b) from EE to ZE; (c) from EZ to ZZ, 
(d) from ZE to ZZ. 



212 Y. Abe et al. / Journal of Photochemistry and P hotobiology A: Chemistry 95 (1996) 209-214 

Fig. 2. Optimized structure at the TS for the isomerization from EZ to ZZ. 

structure of the TS has a sole imaginary frequency of 244.4i 
cm -2. Isomerization by reverse rotation is impossible 
because the torsion angle C22-N2-C2-C 3 is discontinued in 
the reaction path. 

3.3. Isomerization from EE to ZE 

The geometries for the reaction coordinate were calculated 
by fixing the torsion angle C2j--Clo-C2-C3 constant and keep- 
ing the torsion angle O18--Cz--C3-N2 negative. The potential 
energy curves for the isomerization from the EE to the ZE 
conformation are shown in Fig. 1 (b).  The TS was not found 
since the torsion angle O18-C2-C3-N2 varies discontinuously 
from - 141.1 o to - 119.3 ° when the torsion angle C l 1-C1o- 
C2-C3 is varied from 90.46 ° to 90.47 °. This discontinuity 
involves the rotation of the phenyl ring and inversion of the 
N-methyl group. The result indicates that the EE ~ ZE proc- 
ess is prohibited. Reverse rotation also involves a similar 
discontinuity. 

3.4. lsomerization from EZ to ZZ 

The geometries for the reaction coordinate were calculated 
by the same procedure as for EE to ZE and the potential 
energy curve for the isomerization from the EZ to the ZZ 
conformation is shown in Fig. 1 (c). In the TS, the torsion 
angles Cl 1--C1o---C2-C3 and O28-C2-C3-N l are - 9 1 . 2 4  ° and 
- 150.93 °. The heat of formation at the TS is 205.05 kJ 
mol ~. The barrier heights to the TS from EZ and ZE are 
90.79 and 85.11 kJ mo l -  l respectively. The EZ ~ ZZ process 
is allowed from both directions. The structure of the TS 
shown in Fig. 2 has a sole imaginary frequency of 174.7i 
cm -~. The imaginary frequency vibrational mode is 
sketched. The modes correspond to the reaction path. The 
isomerization by reverse rotation is also possible and the 
barrier height of the TS is the same as for the former rotation. 

3.5. Isomerization from ZE to ZZ 

The potential energy curve for the isomerization from the 
ZE to the ZZ conformation, calculated by fixing the torsion 
angle C23-C12-C~2-Clo constant and keeping the torsion 
angle O28-C2--C3-N 1 negative, is shown in Fig. 1 (d). In the 
TS, the torsion angles C23-C12-C12--C2o and O28-C2--C3-N~ 
are - 91.77 ° and - 131.50 °. The heat of formation at the TS 

a) 
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b) 219 
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i 

, \ 
73 
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Scheme 3. 

is 224.26 kJ mol-1. The barrier heights to the TS from ZE 
and ZZ are 114.93 and 104.32 kJ mol -~ respectively. The 
process ZE ~ ZZ is allowed from both directions. The TS has 
a sole imaginary frequency of 261.1 i c m -  1. Isomerization by 
reverse rotation is impossible because the torsion angle C22- 
N I - - C 2 - C  3 is discontinued in the reaction path. The allowed 
and forbidden conformational changes between the four con- 
formers are summarized in Scheme 3 (a). 

3.6. Cyclization of ZZ isomer 

The geometries for the reaction coordinate were calculated 
by fixing the C2-O~8 bond length constant and keeping the 
torsion angle O18-C2-C3-N 2 negative, starting from the mir- 
ror image of the ZZ form shown in Table 1. A possible 
potential energy curve for the cyclization of the ZZ isomer 
to the spiro-form isomer is shown in Fig. 3(a) .  The energy 
maximum in the process was found at a bond length (C2- 
O18) of 2.116 ~,, a bond angle (O~8-Cz-C3) of 106.0 ° and a 
torsion angle (028--C2-C3-N l) of  - 94.3 °. The heat of for- 
mation at the TS is 194.00 kJ mol-  t. The barrier height to 
the TS from ZZ is 74.05 kJ mol -  ~. The TS has a sole imag- 
inary frequency of 286.6i cm ~. The spiro-form has the con- 
formation (a) shown in Scheme 2. Although it requires 
various types of spin correlations, symmetry considerations 
and so on to judge whether or not real bond formation takes 
place, a smooth potential energy curve without a disconti- 
nuity is a necessary condition for cyclization to take place. 
Cyclization from the ZZ conformation satisfies the minimum 
requirement. 

3.7. Cyclization of EZ, ZE and EE isomers 

The geometries for the reaction coordinate from EZ, ZE 
and EE conformers to the spiro-form isomer were calculated 
by the same procedure as for the ZZ isomer. Potential energy 
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Fig. 3. Potential energy  surfaces o f  thermal cyc l i zat ion  from photomerocyanine - form isomers:  (a)  from ZZ;  (b) from EZ; (c) from EE; (d)  from ZE.  

curves for the cyclization of the three isomers are shown in 
Figs. 3 (b ) -3 (d ) .  In all cases, the potential energy curves 
show a discontinuity. The discontinuities indicate that direct 
single-step conversion from the EZ, ZE or EE conformers to 
the spiro-form isomer is prohibited. Careful examination of 
the potential energy curves reveals that the discontinuities are 
due to channel routes to other conformations, namely from 
EZ to ZZ and from ZE to ZZ. In the case of the EE conformer, 
two conformational changes from EE to EZ and EZ to ZZ are 
involved. The potential energy curve analysis supports the 
thermal cyclization processes shown in Scheme 3(a). 

Of the four conformers of the merocyanine-form isomers, 
only the ZZ conformer was found to cyclize thermally 
through an appropriate reaction path. Isomerization from EZ 
to ZZ is necessary for the EZ form to cyclize to the spiro- 
form isomer. Two routes are possible for the isomerization 

from EE to ZZ. One is via EZ and the other is via ZE. The 
route via ZE is prohibited as discussed in Section 3.3. 

The fact that only the EZ form has been observed as a 
merocyanine-form isomer by NMR can be interpreted as fol- 
lows. Although the EE conformer has the lowest energy, the 
large barrier from the EZ to the EE conformer suppresses 
population of the EE conformer. Therefore the EE conformer 
is not detected. The ZE conformer is more stable than the EZ 
conformer, but the population is less than that of the EZ 
conformer. This is due to the large barrier from the ZZ to the 
ZE conformer as shown in Scheme 3 (b). The numbers denote 
the calculated heats of formation in kJ tool J. The photoge- 
nerated ZZ conformer mostly converts to the more stable EZ 
conformer and other conformers, ZE and EE, are not popu- 
lated. This is the reason why the EZ conformer is the domi- 
nant merocyanine-form isomer. The thermal cyclization of 
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the EZ conformer is considered to proceed via the ZZ con- 
former. 
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