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Introduction

Singlet aryl carbenes undergo fascinating rearrangements.
Phenylcarbene exhibits a series of degenerate ring expansion
ring contraction steps which lead to extensive label scram-
bling.23

iy g

The reaction cascades of substituted phenylcarbenes, such as

J. Am. Chem. S0d.997,119,1370-1377

The Naphthylcarbene Potential Energy Hypersurface

Yaoming Xie,! Peter R. Schreiner,*™*8 Paul von RagueSchleyer/+ and
Henry F. Schaefer, Il1*:*

Contribution from the Center for Computational Quantum Chemistrypkhsity of Georgia,
Athens, Georgia 30602-2556, and the Computer-Chemie-Centrum, InstitQtdanische Chemie
der Universita Erlangern—Nurnberg, Henkestrasse 42, D-91054 Erlangen, Germany

Receied May 25, 1995. Résed Manuscript Receéd Naember 20, 1998

Abstract: The naphthylcarbene potential energy surface (PES) was examnedtio, employing self-consistent

field (SCF), second-order perturbation theory (MP2), and density functional (Becke3LYP) methods in conjunction
with 6-31G*, DZ, DZP, and 6-31tG* basis sets. All stationary structures were characterized by vibrational frequency
analyses at the Becke3LYP/6-31G* level; final energies were evaluated at the Becke3LYRPB*#Becke3LYP/

6-31G*+ ZPVE level. Cyclobutajgnaphthalene is the global minimum on this part of theHg PES. Generally,
seven-membered benzocarbenes are no minima as they converge to their corresponding allenes. Both 1- and
2-naphthylcarbene have triplet ground states, but the smdll@ps (ca. 5 kcal mot) allow facile rearrangements

in the singlet manifold to take place. The triplet rotational barrier foreakemethylene in 2-naphthylcarbene is
relatively small (3.5 kcal mott) due to weakz-bonding. At low temperatures, singlet 2-naphthylcarbene equilibrates

with 2,3-benzobicyclo[4.1.0]hepta-2,4,6-triene and bicycloheptatetra-1,3,5,7-ene, but not with 4,5-benzocyclohep-
tatrienylidene which is not a minimum; rearrangement to singlet 1-naphthylcarbene occurs only at higher temperatures
via bicycloheptatetra-1,2,4,6-ene, the second lowest minimum. As the rearrangement barriers from 1- and
2-naphthylcarbene to bicycloheptatetra-1,2,4,6-ene are of similar magniuig’ (= 1.9 kcal mot?), the latter

species may be observed in small quantities only. The allenes bicycloheptatetra-1,2,4,6-ene, bicycloheptatetra-
1,3,5,7-ene, and bicycloheptatetra-2,3,5,7-ene are thermodynamically remarkably stable and should be observable at
low temperatures.

p-tolylcarbene, often terminate by intramolecular reactions to
give rearranged products.
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(1) This topic has been reviewed extensively;iséer alia: (a) Wentrup,

Highly strained benzocyclopropene and cyclic seven-membered-
ring intermediates are implicated. These have energies similar
to the aryl carbenes, but the mechanistic details of such reactions
have been clarified only recently> These studies settle the

C. Top. Curr. Chem 1976 62, 173. (b) Jones, W. MAcc Chem Res
1977, 10, 353. (c) Jones, W. M.; Brinker, U. H. IRericyclic Reactions

Marchand, A. P., Lehr, A. E., Eds.; Academic Press: New York, 1977;

Vol. 1, Chapter 3, p 149. (d) Wentrup, C. Reactive Intermediates

Ambramovich, R., Ed.; Plenum Press: New York, 1980; Vol. 1, Chapter

4, p 263. (e) Wentrup, (Reactve MoleculesWiley-Interscience: New
York, 1984; pp 220 and 242. (f) Moss, R. A.; Jones, M., Reactve
IntermediatesWiley: New York, 1985; Vol. 3, p 91.

(2) (a) Van der Stouw, G. G.; Shechter, Biss Abstr. 1965 25, 6974.
Van der Stouw, G. G.; Kraska, A. R.; Shechter JHAm Chem Soc 1972
94, 1655. (b) Joines, R. C.; Turner, A. B.; Jones, W. MAm Chem
Soc 1969 91, 7754. (c) Baron, W. J.; Jones, M., Jr.; Gaspar, R. Rm
Chem Soc 197Q 92, 4739. (d) Wentrup, C.; Wilcek, KHely. Chim Acta
1969 53, 1459. Mayor, C.; Wentrup, Q. Am Chem Soc 1975 97, 7467.

(3) (@) Matzinger, S.; Bally, T.; Patterson, E.; McMahon, RJ.JAm

Chem Soc 1996 118 1535. (b) Radom, L.; Schaefer, H. F.; Vincent, M.

E. Now. J. Chim 198Q 4, 411. (c) Wong, M.-W.; Wentrup, Cl. Org.

Chem 1996 61, 7022. (d) Schreiner, P. R.; Karney, W. L.; Schleyer, P. v.

R.; Borden, W. T.; Hamilton, T. P.; Schaefer, H. F.Org. Chem 1996
61, 7030.
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controvers$’ about the nature of the kel aromatic cyclo-
heptatrienylidene, which is a transition structure for intercon-

verting two enantiomeric 1,2,4,6-cycloheptatetraenes, the most

stable GHg form (which is then trapped in subsequent reac-
tions)3”

Although the naphthylcarbene rearrangements are expected
to be analogous, the known situation is not straightforward (for

(4) Chapman, O. L.; Johnson, J. W.; McMahon, R. J.; West, Rl R.
Am Chem Soc 1988 110, 501.

(5) Gaspar, P. P.; Hsu, J. P.; Chari,T&trahedron1985 41, 1479.

