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AM1-SCF and AM1-SDCI calculations have been carried out
for indigo and three conformers of N,N'-diacetylindigo in their
cis and trans configurations. The molecular structure of trans-
N,N'-diacetylindigo was determined by X-ray diffraction. The
calculated ground-state data obtained within the SCF approx-
imation (relative energies, structural parameters) are in ex-
cellent agreement with the corresponding experimental val-
ues. Potential energy curves (PEC) for the isomerization re-
action cis/trans in several electronic states were obtained
from AMI1-SDCI calculations. For N,N'-diacetylindigo the
ground state PEC has a maximum at a torsion angle about the

central C—C bond of 90°, whereas the S,- and T;-state PEC's
show minima at the corresponding geometry. For indigo itself
significant barriers to the photoisomerization in the S;- and
T,-excited states are predicted because of increased NH:--OC
hydrogen bonding. The results provide an explanation for the
phototropic behaviour of N,N'-diacetylindigo and the pho-
tostability of indigo. The calculated enthalpies of activation
for the isomerization process cis — trans in the ground state
compare well with available experimental data, thus render-
ing feasible the prediction of the thermal stability of cis iso-
mers not yet synthesized.

The investigation of thermal and photochemical (E)/(Z) (cis/trans)
isomerization of carbon—carbon double bonds in organic dyes has
become a very active field of chemical research. Because of its re-
versibility, the reaction has attracted increasing attention for its
potential use in (solar) energy and information storage™Z. For the
latter application the dyes are usually incorporated in polymer lig-
uid crystals (PLC)™. The isomerization reactions of azobenzenes
and stilbene derivatives have been investigated in great detail (see
e.g. ref.™), but these compounds have the disadvantage that they
absorb at relatively short wavelengths (i.e. <500 nm). Compounds
based on the indigo chromophor (see Scheme 1), however, show
strong absorptions in the visible region (Ap, = 500—650 nm, Ig
€ =3.5—4.5P), This long-wavelength absorption band has led to
controversial but fruitful discussions of the theoretical classification
of the indigo chromophor (see ref.'*” and references cited therein).

Scheme 1
o R 9 0
O <10 === OL=<I0
N A N N
FL 0 R R
R=H: 1 2
R = CHsCO : 3 4

While indigo (1) itself is stable against photoinduced trans — cis
isomerization® (see Scheme 1), replacement of the hydrogen atoms

with acetyl or methyl groups induces substantial phototropic
behaviour®®), This can be explained by the loss of hydrogen bond-
ing to the oxygen atoms of the carbonyl groups (N—H--O=C)®., A
proton transfer between the NH and CO groups in the excited
singlet state, providing a pathway for rapid radiationless decay
(instead of isomerization) has also been proposed!'?. Furthermore,
inspection of molecular models suggests that N substitution should
lead to deformation of the planar indigo moiety because of strong
repulsions between the substituents R and the carbonyl groups or
between the substituents themselves. This hypothesis has been fre-
quently used in the explanation of various photophysical phenom-
ena of the N-substituted cis isomers (e.g. excited-state energies 1%,
isomerization quantum yields and mechanism®!¥, excited-state
lifetimes ™),

Experimentally, deformation of the indigo moiety in trans-N,N’-
dimethylindigo has been confirmed by the analysis of the X-ray
data reported by Liittke et al.!'Y], where twisting and pyramidali-
zation angles™ of 26° and 9.5°, respectively, were reported. The
experimental structure of N,N’-diacetylindigo (3), which is the sim-
plest member of the important class of acyl-substituted indigoid
dyes, has not been determined so far. From a theoretical point of
view the structures of these dyes are also interesting since competing
effects of steric strain and conjugation effects of the « electrons are
to be expected. Theoretical results for 3 and 4 have been reported
at the semiempirical MNDO level by Takahashi et al.!", and min-
ima for nonplanar cis and trans isomers have been found. However,
the results suffer from the fact that the MNDO method has inherent

t*] Defined as the dihedral angle between the indoxyl ring systems
and the angle from the central double bond to the midpoint of
the bond C5—C6.
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deficiencies in the description of sterically strained n systems (see
ref."® and references cited therein). Indigo itself has been studied
by Hiickel molecular orbital (MO) and PPP methods"”, but no
study of the isomerization reaction using semiempirical valence-
electron MO methods has been reported so far.

