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The ground and excited electronic state properties of calicene (triapentafulvalene or 5-(cycloprop-2-en-
1-ylidene)cyclopenta-1,3-diene) have been studied with a variety of density functional models (mPWPW91,
PBE, TPSS, TPSh, B3LYP) and post-Hartrée®ck models based on single (MP2 and CCSD(T)) and
multideterminantal (CASPT2) reference wave functions. All methods agree well on the properties of
ground-state calicene, which is described as a conjugated double bond system with substantial zwitterionic
character deriving from a charge-separated mesomer in which the three- and five-membered rings are
both aromatic. Although the two rings are joined by a formal double bond, contributions from the aromatic
mesomer reduce its bond order substantially. A rotational barrier-efid(kcal mot* is predicted in the

gas phase and solvation effects reduce the barrier to 37 and 33 kcal imdbenzene and water,
respectively, because of increased zwitterionic character in the twisted transition-state structure. Multi-
state CASPT2 (MS-CASPT?2) is used to characterize the first few excited singlet and triplet states and
indicates that the most important transition occurs at 4.93 eV (251 nmis-Arans photoisomerization

about the inter-ring double bond is found to be inefficient.

Introduction

1
6
2
Calicene (triapentafulvalene or 5-(cycloprop-2-en-1-ylidene)-
cyclopenta-1,3-dien€l, Figure 1) is a completely conjugated s 7 @
unsaturated molecufeTo date, no synthesis of the parent 3 5

4

compound has been succesgféilbut several annelated and

substituted derivatives have been prepared as targets or Synthe“EIGURE 1. Calicene structure with atom numbering. The aromatic

i i 4

intermediates: zwitterionic mesomer is shown to the right.
T University of Torino. . . .
¥ University di Geneva. The two unsaturated rings of calicene, joined by a double
¢ University of Minnesota. bond, can assume aromatic character in the limit of a dipolar

(1) Carey, F. A.; Sundberg, R. J. Advanced Organic ChemistryPart . . - .
A, 4th ed.; Kluwer Academic/Plenum Publishers: New York, 2000; pp539 Mesomeric electronic structure. However, initial efforts varied

540. widely in their estimate of this aromatic chara&&Subsequent

(2)3\@: l\g‘ugebach. M.; Neuenschwander, Mely. Chim. Actal994 to the original work of Roberts and Dewar, additional estimates
77, 1363-1376.
(3) Al-Dulayymi, A.; Li, X.; Neuenschwander, MHelv. Chim. Acta

200Q 83, 1633-1644 and references therein. (5) Roberts, J. D.; Streitweiser, A.; Regan, C. 81.Am. Chem. Soc.
(4) See Halton, BEur. J. Org. Chem2005 3391-3414 and references 1952 74, 4579-4582.
therein. (6) Dewar, M. J. S.; Gleicher, G. Jetrahedronl965 21, 3423-3427.
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derived from modeling at semiempiriéat! and ab initid? 14

Ghigo et al.

substituents and solvent effects thereupon; these are undertaken

levels of theory were reported. Most of these calculations predict as part of this work.

the geometry of calicene to be essentially that of a delocalized  The properties of calicene excited states have also been of
polyene, with calculated bond distances in good agreement withsome interest, although comprehensive studies are lacking. The

available X-ray data for 1,2,3,4-tetrachloro-5,6rdipropylcal-
icené®and 1,2,3,4-tetrachloro-5,6-diphenylcalicéfelowever,

lower singlet excited states have been studied only with
semiempirical methods®2! (to include some study of the

the degree of bond alternation in calicene is very low compared potential energy surface for the first excited sindleand in

to that found for other fulvenes and fulvaleifé8The resonance
energy associated with significant contributions from the
zwitterionic structure has been computed to be quite High,

certain instances comparisons have been made to experimental
data for substituted caliceng6Higher level density functional
theory (DFT) and multireference second-order perturbation

suggesting that the three- and five-membered rings are highly theory (CASPT2) calculations have also been reported for the
aromatized as cyclopropenium and cyclopentadienide moieties,|owest energy quintet stat&In this work, we characterize the

respectively.

The significance of the zwitterionic mesomer is also evident
in the high electrical dipole moments determined experimentally

excited states of calicene, including solvatochromic effects, using
various density functional and wave function based models. We
also examineis—transphotoisomerization about the inter-ring

for some substituted calicenes. Thus, a value of 6.3 D was founddouble bond in the excited-state singlet S1.

for hexaphenylcalicen¥,7.56 D for 1,2,3,4-tetrachloro-5,6-di-
n-propylcalicené? and 8.1 D for 1,2,3,4-tetrachloro-5,6-diphe-
nylcalicene'® Calculated dipole moments for parent calicdne
range from 4.3 to 5.6 B1132021gnd a value of 5.63 D was

Methods

Density Functionals. Geometries for the planar and twisted

estimated from an analysis of experimental data for analogousconformations of calicene were fully optimized with a variety of

molecules'®
Because the zwitterionic mesomer bhas a formal single

functionals using the 6-311G(2d,p) basis eWe chose, in
particular, thenPWPW?28 PBE2° TPSS30 TPSSh! and B3LYP?

bond connecting the two rings, a measure of the importance of functionals. We thus include entirely local generalized gradient

this resonance contributor should be reflected in the rotationa

| approximation (GGA) functionalstfPWPW and PBE), a hybrid

barrier about this bond. The measured barrier for rotation of functional incorporating HF exchange (B3LYP), a meta-GGA

one ring relative to the other in 1-formyl-5,6-dipropylcalicene

is 18-19 kcal mof?,22 which may be compared to 65 kcal
mol~1 for ethylene and 46 kcal mot for stilbene?® The first
calculations on the rotational barrier were performed in 2972
and predicted a value of 27 kcal mél A subsequent semiem-
pirical prediction of more than 55 kcal mdlwas recognized
as unlikely to be accuraf® although a later calculation at the
Hartree-Fock (HF) level predicted a barrier of 44 kcal mal

11 Substituent effects were estimated to have influences of 10
30% on the computed rotational barriers. High-level calculations
are still lacking for this rotational barrier and the influence of

(7) Nakajima, T.; Kohda, S.; Tajiri, A.; Karasawa, Betrahedronl 967,
23, 2189-2194.