(6) Albrecht, S. W.; McMahon, R. J. Am Chem Soc 1993 115 855.

(7) (@) Janssen, C. L.; Schaefer, H.F>.Am Chem Soc 1987 109
5030. (b) Jones, W. M.; Ennis, C. 0. Am Chem Soc 1969 91, 6391.
(c) West, P. R.; Chapman, O. L.; LeRoux, J.JPAm Chem Soc 1982
104, 1779. (d) McMahon, R. J.; Chapman, O.J.Am Chem Soc 1986
108 1713. (e) Kuzaj, M.; Lerssen, H.; Wentrup, GAngew Chem, Int.
Ed. Engl. 1986 25, 480.
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the following introduction see Scheme 1). Only parts of the

pyrolysis (375 °C)

no reaction in solution

J. Am. Chem. Soc., Vol. 119, No. 613997

However, these rearrangements are not well understood and

possible naphthylcarbene PES have been examined experimerthere are several possible interpretations. For instance, singlet

tally. Albrecht and McMahon found “...no evidence for
isomerization of 2-naphthylcarbene to 1-naphthylcarbene...” at
10 K in matrix isolatiorf Thus, in marked contrast to the

2 undergoes reversible ring closured® ¢ but no rearrangement
into 1-naphthylcarbenel) takes place irsolution®1® Conver-
sion of 2 into 1 was postulated to take place in the gas phase

degenerate phenylcarbene rearrangements, the interconversionnder high-energy conditions (pyrolysis of the diazo precursor,

of 1-naphthylcarbenel] and 2-naphthylcarben@)(is notfacile.
However, both precursors df and 2 do give cyclobutajd-
naphthalened) athightemperatures{360°C, Scheme 1), and
the intermediacy ofl is assumed3

360-375 °C)8 However, 1 could not be observed as an

intermediate in the reactions @f as further rearrangement to

cyclobutafignaphthalene3, discussed below) occurs readily.
Isomer4 has been well characterized in the solution chemistry

The detailed rearrangement pathways as well as the characof naphthylcarbenes.’®®-¢) However, structure§—10 were

terization of other important intermediates have remained
experimentally elusive, and there is evidence for only a few of

only postulated, but never characterized or even fleetingly
observed. A complicating feature is that thesgHg rearrange-

the structures on the singlet naphthylcarbene surface which carments led to a common stable product, cyclolidalaphthalene
be proposed by analogy with the phenylcarbene PES. Of the(3), at high temperaturé=® However, “...a minor product

many possible isomers, only sif<6, see below) have been
characterized nominally, but the electronic nature&sa$ not
clearly establishe#1° All rearrangements are assumed to take
place in the singlet stafé;’2although triplet2 (syn 2st anti,

common to the thermolysis of both diazo compounds...1[of
and 2]” was observed and tentatively identified 8gv-¢.11.19
Clearly, the structures on the naphthylcarbene PES are only
partly known and characterized, and no unified description of

2at) was determined (via ESR spectroscopy) as early as 1965the rearrangement pathways is possible from the available

to be the electronic ground stdfe. Consequently, only the
2-naphthylcarbene triplet state is well characterifedsent-

experimental reports. We therefore undertook a theoretical
examination of the relevant stationary points. We wish to

hilnathan and Platz showed that the rotational barrier connectinganswer the following questions:

2stand?2at is at least 4.4 kcal mol.* There are also many
reports on the trapping of triple, generated in various
ways15-18 The experimentally unknown singletriplet separa-
tion (AEst) is assumed to be small since the singlet rearrange-
mentsvia singlet2 (syn 2ss anti, 2ag are facile.

(8) Engler, T. A.; Shechter, Hletrahedron Lett1982 23, 2715.

(9) For a review see: Platz, M. S. IKinetics and Spectroscopy of
Carbenes and Biradical$latz, M. S., Ed.; Plenum Press: New York, 1990;
Chapter 6.

(10) (a) West, P. R.; Mooring, A. M.; McMahon, R. J.; Chapman, O. L.
J. Org. Chem 1986 51, 1316. (b) Chapman, O. L.; Sheridan, R. S.;
LeRoux, J.-PRecl Trav. Chim Pays-Basl979 98, 334.

(11) Barcus, R. L.; Hadel, L. M.; Johnston, L. J.; Platz, M. S.; Savino,
T. G.; Scaiano, J. CJ. Am Chem Soc 1986 108 3928.

(12) Horn, K. A.; Chateauneuf, J. Eetrahedron1985 41, 1465.

(13) Trozzolo, A. M.; Wasserman, E.; Yager, W. A, Am Chem Soc
1965 87, 129.

(14) Senthilnathan, V. P.; Platz, M. 3. Am Chem Soc 1981, 103
5503.

(15) Coburn, T. T.; Jones, W. M. Am Chem Soc 1974 96, 5218.

(16) Billups, W. E.; Lin, L. P.; Chow, W. YJ. Am Chem Soc 1974
96, 4026.

(17) Billups, W. E.; Haley, M. M.; Lee, G. AChem Rev. 1989 89,
1147.

(18) Chateauneuf, J. E.; Horn, K. A.; Savino, T. 5Am Chem Soc
1988 110, 539.

1. Which of the suggested;{s structures are minima?
What are the magnitudes of the diamagnetic ring currents
indicative of aromaticity-in the closed-shell singlet states?

2. What is the @Hg global minimum? Which structures
are important chemically based on both their character and
relative energies?

