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Abstract

Various substituted photochromic tetrahydroindolizine (THIs) derivatives4a–r have been synthesized by nucleophilic addition of
1-phenyl-3,4-dihydroisoquinolines2 to spirocyclopropene1. After irradiation of the THIs4a–r with UV light, a blue to green colored
zwitterionic betaines3a–r was formed which undergoes a thermal electrocyclization leading to colorless THIs4a–r. Both the half-life of
the thermal back reaction and the absorption spectra of the colored forms are found to be strongly dependent on the position and size of the
substituent in the 10′b-phenyl ring. A strong pronounced effect was observed by comparison of eachortho-substituents to the corresponding
para-substituents which showed increase in the half-life by a factor of 4 foro-, p-fluoro-substitution3h–j and a factor of 2000 foro-,
p-iodo-substitution3q,r. Meta- andpara-substitution showed no pronounced influence on the half-life. The steric effect of different groups
was well proved by CHARMm calculation. The computational results provided a new insight into the reaction pathway signifying the
steric effect of substituents on THIs4. The energies of the unsubstituted THI4a, theortho-substituted THIs4b,e,k and themeta-derivatives
4c,f,l as well as their betaines for thecisoid3′′ andtransoid3′′′ were studied. The structures and energies for3b,e,k,c,f,l were monitored.
In conclusion, the formation of the twisted open form3′ is responsible for value of the rate constant of the thermal cyclization.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photochromism, one of the most striking phenomena
of photochemistry, which involves light-induced reversible
transformation of a molecule between two states with dif-
ferent distinguishable absorption spectra, has received great
attention in the recent years[1–5]. Reversible coloration
and bleaching upon wavelength-controlled illumination are
very desirable characteristics for inks and dyes, biological
sensors, optical switches[6,7]. Additionally, such organic
photochromic materials could be used in rewritable op-
tical memories, as media for high capacity and ultrafast
computing storage devices[6–9]. Currently, the bottleneck,
restraining the potential use of such devices, is the synthe-
sis of suitable materials[10], which require indispensable
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properties such as the thermal stability of both isomers as
well as high fatigue resistance[11,12].

Amongst the many photochromic systems, which re-
versibly inter-converted between distinct forms by ir-
radiation, photochromic tetrahydroindolizines (THIs),
which discovered and developed in the laboratories of H.
Dürr in 1979, had received particular attention owing to
their remarkable photofatigue-resistance and wide broad
photochromic properties[13–17]. The characteristic photo-
physical data of the photochromic THI are strongly influ-
enced by the electronic and steric effects of the substituents
[13–17]. Previous work on the photochromic tetrahydroin-
dolizines has focused only on introducing various groups
with electron donating or withdrawing character, whilst the
steric effect was often neglected[13–16].

In continuation of our work dealing with the preparation
and study of the photophysical properties of photochromic
THIs, this paper will shed more light on the effect of
different groups on the photophysical behavior of new
photochromic THIs and to control the changeability of the
position of the band maxima in the absorption spectra and
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half-life of tetrahydroindolizines (THIs)4a–r and betaines
3a–r by modifying the position of the substituents (o-,
m-, and p-) of the phenyl group in the 10′b-position of
tetrahydroindolizines THIs4a–r. The molecular modeling
calculations as well as X-ray crystallographic analysis are
highly effective methods which clearly assigned the steric
hindrance of different substituents in the 10′b-phenyl ring
which lead to new insights into the mechanism of electro-
cyclization of the betaines3a–r ↔ 4a–r.

2. Experimental

All studied THIs 4a–r were prepared according to lit-
erature procedure[17]. Characterization of the chemical
structures was achieved using both analytical and spectro-
scopic measurements. The1H NMR spectra were recorded
at 500 MHz spectrometer using tetramethylsilane as internal
standard. Chemical shifts are reported inδ (ppm) and cou-
pling constants in Hertz (Hz). The UV/Vis absorption spectra
were recorded in dichloromethane. The time resolved spec-
tra of fast bleaching THI were determined by flash photoly-
sis. Dichlormethane (spectrophotometric grade) was used as
received. Mass spectra were obtained using FAB mode. El-
emental analyses were carried out with a CHNS-analysator.