Previous experience with substituted polycyclic aromatic
hydrocarbons has shown that MO calculations based on
the AM1 Hamiltonian give encouraging results for large
organic T systems incorporating strong steric interactions®,
In this paper we report on AM1-SCF "1 (self-consistent field)
calculations of the ground-state structures of the cis and
trans isomers of indigo (1 and 2) and N,N’-diacetylindigo (3
and 4). We used these molecules as model compounds to
improve our understanding of the isomerization reaction of
large organic dyes on a structural basis. To test the relia-
bility of the method we also performed an X-ray diffraction
study of 3 to compare experimental and calculated geomet-
rical parameters. Moreover, the potential energy curves
(PEC) for the cis — trans isomerization reaction 2 — 1 and
4 — 3 in several electronic states were calculated with the
AM1 method including configuration interaction (CI). The
calculated enthalpies of activation (AH ™) for the thermal
(back)isomerization process of the cis isomers in the ground
state are compared with experimental data to assess the
performance of the AM1-CI method. The AH* values are
of particular importance for the reversibility of the infor-
mation storage cycle using PLCs.

The photochemical behaviour of indigo dyes is discussed
qualitatively by using the calculated PECs of the T;- and
Si-excited states. The calculational results should enable us
(a) to predict the thermal stability of photochemically gen-
erated cis isomers with similar structure as yet unknown
and (b) to obtain information on the correlation between
the curvature of the excited state PECs and the photoiso-
merization capability. Our discussion centres on the results
for the N,N’-diacetylindigo dyes and includes the parent
compounds cis- and trans-indigo for comparison.

Results and Discussion

Geometries and Energies

Because of strong steric interactions between the acetyl
group and the carbonyl group (in the trans form) and be-
tween the acetyl groups themselves (in the cis form) we in-
vestigated three rotational conformers of 3 and 4 (see
Scheme 2).

These rotational conformers differ in the relative orien-
tation of the acetyl groups with respect to the carbonyl
group of the five-membered ring or to the neighbouring
acetyl group. All structures were fully optimized at the AM1-
SCF level without any symmetry restrictions. The structures
obtained all represent minima on the N,N’-diacetylindigo
hypersurface as found by subsequent vibrational analysis
(all vibrational frequencies are real). The relative energies of
the various isomers/conformers (see Table 1) are discussed
first.

The most stable isomer is the trans form 3a with two
methyl/carbonyl-group interactions (see also Scheme 2) on
both sides of the molecule. Conformer 3b is only slightly
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higher in energy with a methyl/carbonyl and a carbonyl/
carbonyl interaction. Inspection of Table 1 shows that there
is a rough correlation of the trans-conformer stability with
the deformation angle B. This angle measures the torsion of
the plane of the acetyl group with respect to the indoxyl
moiety (dihedral angle C8—N1—C11—-012) and thus gives
an indication of the strength of the steric interactions. The
close proximity of the two carbonyl groups in 3b and 3c
seems to be the most unfavourable due to the electrostatic
repulsion of the negatively charged oxygen atoms which are
separated by only 265 pm (in 3¢).
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Table 1. Relative energies'™ AAH? and deformation angles ®, o and

B of cis- and trans-N,N’-diacetylindigos 3a—d¢ obtained with the

AM1-SCF method; experimental values from the X-ray diffraction
analysis are given in parentheses™

Compound AAH) Q a A
[kcal /mol} y N !
trans form
3a 0.0 32.5 (42.4)  13.0 (19.6 ) 32,0 (28.5 M)
3b 0.1 24.3 10.5 50.5
3c 1.5 18.7 8.5 56.1
cig form
4a 1.2 23.1 11.3 40.9
4b 3.1 22.7 10.2 47.0
4c 3.9 23.1 9.0 35.5

& Difference in the heat of formation with respect to 3a [AH?
(3a) = — 5.4 kcal/mol]. — ™ The deformation angles a and B of the
experimental structure refer to the average values from both sides
of the molecule. —  Given as 180 — ©. — ¥ Given as 180 —
o] — ®¥eC2—C2'—C3' —N1") = 17.7°% (C2’'~C2—C3—-N1) =
21.4°, — 11 BC8_N1—C11—012) = 23.1% BC8' —N1'—C11’'—
012) = 33.9°.