3. What are the electronic ground states of the various
isomers? How large are the-S energy separation®\Es)?

4. Are there any structures which were not considered
previously?

5. Why does 2-naphthylcarbene equilibrate with 1-naphth-
ylcarbene only at high temperatures?

6. What is the nature of benzocycloheptatetraé)@ (

7. How does the behavior of naphthylcarbene compare with
phenylcarbene?

Methods

For orientation as well as comparisons with older semiempirical and
with experimental data, we first optimized all structures with the

(19) Jones, W. M. IrRearrangements in Ground and Excited States
DeMayo, P., Ed.; Academic Press: New York, 1980; Vol. 1, Chapter 3.
(20) Becker, J.; Wentrup, Q. Chem Soc, Chem Commun198Q 190.
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Table 1. Relative Energies (in kcal mol) of Triplet anti- and syn2-Naphthylcarbeneéat and 2st) and Related Triplet Isomers

ZPVE relative energies relative energies
state structure Becke3LYP/6-31G* Becke3LYP/6-31G* Becke31LYP/6-31+G*//Becke3LYP/6-31G*
SA lat 93.8 -0.7 -0.5
SA" 1st 93.8 0.3 0.4
3A TS2t 92.7 3.9 35
SA" 2at? 93.6 0.0 0.0
A" 2st 93.6 0.0 0.0
3B, 5t 94.1 6.2 6.0
SA" 11t 94.2 4.8 4.5

aFinal energies are ZPVE (B3LYP/6-31G*, in kcal m3l corrected® Absolute energies (in au): B3LYP/6-31G* —423.87476; B3LYP/6-
311+G*//B3LYP/6-31G* = —423.96517°¢ Absolute energies (in au): B3LYP/6-31G* —423.87470; B3LYP/6-311G*//B3LYP/6-31G* =
—423.96515.
semiempirical AM1 algorithnd* Geometries of all stationary points
were then optimized using self-consistent-field (SCF) and density
functional analytic gradient methods. We used Becke's three-parameter
exchange-correlation functioraincluding the nonlocal gradient cor- - -
rections described by Leerang—Parr (LYP)Z% as implemented in the ) relative energies
Gaussian 94 program packaije.Residual Cartesian and internal relative Becke3LYP/

: : : p ZPVE Becke- energies Becke-6-311+G*//Becke-
coordinate gradients for the stationary points were always less than # . .
1075 atomic units. Harmonic vibrational frequencies for the most state_structure3LYP/6-31G* 3LYP/6-31G SLYP/6-31G

Table 2. Relative Energies (in kcal mol) of Singletanti- and
syn2-Naphthylcarbene2ésand 2sg and Related Singlet Isomers
Relative to Tripletanti-2-Naphthylcarbene2@t, see Table )

critical structures were computed by analytic second derivative ‘A’  1las 93.8 6.3 4.7
method<® For comparisons, we also evaluated single-point energies 1A 1ss 93.8 7.7 5.8
at the MP2(fc)/DZP//HF/DZP levéf A 2ss 93.6 7.0 4.6
Four basis sets were employed: the standard 6-31G* and 6311 12 gas gig _ 2;5’ _ 275'71
base¥ for DFT optimizations and single-point energies, a double- '™ 1 94'6 0'4 0'5
(DZ) basis set, namely Dunning’s C(9s5p/4s2p) and H(4s/2s) Beis, N\ 5 ’ ’ :
: . A . 1 S 94.2 141 115
and a DZP basis set which included one set of polarization functions 15 6 945 ~03 —02
on all the nuclei (d for carbon and p for hydrogen). The exponents of 15 8 94.9 —121 ~13.4
the polarization functions werey(C) = 0.75, andoy(H) = 0.75. The 1A 11s 94.3 11.9 9.4
computations were carried out using the ab initio programs PS1%.0.8, 1a 14 92.7 37.1 37.4
Turbomole 2.6t and Gaussian 9%. We only report here the results A 15 95.0 38.6 37.9
(Tables 1 and 2) at our reference level B3LYP/6-3G//B3LYP/6- 1A 16 94.4 1.8 2.4
31G* + ZPVE (unless noted otherwise); all HF and MP2 energies are ‘A 17 94.5 2.9 1.4
available in the Supporting Information. A 18 95.0 8.9 6.0
It was demonstrated in a very recent stifdjat the Becke3LYP/ A TS1 91.2 37.0 36.9
6-311+G*//Becke3LYP/6-31G*+ ZPVE level gives rather good A  TS2s 92.7 19.7 29.6
singlet-triplet energy separationdEsr) for methylene (computed 11.4 1ﬁ $§2 ggé %g gg?
kcal mol%; expf? 9.1 kcal mot™) and phenylcarbene (5.0 kcal mgl A TS5 93'5 9'9 9'5
experimentally not known) at reasonable computational costs. We 7\ TS6 93:6 8:6 8:0
therefore assume that this method will perform comparably well for 15 Ts7 91.1 84.9 82.0
naphthylcarbene. Note that AM1 givesAdEst for methylene of 30 1A TS8 91.7 59.0 57.6

kcal mol2.

(21) We used the program package VAMP 5.0: Rauhut, G.; Alex, A;
Chandrasekhar, J.; Steinke, T.; Clark, T.; Erlangen 1993. . . . .
(22) Becke, A. D.Phys Rev. A 1988 38, 3098. In order to assess the aromatic/antiaromatic character of the various

(23) Lee, C.; Yang, W.; Parr, R. ®hys Rev. B, 1988 37, 785. cyclic w-systems, we computed (at RHF/6-31G* using the GIAO
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; ~approach¥ the absolute magnetic shieldings, termed the “nucleus
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. jndependent chemical shifts” (NICS), at selected points in space as a

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, . . .
V. G.. Ortiz, J. V. Foresman, J. B.: Cioslowski, J.. Stefanov, B. B.: function of the electron densifif. NICS are taken negative to conform

Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, w.; With chemical convention. The geometrical center of the ring’s heavy
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; atoms served as the most easily defined reference point.

Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- ; ; ; ; Al ; ;
Gordon, M.. Gonzalez, C.. Pople, J. ASAUSSIANGA Gaussian Inc.: These isotropic chemical shifts yield information about ring currents

2 Final energies are ZPVE (B3LYP/6-31G*, in kcal mdlcorrected.

Pittsburgh, PA, 1995. and aromatic properties of molecules. Following the convention,
(25) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, J.Iig. J. aromatic molecules have negative isotropic NICS, while antiaromatic
Quantum ChemSymp 1979 S13 225. molecules have positive values. The absolute magnitude of a negative
(26) Mgller, C.; Plesset, M. $hys Rev. 1934 46, 618. Binkley, J. S.; NICS is approximately proportional to the aromatic stabilization

Pople, J. Alnt. J. Quantum Chemil975 9, 229. Pople, J. A.; Binkley, J. energy®*
S.; Seeger, Rint. J. Quantum Cheml1976 S1Q 1.
(27) Hehre, W. J.; Radom, L.; Pople, J. A.; Schleyer, P. VARInitio
Molecular Orbital Theory John Wiley & Sons, Inc.: New York, 1986. Results
(28) Huzinaga, SJ. Chem Phys 1965 42, 1293.
(29) Dunning, T. H.J. Chem Phys 1970 53, 2823. 1-Naphthylcarbene (1) and 2-Naphthylcarbene (2).There

(30) PSI2.0.8: Janssen, C. L.; Seidl, E. T.; Scuseria, G. E.; Hamilton, . . .
T. P.; Yamaguchi, Y.; Remington, R. B.; Xie, Y.; Vacek, G.; Sherrill, C. ~are ten structures to be discussed (energies and geometries are

D.; Crawford, T. D.; Fermann, J. T.; Allen, W. D.; Brooks, B. R.; Fitzgerald, summarized in Tables-13): the synandanti conformers of

G. B.; Fox, D. J.; Gaw, J. F.; Handy, N. C.; Laidig, W. D.; Lee, T. J,; i ; -
Pitzer, R. M.; Rice, J. E.; Saxe, P.; Scheiner, A. C.; Schaefer, H. F,, singlet and triplet 1-naphthylcarbenés las 1st and lat,

PSITECH, Inc.: Watkinsville, GA, 30677, 1994. respectively), as well as the analogous isomers for 2-naphth-
(31) Héser, M.; Ahlrichs, RJ. Comput Chem 1989 10, 104. Ahlrichs,

R.; B&, M.; Haser, M.; Horn, H.; Kolmel, CChem Phys Lett 1989 162, (33) Wolinski, K.; Hinton, J. F.; Pulay, B. Am Chem Soc 199Q 112,

165. 8251.
(32) McKellar, A. R. W.; Bunker, P. R.; Sears, T. J.; Evenson, K. M,; (34) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes,

Saykally, R. J.; Langhoff, S. Rl. Chem Phys 1983 79, 5251. N. v. E.J. Am Chem Soc 1996 118 6317.



The Naphthylcarbene Potential Energy Hypersurface J. Am. Chem. Soc., Vol. 119, No. 613937

Table 3. Selected Geometrical Parameters (Standard Numbering) for 1- and 2-Naphthylcarbenes and Related Structures at the B3LYP/6-31G*
Optimization Levet

species 1(C—Cexd r(C1-C2) r(C2—C3) r(C1-C9) r(C8—C9) O(C—Cexo—H)
las 1.435 1.409 1.402 1.455 1.415 106.5
lat 1.380 1.423 1.398 1.461 1.412 134.4
1ss 1.436 1.408 1.404 1.461 1.414 108.9
1st 1.378 1.422 1.397 1.469 1.412 137.8
2as 1.442 1.405 1.439 1.411 1.424 106.1
2at 1.388 1.416 1.447 1.413 1.423 134.7
2ss 1.441 1.403 1.442 1.411 1.423 106.5
2st 1.387 1.413 1.451 1.412 1.412 134.6
TS1s 1.440 1.390 1.438 1.418 1.422 109.5
TS1t 1.405 1.407 1.445 1.414 1.423 143.6
TS2 1.474 1.383 1.427 1.411 1.395 2.218
TS3 1.360 1.407 1.468 1.394 1.435 1.881
TS4 1.335 1.416 1.381 1.495 1.441 1.854
12 1.377 1.417 1.421 1.434

13 1.510 1.379 1.424 1.422 1.432

aBond lengths 1) in A, angles () in deg.? r(Cexo—C8). ¢ [(Cexo—C3) ¢ r(Cexo—C9).

ylcarbene 2ss 2as 2st, and2at, respectively), and the transition  the singlets, and do not change at the rotation TSQE =
structures TS1s(singlet) andTS1t (triplet)] for the intercon- 1.441+ 0.001 A for2as 2ss andTS19. These distances may
version of thesynandanti configurations of 2-naphthylcarbene  be compared with the values for the central CC bonttans
(2st— TS1— 2at). The latter isomerization has been studied butadiene [G-C(sp—sp?) = 1.46 A (Becke3LYP/6-31G*, 1.48
experimentally for the triplet stafé;the results provide calibra- A expt)], with the benzene distances (1.40 A), and with that in
tion with theory. ethylene [G=C(sp—sp?) = 1.33 A (Becke3LYP/6-31G*, 1.34
The S-T energy separation&Est derived from the relative A expt)]3® These differences in the singlet and triplet C(ring)
energies given in Tables 1 and 2) band2 are around 5 kcal CH lengths are only partly due to the-p interaction, as the
mol~1. The assumption is that the singlet state (in which the Weinhold bond indices (1.13 fd2at, 1.06 for2as and 1.09
rearrangements take place) is energetically close to the tripletfor TS1t) indicate only weakr-bonding. Moreover, according
state thus is justified. Our reference level is 2.3 kcal mdlin to eq 1, the singlets are stabilizedore (by about 6-7 kcal
error for theAEst of methylene. Thus, thAEsy of 5 kcal mol™ mol~1 with respect to singlet methylene) by the naphthyl
for 1 and 2 is probably an upper limit, and the true value is fragment than the triplets. Consequently, the longer C(ring)
expected to be somewhat smafiér. CH bond in the singlets must be dued@epulsion: the doubly
The m-electron systems of thgynandanti forms are quite occupied in-plane $porbital interacts unfavorably with the
similar, but theanti isomers Lasandlat) are more stable (by  adjacent C-C bond. The stabilization energies (defined by eq
1.1 and 0.9 kcal mol, respectively) due to the greater steric 1, AHg, Table 6) of 2-naphthylcarbenes are comparable to those
repulsions in theynforms (Lssand1st), as exemplified by the  of the phenylcarbenes (singlet, 25.9 kcal mpltriplet, 19.4

