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Abstract: Time-dependent B3LYP/6-31G* calculations have been performed at the optimized C, or C,,
geometries of several substituted semibullvalenes (19/°¢) and barbaralanes (29€/°), to compare the computed
vertical electronic excitation energies with the temperature-dependent, long-wavelength absorptions that
have been observed in the UV/vis spectra of some of these compounds by Quast and co-workers. The
excellent agreement between the calculated vertical excitation energies and the observed values of Amax
provides strong support for the identification of the bishomoaromatic species 19¢/°¢ and 29¢'°c as the source
of these absorptions. Furthermore, the CN stretching frequencies, computed for the C, geometry of 1,5-
dimethyl-2,6-dicyano-4,8-diphenylsemibullvalene (1fdelc), fit the low-frequency absorptions seen in the IR
spectrum of 1f, thus furnishing independent evidence that bishomoaromatic geometries of semibullvalenes
have, in fact, been observed spectroscopically. B3LYP/6-31G* calculations predict that 2,6-dicyano-4,8-
diphenylsemibullvalene 1c has a C, equilibrium geometry (1cY'°c) and that the long-wavelength UV/vis
absorption (Amax = 585 nm) and CN stretching frequencies (2192 and 2194 cm~t) computed for 1cdeloc
should serve to identify this bishomoaromatic semibullvalene when it is synthesized.

Introduction by the strain introduced by annelatibi-12Both strategies have
also been investigated experimentally, and promising results
have been obtained; but there is as yet no definitive evidence
that a derivative ofl has been prepared in whid4elec is the
equilibrium geometry.

Following the serendipitous synthesis of semibullvalera (
and the discovery that it is a fluxional molecule which undergoes
a very rapid, degenerate Cope rearrangerhelghamic NMR
studies measuredH* = 4.8—5.2 kcal/mol for this process?
With such a small enthalpy difference between@docalized R R
structure 1&°°) and theC,,, bishomoaromatic transition structure
(1ade29, both theoreticians and experimentalists accepted the R R6 R8
challenge of finding a derivative dfin which 19€'°¢is the global R4
energy minimunt. Calculations have been used to investigate R?
both the electronic stabilization dfd€'°c relative to1'°°, by 1loe
substituents 19 and the destabilization df°c, relative tol1deloc (@) R=H, R¥% =H

26 48 _
T Transylvania University. (® R=H, R*=Ph, R**=H

* Un!VerS!ty of Washington. (¢) R=H, R2¢ = CN, R*® = Ph
§ Universitd Wirzburg.
(1) Zimmerman, H. E.; Binkley, R. W.; Givens, R. S.; Grunewald, G. L; (d) R=Me, R*=Ph, R*=H
Sherwin, M. A.J. Am. Chem. Sod.969 91, 3316-3323.
(2) Cheng, A. K.; Anet, F. A. L.; Mioduski, J.; Meinwald, J. Am. Chem. (e) R=Me, R¥*=CN, R*=H
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Hassentok, K.; Miller, L. S.; Grohman, KChem. Ber1989 122 925— . . L .
@ 9R31., Wil RV Kurz, H. AAch. Phys. Org. Chem094 29 Dynamic NMR studies cannot distinguish between the
eviews: Williams, R. V.; Kurtz, H. . s. Org. Che , . .
273-331. Williams. R. V. Ady. Theor. ,meregﬂng ,v|90|1998 4 157~ existence of a barrier below-Z kcal/mol to passage through
201. Williams, R. V.Eur. J. Org. Chem2001, 227-235. Williams, R. V.
Chem. Re. 2001, 101, 1185-1204. (7) Miller, L. S.; Grohmann, K.; Dannenberg, J.JJ.Am. Chem. S0d.983
(5) Hoffmann, R.; Stohrer, W.-DJ. Am. Chem. Sod.971 93, 6941-6948. 105 6862-6865.
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1deloc gand the possibility thatl9¢'c js the global energy
minimum2 Saunders’ isotopic perturbation metfbtPand its
extension to equilibrating localized and bishomoaromatic struc-
tures® provides, in principle, an answer to the question of how
it would be possible to recognize a semibullvalene derivative
that has a bishomoaromatic equilibrium geometry. However,

another serendipitous observation has provided a possible

criterion that does not require the synthesis of labeled deriva-
tives.