A similar situation is found for the cis conformers 4a—¢,
where the separation of the oxygen atoms of the five-mem-
bered ring carbonyl groups is slightly lower (240 — 245 pm
in 4a—¢, respectively). These compounds are generally
higher in energy than the most stable trans isomer, but the
energy gap [trans versus cis, AAH} = AH} (trans) — AH}
(cis)] is lower as compared to the parent molecule indigo
(AM1-SCF: AAH? = —7.1 kcal/mol). This is easily explained
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by the existence of the bridging NH---OC hydrogen bond in
1, which stabilizes the trans but not the cis isomer.

Inspection of the relative stabilities of the conformers of
4 confirms the explanation given above for the energetic
ordering of the conformers of 3. The most stable structure
4a has the methyl/methyl arrangement while 4¢ (two car-
bonyl/carbonyl interactions) is highest in energy. The rela-
tive stabilities of the three cis isomers as obtained with the
AM1 method are exactly reversed compared to the results
of the MNDO study of Takahashi et al.!'*, where 4¢ was
found to be most stable [AH? (4a) — AH? (4¢) = 2.2 kcal/
mol]"%, We believe that the MNDO results are incorrect,
since it is well-known that the parametrization of the core-
core repulsion function in MNDO tends to overestimate
atomic repulsions near the van der Waals distance!"®. Such
situations apparently arise in 4 from the close proximity of
the two acetyl and carbonyl groups.

The inclusion of electron correlation at the SD-CI level
of theory does not alter the ordering of relative stabilities,
although the energy gap between 3a and 3b is increased to
0.4 kcal/mol. The experimental reaction enthalpy for 4 — 3
(AHg = —8.1 kcal/mol™), which is probably an average
value for all conformers studied here, is lower than our cal-
culated values of —1.2 to —3.0 kcal/mol (see Table 4). Con-
sidering the usually large deviations of different experimen-
tal values (several kcal/mol, cf. the analogous data e.g. of
stilbene®) this difference does not seem alarming. More-
over, deviations of several kcal/mol between calculated (gas

C1s

Cl C1o

Figure 1. Comparison of the molecular structure of 3a (hydrogen
atoms omitted) obtained by X-ray diffraction (top) and AM1-SCF
optimization (bottom), the torsion angle ® and the pyramidaliza-
tion angle o (the sequence is C2-C2'—C3—N1’ and
C2'—C2—C3—N1, respectively) used in the description of the de-
formation of the indigo moiety are indicated in the AM1 structure
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phase) and experimental (liquid phase) heats of iso-
merization are to be expected.

The heavy-atom skeleton of indigo itself in the trans form
is calculated to be nearly planar (® and o are less than 2°).
However, there is a slight pyramidalization of the nitrogen
atoms (ca. 7°) and a strong out-of-plane bending of the
hydrogen atoms connected with them (ca. 25°). The former
finding is in agreement with experimental X-ray data of
indigo™. The cis isomer of indigo, however, shows a very
shallow potential energy curve (PEC) for the torsion of the
C—C double bond with a minimum at ® =~ 25° demon-
strating the unfavourable proximity of the two carbonyl
groups.

The calculated geometries of the N,N’-diacetylindigos all
have a nonplanar indigo moiety, whereas the two indoxyl
parts of the molecules are nearly planar. We use the defor-
mation angles ® and a (see Figure 1) to describe the torsion
around the central C—C double bond (®) and the pyrami-
dalization () at the carbon atoms C2 and C2’. Following
the natural choice of ® as a reaction coordinate in the cal-
culation of the isomerization reaction pathways, we have
used the simple dihedral angles in the description of the
nonplanar indigo moiety. Liittke et al.'¥ used a different

Table 2. Comparison of calculated (AM1-SCF) and experimental®
bond lengths [pm] and bond angles [°] of indigo (1) and trans-
N,N'-diacetylindigo (3a); the numbering of the atoms refers to

