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Thermal Isomerization of 17,3’,3’-Trimethyl-8-nitrospiro-
[2H-1-benzopyran-2,2’-indoline]-6-carboxylic Acid
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The rates of thermal isomerization of 1/,3’,3’-trimethyl-8-nitrospiro[2H-1-benzopyran-2,2’-indoline]-6-
carboxylic acid (6-COOH-8-NO2-SP) from its spiro form (SP) to its merocyanine form (MC) have been measured

in some solvents and at high pressures.

pressure and at 30 °C are in the range of 0.25 to 2.52 depending on solvents.
3.4 cm3mol-1, while the reaction volumes are —7.9——22.3 cm3 mol-1.

have a maximum, as predicted previously.

Thermochromic materials have attracted attention
for many years. Recently, interest has been stimu-
lated due to their practical applications to thermal
copies, optical switches and displays. Spiropyrans
belong to the most important class of the organic
photochromic compounds which are used as light-
sensitive materials. In spite of their practical inter-
ests, a little work focused on the mechanism of the
photo and thermal isomerization of spiropyrans
between SP and MC has been done.!-5

Recently we have studied the solvent and pressure
effects on the rate of thermal conversion of 17,3%,3’-
trimethyl-6-nitrospiro[2H-1-benzopyran-2,2’-indol-
ine] (6-NO2-SP)® from MC to SP, and of 1/,3",3’-
trimethyl-spiro[2H-1-benzopyran-2,2’-indoline]-8-
carboxylic acid (8-COOH-SP)” from SP to MC. The
role of solvent-induced solute (MC) dipole has been
discussed. The volume profile predicted with the
help of these compounds has a maximum which is
rarely found in chemical reactions. It has been
concluded that these compounds probably isomerize
via the same reaction path, i.e., via a transition state
involving homolytic bond fission or bond formation,
rather than via a heterolytic transition state.

The present work has been undertaken to ascertain
if such a maximum really exists in the volume pro-
file. We have used 6-COOH- 8-NO3-SP for which SP
and MC are in thermal equilibrium in the dark, and
this made the estimation of equilibrium constant
possible at any temperatures and pressures. The
kinetic and thermodynamic quantities for the isomeri-
zation reaction are presented and the energy and
volume profiles drawn.

Experimental

Materials. Utilizing the Reimer-Tiemann reaction, 3-
formyl-4-hydroxybenzoic acid was prepared according to the
method of Wynberg:® 4-hydroxybenzoic acid (0.1 mol) was
refluxed for an hour with water (90 cm3), KOH (1 mol), and
chloroform (0.125 mol). After acidification and ether
extraction, a brown solid 3-formyl-4-hydroxybenzoic acid
was obtained. Nitration of this compound was carried out
at temperatures between —5 and —10°C. The precipitate,

The equilibrium constants between these isomers at atmospheric

The activation volumes are 0.2—
Thus the volume profile was found to

3-formyl-4-hydroxy-5-nitrobenzoic acid, was recrystallized
from 2-propanol; mp 217—219 °C. Equimolar amounts of
this compound and 1,3,3-trimethyl-2-methylene indoline
were dissolved into ethanol and the solution was refluxed
for two hours. A dark precipitate 6-COOH-8-NO3-SP was
collected and dried. This compound is sparingly soluble
in most solvents, and no further purification has been
tried. However, its TH NMR spectrum in DMSO-ds showed
that this compound is clearly an isomeric mixture of SP and
MC in solution; 6=1.12, 1.25 (s, 3’-CH3), 2.67 (s, )N-CH3) for
SP; 6=1.74 (s, 3’-CHs), 3.91 (s, P)N-CHs) for MC. For
spectral assignments, a report of Toppet et al. was
referred.? Solvents used are of reagent grade and purified
and dried in the usual manner. .