Quast and co-workers found that crystals and solutiorisof
are yellow!” even thougHh €°c lacks a chromophore that would

be expected to produce a long-wavelength absorption. Even

more surprising, the UV/vis spectrum dk is temperature-
dependent, with the amount of the yellow-colored species

and the measurement of the dependence of the enthalpy
differences on solvent dipolarigf.

RZ

2deloc

2Ioc
(a) R*8 =H (d) R**=CN, R**=Ph
(b) R*=Ph, R®*=H (e) R**=CN

(© R*=CN, R*¥=H (f) R***=Ph

Although temperature-dependent population of geometries

increasing with temperature. The observed thermochromism wasthat correspond to those dfel°cand2d¢l°crepresents a possible

interpreted in terms of an equilibrium between the (colorless)
semibullvalenel €°¢ and the (yellow) bishomoaromatic structure
16deloc_18, 19

Subsequently, additional thermochromic semibullvaléhes
(e.g.,1d?! and 1f 22 and barbaralane<I§,2® 2d,2* and 2f 25

explanation of the thermochromism, there is currently a lacuna
of independent evidence to support this hypothesis. In an attempt
to fill this void, we have used time-dependent density functional
theony?®to compute the vertical excitation energies of derivatives
of 1deloc gng 2deloc |n this paper we report the results of these

have been discovered, leading to the hypothesis that thermo-calculations, which provide strong support for the hypothesis

chromism is generally associated with extremely low Cope
barriers. Deconvolution of the temperature-dependent UV/vis
spectra of these molecules into contributions from the localized

that these bishomoaromatic structures are, indeed, responsible
for the long-wavelength absorptions that have been observed.
In addition, the computed CN stretching frequencieslféioc

and the bishomoaromatic structures has permitted the estimatiorire in excellent agreement with the frequency of a mysterious

of the enthalpy differences\H, between these two speciés

(9) Childs, R. F.; Cremer, D.; Elia, G. he Chemistry of the Cyclopropyl
Group;, Rappoport, Z., Ed.; J. Wiley & Sons: Chichester, 1995; Vol. 2, p
411

(10) Hrovat, D. A.; Williams, R. V.; Goren, A. C.; Borden, W. J. Comput.
Chem.2001, 22, 1565-1573.

(11) williams, R. V.; Kurtz, H. A.J. Org. Chem.1988 53, 3626-3628.
Williams, R. V.; Kurtz, H. A.J. Chem. Soc., Perkin Trans.1®94 147—

150.

(12) Jiao, H.; Nagelkerke, R.; Kurtz, H. A.; Williams, R. V.; Borden, W. T ;
Schleyer, P. von RJ. Am. Chem. S0d.997 119 5921-5929.

(13) Jackman, L. M.; Fernandes, E.; Heubes, M.; QuasE. J. Org. Chem.
1998 2209-2227.

(14) Saunders, M.; Telkowski, L.; Kates, M. B. Am. Chem. Sod.977, 99,
8070-8071. Saunders, M.; Kates, M. R.Am. Chem. So&977, 99, 8071~
8072.

(15) Heubes, M.; Dietz, T.; Quast, H.; Seefelder, M.; Witzel, A.; Gadgil, V. R.;
Williams, R. V.J. Org. Chem2001, 66, 1949-1960.

(16) Quast, H,; Seefelder, M.; Becker, C.; Heubes, M.; Peters, E.-M.; Peters,
K. Eur. J. Org. Chem1999 2763-2779; Corrigendum200Q 691-693.

(17) Quast, H.; Christ, J.; Peters, E.-M.; Peters, K.; von Schnering, Bhém.
Ber.1985 118 1154-1175.

(18) Quast, H.; Christ, Angew. Chem., Int. Ed. Engl984 23, 631-632.

(19) At least in principle,1%!c could be a local minimum, separated by a
transition structure from the global minima'®¢ and the product formed
by its Cope rearrangement). Alternativelideloc could be a transition
structure connecting the global minima. In the latter case the observed
thermochromism would be attributed to population of energy levels of the
vibration, connectingdelocto 1°c, that are at or above the energylsfloc
For le the value of AH* = 2.2 kcal/mol, obtained by dynamic NMR
measurements,is lower than, but well within experimental error 6H
= 2.6 kcal/mol'8. 26the enthalpy difference betwed®d° and 1ef¢loc that

band, observed below the CN stretching region in the IR
spectrum oflf.22 This agreement provides independent evidence
that bishomoaromatic structures, suci#8°¢ can be observed
spectroscopically.