Figure 1
1 3a
Parameter Calc. Exp.P Calc. Exp. (this work)
bond lengths
C2-C2 135.7 137 136.2 134.9
C2-C3 151.5 148 152.4 149.7
C2-N1 141.7 136 142.8 141.4
C3-010 122.9 122 122.7 121.7
C3-C9 147.6 147 147.4 146.5
N1-C8 141.0 138 142.9 142.5
N1-C11 - - 141.6 141.2
C11-012 - - 124.1 120.7
C11-C13 - - 150.3 149.0
benzene ring 138.3-140.0 137-138 138.3-140.0 137.4-139.4
bond angles
C2-N1-C8 107.8 109 107.5 107.9
N1-C8-C9 110.7 109 110.6 110.0
C3-C9-C8 107.6 107 108.1 109.1
C2-C3-C9 104.2 105 104.3 104.2
N1-C2-C3 108.9 109 108.5 107.7
C2-C2-C3 125.8 126 124.6 125.0
C2-C2-N1 125.3 125 125.6 124.1
C2-C3-010 125.6 126 126.7 126.5
010-C3-C9 130.1 129 128.9 129.0
C2-N1-C11 - - 125.6 127.0
C8-N1-C11 - - 120.7 121.8
N1-C11-012 - - 118.5 119.1
N1-C11-C13 - - 120.4 118.2
012-C11-C13 - - 121.0 122.5
benzene ring 117.8-121.8 118-122 117.8-121.8 117.1-122.3

& The bond lengths and bond angles of the experimental structure
3a refer to the average values from both sides of the molecule. The
average standard deviation of bond lengths (bond angles) is 0.5 pm
(0.4°). — T Ref. 2,
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Table 3. Atomic coordinates (x_10% and equivalent isotropic dis-
placement parameters (pm? x 10~") for compound 3a

T y z Uleq)
N1 6984(2)  4523(3)  6362(2)  24.8(12)
2 7252(3)  3632(4)  5678(2)  24.4(12)
c3 6360(3)  2490(4)  5199(3)  26.4(13)
C4 4555(3)  2242(4)  5387(3)  30.8(13)
Cs 3957(3)  2785(5)  5894(3)  34.1(15)
c6 4339(3)  4013(5)  6562(3)  33.7(14)
cr 5321(3)  4710(5)  6753(3)  30.5(14)
c8 5926(3)  4121(4)  6252(3)  25.4(11)
c9 5543(3)  2013(4)  5574(3)  26.8(12)
010 6324(2)  1499(3)  4590(2)  33(2)
Cl1 7690(3)  5268(4)  7220(3)  29(2)
012 7346(2)  6188(3)  7647(2)  43(2)
C13  8827(3)  4763(5)  7607(3)  39(2)
N© 8221(2)  3175(3)  4609(2)  25(2)
C2  7998(3)  4050(4)  5326(2)  24.5(14)
C3  8388(3)  5701(4)  5320(3)  27(2)
C4' 8842(3)  7054(4)  3954(3)  31(2)
5 8928(3)  6821(5)  3061(3)  36(2)
e 8799(3)  5318(5)  2649(3)  33(2)
CT 8596(3)  4016(5)  3117(3)  31(2)
C8'  8493(3)  4268(4)  4006(3)  24(2)
Cy  8611(3)  5761(4)  4418(3)  26(2)
010’  8392(2)  6760(3)  5878(2)  33(2)
CiU 8506(3)  1569(4)  4661(3)  28(2)
012 8682(2)  988(3)  3085(2)  40(2)
C13  8646(3)  679(4)  5B73(3)  34(2)

definition of these deformation angles to describe the (non-
planar) structure of N,N’-dimethylindigo™. These torsions
essentially reduce the steric strain in 3 and 4. The geometries
of these compounds will be discussed in more detail.

