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The enantiomers of 6-methoxy-3,3’,3’-trimethylspiro[2H-1-benzopyran-2,1’[2]oxaindan] were
separated with the high-pressure liquid chromatography method. Their optical properties were stud-
ied experimentally and by quantum-chemical calculations. The absolute configurations of the com-

pounds were determined by comparison of the measured and calculated CD spectra.
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1. Introduction

Spiropyrans represent a class of organic pho-
tochroms [1-3]. The discovery of the photochromic
reaction of spiropyrans by Fischer and Hirshberg in
1952 [4], and Hirshberg’s idea of using this phe-
nomenon for a photochemically erasable memory [5]
initiated active research on photochromic spiropyrans.
Based on their reversible colour and other changes
in physical and chemical properties, these photore-
sponsive materials have now found many applica-
tions: self-developing photography, displays, optical
filters, lenses of variable optical density, including sun
glasses, optical recording media, etc. [1,6-10]. The
photochromic (and also thermochromic) behavior of
these compounds is due to the interconversion be-
tween the colourless closed spiropyran and the opened
merocyanine-like dye (Scheme 1). Owing to the pres-
ence of the stereogenic Cgpiro atom, the spiropyran
molecules are chiral.

An enantiomerically pure, optically active spiropy-
ran could be the object of several interesting experi-
ments [3, 8, 11, 12], but laboratory procedures nor-
mally give a 1:1 mixture of both enantiomers. Suc-
cessful attempts to separate the spiropyran enantiomers
have already been undertaken by Mannschreck and co-
workers [12—14], but the absolute configuration of the

z O 2

opened merocyanine-like
structure

closed spirocyclic form
Scheme 1.

stereoisomers has not been determined and still re-
mains unknown. In this paper, we describe the sepa-
ration of the enantiomers of 6-methoxy-3,3’,3’-trime-
thylspiro[2H-1-benzopyran-2,1°’[2]oxaindan] (1). We
then measured the UV and CD spectra of both enan-
tiomers and tried to determine the absolute configu-
ration by comparison of the experimental CD spectra
with the calculated ones.

2. Results and Discussion

Separation of the enantiomers and their optical
properties. The enantiomers of 1 (Fig.1) were sep-
arated with the high-pressure liquid chromatography
(HPLC) method [12].

The experimental CD spectrum of one of the enan-
tiomers of 1, recorded in MeOH, is shown in Fig-
ure 2. The Cotton effects at wavelengths > ca. 250 nm
are very broad and relatively weak while those below
this value are not only much stronger but also signifi-
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Table 1. Experimental (Amax.exp, €max.exp) and calculated
(lmaxzcah €max,cal) UV spectra oflspiropyran 1 in MeOH.

Amax In NM, €max in I-cm~1-mol 1.

No. lma><3e><p Emax,exp lmax,cal Emax,cal
1 316 3326 351.9 3257
2 256 7756 264.3 18468
3 228 23441 216.7 29351
4 211 25239 192.7 31935

Fig. 1. 6-Methoxy-3,3’,3’-trimethylspiro[2H-1-benzopy-
ran-2,1’[2]oxaindan] 1.
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Fig. 2. Experimental CD spectrum of one of the enantiomers

of 1 recorded in MeOH.

200 250

cantly sharper. The noticeable CD peaks appear at the
wavelengths A = 398.0 nm (+0.30), 296.2 nm (—1.12),
286.4 nm (—1.10), 259.7 nm (—2.43), 234.6 nm
(+11.7), and 202.9 nm (—17.5). In addition, a shoul-
der is observed at about 225 nm (~7.5). The numbers
in parentheses are the corresponding values of Ae in
I-mol~t.cm™1.

The experimental and calculated UV spectra of the
studied spiropyran are given in Figure 3. Measured and
calculated values of Amax and emax are listed in Ta-
ble 19,

8)The first absorption band in the UV spectrum has been observed
and calculated at 316 and 351.9 nm, respectively. Compared with
the other bands of the spectrum, this absorption is relatively weak.

E. N. Voloshina et al. - 6-Methoxy-3,3’3’-trimethylspiro[2H-1-benzopyran-2,1’[2]oxaindan]

T T T T

30000 - .

25000

T
:6;}
1

0-0-0-0-0-00-,

s 20000
Q

15000

T
00000
00009
000

10000

e (l-mol -

N

250

5000 ’
0 “‘ﬂ |L

200

300 400

A (nm)

350

(@)

30000

25000

§ 20000

-1

e (l-mol -

15000 -
10000 -
5000

300 350 400

A (nm)

200 250

)
Fig. 3. (a) Experimental UV spectrum of the spiropyran 1
(in MeOH). The bars are the calculated &nax. (b) The ex-
perimental UV spectrum of 1 (open circles) in comparison
with its calculated counterpart (solid line).