(8) Nakajima, T.Pure Appl. Chem1971, 28, 219-238.

(9) Takahashi, O.; Kikuchi, OTetrahedron199Q 46, 3803-3812.

(10) Aihara, JJ. Chem. Soc., Perkin Tran$966 2, 2185-2195.

(11) Hess, B. A., Jr.; Schaad, L. J. Am. Chem. S0od.971 93, 305
310.

(12) Hess, B. A., Jr.; Schaad, L. J.; Ewig, C. S'r<kg, P.J. Comput.
Chem.1983 4, 53-57.

(13) Scott, A. P.; Agranat, |.; Biedermann, P. U.; Riggs, N. V.; Radom,
L. J. Org. Chem1997 62, 2026-2038.

(14) Apeloig, Y.; Boese, R.; Halton, B.; Maulits, A. H. Am. Chem.
So0c.1998 120, 1014710153.

(15) Shimanouchi, H.; Ashida, T.; Sasada, Y.; Kakudo, M.; Murata, |.;
Kitahara, Y.Tetrahedron Lett1967 61—66.

(16) Kennard, O.; Watson, D. G.; Facocett, J. K.; Kerr, K. A.; Romers,
C. Tetrahedron Lett1967 3885-3887.

(17) Bergmann, E. D.; Agranat,J. Chem. Soc., Chem. Comm@@65
21, 512-513.

(18) Kitahara, Y.; Muruta, I.; Ueno, M.; Sato, K. Chem. Soc., Chem.
Commun1966 22, 180.

(19) Bergmann, E. D.; Agranat, Tetrahedron1966 22, 1275-1278.

(20) Mdllerstedt, H.; Piqueras, M. C.; Crespo, R.; OttossonJHAm.
Chem. Soc2004 126, 13938-13939.

(21) Groenen, E. Mol. Phys.1978 36, 1555-1564.

(22) Kende, A. S.; Izzo, P. T.; Fulmor, Wetrahedron Lett1966 31,
3967-3703.

(23) Lin, M. C.; Laidler, K. J.Can. J. Chem1968 46, 973-978.

(24) Dewar, M. J. S.; Kohn, M. Cl. Am. Chem. S0d.972 94, 2699~
2704.

(25) Gleicher, G. J.; Arnold, J. Oletrahedron1973 29, 513-517.
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functional including a dependence on kinetic energy density (TPSS),
and a hybrid meta-GGA functional (TPSSh).

Solvation effects were included via the conductor-like polarizable
continuum modéf (CPCM) employing the same basis set and
united-atom radii optimized for this model (UAHF). Geometries
were re-optimized in solution.

Electronic excitation energies were computed by time-dependent
(TD) DFT. For TD-DFT calculations, diffuse functiotison the
heavy atoms were added to the basis set.

Single-Reference Post-Hartree Fock Models. Geometries for
the planar and the 9@otated geometries of calicene (both
belonging to theC,, point group) were also fully optimized at the
second-order perturbation theory (MP2) I&¢eising the 6-311G-
(2d,p) basis set. Single point energies at these geometries were
computed at the coupled-cluster level including all single and double
excitations and a perturbative estimate for triple excitations (CCSD-

(m)-*

(26) Kende, A. S.; 1zzo, P. T.; MacGregor, P.JT Am. Chem. S04966
88, 3359-3366.

(27) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986.

(28) Perdew, J. P.; Wang, Phys. Re. B 1986 33, 88008802. Perdew,
J. P. InElectronic Structure of Solids '9Ziesche, P., Eschrig, H., Eds.;
Akademie Verlag: Berlin, 1991; p 11. Adamo, C.; Barone,JV Chem.
Phys.1998 108 664-675.

(29) Perdew, J. P.; Burke, K.; Enzerhof, Mhys. Re. Lett. 1996 77,
3865-3868.

(30) Tao, J.; Perdew, J. P.; Staroverov, V. N.; Scuseria, Ghls. Re.
Lett. 2003 91, 146401.

(31) Staroverov, V. N.; Scuseria, G. E.; Tao, J.; Perdew, J. Bhem.
Phys.2003 119, 12137.

(32) Becke, A. D.Phys. Re. A 1988 38, 3098-3100. Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785-789. Becke, A. DJ. Chem.
Phys.1993 98, 5648-5652. Stephens, P. J.; Devlin, F. J.; Chabalowski,
C. F.; Frisch, M. JJ. Phys. Chem1994 98, 11623-11627.

(33) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995; Cossi,
M.; Rega, N.; Scalmani, G.; Barone, ¥. Comput. ChenR003 24, 669~
681.

(34) Head-Gordon, V. M.; Head-Gordon, Them. Phys. Lett1994
220, 122-128.