Procedure. High pressure techniques and procedures for
kinetic measurements were almost the same as those de-
scribed before.19 A sample solution (ca. 10~4 moldm=-3)
flushed with nitrogen gas was irradiated for a few seconds
with a projection lamp. The thermal return from SP to
MC was followed by monitoring the change in the absor-
bance in the vicinity of 560 nm using a Hitachi 139 spectro-
photometer. The half life of the reaction was of the order
of 103 s, and the absorbance at t=c0 was estimated so that the
first-order plot produced a best straight line. The photo
and thermal isomerizations could be carried out
reproducibly, and the apparent first-order rate constants (see
Eqg. 2 below) agreed within 5% error.

Results

Although conformational problems3-511) remain for
MC, the thermal equilibrium of 6-COOH-8-NO2-SP
between SP and MC can simply be represented as

ke
SP 'k;’ MC (1)
Upon irradiation of the visible light, the equilibrium
shifts to SP, and it returns to the original state in the
dark.

In order to determine the concentrations of the
isomers, it is necessary to know the molar absorptivity
of MC. First, the equilibrium constant at 25°C in
DMSO-ds was estimated by means of tHNMR tech-
nique; the ratio of the integrated intensities of 3’-
methyl protons in MC snd SP was regarded as the
equilibrium constant (K=2.83 at 25°C). From this
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Table 1. Equilibrium Constants of 6-COOH-8-NO3-SP between MC and SP
at Various Pressures and Volumes of Reaction

Amax/0NM K (30°C) AV® AV 10114, AV
Solvent 3
p/kgf cm—2 1 200 400 600 800 1200 cm3mol-! cm3mol-! Pa-! cm3mol-!
CHCl; 573 0.250 0.312 0.383 0.454 —15.6 —30.6  15.930°C) —32.5
;;ﬁ;?:ecmom' 566 0.299 0.389 0.484 0.571 —18.6 —33.6  12.1(30°C) —24.7
Acetone 565 0.314 0.431 0.546 0.653 —22.3 —37.3 6.02(35°C) —12.3
DMSO 555 252 262 2.80 284 -17.9 —22.9 1.29 -1.8

a) Original gp-values (Refs. 14,15) calculated on the basis of the Tait-type equation, g,=A4/(B+p), are about
twice as large as ours. We have estimated (de/dp)rTp=01 mMPa from the quadratic regression equation,
e=ap?tbp+c. b) Calculated by using Eq. 7. ¢) 1 kgf cm—2=9.81X10¢ Pa. d) Estimated by assuming
(de/dp)= 3X10-8 Pa~1 (see text).

K-value and the absorbace at 555 nm (Amax of MC), the Table 2. Pressure Dependence of the Rate Constants
molar absorptivity was estimated to be 33000 for the Forward and Backward Reactions at 30 °C
dm®mol-*cm-!. This value could be used for other 104ks AV*
solvents without substantial danger, since the spectral Solvent = “emmol-1

shapes in the visible region in different solvents are

almost the same. P/kgfcm™ 1 200 400 600 800 1200

It was found that the return rate follows the first- CHCls 3.52 3.45 3.38 328 1.0
order kinetics, as expressed by Eq. 2. C:H:Cl;  2.07 2.11 2.09 2.04 —1.7(3.4"
Acetone 1.87 1.85 1.82 1.76 0.2
d[MCJ/dt = kobsa([MC]. —[MC]) (2) DMSO 6.25 6.07 5.96 5.85 3.8
where [MCJw» is the concentration of MC at equili- 10%ky
brium and kobsa (=kitko) is the apparent rate constant. §-1
The equilibrium constant X is given by CHCl; 14.1 1.1 8.83 7.22 16.2
K =[MCJw/[SP]w= ki/ks (3) C2H:Cl; 6.93 5.44 4.33 3.58 16.7
Acetone 5.96 4.30 3.34 2.70 22.3
Using K and kobsd, kr and ks were calculated. These DMSO 2.482.32 2.13 2.06 11.5
values at various pressures and temperatures are given 2) Obtained by the linear regression equation.
in Tables 1—3.
The pressure dependence of the equilibrium con- Table 3. Temperature Dependence of K,
stant was approximated by the following quadratic ki/s™1, and ky/s™1
equation: Solvent 25°C 30°C 35°C 40°C 45°C
InK=ap®+bp+c *) CHCls K 0275 0256 0.228 0210 0.192