two conformers ofl (Cs, singlet or triplet). kcal mol?).
H ~H CH CHy
H :C H c: C|O + CH, C|O +:CH, (1)
H H
CIO CIO AH(2ss) = +26.8 kcal mol-1; AH(2as) = +26.2 kcal mol=2;

AH(2st) = +20.1 kcal mol-1; AH(2at) = +20.1 kcal mol-1

las and lat 1ss and 1st
unfavorable . . . .
These conclusions are readily confirmed by the small triplet

rotational barrier betweeBst and2at (theory, 3.5 kcal mal';
experiment? >4.4 kcal mot?; singlet barrier (theory), 29.6
kcal moit). The MO’s depicting the most important orbital
interactions of the naphthyl fragment and theomethylene
clarify the situation.

Despite the larger HC-naphthyl (carbon-2) triplet angles
(around 138; singlets are around 10) the differences in
energies forsyn and anti conformers,1st and 1at, also are
around 1 kcal mott.

Since the characteristics of 1-naphthylcarbeljea(d 2-naph-
thylcarbene Z) are quite similar, the following discussion
concentrates on the nature of the isomer® @Which is also
somewhat better characterized experimentally). The similarity
in the geometries of the isomers »{Table 3) with the parent
hydrocarbons naphthaleng2( Table 3) and 2-methylnaphtha-
lene (L3, Table 3) is obvious, but the interaction of the carbene
CH group lengthens the adjacent ring CC bonds by about 0.03 triplet singlet triplet TS
A both in the singlets and in the triplets. The C(rin@)H bond
|ength depends upon the electronic state, i_e_’ on the Over|apThe Singlet and tl’lplet states as well as the trlplet transition
between the p-orbital on thexomethylene and the-electron structure benefit from p interactions. The energy difference
system of the naphthalene moiety as well as orvthepulsion between the ground state triplet and the triplet transition structure
resulting from the occupied in-plane orbitals. The C(ring)  thus arises from the less favorable overlap of &(3§1t) vs.

CH bond length in the triplets, 1.388 R4t) and 1.387 A 2s), ap @s) orbital. As theexomethylene bond angle widens more

is elongated to 1.405 A in the rotation transition struct’®lt, ™ (35) March, JAdvanced Organic Chemistryith ed.; John Wiley & Sons,
Table 3). In contrast, the corresponding bonds are longer inInc.: New York, 1992; p 21.
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in the transition structure (from 1350 144%), the activation Scheme 2
energy is relatively small. This interpretation is consistent with

H .
the earlier analysis of the rotational barrier of triplet phenyl- "H
carbené® Similar arguments explain why the singlet barrier - 00 p
via TS1s (29.6 kcal mot? vs. 2a9 is much higher than the QVQ ’
triplet barrier. While ther-system reacts favorably with the 14

0

empty p-orbital in the ground stateas6and2ag, the interaction

of the 7-HOMO with the doubly occupied 3porbital is

unfavorable inTS1s Even though the ST gap is of similar

magnitude as the activation energy for te&omethylene

rotation, we confirm that the tripletxomethylene rotationZat

— TS1t — 2st) is far more favorable than the singlet rotation

(2as— TS1s— 2s3, as suggested by Senthilnathan and Ptatz.
Does an in-plane triplet transition structufies(Ltip) also exist

corresponding to the least-motion pathway (linearization) for

moving the exohydrogen? Indeed, we did locate such a

stationary point with an almost perfectly lineexaCH group,

but it has Hessian index two: 792i and 443i¢mone of the

imaginary modes (443i cnd, d') leads toTS1t. However,

TS1tip is not much higher in energy (1.3 kcal mé) thanTS1t.

If higher levels of correlation were to decrease this difference

even more, the in-plane mode might be a viable alternative to

the out-of-planeexorotation. By analogy, linear triplet meth-

ylene (relative energy 5.9 kcal mot?, Becke3LYP/6-31G*)

is the transition structure (with a doubly degenerate imaginary

- 100 2 { I :}
oo
18 \ H‘c* "

H .
. H i Olo
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2ss
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relative energy in kcal mol™ at Becke3LYP/6-311+G*//Becke3LYP/6-31G*

mode of 987i cmY) for linearization of bent methylene. T 100 CIO
To facilitate comparisons with experiment, we computed the = s

harmonic vibrational frequencies of triplahti-2-naphthylcar- - 200

bene Rat) (Table 7) at Becke3LYP/6-31G*. The-H stretch- O‘O

ing modes are tightly clustered. An average of the most intense

vibrational frequencies in this range is in good agreement with

experimental data (mean errer 2.4%)3 Table 4. Selected Geometrical Parameters (See Text for
2,3-Benzobicyclo[4.1.0]hepta-2,4,6-triene (4) and Related  Numbering) of Benzobicyclo[4.1.0]heptatrienes and Related