Finally, we have computed the UV/vis vertical excitation
energy and CN stretching frequencies af¢'°¢ for comparison
with those that will be observed when semibullvaleleis
synthesized. This comparison can be used to test the prediction
that the equilibrium geometry of this species will prove to be
that of 1c%€loc not 1¢°oc,10

Computational Methodology

All the calculations for this study were carried out with the 6-31G*
basis set? using Becke’s hybrid, three-parameter functiéhahd the
nonlocal correlation functional of Lee, Yang, and Parr (B3L¥P)n
integration grid consisting of 99 radial points and 974 angular points
was employed. A B3LYP/6-31G* vibrational analysis was performed
at each stationary point found. Optimized geometries, energies, and
thermal corrections for all the molecules discussed in this paper have
either already been publisHéadr are available as Supporting Informa-
tion.

Excitation energies were computed using time-dependent density
functional theory?® Excellent agreement with experimental values has

was obtained by variable-temperature UV/vis measurements. Therefore, if previously been found for excitation energies computed by this method,

ledeloc does reside in an energy well, the well cannot be very deep.
For other colored, thermochromic semibullvalenes see: Miller, L.
Grohmann, K.; Dannenberg, J. J.; Todaro,JL.Am. Chem. Sod981,
103 6249-6251. Miller, L. S. Ph.D. Thesis, City University of New York
Graduate School, Hunter College, 1983, p 70. Quast, H.; Mayer, A.; Peters,
E.-M.; Peters, K.; von Schnering, H. @hem. Ber.1989 122 1291-
1306. Quast, H.; Witzel, A.; Peters, E.-M.; Peters, K.; von Schnering, H.
G. Chem. Ber1992 125 2613-2623. Williams, R., V.; Gadgil, V., R.;
Chauhan, K.; Jackman, L. M.; Fernandes] EOrg. Chem1998 63, 3302
3309; see also ref 15.
(21) Quast, H.; Carlsen, &hem. Ber1992 125 2757-2763.
(22) Quast, H.; Herkert, T.; Witzel, A.; Peters, E.-M.; Peters, K.; von Schnering,
H. G. Chem. Ber1994 127, 921-932.
(23) Quast, H.; Geissler, E.; Mayer, A.; Jackman, L. M.; Colson, K. L.
Tetrahedron1986 42, 1805-1813.
(24) Quast, H.; Geissler, E.; Herkert, T.; Knoll, K.; Peters, E.-M.; Peters, K.;
von Schnering, H. GChem. Ber1993 126, 1465-1475.
(25) Quast, H.; Knoll, K.; Peters, E.-M.; Peters, K.; von Schnering, HCI@&m.
Ber. 1993 126, 1047-1060.
(26) Quast, H.; Seefelder, MAngew. Chem., Int. EAL999 38, 1064-1067.

(20) S.;
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when it is coupled with the B3LYP hybrid function®3? All of the
calculations were carried out with the Gaussian 98 suite of progfams.

Results and Discussion

Given in Table 1 are the results of our calculations of the
vertical UV/vis excitation energies of the bishomoaromatic
geometries J9¢loc and 29¢lo9 of the semibullvaleneslj and

(27) Seefelder, M.; Quast, HAngew. Chem., Int. EAL999 38, 1068-1071.

(28) Stratmann, R. E.; Scuseria, G. E.; Frisch, Ml.Xhem. Phys1998 109,
8218-8224. Casida, M. E.; Jamorksi, C.; Casida, K. C.; Salahub, D. R.
Chem. Phys1998 108 4439-4449.

(29) Hariharan, P. C.; Pople, J. Aheor. Chim. Actdl973 28, 213-222.