The molecular modeling was carried out using “CHARMm
calculations”. The structures have been calculated using
Quanta Release 4.0 Version 94.0222-CHARMm on a work-
station. Computations were done in the gas phase. The
positive and negative charge was locked and the “Gasteiger
method” was applied. Minimization was executed with
“conjugate gradient” until the difference of energy between
two calculation steps was zero. Experimental details and
full characterizations of these new photochromic THIs will
be published elsewhere[17].

3. Results and discussion

The effect of substituents with different mesomeric (M-)
and inductive (I-) effects on the photochromism of dihy-
droindolizines (DHIs) is well known and can be analyzed by
Hammett-correlation[14–16]. For example, the attachment
of electron-withdrawing groups (positiveσ -values) to the

Fig. 1. Schematic representation of the light-induced ring opening of the DHI (the three regionsA, B, C are represented) to the corresponding colored
betaine.

heterocylic moiety (regionC) [14–16]of the DHI molecules
leads to an increase of the rate constant (k; positiveσ -values)
of the thermal back electrocyclization (betaine→ DHI,
Fig. 1).

To study the steric effect of different subsitutents on
the 10′b-phenyl ring of THIs4a–r, we have successfully
changed the position of different substituents of the phenyl
ring in the 10′b-position of THIs4 (Fig. 2). New tetrahy-
droindolizines (THIs)4 bearing nitro- and methyl-groups
as well as halogen atoms in different positions of the
10′b-phenyl ring were synthesized[17].

Substituted 1-phenyl-3,4-dihydroisoquinolines2a–r were
prepared by modification of the Bischler–Napieraski[18,19]
reaction. The nucleophillic addition of substituted-3,4-dihy-
droisoquinolines2a–r to spirocyclopropene1 afforded the
THIs 4a–r after purification by column chromatography on
silica gel in moderate to good yields (33–94%)[17]. NMR,
IR, mass spectrometry and elemental analysis characterized
all synthesized THIs4a–r [17].

The chemical structure of photochromic diisopropyl
5′,6′-dihydro-10′b-(2-iodophenyl)-1′H-spiro[fluorene - 9,1′-
pyrrolo[2,1-a]isoquinoline-2′,3′-dicarboxylate4q was con-
firmed by X-ray single crystal analysis (Fig. 3). All the THI
regionsA, B, C [1] as fluorene, ester and dihydroisoquino-
line parts are clearly assigned[17].

The single crystal of the new THI4q (Fig. 3) was success-
fully prepared[17] (with crystal size 0.4 mm× 0.3 mm×
0.28 mm in CH2Cl2/n-pentane (v/v; 1:2) after standing at
room temperature for several days. The crystal system was
monoclinic, space group was P2(1)c and unit cell dimen-
sions are: (a = 11.305 Å,b = 15.455 Å,c = 18.520 Å,α =
90◦, β = 92.57◦, δ = 90◦). The X-ray diffraction analysis
showed that the crystal has empirical formula (C38H34INO4)
and molecular weight of 695.56.

The bond length values showed that, there is a single
bond between C(4)–C(5), C(1)–C(12) and a double bond
between C(2)–C(35). The bond lengths in the annulated
benzene and 10′b-phenyl rings are consistent with characters
[20]. The single bonds between C(12)–C(11), C(12)–C(13),
C(6)–C(5), C(1)–C(2), C(1)–C(30), C(1)–C(19), C(24)–
C(25), N(1)–C(3), N(1)–C(4) and N(1)–N(12) showed sim-
ilar values when compared with standard bond lengths
[21–23]. Due to the tension in the region of dihydropyrrole
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Fig. 2. Preparation of new photochromic tetrahydroindolizines4a–r and proposed structures for the successive betaine forms3a–r appearing after
light-induced ring opening of the spiro THIs4.

ring, the bond lengths between N(1)–C(12) (1.502 Å) and
C(1)–C(12) (1.613 Å) are longer than the corresponding
standard bond lengths (1.470 and 1.540 Å). This lengthening
of the single bonds may be due to the spiro-concatenation
on C(1). This was also shown by MINDO/3-calculation
in the spiro–azanonatriene system[22,23]. On the other
hand, the longer bond length of C(1)–C(12) of4q (1.613 Å)
makes it relatively weak and easily cleaved upon irradiation
with UV light leading to ring opened betaine3q [17,23].