The calculated structures of the trans isomers exhibit a
“U-shaped” arrangement of the two indoxyl moieties (i.e.
the pyramidalization at C2 and C2’ occurs in the same di-
rection) while the cis isomers have a “chair” conformation
with a(C2) = 180 — o(C2). The molecular geometries (with-
out the acetyl groups) deviate only slightly from C, sym-
metry with the twofold axis either perpendicular to the
N1—C2—C2—N1 plane (trans forms) or parallel to it (per-
pendicular to the C2'—C2 axis, cis forms). The torsion angles
© are generally larger (by a factor of two) than the pyr-
amidalization angles. Inspection of the data for 3a—c in
Table 1 shows that ® and o decrease with increasing B, i.e.
a strong out-of plane arrangement of the acetyl groups is
compensated by a smaller deformation of the indigo moiety.
Thus, we can conclude that the force constants for the re-
spective torsions are of equal magnitude. Interestingly, the
most stable conformer 3a exhibits the largest values for the
angles ® and ao. This demonstrates furthermore that the
deformation of the conjugated m system in these molecules
is not an exclusive criterion for energetic stability.

U] Our experimental values for the twisting and pyramidalization
angles, as defined by Liittke et al., for 3a are 37.9°, 17.5° (C2)
and 30.1° (C2), respectively. The comparison with the corre-
sponding values of N,N’-dimethylindigo (26 and 9.5°) shows that
the steric strain induced by the substituents is significantly larger
for acetyl than for methyl groups.
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The structure of N,N’-diacetylindigo as obtained from our
X-ray diffraction work has the trans configuration (see Fig-
ure 1 and 2). The structure is “U-shaped” and is identified
as the rotational conformer 3a with two methyl/carbonyl
interactions. This finding corresponds nicely with the the-
oretical prediction since 3a is most stable at the AM1-SCF
and AM1-SDCI theoretical levels. The agreement between
calculated and experimental structural data is quite satis-
factory (see Figure 1 and Table 1 and 2) by considering the
complicated intramolecular interactions. Compared to the
X-ray data the calculated bond lengths are generally longer
by 1 —2 pm. The comparison of the calculated and the ex-
perimental structure in Figure 1 shows clearly that the latter
geometry is significantly distorted from C, symmetry
[a(C2) =21.4°, o(C2)=17.7°]. This may be attributed to
the packing forces in the crystal of 3a and explains the lower
value of @ and a of the AM1-optimized structure.

As suggested by one referee we have performed SCF op-
timizations of 3a—4c with the PM3 Hamiltonian?®, which
is a reparametrized version of the MNDO method. With
PM3 we have found the reverse (wrong) ordering of the
relative stabilities of the various conformers, i.e. 3¢ becomes
most stable at the PM3 level. The results for the cis — trans
isomerization enthalpies for 4 — 3 are very similar to the
AM1 values [PM3: AHy = —2.5 (a), —2.8 (b) and —0.5 kcal/
mol (¢)]. The calculated geometry of 3a shows significant
deviations compared to the AM1 and the X-ray structure
in the C—N bond lengths (which are to long by 3—4 pm),
in a much larger out-of-plane torsion of the acetyl groups
(PM3: B=48° AMI1: f=32° X-ray: §=28.5°) and in a
too strong pyramidalization at the nitrogen atoms (PM3:
40°; AM1: 26°; X-ray: 20°). Obviously, the PM3 method
gives no improvement over MNDO for these compounds.

Finally, it is noted that the observed structure of N,N’-
diacetylindigo is very similar to the structure of N,N’-di-
methylindigo reported by Liittke et al.'"*, The AM1-SCF
results for N,N’-dimethylindigo (not shown) also compare
very well with the experimental data, and we conclude that
AM1 is the method of choice for the description of structural
and energetic ground-state data of sterically crowded indigo
dyes.

Isomerization Reaction

The activation enthalpy (AH *) for the thermal cis — trans
isomerization of N,N’-diacetylindigo in the ground state has
been determined experimentally by Paetzold et al.?” and
Weiss et al.™®. The values of 18.1 kcal/mol and 23.1 kcal/
mol are much lower than the analogous values observed
for the isomerization reactions of other olefins [e.g. AH™*
(ethene) = 65 kcal/mol; AH* (stilbene) =46 kcal/mol; see
ref.!'#2 and references cited therein]. A simple theoretical
approach for calculating the ground-state barriers is a cor-
relation of the AH* values with the n-bond order p,. This
correlation for the values for the compounds given above is
significant [AM1-SCF: p.(1) = 0.72; p.(3a) = 0.76; p.(stilbe-
ne) = 0.87; p,(ethene) = 1] and suggests the usage of the p,
values as a first estimate of the isomerization barrier.