Quantum-chemical calculations. The calculations
have been performed for the arbitrarily chosen R-en-

According to our calculations it gets most of its intensity from the
HOMO—LUMO transition at 353.1 nm (cf. Table 2). While a shoul-
der has been observed at A =256 nm, we calculate a relatively sharp
absorption band at 264.3 nm, involving excitations within the part of
the molecule containing ring A (Ws» — Wgs, Ws1 — Ws3) as well as
charge transfer from B to A (W7g — Ws3). Another transition, cal-
culated at 258.6 nm (W7g — Wg3), will also contribute significantly
to this absorption band. The strongest aborptions caused by three
or more overlapping bands have been observed between 250 and
200 nm while our calculations predict intense transitions at 221.7
and 219.3 nm as well as at 189.3 and 187.4 nm, respectively.
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antiomer of spiropyran 1. The coordinates used in the
CD calculation have been obtained by geometry opti-
mization of a structure based on standard bond lengths
and bond angles [15] with the density functional the-
ory (DFT)®). All DFT calculations were performed us-
ing the TURBOMOLE [16] set of programs. In these
calculations we used the B-P86 combination of ex-
change and correlation functionals [17] and a triple-{
valence basis set, augmented by a shell of polarization
functions (TZVP). The solvent effect (ech,on = 32.63)
has been taken into account by an electrostatic con-
tinuum model (COSMO, conductor-like screen model
[16, 18]). Two perspective views of the optimized spa-
tial structure of the R-spiropyran are shown in Figure 4.

The UV and CD spectra have been calculated
with the time-dependent density functional theory
(TDDFT)[19] employing the structure optimized at the
DFT level (Figures 3b and 5). For the calculation of
the rotational strengths the origin-independent dipole
velocity approximation has been used [20].

Omitting the methyl and methoxy substituents com-
pound 1 can approximately be described as consisting
of two planes which intersect at an angle of 81.3° and
share the spiro carbon atom. Each of these planes con-
tains one of the aromatic rings A and B, respectively

B)The calculated dipole moments of the molecule obtained in the
gas phase and in presence of the solvent are 2.13 and 3.43D, respec-
tively.

Fig. 4. Two perspec-
tive views (SCHAKAL
plots [23]) of the struc-
ture of the R-isomer of
spiropyran 1 calculated
at the TZVVP/B-P86 level
of DFT. The structures
optimized in the gas
phase and in presence
of the solvent are vi-
sually indistinguishable.
While (a) gives a gen-
eral view of the molecule
(b) shows the relative
orientation of the two
planes containing the
rings A and B, respec-
(b) tively.

(Figure 1). The symmetry of the molecule is C; and,
therefore, a strict division of the molecular orbitals into
7- and o-orbitals is not possible. However, using local
symmetry we call such orbitals o- and o*- or z- and
m*-MOs which are symmetric or antisymmetric with
respect to one of the two planes mentioned above. The
Kohn-Sham orbitals (KSOs) W74 — Wgo are shown in
Figure 6. The corresponding eigenvalues of the energy
cover the range between approximately —8 and 1eV,
and it can be seen that each of the n- and £*-MOs is
widely localized in one of the planes containing either
ring A or B.

Our TDDFT calculations in presence of MeOH pre-
dict 50 transitions in the range between 180—400 nm.
The relevant configurations for these states are listed in
Table 2 together with the calculated oscillator and rota-
tional strengths at the absorption maxima. In addition
we list the angles 6 between the electric and the mag-
netic transition dipole moments. In cases where this
angle is close to 90° the sign of the corresponding Cot-
ton effect is very sensitive even to small changes of the
molecular structure.

For reasons of comparison we list the corresponding
data for the 50 lowest transitions calculated for the gas-
phase in Table 3. All transitions are solvent-dependent
as far as the excitation energies and the contributions
of the leading configurations are concerned. Under the
influence of the solvent the excitation wavelengths are
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Fig. 5. CD spectrum of the spiropyran 1 (R-isomer) cal-
culated at the TZVP/B-P86 level of TDDFT. The bars are
the Aé€max cal Of the generating Gaussian curves. Spectrum
(5a) has been obtained using an empirical relationship be-
tween the half bandwidth (I") and the transition wavelength
(see text and [22]). Spectrum (5b) has been generated us-
ing the constant values of I" = 7 below and I" = 30 above
A =240 nm (numerical values of Agmax cal in parentheses).