Fig. 3. X-ray crystal structure of THI4q.

The bonds and dihedral angles of C1–C2–C3–N1 showed
clearly that the dihydropyrrole-[2,1-a]-dihydroisoquinoline
region is not planar and that the nitrogen atom N(1) and the
center C(1) lie out of plane. C(2), C(3) and N(1) atoms are
sp2-hybridized since a summation of the bond angles being
approximately 360◦ [23]. Another interesting aspect of the
molecule that could be observed from the X-ray analysis is
that the 10′b-(o-iodophenyl) ring lies under both the fluo-
rene core and dihydroisoquinoline moiety. This could be at-
tributed to the steric effect of the bulky substituent such as
iodine can cause significant steric effect. Such steric effect
plays a key role upon the flourene and isoquinoline skele-
ton of the molecule, which undergo slow electrocylization
to THI 4q thermally. Further X-ray crystallographic data are
listed as supplementary material.

3.1. Photochromism of THIs4a–r and their
corresponding betaines3a–r

3.1.1. Influence of substituents on the absorption spectra
of THIs 4a–r

All THIs 4a–r are colorless in the solid state or in
dichloromethane (λmax between 320 and 332 nm) except for
the 10′b-nitro substituted THIs4b–d which has a yellow
color (λmax between 340 and 356 nm) (Fig. 4 andTable 1).
The molar absorptivity (ε) varies between 8050 (4a) and
18,390 mol−1 dm3 cm−1 (4l). The presence of the sub-
stituents does not greatly influence the energy of the absorp-
tion maximum. However, the molar absorptivity increases
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Fig. 4. UV-Vis spectrum of THI4q and the corresponding betaine3q in dichloromethane (c = 2 × 10−4 mol l−1) at ambient temperature.

with the introduction of different group positions. Substitu-
tions of different groups inmeta- and para-positions have
approximately the same molar absorpativity. Substitutions
in theortho-position have a 20% lowerε value than that of
themeta- andpara-substituted derivatives.

Table 1
UV-data and half-life time of THIs 4a–r and betaines3a–r in
dichloromethane (c = 2 × 10−4 mol l−1) at ambient temperature

3/4 λmax THI
(nm)

λmax Betaine
(nm)

t1/2 (s) Color of
betaine

a (H) 327 480, 719 16.47 Green
b (o-NO2) 340 485, 690 484.7 Green-blue
c (m-NO2) 342 500, 700 2.6 Green
d (p-NO2) 356 450, 702 0.96 Green
e (o-Me) 332 481, 686 2052.67 Green-blue
f (m-Me) 321 480, 712 5.81 Green
g (p-Me) 320 480, 722 18.89 Green
h (o-F) 325 480, 683 47.96 Green-blue
i (m-F) 324 480, 711 7.44 Green
j (p-F) 330 470, 700 11.18 Green
k (o-Cl) 328 480, 668 1851.80 Blue
l (m-Cl) 326 482, 705 3.67 Green
m (p-Cl) 325 480, 710 16.24 Green
n (o-Br) 325 484, 659 5351.66 Blue
o (m-Br) 323 480, 714 4.48 Green
p (p-Br) 320 480, 720 6.85 Green
q (o-I) 336 482, 659 14663.58 Blue
r (p-I) 322 481, 721 7.39 Green

3.1.2. Influence of substituents on the photochromic
behavior of betaines3a–r

Irradiation of THIs4a–r with polychromatic light leads
to ring opening betaines3a–r (Fig. 2), which absorb in the
visible region (between 450 and 722 nm). The UV-spectra
of the colored betaines3a–r exhibit two absorption maxima;
between 450 and 500 nm and 659 and 722 nm (Fig. 4). The
color of betaines varied from blue to green, which is strongly
depending on the type and position of the substitution in the
10′b-phenyl ring (Table 1). The second absorption maxima
(659 and 722 nm) of betaines3 are strongly affected by the
substitution inortho, metaor para positions (Figs. 5–10).
The effect of substitution in the 10′b-phenyl ring on the
UV-absorption of the betaines showed that the substitution
in theortho-position (Figs. 6 and 8) leads to a hypsochromic
shift compared with themeta- andpara-substituted species
(Figs. 7, 9 and 10). This is mainly attributed to the steric ef-
fect of the substituents in theortho-position of 10′b-phenyl
ring of the THI molecule. In generally, this phenomenon has
been considered that a bulky substituent sometimes causes
strain to hamper charge delocalization, namely, planar struc-
ture formation resulted in hypsochromic shift.