3

(see Schemes 1 and 2)Of the six GiHgisomers (for structural species r(C1-C2) r(C1-C3) r(C2-C3) r(C4—C5)
details see Table 4) containing a three-membered ring, &nly ~ 1.303 1511 1.521 1.428
and 6 have been observed and characterized to some extent g 1.512 1.302 1.525 1.426
experimentallyt~1° Structures’ and9 were suggestédo take 14 1.362 1.433 1.303 1.563
part in the assumed interconversiorildb 2 but have remained 15 1.508 1.525 1.509 1.413
TS5 1.299 1.461 1.951 1.449

experimentally elusive. Not surprisingly, neither 2,7-benzo-
bicyclo[4.1.0]hepta-1,3,5-trien@)nor 2,4-benzobicyclo[4.1.0]-
hepta-2,5,7-triene9j are minima at levels of theory which aBond lengths 1) in A, angles (0) in deg.?r(C3—C4).

attempt to include electron correlation. While we were able to .

obt_air_l stationary structures at the HF/DZP Ievgl, botnd 9 mﬂiesﬁngs)eé‘?céiﬂZ%ﬁ;gfgﬁg%?;‘;g@wggfsfsee Text for
optimize to8 (Becke3LYP/6-31G*) when searching for ground  Benzocycloheptatetraenes, and Benzocycloheptyne at the B3LYP/
states. Therefore, neith@rnor 9 appear to be minima. The  6-31G* Optimization Leveél

instability of these molecules is understandable because of theirspecies r(c1-c2) r(c2—c3) r(c3-c4) r(C4—C5) O(C2—C1-C7)
loss of aromaticity inboth rings (with respect to a naphthyl-

TS6 1.468 1.295 1.943 1.439

) X ; 1.434 1.383 1.428 1.434 118.6
carbene, see discussion below). After tedious searches, we were s 1.388 1.379 1.461 1.439 134.8
able to optimizeZ and9 to transition structures (named hereafter s 1.325 1.322 1.475 1.431 148.5
TS3 and TS4), interconnecting the allen® with 1- and 11s 1.386 1.426 1.445 1.452 122.1
2-naphthylcarbenelgsand 2s3. 11t 1.418 1.354 1.428 1.437 139.8
. S - : 16 1.342 1.432 1.396 1.478 144.0
Isomerl4is an intriguing minimum because two butadiene 77 1.448 1.334 1.367 1.464 14%.9
subunits are joined by a highly strained cyclopropene ring, 18 1.215 1.458 1.556 1.438 139.9
despite the loss of all benzenoid character. The carbon-5 TS7 1.376 1.491 1.399 1.501 1.1%6
envlronment is far from tetrahedral: the €65-C4 angle is aBond lengths 1) in A, angles () in deg.®0(C1—C2—C3).
124, ¢ JC2-C3—C4). 9r(C1-H).

The three-membered-ring moieties 4nand 6 are not co-
planar with the naphthyl fragment; hence, the attached six- computed Becke3LYP/6-31G* IR frequencies #hicompare
membered rings also deviate significantly from planarity. The fairly well with experiment (Table 8).
other six-membered-ring geometry is closer to benzene (with  ¢js2 3-Benzobicyclo[4.1.0]hepta-6-ene-1-carbefs) (s a
CC bond lengths close to 1.39 A) than to the more alternating {y;e minimum not considered previously. Tiransisomer is
bond lengths in naphthalenZ Table 3). As found foe, the not a stationary structure; all optimizations converged tar

(36) Dorigo, A. E.; Li, Y.; Houk, K. N.J. Am Chem Soc 1989 111, 6, depending upon the starting geometry. The three-membered-
6942. ring geometry is very close to that of the parent cyclopropylidene
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Table 6. Comparison between Phenyl- and Naphthylcarbene at B3LYP/6-G11B3LYP/6-31G*2

las lat 2as 2at phenylcarbene singlet phenylcarbene triplet
r(C—CH), A 1.435 1.380 1.442 1.388 1.443 1.393
AEst 5.2 5.1 5.0
AHgr (eq 1) 27.7 21.0 26.2 20.1 26.0 19.4
AE o n.a. n.a. 14.5 3.5 12.7 4.4

aEnergies in kcal mot. ® Schreiner, P. R.; Karney, W. L.; Schleyer, P. v. R.; Borden, W. T.; Hamilton, T. P.; Schaefer JHOFy. Chem
1996 61, 7030.¢ Rotation of theexamethylene group.

Table 7. The Most Intense Harmonic Vibrational Frequencies Table 9. The Most IntenseX15 km/mol) Harmonic Vibrational
(Unscaled, in cm?) and IR Intensities (in Parentheses, in km/mol) Frequencies (Unscaled, in ci) and IR Intensities (in Parentheses,
for Triplet CA") anti-2-Naphthylcarbene2t) in km/mol) of the Allenes Benzocycloheptatetra-1,2,4,6-68)e (
symmetry Becke3LYP/6-31G* exptifréq  description Eﬁﬂiggﬁlgﬂiﬁﬁiﬁiiggg2%(% at BeckeL YP/6-31G*
a 3203 (34) 3076 € H stretching 8 16 17
averaged: C—H stretching
a 3180 (10) 3053 €H stretching 3290 (28) 3212 (27) 3211 (29)
a 1469 (2) 1492 3198 (30) 3200 (34) 3198 (27)
a 1217 (6) 1185 3168 (41) 3148 (58) 3164 (32)
a’' 976 (10) 1022 3160 (36) 3127 (38) 3149 (42)
a’' 846 (50) 836 C-H wagging 827 (28) 1390 (40) 3135 (41)
a’' 826 (14) 809 815 (23) 882 (39) 1356 (25)
a’ 757 (20) 741 C-H wagging 775 (28) 790 (43) 821 (53)
a’' 474 (17) 463 ring torsion 716 (20) 545 (42) 775 (38)
639 (27) 354 (46) 545 (20)