(30) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

31) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789

(32) Bauernschmitt, R.; Ahlrichs, RChem. Phys. Lettl996 256, 454—464.
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Table 1. B3LYP/6-31G* Vertical Electronic Excitation Energies, | — 1 — ) f — r r———
Expressed as Wavelengths [nm], Calculated Oscillator Strengths Nujol mull 4= CHCL, salution Rol disk /\ KBr disk
[fl, and Experimental Values of A1max and log ¢ for Bishomoaromatic
Geometries of Semibullvalenes (19€°¢) and Barbaralanes (29€'°c) /\

Compd Acaica f Ama® IOQ b

1 gdeloc 269 0.1636

1lpdeloc 462 0.7112

1 cdeloc 585 0.3327

1fdeloc 388 0.5729 2183

1gdeloc 358 0.2623 360 4.08

1 fdeloc 468 0.2919 450 4.21

2gdeloc 251 0.1623

2[pdeloc 384 0.7250 350 5.27 { I

2cdeloc 337 0.2889 2215 7

2(deloc 473 0.3891 460 3.74

2¢fleloc 429 0.2207 2917 2208

2fdeloc 482 0.3612 465 3.95

2206
aSolvent butyronitrile?® P This work. 208
2191
barbaralanes2j.®* Shown for comparison are thigax values
of the temperature-dependent, long-wavelength absorptions
220 213 2183 21820m™

actually seen in the UV/vis spectra of those derivatived of _
and 2 that are thermochromic. The agreement between the Figure 1. IR spectra recorded faif in the range 20082200 cn™. The

. lowest frequencies are assigned to the bishomoaromatic strudsks
computed, gas-phase and the observed, solution-phase wave-

lengths is very good. Even the 15 nm difference between the Table 2. Comparison of B3LYP/6-31G* CN Stretching

experimentall values for1fdeloc and 2fdeloc is mirrored b Frequencies [cm~1], Computed for Localized and Bishomoaromatic
P . max ! . Y Semibullvalene- (11°¢/19€lo¢) and Barbaralanedicarbonitriles (2'°¢/
our calculations. We believe that this agreement provides pdeloc) with the CN Stretching Frequencies Actually Found in the

convincing evidence that the thermochromism seehgnlf, IR Spectra

2b, 2d, and 2f really is due to a temperature-dependent cyclopropyl-CN C=C—CN antisym. CN  sym. CN

contribution to the UV/vis absorption spectra from the bis- .4 Cicer et o expl  ompd  calod®  calod®  exptd

homoaromatic speciedgfel*s, 1fdelos, 2bfielos, 2dielos and2fdeloe 1éc 2231 2230.5 2217.5 22188 léec 2202 2202
Further evidence that bishomoaromatic structures, such asifec 2228 2224 2217.5 2218 1fdelc 2196 2195 2194

these, can be observed spectroscopically comes from comparison ;gg g;gg ;ig?
: e

of the calculated, gas-phase CN stretching frequenciesffor 2915 2208 2183

and 1fdeloc with the CN stretching frequencies observed Tor 2218 2206 2182

in different media. The relevant portion of each of the 2¢* 2237 22223?:5;7 2220 2222115-5 2cieoe 2207 2205

experimental spectra is shown in Figure 1, and the calculated yyoc 5035 2208 2219 2208  2gtelc 2200 2200
and observed frequencies are compared in Table 2.

After scaling the calculated frequencies by 0.9505 (Table 2), . #A scaling factor for the calculated frequencies of 0.9505 was used. It
P . . is the average of the scaling factors that are necessary to fit the B3LYP/
the CN stretching frequencies, computed for the nonequivalentg a1 o stretching frequencies fag°c and 2¢°¢, which are given in

cyano groups i flc and the equivalent cyano groupslif§e'oc the TableP The CN frequency below the usual CN rafggFigure 1) is

are all higher than their experimental counterparts, recorded for?ésoi??iﬂ _tr? t?t?aacﬂltjjsl'%gt?:rtigcdals?dt'gxn;]mcitlgfcijo?n’\ézvifblggiroﬂdggz
. . . utl | . utl | . h
solution, by ca. 5 cm'. However, the calculations predict an 1 gp pellet22 9 Nujol mull.22 " Fluorolube mulB2 ' Solution in tetrachlo-

average difference of 27 crh between the CN stretching  roethené i Solution in chloroforn#® k Solution in dichloromethan.
frequencies in1f°c and 1fdeloc which is almost exactly the
average difference (26 crmf) between the pair of higher- Why do the IR spectra of the other semibullvalenes and
frequency CN stretches and the lower-frequency CN stretch in barbaralanes listed in Table 2 not show the predicted bands for
the experimental spectrum. This agreement provides strongthe CN stretches in the corresponding bishomoaromatic species?
evidence that the lower-frequency CN stretches in the experi- We believe that these bands are probably present in the IR
mental IR spectra do, indeed, belongatigelos, spectra but are too weak to be seen. Previous measurements
have found that the enthalpy difference between the bis-
(83) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. homoaromatic species and the localized semibullvalene or
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, . L .
R.E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, = Darbaralane is significantly larger for all the other molecules in

K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, Table 2 than forlfdeloc gnd 1floc 26, 27, 36

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; . . .