Minimal shift differences were observed when the strong
electron attracting nitro groups were placed in either the
ortho, metaor para position of the 10′b-phenyl ring. On the
other hand, the maximum hypsochromic shift was observed
in the case ofortho-substituted bromine and iodine be-
taines3n,q (60 nm,Fig. 6) compared with the unsubstituted
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Fig. 5. Kinetic UV-Vis spectrum of the thermal fading of betaine3a to THI 4a (cycle time= 10 s, run time= 240 s) in CH2Cl2 (c = 2 × 10−4 mol l−1

at 296 K).

Fig. 6. Kinetic UV-Vis spectrum of the thermal fading of betaine3q to THI 4q (cycle time= 480 s, run time= 39,600 s) in CH2Cl2 (c = 2×10−4 mol l−1

at 296 K).

betaine3a (Fig. 5). Changing the electronic influence from
electron withdrawing to electron donating groups causes
also hypsochromic shift (Table 1). A comparison of various
ortho-substituted betaines3b,e,h,k,n,q show a decrease of
λmax by 31 nm fromo-nitro 3b to o-iodo 3q (Figs. 6 and
8). This may due to both electronic and steric effects[17].

3.1.3. Influence of substituents on the half-life of the
1,5-electrocyclization

The kinetic of thermally induced ring closure of betaines
3a–r was measured at 25◦C in dichloromethane[17]. As

expected, the introduction of electron-withdrawing groups in
themeta- andpara-positions of the 10′b-phenyl ring desta-
bilizes the positively charged heterocyclic part (regionC)
[1] of the betaines. This effect decreases the half-life of
the substituted betaines compared to the unsubstituted be-
taine3a (16.47s) (Fig. 11). The+I-effect of methyl group at
para-position, however, has the opposite effect to increase
the half-lives (18.89s).

It is observed that the electrocyclization of 10′b-(o-substi-
tuted phenyl)betaines3b,e,h,k,n,q are generally slower by a
factor of 3 (as shown in3h) to 900 (3q) (Figs. 8 and 12) when
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Fig. 7. Kinetic UV-Vis spectrum of the thermal fading of betaine3r to THI 4r (cycle time= 1 s, run time= 40 s) in CH2Cl2 (c = 2 × 10−4 mol l−1 at
296 K).

Fig. 8. Kinetic UV-Vis spectrum of the thermal fading of betaine3e to THI 4e (cycle time= 200 s, run time= 8000 s) in CH2Cl2 (c = 2× 10−4 mol l−1

at 296 K).

compared to the electrocyclization of the parent betaine3a
(Fig. 11). A comparison of eachortho-substituent to the cor-
respondingpara-substituent showed an increase by a fac-
tor of 505 foro-, p-nitro substitutions3h–j and a factor of
2000 foro-, p-iodo substitutions3q,r (Figs. 12–16). Meta-
andpara-substitutions showed no pronounced influence on
the half-life (Figs. 11, 13, 15 and 16). This clearly indi-
cates an influence of theortho-steric effect in hindering the
thermal 1,5-electrocyclization[17,23–25]. A comparatively
smallortho effect on the thermal 1,5-electrocyclization can
be found in the fluorine substituted betaines3h,j (47.96s

and 11.18s, respectively) that is due to its small atomic size.
In addition to the X-ray analysis (Fig. 3), molecular model-
ing calculations using CHARMm calculations has been per-
formed to study these strongortho-substitutent effects on
both half-lives and absorption maxima of colored betaines3.

3.2. Molecular modeling by CHARMm calculations for
selected THIs4a–r and their corresponding betaines3a–r

The equilibrium between reactants and the transition state,
like other equilibria, is affected by the repulsions between
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Fig. 9. Kinetic UV-Vis spectrum of the thermal fading of betaine3f to THI 4f (cycle time= 3 s, run time= 60 s) in CH2Cl2 (c = 2 × 10−4 mol l−1 at
296 K).

