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Abstract: The pathways for conversion of 2-carbenabicyclo[3.2.1]octa-3,6-dighe3{carbenatetracyclo-
[3.3.0.0280*%octane ), and bicyclo[3.2.1]octa-2,3,6-trien8)(to common producende6-ethynylbicyclo-
[3.1.0]hex-2-ene4) were evaluated using density functional theory at the B3LYP/6+Z(Bdf,2p)//B3LYP/
6-31G(d,p) and B3LYP/6-31g(d,p)//B3LYP/6-31G(d,p) levels. A manifold of equilibratigidsGpecies { =

2 = 3) is found not to be important. Rearrangement of bivaletd product4 proceeds via a2s+,2st:2s
carbene-to-carbene rearrangement process to geeedié-(2-carbenavinyl)bicyclo[3.1.0]hex-2-ene. Allene
3 and carbenatetracyclooctaBeproceed directly to product.

Introduction

If one relates the state of the art of carbocation chendistry
our knowledge of carbene chemistrt, is easy to appreciate

Experimentally, generation of carberieyielded endc6-
ethynylbicyclo[3.1.0]hex-2-ened) as a produét(Scheme 1).
This is the same product that was obtained by pyrolysis of the
sodium salt of tosylhydrazorgand ascribed to bis-homoaro-

that the development of mechanistic insight into features of matic carbene2 by Bergman and Rajadhyakshand by
carbene reactions is at a more primitive stage. A major facet of treatment of bromidé with KO-t-Bu/Me,SO? Klumpp and van
carbocation chemistry which we are considering in carbene Dijk® photolyzed carbon suboxide in the presence of norbor-

chemistry is the identification of the structural features and

nadiene and obtained ethynylbicyclohexdnsuggesting allene

characteristics of carbene-to-carbene rearrangements. This studg and carben&, in either homoaromatic or antihomoaromatic

focuses on (a) the 4Elg energy surface that encompasses
intermediates 2-carbenabicyclo[3.2.1]octadién8-carbenatet-
racyclooctane, and bicyclooctatriene allergeand (b) the nature
of these species.
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form, as possible intermediates. Thus, it is clear th&, and
3 are closely related and, therefore, present the prospect thatonqucted using the coordinate driving procedure included in Spartan

carbenel, carbenatetracyclooctare and allene3 are all part
of the same intermediate manifold, providing pathways for

interesting carbene to carbene rearrangements.

Our first thought was that the product-determining intermedi-

ate derived from carberfeis carbenatetracycloocta@dormed
by a 1,2 hydrogen migration or formed via the alléhéVork

by Balci and Jone3which reports the trapping of twisted allene
3 from potassiuntert-butoxide treatment of bromidgand the

formation of optically activet in a reaction of bromidé with

potassium menthoxide, suggests an important role for aBene
Itis conceivable that ethynylbicyclohexefés formed directly
from carbend, from carbene, or from allene3, each generated

Scheme 2
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from the precursors illustrated in Scheme 1. It is also possible
that an equilibrium ofl, 2, and 3 is set up and that each
participates in each case as a product-determining intermediate.
Of course, mechanistic schemes intermediate between these two
extremes are also possible. The mechanistic pathways followed
are given in Scheme 2, and these several variations were tested
using density functional MO calculations.

Methods

Initial optimizations were obtained using AM1 semiempirical
calculations in the Spartan 4.1.1 and 5.0 suite of prografhe density
functional theory module included in the Gaussiah4te of programs
was then used to obtain final geometries. In particular, we employed
Becke's three-parameter hybrid functiohaith the gradient-corrected
correlation functional of Lee, Yang, and P&tThis combination has
been recommended for calculations on carbene species when used with
a reasonable split valence basis'déh this work, full optimizations
were conducted at the B3LYP/6-31G(d,p) level. Single-point energy
calculations were performed at the B3LYP/6-313(3df,2p) level on
the B3LYP/6-31G(d,p) optimized geometries. This technique gives
superior results to a variety of multiconfiguration methods using DZP
or 6-31G(d) basis séfgAEst for methylene= 10.8 kcal/mol compared
to an experimental value of 9.05 kcal/mol). As one of our structures is
an allene it should be mentioned that Houk has reported an oversta-
bilization of allenes by DFT method3.Our B3LYP/6-313-G(3df,
2p)/IB3LYP/6-31G(d,p) calculations give d&fallene)— E(propyne)
value of —1.31 kcal/mol. This is not equal to the experimental value
of +1.7 kcal/mol but is a marked improvement of the error found in
the DFT methods employed in this earlier work. When possible,
transition structures were located using the Synchronous Transit-Guided
Quasi-Newton (STQN§ method included in the Gaussian 94 program.
For difficult cases, particularly the transition structures TS4 and TS6,
a one-dimensional search along an appropriate reaction coordinate was