shifted to the blue. The strongest shift of about 24 nm
has been calculated for the energetically lowest transi-
tion (r — 7*), which in presence of MeOH has been
predicted to occur at A = 359.8 nm. It occurs from the
HOMO (Wg,) to Wgs and has a small positive rota-
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tional strength. While Wg, has its largest coefficients
at the aromatic ring A and the neighbouring olefinic
double bond, Wg, is predominantly located at benzene
ring B (cf. Figure 6). This excitation can therefore be
described as an intramolecular charge transfer transi-
tion from ring A to ring B. The second excitation, cal-
culated at A = 353.1 nm with a much stronger nega-
tive rotational strength, occurs from the HOMO to the
LUMO (Wsg3) and is also a w — m* transition. How-
ever, different from the first one, in this case both KSOs
are located in the same plane and have their largest
coefficients at the aromatic ring A and the adjacent
olefinic double bond. The third transition calculated at
337.7 nm (Wg, — Wgs), can again be described as an
intramolecular charge transfer of the 7 — * type. The
excitation with the most negative rotational strength
(—33.90 x 10~“%rg - cm?) above 200 nm has been cal-
culated at 231.4 nm. It is located in the ring A and is
the energetically lowest transition which involves an
excitation from a o- to a 7#*-MO (W76 — Ws3). In the
same region the strongest positive rotational strength
(21.76 x 10~*%erg-cm?®) has been calculated for a tran-
sition at 221.7 nm. It contains almost equal contribu-
tions of a transition from ring A to B (¥ 77 — Wgs) and
another one located in A (Wg; — Wg7).

The calculated CD curves (Figure 5) have been ob-
tained as a sum of Gaussians, each of which has been
centered at the wavelength of the corresponding tran-
sition and multiplied with its rotational strength [21].
Two different approaches have been used to obtain the
half bandwidths (I") of the Gaussians. First we used
the empirical formula I' = k - AL, where A is the
calculated transition wavelength and the parameter x
has been assumed to be 0.00375% [22]. The result-
ing CD spectrum is shown in Figure 5a. According to
the shape of the Cotton effects the experimental CD
curve in Figure 2 might roughly be divided into two
parts: above ~250 nm the Cotton effects are consis-
tently very broad while those at wavelengths below
this value are much sharper. In a second approach we
therefore used two different bandwidths to model the
short and the long wavelengths part of the CD curve.
Thus, the Gaussians have been generated using values
of ' =7forA <240 nmand I" = 30 for A > 240 nm
at A€maxcal/€ In both cases the empirical relation-
ship Aémax.cal = 2.28 - Amaxcal - I "1 R (R is the rota-
tional strength) has been used to calculate A&max cal-

% This formula yields values of I" from 12.2 to 30.0 between 220
and 400 nm.



E.N. Voloshina et al. - 6-Methoxy-3,3’3’-trimethylspiro[2H-1-benzopyran-2,1’[2]oxaindan] 447

74th KSO, 6 75th KSO, &
(-8.01 eV) (-7.81 eV)

76th KSO, & 77th KSO, 7, 78th KSO, 75
(747 &V) (-7.01 V) (-6.71 V)

79th KSO, 7t 80th KSO, 7t 81th KSO, 74
(-6.52 eV) (-6.37 eV) (-5.84 eV)

82th KSO, 74 83th KSO, % 84th KSO, 71},
(-5.04 ¢V) (-2.00 V) (-1.61 V)

85th KSO, 71}, 86th KSO, 7} 87th KSO, 7}
(-139 ¢V) (-0.90 eV) (0.03 eV)

&

Fig. 6. Kohn-Sham
88th KSO, o* 89th KSO, o* 90th KSO, o* orbitals \1174 to "IJQO of

(0.66 eV) (1.04 eV) (1.12eV) the spiropyran 1.
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Table 2. The electronic configurations, oscillator and rotational strengths for the exited states of spiropyran 1 calculated
in presence of MeOH. 6 is the angle between the electric and the magnetic dipole moment.