Fig. 10. Kinetic UV-Vis spectrum of the thermal fading of betaine3g to THI 4g (cycle time= 5 s, run time= 180 s) in CH2Cl2 (c = 2 × 10−4 mol l−1

at 296 K).

atoms that are brought near to each other as a result of
the steric requirements of bond distances and angles. When
these repulsions serve to increase the free energy of the
reactants more than that of the transition state, these steric
requirements increase the reaction rate, and the reverse case
causes the reaction to be retarded[25b]. The steric factor acts
in various ways. The simple repulsion between groups can
be different in two systems. The steric factor can impose a
configuration in which the directly transmitted effects of the
polarities of substituents groups are either at a maximum or

at a minimum. The repulsions between groups can interfere
with configurations favorable to resonance. The steric factor
also determines the formation of the chelate rings. However,
steric effects can result in an increase as well as a decrease
of the reaction rates (k). Substitution inortho-position is
one of the most common causes of steric effects[24b]. The
earliest observation of the steric effect ofortho-groups was
made by Hofmann[27], who found that dimethylanilines
with bothortho-positions occupied by quaternary salts reacts
very slowly when heated with methyl iodide at 150◦C. The
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Fig. 11. Absorbance–time relationship for the kinetic thermal fading of betaine3a at different wavelengths for determination of the electrocyclization
rate constantk (500 nm,k = 4.14× 10−2 s−1; 550 nm,k = 4.21× 10−2 s−1; 600 nm,k = 4.21× 10−2 s−1; 650 nm,k = 4.21× 10−2 s−1; 700 nm,k =
4.21 × 10−2 s−1; and 750 nm,k = 4.22 × 10−2 s−1 at 296 K).

Fig. 12. Absorbance–time relationship for the kinetic thermal fading of betaine3q at different wavelengths for determination of the electrocyclization
rate constantk (450 nm, k = 4.74 × 10−5 s−1; 500 nm, k = 1.73 × 10−5 s−1; 550 nm, k = 4.73 × 10−5 s−1; 600 nm, k = 4.72 × 10−5 s−1; 650 nm,
k = 4.72× 10−5 s−1 and 700 nm,k = 4.72× 10−5 s−1 at 296 K).

steric effect of the different groups of selected THIs4 and
their corresponding betaines3 was analyzed by CHARMm
calculations (Fig. 17).

After irradiation of the THIs4, a very short-lived in-
termediate, the twisted open form3′, with a lifetime of
approximately 1 ns was formed[28]. In this form the two
carbon atoms that undergo light induced bond cleavage are
sp3-hybridized. The transformation of these sp3-hybridized

to sp2 C-atoms leads to thecisoid-betaine3′′. After rotation,
the transoid betaine3′′′ is formed. The electrocyclization
from the trans-betaine3′′′ to the ring-closed THIs4 is
considered to pass through the same intermediates. In or-
der to determine the steric effect of the substituents on the
thermal back reaction, the transients of the electrocyclic
process of the new THIs4 were analyzed by CHARMm
calculations. As an example, the unsubstituted THI4a and
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Fig. 13. Absorbance–time relationship for the kinetic thermal fading of betaine3r at different wavelengths for determination of the electrocyclization
rate constantk (450 nm,k = 8.88× 10−2 s−1; 500 nm,k = 9.17× 10−2 s−1; 550 nm,k = 9.33× 10−2 s−1; 650 nm,k = 9.32× 10−2 s−1 and 700 nm,
k = 9.38× 10−2 s−1; 750 nm,k = 9.38× 10−2 s−1 at 296 K).

Fig. 14. Absorbance–time relationship for the kinetic thermal fading of betaine3e at different wavelengths for determination of the electrocyclization
rate constantk (450 nm, k = 3.63 × 10−4 s−1; 500 nm, k = 3.33 × 10−4 s−1; 550 nm, k = 3.42 × 10−4 s−1; 600 nm, k = 3.41 × 10−4 s−1; 650 nm,
k = 3.77× 10−4 s−1 and 700 nm,k = 3.37× 10−4 s−1 at 296 K).

the ortho-substituted THIs4b,e,k and themeta-derivatives
4c,f,l were studied. For each betaine,cisoid3′′ andtransoid
3′′′, as well as for the ring-closed THIs4 the energy minima
were determined.