(35) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.
1987 87, 5968-5975.
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FIGURE 2. LUMOs (top) and HOMOs (bottom) for the equilibrium 104
(left) and TS structure (right) of at the B3LYP level. 8-
G_
Multiconfigurational Models. The complete active space (CAS) ol
SCF metho#f was used to generate molecular orbitals and reference
wave functions for subsequent multiconfigurational second-order 27
perturbation calculations of the dynamic correlation energy 0 T T T T T
(CASPT2)3-39 The active space was composed of the eight 0 1 L 80 75 %
‘degres

electrons and orbitals of the system. The CASPT2 calculations
used a new level-shift technique that shifts active orbital energies FIGURE 3. (Top) Rotational coordinate (kcal md) for 1 at the

in order to simulate ionization energies for orbitals excited out of CASPT2 level. (Middle) Coefficients) of dominant aufbau config-
and electron affinities for orbitals excited into. This technique has |, ration in the CASSCE wave function. (Bottom) Dipole moment (D)
recently been shown to reduce the systematic error in the CASPT24¢ 1 at the CASPT? level.

approach for processes where the number of closed-shell electron
pairs change¥ For the planar and twisted TS structures, CASSCF/MS-CASPT2
Geometries for the planar and twisted conformations (torsional calculations were performed in which solvent effects on the various
anglew from 0° to 9C°, 15° steps) of ground state calicene were electronic states were included by a self-consistent reaction field
fully optimized at the CASPT2 level with numerical gradients. A (SCRF) procedure. The nonequilibrium polarizable continuum
general atomic natural orbital (ANO) contraction scheme of 3s2pld model (PCM3® was used for the reaction field. In this approach
on C and 2s1p on H was used for the basis*s€or the planar the slow component of the solvent response is frozen to its
and the twisted TS structures only, the same ANO-L basis set wasequilibrium response to the ground state. The fast (optical) part of
used with a contraction scheme of 4s3p2d and 3s1p. This basis sethe solvent response relaxes self-consistently in response to the state
is thus similar to the 6-311G(2d,p) basis set used for the other of interest. Both water and benzene were considered as solvents.
methods. Software. All DFT, MP2, and CCSD(T) calculations were
For the seven geometries along the rotational coordinate, theperformed using the Gaussian 03 suite of electronic structure
ground state and the first excited singlet and triplet A and B states programs*® All multireference calculations were performed using
were calculated at the multistate CASPT2 (MS-CASPT2) 1&¥el. MOLCAS-6.447 Figures 4 and 5 were generated by the MOLDEN
In order to minimize the effect of weakly interacting intruder states, visualization program?
a level shift of 0.25 au was employé#** The basis set for these
calculations was contracted 4s3pld on C and 2s1p on H. (44) Roos, B. O.; Andersson, K.:'Bgher, M. P.: Serrano-AnéseL.;

Pierloot, K.; Mercha, M.; Molina, V. J. Mol. Struct. THEOCHEM1996
(36) Roos, B. O. IMPAdvances in Chemical Physics, Ab Initio Methods 388 257-276.

in Quantum ChemistryLawley, K. P., Ed.; Wiley: Chichester, England, (45) Cossi, M.; Barone, VJ. Phys. Chem. 2000 104, 10614-10622.
1987; Vol. 2, pp 399-445. (46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
(37) Andersson, K.; Malmqvist, P.-A.; Roos, B. O.; Sadlej, A. J.; M. A.; Cheeseman, J. R.; Montgomery, Jr., J. A.; Vreven, T.; Kudin,
Wolinski, K. J. Phys. Chem199Q 94, 5483-5488. K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
(38) Andersson, K.; Malmgyist, P.-A.; Roos, B. @.Chem. Phys1992 Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
96, 1218-1226. Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
(39) Roos, B. O.; Andersson, K.;"Baher, M. P.; Malmqyist, P.-A.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
Serrano-Andrs, L.; Pierloot, K.; Mercha, M. In Advances in Chemical X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Physics, New Methods in Computational Quantum MechaRidgogine, Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
I., Rice, S. A., Ed.; Wiley: New York, 1996; Vol. 93, pp 23331. Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
(40) Ghigo, G.; Roos, B. O.; Malmqvist, P.-&hem. Phys. Let2004 Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
396, 142-149. S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck,
(41) Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B.Theor. Chim. A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul,
Acta 1995 90, 87—114. A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
(42) Finley, J.; Malmqvist, P.-A_; Roos, B. O.; Serrano-Arsjile Chem. Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
Phys. Lett.1998 288 299-306. M. A,; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
(43) Roos, B. O.; Andersson, KChem. Phys. Lettl995 245 215- Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
223. 03; Gaussian, Inc.: Wallingford CT, 2004.
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TABLE 1. Predicted Rotational Activation Energies for 1 at Different Theoretical Level$
level
property mPWPW91 PBE TPSS TPSSh B3LYP CASPT2 MP2 CCSD(T)
Im(v¥) 463 459 457 484 459 b 410 b
AEF 39.5 39.4 39.9 40.5 41.3 40.6 41.2 43.7
AG* 36.2 36.1 36.8 37.7 38.3 b 39.6 b

aSee Methods for description of basis sets.sipin cm™L. AE* and AG* in kcal mol L. ® Not computed.

TABLE 2. Properties of Planar 1 in Benzene and Aqueous
Solution at the CPCM/PBE Level (See Figure 1 for Atom
Numbering)?