Wavelength Transition Contribution 6  Oscillator Rotational Strength

Wavelength Transition Contribution 6  Oscillator Rotational Strength

(nm) (%) (degree) Strength (x10~*° erg-cm®) (nm) (%) (degree) Strength (x10~%° erg-cm?®)
359.8 82— 84 97.7 82.8  0.0029 0.89 2123 78— 86 77.1 65.8 0.0024 271
3531 82— 83 83.6 929 0.0517 —8.55 2099 76— 84 65.2 50.3 0.0163 13.80
3377 82— 85 94.9 68.5 0.0077 5.25 80— 85 10.8
2920 81— 84 99.5 135.6  0.0011 —1.86 209.8 75— 83 51.0 107.6  0.0842 —32.99
2829 80— 83 99.0 67.4  0.0008 0.69 78— 86 10.9
2789 81— 85 70.0 81.8  0.0507 13.32 2046 74— 83 735 123.9 0.0646 —13.00
2759 79— 83 35.6 87.0 0.0539 6.07 2038 76— 85 84.6 69.7 0.0042 3.08
81— 85 26.9 2035 82— 89 91.5 85.0 0.0044 1.39
81— 83 22.7 2017 73— 83 70.6 91.1 0.0893 —0.57
2711 79— 83 53.2 92.6  0.0197 —4.82 200.2 82— 90 89.7 53.1 0.0065 6.00
82— 86 21.0 199.1 75— 84 97.1 139.1 0.0076 —4.65
2643 82— 86 375 85.6  0.2299 9.61 1986 82— 91 97.3 131.0 0.0082 —11.53
81— 83 20.3 196.0 82— 92 96.3 48.0 0.0108 6.93
78— 83 16.3 1942 72— 83 72.8 1353  0.0027 —2.54
2586 78— 83 74.9 92.3  0.0847 —6.18 1937 74— 84 45.3 80.4 0.0132 7.81
2491 80— 84 63.5 72.1  0.0089 4.87 80— 87 41.4
79— 85 15.3 1934 80— 87 49.3 106.0 0.0027 —1.36
2421 78— 84 40.2 73.0 0.0004 0.50 74— 84 48.4
79— 85 24.9 1925 75— 85 69.5 102.1  0.0336 —234
79— 84 22.5 1922 82— 93 85.9 85.6  0.0069 1.52
2364 77— 83 63.8 82.2  0.0058 4.29 1906 81— 88 34.4 56.1 0.0316 47.31
78— 85 8.4 77— 86 15.3
2352 78— 85 50.8 75.2  0.0256 6.77 79— 87 10.5
80— 85 17.2 76— 86 10.3
2314 81— 86 62.8 102.3  0.0569 —33.90 1905 81— 88 59.6 87.2 0.0540 7.14
76— 83 14.7 190.1 73— 84 61.1 104.3  0.0536 —32.84
2296 77— 84 93.1 162.0 0.0003 —1.46 189.3 73— 84 19.8 104.4 0.3172 —150.23
2264 80— 86 89.9 64.8 0.0084 4.13 79— 84 16.5
2217 77— 85 37.7 80.1 0.3140 21.76 80— 85 14.6
82— 87 35.3 77— 86 10.5
2200 79— 86 61.8 61.9 0.0124 6.26 189.1 71— 83 44.9 93.2 0.0403 —4.63
76— 83 154 79— 87 37.1
2193 77— 85 42.3 92.0 0.1616 -3.23 1885 79— 87 31.3 66.9 0.0461 33.75
82— 87 23.4 71— 83 28.8
2179 76— 83 37.1 77.0 0.0320 11.29 1874 79— 85 23.2 88.8  0.2695 7.15
75— 83 149 80— 84 15.7
79— 86 12.0 71— 83 8.9
2171 82— 88 90.0 434  0.0153 12.90 186.8 74— 85 83.7 87.7 0.0282 3.53
2153 79— 84 22.3 44.2  0.0012 0.66 186.4 82— 94 93.4 87.9 0.0101 154
76— 84 20.5 1851 70— 83 80.3 104.8  0.0053 —5.81
80— 85 16.2 183.8 78— 87 61.6 68.7 0.0043 7.03

The resulting CD spectrum is shown in Figure 5b. The
signs of the Cotton effects in Figs. 5a and 5b and,
therefore, the characteristics of both calculated spectra
agree.

A comparison of the experimental and the calcu-
lated CD spectra in Figs. 2 and 5a,b shows that the
signs of the Cotton effects in the theoretical spec-
trum calculated for R-1 are essentially opposite to the
experimental ones. Thus, we conclude that the enan-
tiomer investigated experimentally should have the S
configuration?.

DNote that use of two different values of I" results in a much
better agreement between the shapes of the calculated and measured
CD curves than use of the empirical function I" = - AP

3. Experimental Part

High-pressure liquid chromatography was perfor-
med on a chiracel-OD coulumn with n-hexane/ ethanol
(viv = 89:1, column 200 x 20 mm, flow rate
6 ml-min—1, pressure 11 bar) as eluent. The injected
quantities of the racemates were in the range of 10 mg
in 1 ml of eluent. For photomeric detection the absorp-
tion of the compound at 365 nm was used.