The X-ray structure of a formerly studied stable betaine
[23] reveals the kind of bonds existing in the ring-opened
structure. The distance of C4–C17 carbon–carbon bond was
measured to be 1.351 Å, which is similar to a C–C dou-
ble bond (ethene: 1.337 Å), whilst the distance between
C17–C16 bond is 1.477 Å which is nearly equal to the al-
lyl single bond (1.476 Å). The bond between N15 and C16

is 1.388 Å. This distance reveals that this C–N bond is an
intermediate between a single and a double bond (Figs. 17
and 18) [23]. The bond types obtained by the X-ray analy-
sis were used to carry out the CHARMm calculations of the
betaines3. The C4–C17 and the N15–C16 bond (Fig. 18)
were held as double bonds and the bond between C16–C17
was fixed as a single bond. No constraints were set for the
calculations of the THIs4. For the stability of the THIs4
the angleθ1 (C37–C38–C14–N15) is decisive.

Due to the two different positions (ortho, andmeta) of
the functional group R (and, thusθ1) of 3b,e,k,c,f,l, two
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Fig. 15. Absorbance–time relationship for the kinetic thermal fading of betaine3f at different wavelengths for determination of the electrocyclization rate
constantk (450 nm,k = 0.12 s−1; 500 nm,k = 0.12 s−1; 550 nm,k = 0.12 s−1; 600 nm,k = 0.12 s−1; 650 nm,k = 0.12 s−1 and 700 nm,k = 0.12 s−1

at 296 K).

Fig. 16. Absorbance–time relationship for the kinetic thermal fading of betaine3g at different wavelengths for determination of the electrocyclization
rate constantk (500 nm, k = 3.67 × 10−2 s−1; 550 nm, k = 3.70 × 10−2 s−1; 600 nm, k = 3.67 × 10−2 s−1; 650 nm, k = 3.70 × 10−2 s−1; 700 nm,
k = 3.72× 10−2 s−1 and 750 nm,k = 3.73× 10−2 s−1) at 296 K.

Table 2
Energy and dihedral angles analysis recorded by CHARMm calculations for THI4b and betaine3b

4/3 R Position Energy C37C38C14N15 C14N15C16C17 N15C16C17C4

4b NO2 o, THI (to ester) 73.6 8.8 – –
4b NO2 o, THI (to fluorene) 81.6 169.8 – –
4b NO2 o, THI 73.6/81.6 8.8/169.8 – –
3b NO2 o, betainecisoid 55.7 60.4 22.7 55.3
3b NO2 o, betainecisoid 57.7 −119.2 26.0 57.4
3b NO2 o, betainecisoid 59.5 74.6 −173.0 70.0
3b NO2 o, betainetransoid 59.9 −109.6 179.4 75.9
3b NO2 o, betainetransoid 55.7–59.9 66/−115 24/−176 56/73
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Fig. 17. Mechanistic representation for 1,5-electrocyclization of betaine
3k to THI 4k recorded by molecular modeling CHARMm calculations.

structures could be detected. In the first case, the moiety
R is directed towards the ester groups and, in the second,
towards the fluorene part. Furthermore, CHARMm calcu-
lations show that the structures of the betaines are defined
by three dihedral anglesθ1–θ3: θ1 = C37–C38–C14–N15,
θ2 = C14–N15–C16–C17 andθ3 = N15–C16–C17–C4.
Thecisoid3′′ as well as thetransoidbetaines3′′′ exhibit four
energetic minima characterized by the listed dihedral angles
(Tables 2 and 3). The structures and energies of all 65 the

Fig. 18. Representation of bonding nature of betaines3.

possibilities for3b,e,k,c,f,l were investigated. The data are
collected in the following manner to simplify the overview
of the values obtained. The values of the THIs4′, thecisoid
3′′ and thetransoid 3′′′ betaines are summarized in a sin-
gle row. Both energy values of the two THI forms are given
separately. The dihedral angles are listed in the same man-
ner. The lowest and highest energy of the betaine structures
3b,e,k,c,f,l and the mean values of the dihedral angles are
listed inTable 3.