10tk 1.64 3.08 629 103 168
Di . 104k, 595 12.0 27.6 49.1 87.2
1scussion DMSO K 283 253 238 222 206

The reaction volumes (AF°) at atmospheric pressure lO:kf 3.11 565 114 208 359
were estimated by 104, 1.10 223 479 9.35 174

AV°=(dInK/3P)r= —bRT (5) o "
and they are given in Table 1. The activation vol- o
umes for the forward and backward reactions (Eq. 1) 1.2 \ e -
estimated by similar equations are given in Table 2. \ /0 :f-
Using the data in Tables 1—3, InK, Ink;, and In ks 1.4 [ 1-6 <
were plotted against 1/T in accordance with the van’t ﬁ e / >< i
Hoff and Arrhenius equations (Fig. 1, ¥=0.998 each). — ek v> g\ \ 4. ,?;
From these plots, thermodynamic parameters were 9\ <
estimated and they are given in Table 4. The equili- a8 b \ -8 L
brium constant in DMSO, compared with those in \
other solvents (Table 1) is greater by about a factor of 2.0 L L ™~

. . . . .qe . 3.1 3.2 3.3 3.4

ten, indicating the increased stabilization of MC rela- 108T-1/K1
tive to SP. - The band in the visible reglqn sl‘ufts toa Fig. 1. The van’t Hoff and Arrhenius plots for the
shorter yvavelength as.the'solvent polarity increases thermal equilibration process of 6-COOH-8-NO-
(blue shift). This inclination was also observed for 6- SP in CHCls: In K—1/T (O); In k—1/T (®); In ky—1/

NO2-SP.® There are some spiropyrans which exhibit T (©).
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Table 4. Thermodynamic Quantities (303.2 K) for the Reaction SP2MC

AH® AS° AV° E, AS* AV
Solvent Remark
k] mol-1 Jmol-1K-! cm3mol-! kJmol-1 Jmol-1K-! cm?mol-!
CHCl3 —14.5 —59 —15.6 92.9 —13.9 1.0 Forward
107.4 45.1 16.2 Backward
DMSO —12.0 —32 —-17.9 98.1 8.7 3.8 Forward
109.7 40.3 8.3 Backward

the red shift.!? Although this band may be assigned
to the conjugation band (intramolecular charge-
transfer band) through one of the possible conforma-
tions of MC,® the blue shift is contrary to the general
trend of the m-n* transition which exhibits the red
shift. Therefore, the ground state of MC must be
more polar than the excited state. In fact, the dipole
moments of 6-NOs-SP in the ground and excited states
are reported to be 12.7 and 3.5 Debye (1 Debye=
3.34X10-30 mC), respectively.1® A substantial contri-
bution of the following zwitterionic structures in the
ground state may be responsible for the above

findings.
o) NO2 O, NO;
7 ~ N7 //‘Q
Nid CoOH W joon
HO
o, N-0
— QG5
INE4
! COOH

The Volume of Reaction. Volume change accom-
panied by chemical reactions is conventionally
divided into two terms: an intrinsic volume change
(AVi) and a volume change arising from
reorganization of solvent molecules (AVw), 1.€.,

AV = AVint + AVow (6)

Recent theoretical approach to the partial molar
volume developed by Yoshimura and Nakahara,¥
enables us to understand its significance at the molec-
ular level. However, the separate estimations of AViy
and AV are rather critical, and must be done with
great care.