5.0. Once a reasonable structure was obtained, it was exported to
Gaussian where every coordinate in the structure was optimized with
the exception of the reaction coordinate. This would allow selection
of a “guess” transition structure. The structure was then carefully
modified until one imaginary frequency was obtained and the animation
of said frequency showed the proper coordinate for the transition. Final
geometries were characterized as minima or transition structures by
calculating the vibrational frequencies at the B3LYP/6-31g(d,p) Evel.
To ensure the correct pathway for transition structures the single
imaginary frequency for each was animated with the shareware program
Molden?® Final energies are given as B3LYP/6-31G(d,p)//B3LYP/6-
31G(d,p)+ZPE and B3LYP/6-313G(3df,2p)//B3LYP/6-31g(d,pyZPE

at B3LYP/6-31g(d,p).

TS 4
TS5 TS 6
/
3 2
TS 3
TS 1 lTsz
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Figure 1. Geometrical values of minima optimized at the B3LYP/6-31G(d,p) level.
Table 1. Calculated and Relative Energies
relative energy relative energy
structure B3LYP/6-31G(d,p) B3LYP/6-311-G (3df,2pp ZPE B3LYP/6-31G(d,p) B3LYP/6-31H-G(3df,2p)
1 —309.498 738 —309.588 971 0.132 359 33.0 35.4
2 —309.497 501 —309.585 591 0.133 292 34.3 38.1
3 —309.525 154 —309.615 735 0.133 189 16.9 191
4 —309.550 422 —309.644 455 0.131 478 0 0
7 —309.481 428 —309.572 600 0.130 629 42.8 44.6
8 —309.476 709 —309.569 139 0.129 187 44.8 45.8
TS1 —309.412 505 —309.508 748 0.130 213 85.8 84.4
TS2 —309.502 331 —309.594 734 0.130 213 29.4 30.4
TS3 —309.482 069 —309.572 349 0.131 281 42.8 45.1
TS4 —309.434 011 —309.525 635 0.128 365 71.1 72.6
TS5 —309.415 032 —309.507 973 0.125 809 81.4 82.1
TS6 —309.465 386 —309.554 742 0.128 295 51.4 54.3
TS7 —309.475 172 —309.564 550 0.130 812 46.8 49.7

aEnergies in au from B3LYP/6-31g(d,p)//B3LYP/6-31g(d,p) calculatidriznergies in a.u. from B3LYP/6-3#G(3df,2p)//B3LYP/6-31G(d,p)
calculations¢ ZPE from B3LYP/6-31G(d,p) frequency calculations on B3LYP/6-31G(d,p) optimized geométRetative energy in kcal/mol as
given by (B3LYP/6-31G(d,p)//B3LYP/6-31g(d;pZPE).° Relative energy in kcal/mol as given by (B3LYP/6-31G(3df,2p)//B3LYP/6-
31G(d,p}ZPE (B3LYP/6-31G(d,p)).

Results and Discussion 2 through allene3 seemed likely at first glance. However, the
conversion of carbenabicyclooctadiehéo 3, to 2, or directly

CeHs Potential Energy Surface.Results of the calculations 4 ahynyibicyclohexene requires activation energies of 47, 37,
are presented in Figures 1 and 2 and Table 1. Internal energies, 4 49 kcal/mol. all of which are too high.

were determined at both the B3LYP/6-31G(d,p)//B3LYP/6-31G-
(d,p)y+ZPE (B3LYP/6-31G(d,p)) and B3LYP/6-3315(3df,2p)/
B3LYP/6-31G(d,p}ZPE (B3LYP/6-31G(d,p)) levels and are
given in atomic units and kcal/mol relative to the lowest energy
species4. The B3LYP/6-31#G(3df,2p) energies will be used

in our discussion. The relative energies of carbenabicyclooc-
tadienel, allene3, and carbenatetracyclooctadare 35.4, 19.1,