aThis refers to the 3180-cn frequency; there are several intense
CH absorptions, which seem to have been observed as one broad band
experimentally® Note that the experimental values represent mixtures . . . . .
of the synandanti isomers. transition structure for interconverting two enantiomeric cyclo-
o _ heptatetraenes. Thus, allenel6 rather than carbertes should
'(er|€ 8|- dT_he x?)St "Iﬁﬁsle tHafr_?_OHKE.Vlgratlo?ﬁl FFEQ_UEEC'/ES ) be the observable species in singlet naphthylcarbene rearrange-
nscaleaq, In C an ntensities (In Parentheses, In KM/mo . . : e .
for 2,3-Benzobicyclo[4.1.0]hepta-2,4.6-trienk fA") at ments_. To stlmulat_e the experlmgntal |dent|f|cat|qr116f f[he
Becke3LYP/6-31G* most intense vibrational frequencies are summarized in Table
9. Note that5t (3By) is a minimum which is 3.4 kcal mot

PP —
Becke3L YP/6-31G* _exptifreq description higher in energy thai6. Thus, 16 and 5t may well be the
2?8471 Eggg 2085 CH stretching species for which the 3:54.0 kcal mof! AEst was esti-
3070 (58) 2068 CH stretching mated!®38 Structurell has been proposed in the literature
1839 (25) 1755 €H wagging twice?%39as an intermediate resulting from rapid ring expansion
1042 (12) 1008 _ _ _ of 1. However, the rearrangement to the more stable isomer
%g ggg ;g‘ll g:: ngg:ﬂg Zﬂg ::gg :g:g:gﬂ (3) predominates under the reaction conditions (600 103
765 (7) 747 G-H wagging and ring torsion Torr), and 11 remained experimentally elusive. Sind&
675 (25) 662 G-H wagging and ring torsion (incorrectly assigned to structufes) is involved in the rear-
428 (6) 415 rangements of 2-naphthylcarben2s)( we assumed that the
participation ofl1sin the rearrangements of 1-naphthylcarbene
(Ca, C1-C2=1.507 A; C2-C3 = 1.486 A, C1:-C2-C3 = (19 is quite conceivable. Moreover, théEsT for 11 (4.9 kcall
60.4; C2—C1-C3= 59.% at B3LYP/6-31G*; same numbering MolI™) is even smaller than that fob (5.5 kcal mot).
as for15).37 However, as found fobs 11sis not a minimum (NIMAG=1)

Benzocycloheptatrienylidene and Benzocycloheptatetraene ~ €ither! Removal of theCs symmetry constraints fat1sleads
like Structuress, 8, 10, 11, 16, 17 and the Benzocycloheptyne to allenel7(C,). Note that the energy difference between triplet

18 (see Schemes 1 and 2)lnitially to our surprise, all ~ 11ltand allenel7is 3.1 kcal mot™.

attempted optimizations of the carbeBes0, and11led directly Although 8 has been prepared and characterized via other
to their allenic counterparts: singlg{(5s) converges to singlet  routes21 it has received the least attention in the context of
16; singlet10 to singlet8; singlet11 (119 to singlet17! naphthylcarbene rearrangements. We fnt be the second

The singlet carbenswas proposed by Jones and co-workers  |owest minimum with a relative energy of 14.3 kcal mhbove
as an intermediate in the carberarbene rearrangement of  he global GiHg minimum3! This finding is not surprising as
naphthylcarben& As found forllandz,_ Shasatripletground ¢y cioheptatetraene is the global minimum on the phenylcarbene
state with aAE.ST of 5.5 kcal m_or - This seems to agree well PES, and the annelated benzene rin@ iprovides additional
W'th. the experlmentaghEgT estimate (only from thel fgharacter- stabilization. It is quite conceivable that West al. indeed
ization of the _trlple_t§ for 50f 3.5 10 4.0 kpal mol®. observed as a minor product in the rearrangementd @ind

However, vibrational frequency apalys's shows_tﬁahlas 210 We will explain below why8 is only formed in small
two Imaginary mOdeS (5297'8' cm .and Fp 234.3i cm); quantities. The most important vibrational frequencies&or
the A, mode points toward6! This is in complete analogy to are given in Table 9 to aid future experimental work
the phenylcarbene PES, where cycloheptatrienylidene also is a 9 P )

To our knowledge, the unsaturated cycloheptyi® as not

(37) For the latest detailed study on the cyclopropylidene PES see: ; ;
Bettinger, H.. Schreiner, P. R.. Schieyer, P. v. R.. Schasfer, 8. Fhys been reported in the literature before. The saturated parent

Chem 1996 100, 16147.

(38) The correlation betweeAEst and the ESR zero-field parameter (39) (a) Balci, M.; Winchester, W. R.; Jones, W. 81 Org. Chem 1982
|E|/hc has been described in: Largan, J. G.; Sitzmann, E. V.; Eisenthal, K. 47, 5180. (b) Tyner, R. L.; Jones, W. M.;htn, Y.; Sabin, J. RJ. Am
B. Chem Phys Lett 1984 110, 521. Chem Soc 1974 96, 3765.
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cycloheptyné® (19) and benzocycloheptyfie(20) have been Scheme 3

identified via trapping and labeling experiments. m 1%
H <]
O~ 0 -

_ —
@ 2ss,32.3 4,27.7 TSS, 37.1 . 16,29.6
19 20 “

Hl*

-7
K “, / {}

18

Although18is in the relevant energy regime (33.7 kcal riol 1S3 537 S 418
relative to the global minimung), it seems unlikely to be an - - 87,1097 NIMAGL2
important species on the naphthylcarbene rearrangement hy- H -
persurface (see Scheme 2), also due to its likely very low barriers