TABLE 3. Properties of Twisted TS Structure of 1 in Benzene and
Agqueous Solution at the CPCM/PBE Level (See Figure 1 for Atom

Numbering)aPb

solvent solvent

property benzene water property benzene water
ri2 1.371 1.375 ri2 1.405 1.407
r23 1.453 1.451 r23 1.411 1.414
r48 1.455 1.453 r48 1.430 1.428
r56 1.330 1.333 r56 1.357 1.357
re7 1.428 1.422 re7 1.397 1.393
r78 1.358 1.364 r78 1.404 1.416
ab-5 0.083 0.077 ab-5 0.018 0.017
ab-3 0.098 0.089 ab-3 0.040 0.036
Agle 0.475 0.552 Agle 0.731 0.867
ulD 5.16 6.43 ulD 9.28 11.68
AGs -0.4 —-4.2 AGs —-2.5 -11.0

a See Methods for description of basis sets. Bond distames{ bond
alternation parameters for five-membered-6) and three-memberedlt
3) rings are in A. Charge transfead) refers to the total charge difference

a See Methods for description of basis sets. Bond distamgesid bond

alternation parameters for five-membered-6) and three-memberedlt
3) rings are in A. Charge transfeA() refers to the total charge difference

between the atoms in the 5-membered ring and those in the 3-memberedbetween the atoms in the five-membered ring and those in the five-

ring as computed from Mulliken chargesGs is the solvation free energy
in kcal mof,

Results and Discussion

Gas-Phase Calculations of Electronic Ground StatéWe
first present results for the electronic ground staté,ofhich
is TA. The minimum energy geometry fdrhas all atoms in a
plane; geometrical details and electrical properties as a function
of theory are listed in Supporting Information, page S25. The
DFT geometries are sensitive to incorporation of Hartiieeck
(HF) exchange in the functional, with pure DFT functionals
exhibiting bond lengths that are a few thousandths of an
angstrom longer than those from the hybrid functionals, and
the difference increases with increasing amounts of HF ex-
change. The effect is fairly small in magnitude, however, and
in general there is very good agreement between DFT, CASPT2,
and MP2 for the various bond lengths (the standard deviation
is less than 0.01 A). Noting that substituents will have some
influence on bond lengths in the two calicenes for which X-ray

membered ring as computed from Mulliken charge&s is the solvation

free energy in kcal mot. P Distances foiCs structures are averaged over
the two bonds that would otherwise be equivalen€im symmetry.

TABLE 4. Electronic States of Planar 1 at the MS-CASPT2 Levél

state E TDM f T u

1A 3.30
2-1A 3.83 0.078 0.001 d—2a —2.68
3-1A 4.93 1.645 0.327 13— 4b 4.92
1-'B 3.84 0.263 0.007 83— 2a —1.93
2-B 4.03 0.391 0.015 d—4b 1.30
1A 3.40 0 0 D—4b 2.01
2-3A 3.86 0 0 h—2a —2.80
1-°B 2.85 0 0 h—4b 1.44
2B 3.34 0 0 d—2a —1.15

a Excitation energies in eV; CASSCF transition dipole moment TDM;
oscillator strengtH; electronic transition T in the dominant configuration
in the CASSCF wavefunction (for labels see Figure 4); state-averaged
CASSCF dipole moment in debye.

On the other hand, consistent with the importance of the
zwitterionic mesomer, there is substantial charge transfer

data are available, comparison of these data to the calculatechetween the two rings, as measured by either Mulliken popula-
bond distances is also reasonable, with standard deviations ofjon analysi4® (with which the charge separation is estimated

less than 0.03 A. All levels predict there to be substantial bond
alternation, e.g.r12 ~ 1.36 — 1.37 A; r23, r48, andr67 ~
1.42-1.46 A;r56 ~ 1.42-1.43 A, and also that the length of
the bond connecting the two rings78 ~ 1.35 A) is fairly
typical for a double bond, consistent with the non-zwitterionic
mesomeric structure.

(47) Karlstian, G.; Lindh, R.; Malmqvist, P.-A.; Roos, B. O.; Ryde,
U.; Veryazov, V.; Widmark, P.-O.; Cossi, M.; Schimmelpfennig, B.;
Neogrady, P.; Seijo, LComput. Mater. ScR003 28, 222—-239. Veryazov,
V.; Widmark, P.-O.; Serrano-Andse L.; Lindh, R.; Roos, B. Olnt. J.
Quantum Chem2004 100 626-635.

(48) Schaftenaar, G.; Noordik, J. B. Comput.-Aided Mol. De200Q
14, 123-134.

(49) Mulliken, R. S.J. Chem. Phys1955 23, 1833-1840.

(50) Cioslowski, JJ. Am. Chem. S0d.989 111, 8333-8336.
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as 0.4-0.5 e depending on theoretical level; atomic polar tensor
analysis3® which tends to be less sensitive to basis set effects
than does Mulliken analysis, gave slightly larger DFT charges);
or computed dipole moments that are around 4.5 D depending
on level of theory (Supporting Information). This value is within
the range of previously estimated valyeg.13.18.20.21

Electrical properties and geometrical data for transition state
(TS) structures associated with rotation about the bond joining
the two rings are provided in Supporting Information, page S26.
DFT predicts in every case that the TS structure@sand not
Cz, symmetry. The lowering of the symmetry involves a very
small pyramidalization of one carbon atom in the inter-ring
bond. However, the energetics associated with this pyramidal-
ization are very small, ranging from 0.003 kcal mblfor
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FIGURE 4. Molecular orbitals in the active space for planar calicene.

