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ABSTRACT

Experimental and calculated data show that the relative energy levels of the two lowest excited states of azulene are sensitive to the nature
and position of substituents on the nonalternant hydrocarbon. Extending such investigations led to a rational explanation for some of the
baffling data on azulenic bacteriorhodopsin analogues in the literature.

Azulene is well known for its unusual excited state properties. “baffling” data in the literature on analogues of bacterio-
Its characteristic blue color is due to the exceptionally low- rhodopsin (bR).
lying S; state, a consequence of a reduced amount of The Hiickel HOMO and LUMO orbitals of azulene are
repulsive energy between the two electrons in the nearly shown in Figure 1, clearly reflecting a small overlap of
orthogonal HOMO and LUMO orbitalslts unique property  electrons occupying the two orbitals. The different density
of exclusive emission from_3is due to the unusually large  of the two electrons occupying the two orbitals accounts for
Si—S; energy gap and the presence of a chemical channelthe alkyl substituent effects on their absorption propeffies.
for rapid relaxation of the Sstate? We now would like to Thus, the red-shift of the,Sevel of 1-methylazulene from
demonstrate that the energy separation of then@ S states azulene was attributed to selective destabilization of the
can be controlled by a proper choice of the nature and HOMO and not the LUMO. Conversely, the, $vel is
position of the substituents on the azulenic chromophore. unaffected by 1-alkyl substitution.
The results provide a colorful array of azulenic derivatives  Thes-donating effect of a fluoro substituent in perturbing
and additionally a logical explanation for some of the electronic excitations of aromatic systems is well docu-
- mented® When applied to the azulenic system, the F
O o & WoTonehenonade 33 Sta 506 2+ ®)  resonance donating effect could provide a hande for
(2) (a) Beer, M.; Longuet-Higgins, H. . Chem. Physl955 23, 1390- amplifying the above-noted perturbation brought about by
1391. (b) Viswath, G.; Kasha, M. Chem. Phys1956,24, 574—577. (c) alkyl substituents. Recently, we reported the preparation of
S"j(gagég;p\gr'l'(,'\";c&;re\',rDeglg" CTF_%!’*gﬁg?ﬁéiﬁiggjgéﬁg_ several fluoroazulenésin Table 1 are listed the absorption
175. maxima of 1-fluoro- and 1,3-difluoroazulentgnd?2) along

10.1021/01990324w CCC: $19.00  © 2000 American Chemical Society
Published on Web 01/05/2000



transition (11 880 crmt), a rarity for any organic compourid.
Selective red-shift of the ;:Shand allowed transmission of
some yellow light, turning the characteristic blue color of

azulene to green fa2.
LUMO+1
D
7
LUMO
HOMO It is also possible to incorporate structural features that
i lead to a closing of the;S'S, gap. In Table 1 are also listed

the UV—vis absorption maxima of 1-azulenecarbaldehyde,
azulene (Cz) 3, and 1,3-azulenedicarbaldehydé€,Obviously, there is an

w 1-azulenecarbaldehyde increase of the Sevels (blue shift) and a decrease of the S
Figure 1. AM1 Hiickel MO's (coefficients of HOMO and the two levels (red-shift). We believe this is due to dual effects from

lowest LUMO’s) of azuleneC,, (left), and 1-azulenecarbaldehyde, the electron-withdrawing and conjuga_tive properties of the
3 (right). aldehyde group(s). For reasons outlined above, electron-
withdrawing substituents at the 1,3-positions are expected
to cause a decrease of the HOMO and LUMDIlevels.