A carbene-to-carbene rearrangement to vinylidene carbene
via a,2st+,2st,2s process followed by a 1,2-hydrogen shift is
an interesting fourth option. This latter process requires an
activation energy of only 14 kcal/mol for the first step and thus
would clearly dominate over the other pathways. The calculated
AG* for the formation of carbenabicyclooctadierefrom

and 38.1 kcal/mol, so reaction of both carbénand bivalent (9) Becke, A. D.J. Chem. Phys1993 98, 5648.
(10) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 785.
(7) SpartanIBM version 5.0.3 and 4.1.1. Wavefunction, Inc.: Irvine, (11) Bettinger, H. F.; Schleyer, P. v. R.; Schreiner, P. R.; Schaefer, H.
CA, 1991-1997. F. In Modern Electronic Structure Theory and Applications in Organic

(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, Chemistry Davidson, E. R., Ed.; World Scientific: Singapore, 1997; pp
B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; 89—170.
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. (12) Houk, K. N.; Plattner, D. AJ. Am. Chem. Sod 995 117, 4405.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; (13) Peng, C.; Schlegel, H. Bsr. J. Chem 1993 33, 449.
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; (14) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Molecular Orbital Theory Wiley: New York, 1986.
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-  (15) Molden is a freeware software package. It is available at the
Gordon, M.; Gonzalez, C.; Pople, J. AAUSSIAN 94 Revision B.2; following locations: ftp at ftp://ftp.caos.kun.nl/pub/molgraph/molden or on
Gaussian, Inc.: Pittsburgh, PA, 1995. the Internet at http://www.caos/kunfhaft/molden/howtoget.html.
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Figure 2. Geometrical values of transition states optimized at the B3LYP/6-31G(d,p) level.

vinylidene carbend is 5.2 kcal/mol. This is about 19 kcal/mol ~ MP4SDQ/6-31G**//HF/6-31G*AEyprrt+ZPE(HF/6-31G*) cal-
lower than the experimentalG* of 24 kcal/mol for the Cope culation!” Cheng et al. lowered the barrier to 2.85 kcal/mol
rearrangement of the analogous hydrocaraatie6-vinylbicyclo- using CCSD(T) and CCSD(TQ) calculations employing very
[3.1.0]hex-2-ene reported by BrowhThe explanation for this large basis sets up to cc-pVQ@ZZero point energy correction
may lie, in part, in the complexation of the carbene center with gives an activation energy of 1.3 kcal/mol. The rearrangement
the double bond in structure (Figure 1). The distances from  of tetracyclic carben@ to allene3, a likely prospect initially,

C2 and C3 of the olefin to the carbene carbon are 2.6 and 2.4involves an energy barrier of 16.2 kcal/mol, more favorable than
A, respecitively. Evidence for complexation stems from the fact that for conversion to carbenabicyclooctadien¢34.5 kcal/
that, if the carbene center is allowed to rotate away from the mol) but less favorable than direct formation of ethynylbicy-
double bond (structur8, Figure 1), the energy of the system clohexene4, which requires an activation barrier of only 7.0
increases by 1.3 kcal/mol. The second and more important partkcal/mol. Once allen& is formed the temptation to react via
seems clearly to be that the termini of the o—x system can carbened and2 is resisted with activation barriers of 63.0 and
approach much more closely in the carbehé carbenel 35.2 kcal/mol, whereas direct formation of ethynylbicyclohexene
rearrangement. Compare TS7 with the analogous hydrocarbonrequires only 11.3 kcal/mol.

rearrangement transition structure given in TS8 (Figure 2) (C-3  Nature of the Intermediates. The intrinsic nature of each
to vinyl Cs is 1.619 A in TS7 and 2.357 A in TS8). This is due  of the intermediates on thes8s potential energy surface is of
to the steric interaction of the syn C-4 hydrogen with the exo interest. Homoaromatic character for the bicyclo[3.2.1]octadienyl
vinyl Cg hydrogen in the hydrocarbon rearrangement. The carbanion9 (Scheme 3) has been proposed by Br&¢hand
calculatedAG¥(298) at the B3LYP/6-31G(d,p) level is 25.3 kcal/  Winstein2! debated?23and supported once again by Jiao and
mol, in excellent agreement with the experimental d&afehe Schleyer?* Evidence for antihomoaromaticity of the related
Sec-ond St?p on the pathway t-o prodacor carbenabicyclooc- (17) Pople, J. A.; Raghavachari, K.; Frisch, M. J.; Binkley, J. S.; Schleyer
tadienel involves an alkenylidene to alkyng rearrangement. o U 2 3 AL Chem. S0d983 105 6389, P '
Pople and co-workers have found the barrier to be 2.5 kcal/  (18) Cheng, N.; Shen, M.; Yu, G Phys. Chem1997, 106, 3237.

mol for the vinylidene to acetylene rearrangement using a  (19) Brown, J. M.; Occolowitz, J. LChem. Commurl965 376.
(20) Brown, J. M.Chem. Commuri967, 638.