TABLE 5. Electronic States of Twisted TS Structure of 1 at the TABLE 6. Properties of Planar 1 at the MS-CASPT2 Level in
MS-CASPT2 LevePl Gas, Benzene, and Water
state E T u state Egas ugas Ebenzene ubenzene Ewater u water
1-1A 1.96 11.29 1-1A 3.30 3.85 5.06
2-1A 3.16 D—4b 0.32 2-1A  3.83 —2.68 4.09 -2.21 4.45 -1.21
3-1A 3.59 la—2a —1.46 31A 493 4.92 4.83 5.92 4.73 7.67
1-B 3.45 Dd—2a —-1.08 1B 3.84 -1.93 3.92 —2.28 4.04 —2.58
2B 3.54 =a—4b 0.72 2-1B 4.03 1.30 b b b b
1-3A 3.28 D—4b 0.99 1A 3.40 2.01 3.51 2.26 3.69 1.89
2-3A 3.64 la—2a —-1.29 23A 386 —2.80 3.93 —2.53 4.00 —2.94
1B 3.38 Dd—2a —-1.05 1B 2.85 1.44 2.93 1.61 3.06 1.47
2B 3.47 a—4b 0.72 2B  3.34 -1.15 3.41 —0.96 3.54 -1.11

aEnergies with respect to the planar ground state in eV; electronic 2 Excitation energief in eV; state-averaged CASSCF dipole moment
transition T in the dominant configuration in the CASSCF wavefunction u in debye.? Not converged.
(for labels see Figure 5); state-averaged CASSCF dipole mamientebye.

B3LYP to 0.3 kcal motf! for mPWPW91, suggesting that the ~1.42 A), but the short CC bond distance is close to the value
TS structure may be regarded as effectively. The driving ~ obtained for the aromatic cyclopropenyl cation (1.37 A).
force for the symmetry reduction appears to be associated withAlthough intra-ring bond distances are consistent with the
a slight decrease in polarity. Thus, the electrical dipole moments dominance of the aromatic mesomer in the TS structure, the
in the Cs symmetric structures are from 0.05 to 0.78 D smaller inter-ring CC bond is clearly shorter then a single bond
than those for the&€,, symmetric structures. (1.40 A). Of course, it is important to note that the single bond
The CC bond distances in the five-membered ring are all in question is between two formally $parbon atoms. Thus,
similar and span from 1.40 to 1.43 A. As a comparison, the appropriate reference systems might be biphenylsanis
value obtained with the same methods for the aromatic butadiene (where in each case the conjugated systems on either
cyclopentadienyl anion is 1.42 A. In the three-membered ring side of the connecting single bond are forced to be twisted
some bond alternation is still presemb6 ~ 1.36 A; r67 ~ relative to one another by steric constraints). At the B3LYP/
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TABLE 7. Properties of Twisted TS Structure 1 at the with a lack of any biradical character in the TS structure. From

MS-CASPT2 Level in Gas, Benzene, and Watér a multireference standpoint, the degree of biradical character
state Egas ugas Ebenzene ubenzene Ewater u water may be evaluated from the size of the coefficient of the dominant
1A 11.29 13.19 12.63 aufbau configuration state function relative to other contributors.

21A 316 0.32 3.24 1.65 3.30 1.24 As shown in Figure 3, the CASSCF procedure predicts the
3!A 359 -146 3.70 —0.62 b b single-reference character dfto increasewith bond rotation,

%jg g'gi _%0782 %%% _1'0121 5'62 %‘35 ref[ectipg the incrgased dominance of .the 'closed-shell jonic state,
137  3.28 0.99 3.38 1.08 3.52 0.90 vv_hlch is responsible for the low activation energy and large

23A 364 —1.29 3.70 -1.19 381 —1.29 dipole moment change also shown in Figure 3.

18 338 -1.05 3.47 —116 3.61  —1.06 Solvation Effects on Electronic Ground State Because of

238 3.47 0.72 3.54 0.61 3.64 0.70

the importance of the charge-separated mesomer in the reso-
_aExcitatiSn energief in eV; state-averaged CASSCF dipole moment nance description of, one expects that solvation effects on
# in debye.” Not converged. the properties of calicene may be significant. In particular, more
) polar media would be expected to stabilize charge separation.
6-311G(2d,p) level, the central single bond lengths are computedpata on the effects of benzene € 2.2) and aqueous: (=
to be 1.484 and 1.467 A. _ _ 78.3) solvation on the geometries and charge separations of the
Inspection of the molecular orbitals for the planar and twisted equilibrium and TS structures df as well as on the rotational
structures provides key information on their electronic structures parrier, were computed using the conductorlike PCM continuum
and helps to rationalize the short single bond in the twisted TS golvation model (Tables 2 and 3). Given the qualitative similarity

structure. As shown in Figure 2, the highest occupied molecular of 5| of the DFT (and post-HF) results, we restrict our analysis
orbital (HOMO) in the equilibrium structure is well described here to results obtained at the PBE level.

as a completely localized orbital of cyclopentadienide, while
the lowest unoccupied molecular orbital (LUMO) is a com-
pletely localizedz* orbital of cyclopropenium. In the TS

Considering aqueous solvation first, the effects of the
surrounding medium on the planar equilibrium structure include

truct the other hand. th is delocalizati f th an increase in the length of all formal double bonds and a
structures, on the othér hand, there IS delocalization of e yo.eq50 in the length of all formal single bonds, i.e., bond