It is observed that the energy of the ring closed form THI
4b (ortho) is higher by 10–15 kJ mol−1 than the energy of the
correspondingmeta-substituted THI4c. The dihedral angles
θ1 are quite different for all THIs4 and they are of the orders
of 5.2–12.5◦ and 136.3–169.8◦, respectively. The energies of
theortho-substituted THIs4b,e,k are clearly higher than the
correspondingmeta- substituted THI4c,f,l. The energy dif-
ference between3e,f and3k,l was found to be<2 kJ mol−1

and the energy difference of about 5–6 kJ mol−1 for the nitro
substituted betaines3b,c was calculated. This calculated en-
ergy values well indicate that thetransoidform 3′′′ is more
stable than the cisoid intermediate3′′.

The dihedral angleθ2 of all cisoidbetaines3′′ was found
to be between 20 and 180◦ and the dihedral angleθ3 is 55 or
75◦ for 3′′. Theθ1 is about 60 and 115◦. Theθ1 andθ2 angles
of cisoidform 3′′ and thetransoidbetaines3′′′ are very sim-
ilar. It is evident that the N15–C16–C17–C4 dihedral angles
(θ3) are completely different from the two ring open forms.
Theθ3 angles were observed to be 55 and 74◦ for thecisoid
3′′ and 122 and 131◦ for the transoidform 3′′′. The molec-
ular modeling calculations of the betaines3 prove that the
ring-opened form is rather flexible due to the carbon–carbon
bond (C16–C17), which have single bond properties. A
steric hindrance for a transition between thecisoid 3′′ and
transoid3′′′ form was found to be not significant.

The calculated energy for THIs4 with different substi-
tuted groups in theortho- or meta-positions show a dif-
ference of about 10–15 kJ mol−1. For all ortho substituted
THIs 4b,e,k, a strong steric interaction was found between
the R-group, the fluorene part and the ester groups. It can be
considered that the twisted open form3′, which has nearly
the same structure as the ring closed THIs4, exhibits the
same steric interaction. The facile nature of the transition
from 3′′′ to 3′′, the absence of a relation between ease of the
transition and the position of the substituent as well as the
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Table 3
Summary of CHARMm calculation of energies (kJ mol−1) and dihedral angles of THIs4b,e,k,c,f,l and their corresponding betaines3b,e,k,c,f,l

4/3 R Position Energy C37C38C14N1 (θ1) C14N15C16C1 (θ2) N15C16C17C4 (θ3)

4a H –, THI 58.1 – – –
3a H –, betainecisoid 47.3/49.2 – 17.8/−176.8 55.4/74.5
3a H –, betainetransoid 45.8/47.9 – 28.2/−156.0 −130.6/−132.8
4b NO2 o, THI 73.6/81.6 8.8/169.8 – –
4c NO2 m, THI 61.5/61.8 12.5/−165.4 – –
3b NO2 o, betainecisoid 55.7–59.9 68/−115 24/−176 56/73
3c NO2 m, betainecisoid 50.7–53.9 60/−119 18/−178 54/74
3b NO2 o, betainetransoid 55.6–60.3 66/−113 35/−154 −129
3c NO2 m, betainetransoid 49.4–52.8 58/−118 27/−155 −131
4e CH3 o, THI 68.3/71.9 5.2/−136.3 – –
4f CH3 m, THI 56.9/57.3 13.3/−165.1 – –
3e CH3 o, betainecisoid 45.3–49.1 58/−114 20/−175 56/75
3f CH3 m, betainecisoid 46.1–48.1 60/−115 19/−179 55/74
3e CH3 o, betainetransoid 44.1/−47.9 67/−117 30/−158 −122/−133
3f CH3 m, betainetransoid 44.6–47.0 58/−116 27/−156 −121/−131
4k Cl o, THI 72.0/76.4 8.9/−165.1 – –
41 Cl m, THI 57.7/58.0 12.9/−165.5 – –
3k Cl o, betainecisoid 45.8–50.6 59/−113 20/−179 56/74
3l Cl m, betainecisoid 47.6–49.8 60/−115 18/180 55.75
3k Cl o, betainetransoid 44.6–49.1 66/−116 29/−157 −123/−132
3l Cl m, betainetransoid 46.3–48.6 58/−114 28/−155 −121/−131