Chem. Ber. 1993, 126, 1015—1021
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Generally, the isomerization reaction around a C—C dou-
ble bond proceeds along a diradicaloid intermediate at a
torsion angle of @ = 90°. The diradicaloid (rather than
dipolar) nature of this intermediate in the case of N,N’-
diacetylindigo has been inferred from solvent variation by
Nishimura et al.!"¥. The SCF-based single-determinant ap-
proach inherentely cannot describe such a situation, and
thus configuration interaction (CI) methods must be in-
cluded (compare for example the ab initio calculations of
ethene™).

The AM1-SDCI results for the cis — trans isomerization
barriers AH* of the N,N’-diacetylindigo conformers are
summarized in Table 4. The potential energy curves (PEC)
of the Sy, T3, S; and S, states calculated for the isomerization
reaction of the N,N’-diacetylindigo are shown as an example
for the most stable conformer a in Figure 2. It is important
to mention that the relative orientation of the acetyl groups
is preserved during the reaction pathway (optimization pro-
cess). Thus, a direct relation exists between the conformers
a—c of the cis and trans isomers (see Scheme 2) and a one-
dimensional description of the isomerization reaction seems
appropriate.

Table 4. Comparison of calculated ™ (AM1-SDCI™, SCF values in

parentheses) and experimental enthalpies of activation (AH™) for

the thermal cis — trans isomerization of indigo and N,N’-diacetyl-

indigos in the ground state; AHy is the reaction enthalpy for the
cis — trans isomerization reaction at the AM1-SCF level

Reaction AHp AHt
[kcal/mol} [keal /mol]
AM1
21 RAR 24.6 (33.5)
4a—3a  -1.2 21.9 (30.1)
4b—3b 3.0 20.5 (28.6)
4c3c 22 20.4 (28.5)
Exp.
13 81 18.1% /231 6

) The data given refer to the maximum of the potential energy
curve obtained from a cubic spline interpolation of 12—15 data

points. — ™ 30 valence electrons of the occupied MOs with the
highest orbital energies were correlated. — ¥ AHT = E, — RT. —
WIAH? = 38.9 kcal/mol. — @ Ref.!V. — 0 Ref.?*, — [8 Ref. 2,

The ground-state (S¢) PEC is nearly symmetrical and ex-
hibits a maximum at @ =90°. The enthalpy difference be-
tween the minimum of the cis isomer and the maximum is
calculated to be 21.9 kcal/mol at the SDCI level and 30.1
kcal/mol at the SCF level (the SCF PEC is not shown). The
corresponding AH* values for the reactions of the confor-
mers b and c¢ are only slightly lower (see Table 4). The agree-
ment between the calculated (AM1-SDCI) and the experi-
mental values is excellent, which demonstrates the applica-
bility of the theoretical model. The SCF approximation
overestimates AH* by ca. 8 kcal/mol due to the neglect of
electron correlation, which is most important for the di-
radicaloid structure at ® = 90° (strong admixture of a doubly
excited HOMO — LUMO configuration). A comparison
with data for the parent compound indigo (AH* is larger
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by 2—4 kcal/mol; see Table 4) shows that no correlation of
AH* with the reaction enthalpy AHy (Hammond postulate)
can be found. In Figure 3 the ground-state PECs of indigo
and N,N’-diacetylindigo (a) normalized to equal height at
® =90° are shown. Comparison of these curves shows that,
relative to indigo, only the trans isomer 3a is destabilized
by the steric effect of the substituents while the cis isomers
are nearly equal in relative energy. This analysis explains
the similarity of the calculated AH* values for 2 and 4. The
similar shape of both PECs in the range ®@ = 50—130° in-
dicates that electronic effects (induced by the acetyl groups)
on the height of the barrier are negligible. Moreover, our
results predict that the (experimentally unknown) cis isomer
of indigo should be relatively stable to thermal back-iso-
merization and, once formed, should be isolable.