HOMO onto the three-membered ring that somewhat decreases’alternation is reduced, consistent with an increase in zwitterionic

the otherwise very large charge separation. This delocalization character at the expense of the Kél cture. The magnitude

is assisted by the overla_p of one formal LUMO of the isolated of the effect is about 0.005 A per bond, which leads to a decrease
cycloproper_lyl system W'.th one of th? forme}l HOMOs of the i the bond alternation parameters for each ring of about

cycolpenadienyl system, i.e., ring-to-ring conjugation can occur o o1 & ‘This geometric alteration is accompanied by increased

whetr;] thf’; pslaegnes ofFfrhe tho r1||_'1hgs afrre ttW'St?d [.elﬁ‘t'\t/e tothone charge transfer, whether measured by the ring Mulliken charges,
another by (see Igure )- IS €liect, potentially together \hicp increase in magnitude by about 0.1 au, or by the electrical
with some electrostatic interaction, is presumably responsible dipole moment, which increases by about 2 D

for the additional shortening of the inter-ring bond in calicene . .
Aqueous solvation effects are still larger on the TS structure

compared to the uncharged reference systems above. . - o ) .
The very large, 79.6 D, dipole moments for the twisted in terms of reducing bond alternation in the five-membered ring.
ot hata, /|n the three-membered ring, bond alternation actually increases

structures indicate substantially increased charge separatio h hich doxical. H h .
compared to the planar equilibrium structures. The average.Somew at, which seems paradoxical. However, the comparison

increase in charge separation based on Mulliken population is less clearhheg because aqgeoush solvatlondcf'?lusgs thfe TS
analysis at the DFT levels is 0.2 au. This is consistent with a Structure to have;, symmetry, i.e., the pyramidalization o

greater dominance of the zwitterionic mesomer, since ideal the three-membered ri_n_g (_)bserved in the gas phase is eliminated.
planar conjugation of the two ring systems is no longer As noted for the equ!hbrlu_m structure, the degree of charge
possible. Examination of the KohiSham wave functions for transfgr betwee.n the rings is S|gn|f|cqntly mcregsed bylaqueous
the twisted geometries indicates that for no functional is there Selvation: the ring Mulliken charges increase in magnitude by
a restricted— unrestricted instability, i.e., there is no tendency 0.26 au and the elect_ncal dipole moment Increases by aIm_ost
for the TS structure to have biradical character. This observation > D- The greater polarity of the _TS structure causes its s_o_lva_ltlon
indicates the critical nature of the aromaticity of the rings in free energy to be more negative than that of the eqw_llbrlum
the charge-transfer limit, since rotation about standard, uncon- Structure by 6.8 kcal mot, which is nearly 20% of the rotational
jugated G=C double bonds is well-known to go through a activation free energy.
biradical TS structure. The tendency of the TS structure to AS expected, solvation effects in benzene are qualitatively
maintain closed-shell-like character is consistent with a 2-electron- Similar to those in water, but reduced in magnitude by a
in-2-orbital picture in which the two orbitals are substantially substantial degree owing to the smaller dielectric constant of
different in energy, resulting in a charge-transfer ground state, the aromatic solvent.
as described in more detail below. Gas-Phase Calculations of Electronic Excited State3he

With respect to the energetics associated with bond rotation, first two singlet and triplet excited A1 and B2 states have been
there is near quantitative agreement between all levels of theorycalculated at the MS-CASPT2 level on the optimized CASPT2
(Table 1) that the activation energy is about 40 kcal Thaind geometries (Table 4). TDDFT calculations were also examined.
the free energy of activation is about 37 kcal molThus, However, most of the lower energy excited states have associ-
rotation about the double bond in calicene is more facile than ated with them a substantial amount of ring-to-ring charge-
about the double bonds in ethylene and stilbene by roughly 25 transfer character. Currently available functionals are well-
and 10 kcal motl, respectively. The excellent agreement known to underestimate the energy of charge-transfer excitations.
between the single-determinantal KS DFT, MP2, and CCSD- and calicene proves no exception. Predicted TD-DFT excitations
(T) predictions and the CASPT2 levels of theory is consistent are as much as 2 eV lower in energy than corresponding
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FIGURE 5. Molecular orbitals in the active space for the twisted TS strucure of calicene.

predictions at the MS-CASPT2 level, and on that basis we will these two components, and noting that the molecular orbitals

not discuss the TD-DFT level of theory further. belonging to theb irreducible representation (irrep) are more
The values obtained for tHé transitions (3.83 and 4.93 eV) delocalized, the orbital occupation numbers for thtA3state
can be compared with prior predictions of 3.817ddf the first take on various non-integer values, i.e., this state is not a pure

transition and 4.18 and 4.39 eV for each of the fineor the diradical. However, from the greater dipole moment, we can
1B transitions (3.84 and 4.03 eV) the same comparison is to deduce that this state has a stronger zwitterionic character than
4.34 eV and 3.57 and 3.93 e¥The MS-CASPT2 values for  the ground state, as was also observed by TakaBashi.

the 'A states differ substantially from predictions made at the  The remaining excited states are all dominated by a single
3 x 3 CI (two electrons in two orbitals) semiempirical level electronic excitation and are well described as diradicals. On
(4.44 and 7.43 eV). the basis of their dipole moments, they all exhibit charge-transfer
Most of the excited states are well characterized as single character, in particular those dominated by transitions involving
excitations within the CASSCF active space (Figure 4). Thus, the localized molecular orbitals belonging to thérep.
state 2!A is characterized by an excitation from orbital to The natures of the excited states in the twisted TS strucure
orbital 2a, which correspor)ds toacharge-_transfer from the f|_ve- (Table 7) are more easy to understand as all active orbitals
to the three-membered ring. The resulting state has a dipole rigyre 5) are now well localized on the three- or five-membered
moment of sign opposite<2.68) to that of the ground state. rings, and all excitations exhibit a strong charge-transfer
The occupation numbers of tha and 2 orbitals are close 10 character involving transitions from orbitals localized on the
1 in the excited state (see Supporting Information, S359), five-membered ring (@, 3b) to orbitals localized on the three-
so it has essentially pure diradical character, as proposed byyembered ring @ 4b). The excited-state dipole moments are
Takahasf all strongly reduced from the ground-state value (11.29 D), and