Fig. 19. Proposed energy profile for the formation of betaines3 (cisoid
and transoid forms) and thermal cyclization to spiro form4.

quasi-isoenergetic level of thecisoid3′′ andtransoidbetaine
3′′ indicate that the rate determining step is not the rotation
from the transoid to thecisoid betaine as suggested[23a],
but the interconversion ofcisoid betaine3′′ to the twisted
open form3′. The position and size of the groups are of im-
portance only in this step. When one molecule attains this
twisted open form3′ ring closure should progress easily.
Taking into account the above conclusions of the behavior
of the THIs4 and the correspondingcisoid3′′ andtransoid
betaines3′′′ the energy diagram for the ring closure process
can be elucidated (Fig. 19).

4. Conclusions

The steric effect of different substituents in 10′b-phenyl
ring of THIs 4 and betaines3 was proved by CHARMm

calculations. The final structure proof was carried out by
X-ray analysis of the 10′b-(o-iodophenyl) THI4q. An in-
teresting aspect of the X-ray structure of4q is that the
10′b-(o-iodophenyl) ring was found to be under both fluo-
rene core and dihydroisoquinoline, so that the steric effect
of 10′-b(o-iodophenyl), especially in the presence of the big
size iodine atom, with the fluorene skeleton and isoquino-
line part is very high, leading to very slow electrocyclization
betaine3q [17] by UV-irradiation.

The introduction of different groups with various steric
demands on the phenyl residue in the 10′b position of
the THIs 4 leads to shifting absorption of the ring open
betaine and to an exceptional change of half-life of the
1,5-electrocyclization. The presence of the substituents
does not greatly influence the maximum of absorption,
but the molar extinction coefficient increases with the in-
troduction of different groups. While the groups inmeta-
and para-positions have in all the cases the same molar
absorption coefficient, theortho-position effects a 20%
lower ε value than themeta- and para-substituted4. The
rate constant (k) of the 1,5-electrocyclization of the colored
betaines3 → THIs 4 can be decelerated by introducing
voluminous substitutents in theortho-position of the phenyl
ring. It is generally observed that the electrocyclization of
10′b-(o-substituted phenyl)betaines3b,e,h,k,n,q are gener-
ally slower by a factor 3 (as in3h) to 900 (3q) compared
to the standard3a. A comparison of eachortho-substituent
to the correspondingpara showed decrease by factor of
4 for o-, p-fluoro-substitution3h,j and factor of 2000 for
o-, p-iodine substitution3q,r. Meta- and para-substitution
showed no pronounced influence on the half-life which indi-
cates clearly that the steric effect inortho-position hindered
1,5-electrocyclization[17,24–26]. It was notable that an
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increase of the atom size in theortho-position, performed
by introducing successively halogen atoms from fluorine to
iodine, correlates with an enormous increase in half-lives
factor 220. By this way the photophysical behavior of the
photochromic THIs4 can be tuned in a directed way.

The steric influence of the different substituents of the
cisoid 3′′ and transoid ring open betaine3′′′ was analyzed
by molecular modeling using CHARMm calculations. The
energy content of both forms is found to be independent of
the ortho- or meta-position of the substituent. Furthermore
the computations show that there is no obvious hindrance for
a rotation which allows the transition between both betaine
forms 3′′ and3′′′. For the computation of the THI4a, one
structure was found with energy of 58.1 kJ mol−1. Both the
structures of THIs4b,e,k,c,f,l have nearly the same energies
with an exception of compound4b, where the difference
of energy amounts to 8 kJ mol−1. It is observed that the
ring closed form4b (ortho) is between 10 and 15 kJ mol−1

higher in energy than the correspondingmeta-position In
contrast to the betaines3, an important difference of stability
between theortho- andmeta-substituted THI3 was found.
Based on these results we consider that the rate constant
of the electrocyclic ring closure is not controlled by the
transitiontransoid3′′′ to cisoid 3′′ but by the formation of
the twisted open form3′ starting from thecisoid form 3′′,
which undergoes a fast exchange with thetransoidbetaine
form 3′′′.
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