Also, conjugation is expected to have a significant perturba-

Table 1. Observed (4ay and Calculated State Energies of tion only on HOMO and LUMG-1, due to the large
Azulene and Substituted Azulenes coefficients at C-1 and C-3. However, in addition to an
S-Sy nm° SpSpim Sy increase in the energy of HOMO and a decrease in the energy
compound  expt. calc® expt calc. expt of LUMO+1, the resultant more delocalized orbitals will
be less “azulene-like” in character. The latter would mean a
Assens So0 o432  S08 58 reduced orthogonality between the HOMO and LUMO
(0-0° 14,330 28,340 14,010

compared to the parent azulene, leading to an increase in
the repulsive energy between the two electrons occupying

ironlen S50 B8 98 & the two orbitals (see atoms 1, 2, 3, and 6 in Figure 1). Thus,

BoE R S L inductive and part of the conjugative (with added e—e
1.3-Diflucro-az 6706 583 341.6 369 correlation) effects work in concert leading to the surprising
(-0 11,880 27,960 16,080 observation of a blue-shift of the long wavelength band upon
an apparent increase in conjugatforicurthermore, the
oFazileie  /d 532 d 360 simultaneous blue-shift of the; ®and and red-shift of the
S, band results in progressive loss of the blue light and
1-CHO-azulene 544.0 526 3704 373 transmission of the red light. Therefof®is purple andt is
(0-0)° 15,430 25,880 10,450 red.
The above conclusions on relative energy levels of the
1.3-(CHO)-az 507.2 521  384.0 371 two lowest excited states are based on qualitative reasoning
(0-0)° 16,670 25,000 8,330 using the Hiickel MO’s. We have now carried out higher

level calculations including configuration interactions (ZINDO/
s-Cl) on compoundsl—42 Their calculated absorption

maxima are listed in Table 1. The red-shift and the blue-
shift trends for respectively the fluoro and formyl azulenes

2-CHO-azulene 611° 570  360° 354

a. Absorption maxima, in cyclohexane. b. ZINDO/s-
Cl. c.incm™. d. Not available. e. Data of G. R.
Zarrilli (ref 11b).

(4) See, for example: Michl, Jetrahedron1984,40, 3845—3934.
(5) Muthyala, R. S.; Liu, R. S. HJ. Fluorine Chem1998,89, 173—

ith those of azulene. The fluorinated ds show a '™
with those or azulene. The Tluorinateéd compounds SNOW &  (g) |n the same vein, the red-shift of the 2-, 4-, 6-, and/or 8-cyanoazulenes
lowering of the $ states while retaining the original level has been attributed to selective lowering of the LUMO: Schmitt, S.;

of the S state. Thus, a red-shift of the; ®and is ac- ~ Saumgarten M.; Simon, J.; Hafner, Kngew. Chem., Int. £d.998,37,
companied by an increase of the-$5, gap. For example, (7) Compound4 was prepared according to a literature procedure:
in the case of 1,3-difluoroazulene, the-@ energy gap of Ha(fg;élf:, K.; bBemfl_ard, CAntgeW-f Che|ml957,_ft5r?' ?33 ect hdrawi

e . . Or absorption spectra or azulenes with otnher electron-wi rawing
the upper $-S, transition (16 080 cmt) is, in fact, substituents, see: Dhingra, R. C.; Poole, JChem. Phys. Lett1968,2,

significantly larger than the gap for the lower-S5, 108—-109.
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are clearly in good agreement with the experimental data.

In analyzing the spectra of the azulene chromophore
containing electron-withdrawing substituents, we recall the
red-shifted protonated Schiff bases (PSB) of the 1-azulenic

retinal analogues in studies of near-IR absorbing bR ana-

logues!® In contrast, Nakanishi and co-workers reported
earlier that 2-azulenic retinal analogues failed to yield any
red-shifted bR analogué$(Available experimental data on

PSB'’s are listed in Table 2.) The red-shifted bands of the

Table 2. Calculated and Experimentli.x of Schiff Bases
(SB) and Protonated Schiff Bases (PSB) of Azulenic Retinal
Analogues5—10