Walling and Naiman!® estimated the activation
volumes of the Claisen rearrangement reaction in
several solvents, and found that they fell in the range
of —10——15 cm3mol-! with no obvious solvent
dependence. They interpreted the results as con-
sistent with rather tightly bonded cyclic transition state.
This volume change could formally be ascribed to a 6-
membered-ring-closure process. If we tentatively
allot 15 cm®mol-! for AViy in the present case, then
the “relative” values of AV could be calculated.
They are given in the 3rd column from the right in
Table 1.

On the basis of the Kirkwood equation, AV could
be given by Eq. 7.

2 2
MMc  Hsp

3 3
Tmc Tsp

AVsolv=NA( )Qp (7)

where gpr is defined by Eq. 8.
3 de
= (2e+1) ( ap )T.p=0.IMPu

®)

Using available e-p data,61? g ,-values were estimated
(Table 1). Then, likely p and r values(umc=15 Debye,
usp=3 Debye, rmc=7sp=0.4 nm) were substituted into
Eq. 7, together with the g,-values (Table 1). The dis-
crepancy between the observed AV (SAV °—AVin)
and calculated AV, becomes remarkable in the order
chloroform <1,2-dichloroethane<< acetone. This
could be attributed to the enhanced polarization
(increase of u) within merocyanine molecule as the
solvent polarity increases. Previously, we discussed
this enhancement effect in some detail.61819) Unfortu-
nately, no e-p data are available for DMSO. However,
judging from the (de/dp)r-values for acetone and
methanol!®1? as polar solvents, (de/dp)r-value for
DMSO may not be far from 3X10-8 Pa-l. Thus AV
in DMSO is presumed to be ca. —1.8 cm® mol-1. It

N
—
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Fig. 2. Volume (a) and energy (b) profiles for the
isomeric reaction of 6-COOH-8-NQ2-SP in CHCls.
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could be said that the remarkable enhancement effect
is involved in the case of DMSO, too.

Energy and Volume Profiles. In simple one-step
reactions, the volume profiles are those having no
extremum. This is in sharp contrast to the energy
profile which has a maximum inevitably. According
to le Noble,20 extrema are usually the rule for stepwise
reactions. However, ~ there are some exceptions:
sigmatropic shifts such as the Claisen rearrangement
show minina.2)) Diels-Alder reactions participated
by maleic anhydride as a dienophile also show min-
ima.?2-24  The reaction of p-methoxystyrene with
TCNE is another example which involves minima in
the volume profile.2® A maximum was observed in
the degenerate Wagner-Meerwein shift?® and the
amide rotation of dipeptides.2?

The energy and volume profiles are shown in Fig.
2. The activation volumes for the forward reaction
are positive and small, while the reaction volumes are
negative (Table 2). Therefore, it is hard to imagine a
dipolar transition state where the second term in Eq. 6
would overwhelm the first one. A transition state
which involves a homolytic bond stretching may be
acceptable; a small volume increment is expected in
this process. Therefore, it could be said that the
transition state is located near the initial state in the
sense that the nuclei are near the initial positions.

If the data in Table 4 are inspected, one may notice
that both AH® and AS° are smaller in CHCls than in
DMSO. The same is true for E, and AS*, and AS°
(AS*) and AV° (AV=*) for the forward reaction.
Although the reason is not clear, this compensation
effect observed for CHCls and DMSO are in line with
the previous results.” It is notable that the entropy
factor is as important as the enthalpy factor in deter-
mining the equilibrium. Leffler?® exemplified the
compensation effect for a variety of reaction series, and
for reactions in solvents of varying polarity. The
existence of the isokinetic temperature predicted from
the linear free energy relationship was demonstrated
by us.2? Similarly, a rough linear correlation between
AS°(AS*) and AV°(AV°®) was also reported,30-32) and
the reason discussed by Kondo and Tokura.3) Our
results in this and previous investigations are in line
with the findings of the above reports.
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