The photoisomerization reaction trans — cis of 3 has been
investigated by applying direct excitation and under triplet-
sensitized conditions®®*>%®1 The proposed reaction from

100F
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Figure 2. AM1-SDCI energies of the four lowest states Sy, T3, S;

and S, of N,N'-diacetylindigo (a) as a function of the torsion angle

© [°] of the central C—C double bond; the energies are given rel-
ative to the minimum of the S, curve of 4a at 20°
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Figure 3. AM1-SDCI energies of the ground states of indigo and

N,N’-diacetylindigo as a function of the torsion angle ® [°] of the

central C—C double bond; the energies are normalized to equal
height of the maxima
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the S, state has been confirmed experimentally, whereas a
participation of the T state in the photoisomerization re-
action is still questionable™".

Inspection of Figure 2 shows that the PECs of the §; and
T, states have minima at the diradicaloid geometry. Starting
from a vertically excited Franck-Condon state of the cis or
the trans isomer the energy drops steadily as @ approaches
90°, Contrary to the case of stilbene® or ethene®” no bar-
rier to the isomerization process in the S; state is found. The
S, and T, states are mainly described by a singly excited
HOMO — LUMO configuration while the S, state wave
function becomes dominantly doubly excited (HOMO —
LUMO) at © =90°. Therefore, the missing barrier can be
explained by the high energy of the S, state which cannot
give rise to an avoided crossing in the critical part of the
PEC. Thus, from the curvature of the S;-state PEC we can
deduce a fast isomerization reaction which is indeed found
experimentally (barrier < 1 kcal/mol; ki, = 1.2 - 108 s,
The reliability of these results is further demonstrated by
the comparison of the calculated and experimental excited-
state energies AE.
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Figure 4. AM1-SDCI energies of the four lowest states So, T3, S;

and S, of indigo as a function of the torsion angle ® [°] of the

central C—C double bond; the energies are given relative to the
minimum of the S, curve of indigo at ca. 178°

The vertical excitation energy of the S; state of the trans
form 3a (AE g = 2.9 eV; AE,, = 2.2 V") is overestimated
by ca. 0.7 eV while the T energy is approximately correct
(AEq = 1.7 eV; AE,,, ~ 1.7 eV®I). However, the hypso-
chromic shift of the S;-state energy upon trans — cis iso-
merization (AAE . =03 eV; AAE,, =0.6¢eV"P) is cor-
rectly obtained with the AM1-SDCI method. The calculated
hypsochromic shift of the S;-state energy in going from in-
digo to N,N’-diacetylindigo is also in reasonable agree-
ment with the experimental data (AAE_4 =0.1eV;
AAE, =0.15 eV"). This shift is mainly attributed to the
electron-withdrawing effect of the acetyl groups, which over-
compensates the influence of the twisted and pyramidalized
indoxyl moieties (expected as bathochromic shift because of
the lowering of the HOMO-LUMO energy gap, see also
ref.!"). The excitation energies reported here compare better

G. Grimme, S. Grimme, P. G. Jones, P. Boldt

(by ca. 0.2 eV) with experimental data than the previous
MNDO results reported by Takahashi et al.™*.

A comparison of the calculated PECs of N,N’-diacetylin-
digo with those of the parent molecule indigo demonstrates
significant changes in the photochemical behaviour. This is
in agreement with experimental observations. The energies
of the S; and T states of indigo (see Figure 4) increase
steadily along the trans — cis isomerization pathway. Nei-
ther curve shows a distinct minimum at ® =90°, and sig-
nificant barriers to the isomerization process in the excited
states are expected. This contrasting behaviour suggests the
energetic importance of the bridging NH---OC bonds in the
excited states, which is also seen by the increased negative
partial charge g at the oxygen atoms O10 and O10’ upon
excitation to the S; or T; state [quSy)= —0.29;
gTy) = —0.33; go(S;) = —0.34]. The CI calculations suggest
an explanation for the photostability of indigo without
using the hypothesis of a full proton transfer in the excited
state. Since the validity of this mechanism is not clear at
present (although the increased basicity of the carbonyl
groups seem to support this view), further theoretical work
is in progress.