(16) Brown, J. M.; Golding, B. T.; Stofko, J. J. Chem. Soc., Chem. (21) Winstein, S.; Ogliaruso, M.; Sakai, M.; Nicholson, J. 3.Am.
Commun1973 319. Chem. Soc1967, 89, 3656.
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carbocationl0 has been provided by Digzand Schleye?324
and studies have been carried out on the related free r&flical.
Qualitative MO theory suggests that in the lowest singlet the
C-2 electron pair could be delocalized in the p-orbital system
rather than localized in the C-2%prbital in order to achieve
homoaromaticity. Recent results in this laboratory, however,
suggest antihomoaromaticity for carbenabicyclooctadiefie
We have concluded that the stability of singleas measured
by isodesmic reaction eq JAE = —3.98 kcal/mol) and the

triplet—singlet energy gapHgiplet — Esinglet= —5.01 kcal/mol)
using B3LYP/6-31%G(3df,2p)//B3LYP/6-31G*ZPE energies
suggests that carbenabicyclooctadign® antihomoaromatié’
Allene 3 is of severely twiste€; symmetry, which is consistent
with the chirality demonstrated in trapping experiments of this
species by Balci and Jorfe@=igure 1).

The third intermediate, tetracyclic carbehanay be viewed

J. Am. Chem. Soc., Vol. 121, No. 10, 2283

B3LYP/6-31G**+ZPE) for the interconversion df<> 2, which
is 1.4 kcal/mol. This isomerization energy change, at the same
level of calculation, for the related hydrocarbons (eq 2) is 6.10

y

kcal/mol. The reduction of the energy gap for the carbene
species is due to antihomoaromaticity of 3.90 kcal/mol in
carbenabicyclooctadierie Inspection of the HOMO and LUMO

of carbenatetracyclooctank reveals that the carbene is not
homoaromatic as originally suggested by Bergman and Ra-
jadhyaksh&but has instead some antihomoaromatic character.
This is revealed by comparison of the longer than normal bond
for C1—C2 (1.547 A in the carbene, 1.5191 A in the parent
hydrocarbon) with the C2C8 bond which is even longer in
the carbene (1.568 A versus 1.5145 A in the hydrocarbon). The
stronger delocalization involving the €Z8 and C4-C6
cyclopropane bonds avoids the antihomoaromatic array of the
p-orbital with the C+C2 and C5-C4 bonds {1).

Conclusions

against the background of the isomerization energy change (at

(22) Grutzner, J. B.; Jorgensen, W. L. Am. Chem. Sod 981 103
1372.

(23) Kaufmann, E.; Mayr, H.; Chandrasekhar, J.; Schleyer, P. . R.
Am. Chem. Sod 981, 103 1375.

(24) The calculated RMP2(fu)/6-31G* €Z7 bond distance and the
diamagnetic susceptibility exhaltation (IGLO/II/RMP2(fu)/6-31G 4,
ppm cgs)Awt = —11.7 for9 and the paramagnetic susceptibility exhaltation,
Avor, of +8.1 for 10 demonstrate tha is bis-homoaromatic antiO is bis-
homo-antiaromatic. Jiao, H.; Schleyer, P. v. RAIR Proceedings 330, E.
C. C. C. 1. Computational ChemistrBernardi, F., Rivail, J. L., Eds.;
American Institite of Physics: Woodbury, NY, 1995; pp 107.
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In contrast to a mechanistic picture involving an intermediate
manifold of equilibrating carbenabicyclooctadieheallene3,
and carbenatetracycloocta?eur calculations demonstrate such
equilibration is unimportant with each intermediate proceeding
to product ethynylbicyclohexene in its own unique fashion.
Rearrangement df to ende6-ethynylbicyclo[3.1.0]hex-2-ene
(4) proceeds by a2st+,2st,2s carbene to carbene rearrange-
ment to a vinylidene carbenefollowed by a 1,2-hydrogen shift.
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