The 37A state involves excitation from orbitab3o orbital in some cases they even change direction. The occupation
4b, with some contribution from adlto 2a excitation. With  ,ympers of all orbitals involved in the electronic excitations

are close to 1.
51)J ki, C.; F , J. B.; Thilgen, C.; Luthi, HJPChem. . .
phgsgogg f{% ;3761_ z(;/rﬁsmé/r;. S Mebe:’g,f.n,\,u. Colrjnp'_ Chem%g‘ The MS-CASPT?2 potential energy curves of the excited states

24, 692. are shown in Figure 6 (the potential curve for the ground state
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FIGURE 6. MS-CASPT2 adiabatic excited-state potential energy
curves ofl: (black solid line)'A; (black dashed lines); (gray solid -14 & >
lines) *B; (gray dashed linesB. 1b \
-16- 9
is shown in Figure 3 along with its properties). The shapes of 0 15 30 45 60 75 20

the potential curves for the ground and first excitédstates e

are in good agreement with those obtained at the semi-empiricalg,gure 7. One-electron energies (eV) of the active molecular
Ievel,? whereas that for the thiréA state differs substantially  orbitals: (black lines)a-symmetry orbitals; (gray lines)-symmetry
both in energy and shape. orbitals.

Figure 6 shows conical intersections between the 2- akfd 3-
states and the twéB states, both near rotation angles of 60 In the case of calicene the active molecular orbitals never

These are associated with inversions in the order of the domlnantbecome degenerate (Figure 7) but are always well energetically

]E;onflgurba}zlolnls; fLom pltan_ar t(t)h45t|vwsted (;allcene, exgltannts separated so that the ground state of calicene is always a closed
rom orbital Ia characterize the lower states (see Supporting shell. Calicene has some similarity, then, with the case of

Information), whereas nearer the twisted TS structure the lower aminoborands56 In the 90-twisted TS structure geometries,

states are dominated by transitions from orbital(Bompare both molecules show a “hole-pair” ground state SO and a “dot-

‘?"SO Tables 4 and 5). These crossings m_troduce strong m_terac-dot,, diradical excited state S1. Thus, in the transition state, the
tions between the states so that a multistate treatment in the

. L . . . ~ground state may be described as a twisted internal charge-
grf\esrgizés required in order to properly describe their respective transfer (TICT) state. Such states are usually excited states but

) . e o the large separation of frontier orbitals in calicene and ami-
Figure 6 and a comparison of excitation energies in Tables 4 nohorane ensures a hole-pair closed-shell ground state all along

and 5 indicate that most of the electronic transitions are red- {he rotational coordinate.

shifted in the twisted TS structure compared to the planar  The |ocation of the minimum at the twisted TS structure on
equilibrium structqre. This reflects a reduction in the HOMO e 214 potential energy curve (Figure 6) suggests a possibly
LUMO gap (see Figure 7) for the former. From the shapes and efficient photoisomerization, i.e., rotation around the central
energies of the active orbitals (Figures 5 and 7), the aromatic goyble bond induced by an electronic transition. Transition from
character of the activer molecular orbitals on the five- ihe ground state to the 2 state is predicted to have a low
membered ring in the twisted TS structure can also be discerned gggijlator strength (Table 4); however, a transition to thig\3-

Thus, there is a fully bonding orbital, two degenerate HOMOS, gtate followed by an internal conversion to thé&state could
and two almost degenerate LUMOs, in accord with the classical pe an alternative. To investigate this possibility further, we

Hiickel description of cyclopentadienide. optimized geometries for the'2 state with various twist angles
It is interesting to compare calicene to ethene, styrene, and
stilbene with respect to the nature of singlet electronic states as (52) Salem, L. InElectrons in Chemical Reactions: First Principjes
a function of the torsional angle about the central double bond. Wiley & Sons: New York, 1982; pp 7275. _
The ground state of the 9awisted calicene shows a strong Ch(eSj)_ gﬁyggéa/d'ygrchsz'\giﬁoos’ B.; Malmguist, P.-APhys. Chem.
zwitterionic nature, whereas its singlet excited states are all ~ (54) Michl, J.: Bonait-Koutecky, V. In Electronic Aspects of Organic
diradiqaloid. By contrast, for ethene anq its'derivatives, the Pho;gcfg/ﬁgﬁrillst?/\_Nggx ngESSEeEEWVY%kEIl;g% rFl)iE iljt%:?s’%%%slfﬁic
opposite occurs: the groun(_j states are Q|rad|cals, and the f'rS[Phgto)chemiétryWiley ry Sor‘]‘S: N{;W York, 1990; pp 229222. 9
singlet excites states are zwitterioRf&3 This happens because (56) Michl, J.; Bonatt-Koutecky V. J. Am. Chem. Sod985 107,