SB _PSB
expt. calc. expt. cale.
compound nm_S§,-S, f° nm S-S5, f
5 590 0.063 468 0.146
418° 394 0.609 494° 450 1.164
6 596 0.023 515 518 1.742
414 405 1.022 497 0.041
7 607 0.082 541 587 2.246
430 414 1.200 520 0.006
8 [} 551 0.029 e 667 0.049
370 0.167 428 1.325
9 546 0.025 663 0.042
401 379 0.488  443° 488 1.799
10 e 546 0.024 645 0.055
391 1.009 450 544 2175

a. ZINDO/s-Cl, methyl SB. b. Butyl SB. c. Oscillator
strength. d. Guaiazulenic analogs (ref 10). e. Not
available. f. Data of Zarrilli (ref. 11b).

PSB of 1-azulenic retinal analogues were not usually
accompanied by a low-extinction, long-wavelength band,
characteristic of the azulene chromoph&r&Ve note that
the blue-shift of the Sband of3 and4 is accompanied by
a red-shift of the corresponding 8and (Table 1). Since a

PSB of an azulenic retinal is in reality an azulene appended

with a strong electron-withdrawing, conjugative substituent,
we postulated possible closing of the-55, gap in PSB’s
(or even crossing of the two states). We have, therefore,

(9) For recent calculations on other azulenic compounds, see: Wang,
P.; Zhu, P.; Ye, C.; Asato, A. E.; Liu, R. S. H. Phys. Cheml999,103,
7076—7082.

(10) (a) Asato, A. E.; Li, X.-Y.; Mead, D.; Patterson, G. L. M.; Liu, R.
S. H.J. Am. Chem. S0d.990,112, 7398—7399. (b) Liu, R. S. H.; Krogh,
E.; Li, X.-Y.; Mead, D.; Colmenares, L. U.; Thiel, J. R.; Ellis, J.; Wong,
D.; Asato, A. E.Photochem. Photobioll993,58, 701—705.

(11) (a) Nakanishi, K.; Derguini, F.; Rao, V. J.; Zarrilli, G.; Okabe, M;
Lien, T.; Johnson, RPure Appl. Chem1989,61, 361—364. (b) Zarrilli,
G. R. Ph.D. Thesis, Columbia University, 1984.

(12) For the enal, only data of the guaiazulene analogueS afe
available in the literature.
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carried out ZINDO/s-Cl calculations of UV excitation
energies of the methyl Schiff bases (SB) and PSB’s of
azulenic enal (5), dienal (6), and trienal (7). Data in Table 2

show that from the SB to the PSB bfthere is a significant
closing of the two lowest transition bands and for the dienal
6 and the trienal’, the more allowed HOMO to LUM®1
transition (marked in brown color) is significantly red-shifted,
becoming lower in energy than that of the forbidden HOMO
to LUMO transition (i.e., a crossing of the two states). This
accounts for the strongly absorbing, much red-shifted
absorption bands of the PSB and bR pigment$ aind 7

and other 1-azulenic retinal analogues. For the 2-substituted
series, the small coefficient at C-2 for both HOMO and
LUMO+1 (Figure 1) suggests that the allowed—%;
transition is insensitive to extending conjugation. Experi-
mental data for analogu&sand10 (Table 2) are indeed in
agreement with this expectation. However, calculated results,
while suggesting a similar trend, are not fully compatible
with experimental data (Table 2), e.g., the calculated red-
shifted, forbidden HOMO—LUMO band was not detected
experimentally. Further calculations with the inclusion of the
counteranion and medium effects will be attempted, hope-
fully to resolve the problems with the 2-substituted PSB’s
as well as mimicking the cyanine-like pigments observed
for the azulene bR analogu¥s.

In conclusion, qualitative reasoning using Hickel MO'’s
has been successfully applied to account for observed
absorption spectra of several substituted azulenes. Extension
of the same reasoning provides a simple explanation for the
contrasting azulenic bR data in the literature. The conclusions
have been confirmed by higher level ZINDO/s-CI calcula-
tions.
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