Conclusions

The design of new organic dyes for applications in infor-
mation and energy storage is an improtant object of future
chemical research. Our work shows that the AM1-SCF
method can be successfully employed to calculate ground-
state data of dyes like indigo. Including configuration in-
teraction (at the relatively cheap SD-CI level), we success-
fully calculated (relative) excited-state energies, potential-en-
ergy curves for the (photo)isomerization reaction and the
thermal stability of photochemically generated cis isomers.
Neither simple m-electron models such as HMO and PPP
(neglect of the o-electron framework) nor much more so-
phisticated ab initio treatments (due to the size of the mo-
lecules) are capable of this task.

The services and computer time made available by the Rechen-
zentrum at the TU Braunschweig have been essential to this study.
This work was financially supported by the Bundesministerium fiir
Forschung und Technologie BMFT) and the Fonds der Chemischen
Industrie.

Methods

Theoretical: The semiempirical AM1 calculations were performed
with the MOPAC 5.0 program system!®, which was modified to
allow subsequent CI calculations. The geometry optimizations were
performed at the SCF level by using internal coordinates. All energy
minima were optimized with a precision of better than 0.1 kcal/mol
(norm of gradient <0.5 kcal - mol~' - A~"). The geometries along
the reaction path for the twisting motion around the central C—C
double bond were also calculated at the SCF level by assuming the
dihedral angle C3—C2—C2'—C3’ (®; see Figure 1) as a reaction
coordinate (0 —180°). The pyramidalization angles o (dihedral an-
gles C2—C2'—C3'—N1" and C2'—C2—C3—N1) were kept fixed at
the optimum values of the cis isomer while all other geometrical
variables were fully optimized. Subsequent single-point CI calcu-
lations including spin-adapted singly and doubly excited configu-

Chem. Ber. 1993, 126, 1015—1021



Structures and Isomerization Reactions of Indigo Dyes

rations (SD) with respect to the closed-shell Hartree-Fock (HF)
determinant were carried out as described in ref.””,

Crystal Structure Analysis of Compound 3a

Synthesis: N,N'-diacetylindigo (3) was prepared according to the
method of Blanc and Ross?!!, and the crystals for the X-ray studies
were grown in a mixture of ether and dichloromethane.

Crystal data: C,H4N,O4; M = 346.3; monoclinic; space group
P2,/n; a=1358.7(3), b = 848.6(2), ¢ = 1471.2(4) pm; p =112.31(3)%;
V =1.5693 nm®, Z = 4, D, = 1.466 Mg m ™%, M(Mo-K,) = 71.069 pm;
p=0.10 mm~'; F000) = 720; T= —95°C.

Data collection and reduction: Data were collected from a red
tablet ca. 0.45 x 0.25 x 0.1 mm, which was mounted on a glass
fibre with inert oil and transferred to the cold gas stream of the
diffractometer (Stoe STADI-4 with modified Siemens LT-2 low-
temperature attachment). 4943 intensities were registered to
20« = 55°, of which 3582 were independent. Cell constants were
refined from + o angles of 48 reflections in the 2® range of 20 —24°.

Structure solution and refinement: The program system
SHELXS/SHELXL (G. M. Sheldrick, unpublished) was used. The
structure was solved with direct methods and refined anisotropi-
cally on F2. H atoms were included by using a riding model. The
weighting scheme was w™!=c?(F2) + (0.0319 PY + 22155P,
where 3P = F2 + 2F2. The final R(F%) value for all reflections was
0.184, with a conventional R(F) value of 0.076 for 2075 reflections
>4c(F). 237 parameters, 237 restraints on displacement parame-
ters: S = 1.1; max. A/o = 0.015; max. Ag =0.3 - 10~° ¢ pm . Fur-
ther details of the crystal structure investigation are available on
request from the Fachinformationszentrum Karlsruhe, Gesellschaft
fiir wissenschaftlich-technische Information mbH, W-7514 Eggen-
stein-Leopoldshafen 2, F.R.G., on quoting the depository number
CSD-56884, the names of the authors, and the journal citation.
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