PetgrSﬁon, G. A; Aﬁ/ala, E. Y.: Cui, Q.; Morokuma, K.;IMalilc(:k, D. K.; Table 3 shows that, in agreement with experiment, B3LYP/
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, * : H : :

3.V.: Stefanov, J.%/.; Liu, G.: Liashenko, A.. Piskorz. P.: Komarom, I.. 6-31.G calculations predictf is the most likely gf the known .
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,  semibullvalenes and barbaralanes to be bishomoaromatic.
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98revision A 7, (35) Quast, H.; Gdach, Y.; Stawitz, J.; Peters, E.-M.; Peters, K.; von Schnering
Gaussian, Inc.: Pittsburgh, PA, 1998. H. G. Chem. Ber1984 117, 2745-2760.

(34) The vertical excitation energies of the localized semibullvaléftésnd (36) The enthalpy differences are solvent dependent, with dipolar solvents
barbaralane'°c were also computed and are given in the Supporting generally providing the smallest enthalpy differen€ek. is significant,
Information. Unlike the case for the bishomoaromatic geometfi#s and therefore, that the relative intensities of the lower-frequency CN stretches
2deloc Jong-wavelength absorptions are not predicted for eitlféror 2\ in Figure 1 increase with the polarity of the medium in which each IR
by the calculations. spectrum was obtained.
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Table 3. B3LYP/6-31G* Enthalpies at 298 K [AHgel (kcal/mol)] of
the Delocalized, Bishomoaromatic Geometries, Relative to the
Localized Geometries, of Semibullvalenes (1) and Barbaralanes
(2), Experimental Enthalpies of Activation for the Cope
Rearrangements (AH*) and Enthalpy Differences (AH) between
the Localized and Bishomoaromatic Structures, as Estimated from
Variable-Temperature UV/Vis Spectra

cmpd AHgl AH*R AH
la 4.2 4.8,52

1b 0.

1c —6.2

1d 3.9

le 0.7 2.2 2.6h
1f —2.08-1.9 1.0
2a 6.5 7.6

2b 3.2 4.7 4.8k
2c 2.9 5.7

2d -1.5 1.6
2e -0.7

2f -1.3 1.8

aReference 13? Reference 12¢ Reference 29 Reference 3¢ Reference
10. f Difference between the B3LYP/6-31G*//RHF/6-31G* energies, since
no stationary point was found for the localized geometgp{) by B3LYP/
6-31G*10 91n butyronitrile26 " See p 34 of the Supporting Information
for details.! Difference between B3LYP/6-31G*//RHF-6-31G* energiés.
I Estimated for saturated hydrocarbon solvents from the value for butyroni-
trile and the difference (0.8 kcal/mol) betweAR for this solvent and for
saturated hydrocarbon solvents from measuremengidn k See p 35 of
the Supporting Information for detailsin saturated hydrocarbon solvefts.

However, the calculations find that the methyl groups at the

predicted to be an energy minimum, its UV/vis spectrum should
not be highly temperature-dependéht.

The IR spectrum ofi.cis also expected to be very different
from the IR spectra of all the other dinitriles in Table 1. A pair
of high-frequency CN stretches, due to the presende®f, is
not expected to be observed. Only closely spaced bands at 2192
and 2194 cm?, corresponding to, respectively, the antisym-
metric and symmetric combinations of CN stretches in bis-
homoaromatic specieb€'°S, are predicted to be seen.

Conclusions

We hope the unequivocal prediction that semibullvaléoe
will turn out to be bishomoaromati€, combined with the
predicted UV/vis and IR spectroscopic signatured ¢f'°cin
this paper, will stimulate the synthesis of the first molecule that
will be found to display neutral bishomoaromaticity at its
equilibrium geometry? Sincelf has been synthesizédland a
promising precursor tacis readily available? the preparation
of 1c, which differs from1f only by the absence of the methyl
groups at C-1 and C-5, seems well within the realm of
possibility.
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to provide considerably more stabilization dfipdeloc than 1ddeloc
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