The CD spectra were measured using a Circular
Dichroism spectrometer (AVIV Model 62DS) at room
temperature in methanol.
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Table 3. The electronic configurations, calculated oscillator and rotational strengths for the exited states of spiropyran 1
in vacuum.

Wavelength Transition Contribution 6  Oscillator Rotational Strength ~ Wavelength Transition Contribution 6  Oscillator Rotational Strength

(nm) (%) (degree) Strength (x10~% erg-cmd) (nm) (%) (degree) Strength (x10~* erg-cmd)
3842 82— 84 99.9 93.2 0.0022 —0.18 2123 82— 91 72.0 82.7 0.0071 0.55
3645 83— 85 58.6 0.0166 —10.04 209.3 76— 85 58.1 106.3  0.0107 —4.53
82— 83 100.5 78— 86 31.7
82— 83 38.6 2084 78— 86 45.0 86.6  0.0529 2.05
3519 82— 83 51.2 859  0.0450 7.99 75— 83 22.6
82— 85 40.9 76— 85 14.6
3044 81— 84 99.7 115.3 0.0011 —-1.21 2068 82— 92 30.8 94.3 0.0496 —2.96
289.8 81— 85 93.0 76.8  0.0146 4.52 75— 83 21.1
276.2 81— 83 37.1 85.7  0.0978 15.36 78— 86 13.6
80— 83 29.1 76— 85 10.6
82— 86 195 206.7 82— 92 67.9 104.0 0.0331 117
2731 80— 83 64.6 93.5 0.0131 —4.51 2035 75— 84 95.9 160.7  0.0042 —5.11
79— 83 12.3 2028 74— 83 74.3 108.8 0.0533 —7.36
266.0 79— 83 49.8 70.4  0.0591 11.98 2024 81— 88 91.0 1243 0.0114 —4.25
82— 86 31.4 200.1 82— 93 90.9 120.7 0.0054 —-331
2625 79— 83 28.2 92.7 0.2067 —11.42 1994 73— 83 69.1 89.9 0.0849 0.01
81— 83 24.4 1969 74— 84 94.9 76.2 0.0032 2.22
82— 86 14.3 1965 75— 85 88.2 128.6  0.0128 —23.6
78— 83 13.7 1946 81— 89 99.5 96.9  0.0037 —1.08
2574 78— 83 56.5 100.9 0.0340 —10.32 193.0 82— 94 97.3 117.7  0.0001 —0.80
80— 84 24.1 1927 73— 84 86.8 80.9 0.0184 9.82
2549 80— 84 46.1 58.4 0.0086 9.08 1911 74— 85 25.3 81.3 0.1171 45.29
78— 83 27.2 72— 83 16.8
2472 80— 85 40.5 60.8  0.0057 6.82 77— 86 8.8
79— 85 30.5 78— 84 7.1
2414 78— 85 42.7 67.4 0.0153 6.96 191.0 72— 83 42.8 110.7 0.0615 —59.97
79— 84 24.6 82— 95 19.4
2381 77— 84 83.4 59.9  0.0007 1.33 77— 86 6.7
2371 77— 83 67.5 110.6  0.0066 —9.20 1905 82— 95 75.4 80.1  0.0615 —59.97
2348 82— 88 94.3 145.0 0.0006 —2.56 190.1 82— 96 93.6 1309 0.0123 7.88
229.8 81— 86 58.0 93.5 0.0484 —7.19 190.0 80— 87 53.3 43.8 0.0047 —6.88
76— 83 141 74— 85 26.7
2279 77— 85 77.6 90.6  0.0649 —0.29 189.1 74— 85 29.0 935  0.0072 14.87
2243 82— 89 99.6 84.1 0.0068 214 80— 87 14.4
2219 82— 87 59.2 85.3 0.4579 2454 73— 85 9.4
2196 80— 86 52.4 150.6  0.0048 —2.43 79— 84 85
76— 84 15.9 80— 85 7.4
2183 76— 84 38.6 55.6  0.0031 5.33 1885 77— 86 25.3 96.8  0.2308 —29.21
80— 86 23.6 80— 87 16.8
2173 76— 83 39.9 96.1 0.0284 —6.64 76— 86 133
75— 83 12.7 72— 83 12.6
76— 84 12.0 1880 78— 85 16.7 915 0.2123 —8.75
2150 82— 90 97.8 389  0.0049 8.57 79— 85 10.8
2132 79— 86 75.4 215 0.0029 11.03 79— 87 9.8
2131 76— 84 24.2 72.3 0.0044 351 81— 90 9.0
82— 91 174 80— 84 8.9
79— 85 141 78— 84 5.9
78— 84 9.8 1876 81— 90 86.2 105.8 0.0152 —16.12
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