in the 90-twisted ethene, the orbitals become degener&fe.  1765-1766.
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E/eV destabilizes the excited state and enhances the blue shift. Thus,
40 for the 24A state, which has one of the largest reversed dipole
----------------------------- . moments, blue shifts of 0.26 and 0.62 eV are predicted in
3.5- el benzene and water, respectively. The aqueous effect is particu-
NG larly large because the high dielectric constant of the solvent
3.0 increases the relaxed dipole moment of the ground state to
25 5.06 D (cf. 3.30 D in the gas phase), and the slow component
of the reaction field in water is a more significant fraction of
20- the total reaction field than it is in benzene.
The 31A state exhibits different behavior. The dipole moment
1.5- of this state is larger that than of the ground state. As the excited-
10 state dipole moment continues, by symmetry, to be perfectly
’ aligned with that of the ground state, its interaction with the
05 slow component of the reaction field is favorable and larger in
magnitude than that of the ground state. As a result, this
0.0 T T ! ! absorption in solution ised-shifted relative to the gas phase,
0 15 30 45 60 7S5 90 by 0.10 and 0.20 eV in benzene and water, respectively. The

o/degree combination of blue and red shifts causes th®A2and 34A

FIGURE 8. Photoisomerization of calicene. MS-CASPT2 adiabatic Stat€s to aPproaCh one another closely in water. .

electronic potential curves df (solid lines) ground (%A) and first In the twisted TS structure, the ground electronic state has a

excited (21A) states with all geometric degrees of freedom other than very large dipole moment, whereas all of the excited states have

torsion relaxed; (dashed line) excited state'A2-at the optimized dipole moments of less than 1.5 D. Given these small excited-

geometries for the ground state (as in Figure 6). state dipole moments, all of the excited states have rather similar
interactions with surrounding solvent, and the result is a near

at the MS-CASPT?2 level (including all three A states in the constant blue shift of about 0.1 and 0.2 eV for all excitations
state average CASSCF, a level shift of 0.25 au, and a 3s2p1dfin benzene and water, respectively.

2s1p contracted basis set; single point energies were computed
with a 4s3p2d/3s1p contraction). The potential curves for the Conclusions
1-'A and 27A states are shown in Figure 8. The relaxetA2- Density functional theory and post-HF methods such as MP2
curve is quite different from that obtained by vertical excitation and CASPT2 agree well for ground-state properties of calicene,
from ground-state geometries. The two geometries of these statesncluding the activation energy for rotation about the inter-ring
are very different (Supporting Information, S27) as a conse- double bond, which is substantially reduced by the aromatic
quence of the different natures of the wave functions: diradi- stability of the closed-shell charge-transfer-like transition-state
caloid for the excited-state and closed-shell with increasing structure. Polar solvation decreases the barrier still further, as
zwitterionic character for the ground state. would substituent effects that provide additional stability for
Optimization of the geometry of the A state at a twist charge transfer.
angle of 78 lowers its CASPT2 energy and rises the CASPT2  Time-dependent DFT is not appropriate for the computation
energy of the ground state. As a result, a strong interaction of excitation energies in calicene because of the substantial
between these two states occurs and raises the energy of theharge-transfer character in many of the low-energy excitations.
2-'A state so that a rotational barrier is introduced rela- However, the more rigorous MS-CASPT2 model provides
tive to an equilibrium structure having a twist angle of about significant insights into the electronic excited states. All of the
40°. Assuming rapid vibrational relaxation, an activation energy studied low-energy excited states (with the exception &A8-
of 0.9 eV (21 kcal mott) would need to be overcome to reach  have diradical character that persists over the full rotational
the 90 twisted structure, from which fluorescence or nonra- coordinate. The gas-phase electronic transition with the largest
diative transitions might lead to rotational isomerization. These predicted oscillator strength (0.3) leads to the second excited

same processes will drain the population of thé #nimum singlet A state (3A) and occurs at 4.93 eV (251 nm). Excitation
and would be expected to significantly reduce the efficiency of to the 22A state (or internal conversion to it from thela-
photoisomerization. state) could in principle lead to@s—trans photoisomerization

Solvation Effects. Excitation energies at the MS-CASPT2 about the double bond joining the two rings. However, the
level were also computed for the planar and twisted TS presence of an energy barrier of 0.9 eV (21 kcal T™Hobn
structures ofl in benzene and water as represented by the therelaxed potential energy curve for the'2 state suggests
nonequilibrium polarized continuum model (Tables 6 and 7). that this process is not likely to be particularly efficient.

For the planar equilibrium structure, most excitations are blue-

shifted in solution, with the magnitude of the shift increasing _. ;
; : : sity, for the year 2005, is gratefully acknowledged by G.G.
in water compared to benzene. This trend is generally eXpeCtedFir)llanciaI sup)p/)ort was also p?ovided )b/y the U.S. ((:g]HE-Og10183)

fo.rha 'f]o'ar rlno'ecu'er'] since t?]e grou.”dlftate o equilibirum 4" Swiss (200021-111645/1 and PIOI2-112994) National
with the solvent, whereas the vertically excited state is in ggiance Foundations.

equilibrium only with the electronic response of the surrounding

solvent. In the case dof, moreover, all of the excited states Supporting Information Available: Cartesian coordinates of
except for 3lA have dipole moments that are either smaller all structures and their absolute energies (hartrees, kcaf'aoid
than that for the ground state or are indeed reversed in direction€V) &€ given. This material is available free of charge via the
(by charge transfer) and possibly quite large. In the latter Internet at hitp:/fpubs.acs.org.

instance, the frozen component of the solvent reaction field J0062420Y
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