- <
for rearrangement ints6. ©® — "H

Cyclobuta[dglnaphthalene (3). Cyclobutafignaphthalene

(3) is commonly found to be the final product of battand 2 8138 15, 65.1

at high temperatures3 can be prepared in this way on a H “

preparative scalé. Consistent with these experimental observa- H - H ]* .

tions, we find3 to be the global minimum on the naphthylcar- N Z ,

bene PES which contains an intact naphthyl mofétfpespite @ OO O'Q

the highly strained four-membered-ring bridging tiperi TS4, 563 TS8, 84.8 11s,37.1

position of naphthalen8 is the only non-carbenoid structure “ NIMAG=1

which retains the aromaticity imothrings and has no additional H

unsaturation. CH . 1

Discussion O'O = OO - -
Rearrangements. Only part of the naphthylcarbene potential 1ss, 33.0 6,27.0 TS6, 35.7 17,29.1

hypersurface has been explored experimentally (cf. Introduction l

and Scheme 1). Our theoretical data allow the remainder of he 17 H

this region of the PES to be analyzed. Several experimental 2

facts require explanation. OVQ
Initially, we gained a first impression of the energies of the

structures reported in the earlier literature at the semiempirical TS2,56.8 14,64.6

AML1 level. A few years ago, such approaches were the only ﬂ “

practicable way to study a system of this size and complexity.

Indeed, some of the species were studied earlier using the INDO >

formalism# AM1 predicts the singlettriplet gaps generally OO
much too large, and sometimes even gives the wrong energetic

order (e.g., for5). Three non-benzenoid structureg 9, and 3.00 17,29.1

10) could be located as minima only with AM1 due to its _ _
underestimation of the aromatic stabilization (a simple evalu- methods are not generally suitable for the study of this and other

ation is given in eq 2). At correlateab initio levels, the non- problems associated with aromatic stabilizations or small
benzenoid structures (the cyclic allenes are exceptions) convergeAEst's.
to their aromatic counterparts. To facilitate comparisons, a#lb initio optimized structures
are summarized in Scheme 2, and the resulting singlet naph-
thylcarbene rearrangement PES is depicted in Scheme 3. Only
@ +3= —= 3 ANF @ the “framed” structures have been characterized experimentally

to some extendl(-4 and6) or were suggested).

Both the similar relative energies & 4, as well asl6
) ) (usually depicted aS) and theAEst for 2 (all energies within
The AML1 relative energies appear reasonable but bear somes cal moll) are consistent with the experimentally observed
misleading features. For instance, all naphthylcarbene rear-facile interconversion of these structures at ambient tempera-
rangements should eventually lead 8o(the AM1 global  tyres. The barrier (vidS5) for ring-opening o4 to 16is also
minimum), but this has not been observed experimentally. The rg|atively small (9.4 kcal mof), allowing all species to
true global minimum §) ranks only second in relative energy  equilibrate. Most notably5s although only 9.5 kcal mot
at AM1. Singlets incorrectly is a minimum at AM1. As @  apove2ss is not a minimum (NIMAG= 2) and can thus not
consequence, the experimental observations cannot be explainedarticipate. It should rather be ascribed to the allenic structure
with the AM1 data. We therefore conclude that semiempirical 16 which is remarkably stable (2.7 kcal mélower in energy

AHg = 15.8 (AM1); 24.2 (Becke3LYP/6-31G*)

(40) (a) Wittig, G.; Meske-ScHler, I. Liebigs Ann Chem 1968 711, than 2sd).
65. (b) Wittig, G.; Krebs, A.; Pohlke, AAngew Chem 196Q 72, 324. (c) By analogy, isomerd, 6, and 17 also should rearrange.
1'“;53%?1'\"0'2' T.; Merkle, U.; Echter, T.; Lorch, M.iebigs Ann Chem However, onlyl and6 have been observed experimentally. Not
(41) (a) Maier, J.; Layer, M.; Combrink, W.; Schniepp,Ghem Ber. surprisingly, structurell was postulated but has never been
1976 109, 1650. (b) Wittig, G.; Heyn, HChem Ber. 1964 97, 1609. characterized, due to its non-stationary nafké1° Instead,

forgﬁl)aoélca“r\fﬁ]'iéﬁegomr?g’t";’ggeb;l;’lg‘zr'r:g‘s’ﬁtrhg’li”rgonig?;ma ofthe general 5jjene 17 should be the species involved in the rearrangement
118 . . .
(43) Wentrup, C.; Mayor, C. Becker, J.; Lindner,HTetrahedrori985 of 1-naphthylcarbene. Since the barriers for rearrangement of

41, 1601. 1ssto 8 (via TS4, 23.3 kcal mot?) and to3 (via TS2, 23.8
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Table 10. Nucleus Independent Shift Values (NICS, for Singlets Only, See ¥exit) Some GiHs Isomers at GIAO RHF/6-31G*

NICS las 3 4 5s 8 11s 13 14 15 16 17 18 19
ring A2 —10.3 —-11.4 —-11.4 —-12.5 —11.8 —10.2 —-11.4 —-2.5 —10.5 -9.7 —8.8 —10.9 —-11.4
ring B —8.5 —-11.4 —-3.3 —6.1 4.7 —6.4 -11.0 -—-25 —-2.4 —6.5 —-3.8 -1.0 —-11.4
aRing A refers to the fused phenyl ring.
kcal mol?) are higher than the barriesi@ 6 andTS6, 8.7 kcal Conclusions

mol) for rearrangement dfssto 17, the latter is very likely to

be an observable species at low temperatures (note, however, Cyclobutafignaphthaleneg) is the global minimum on the

that the activation energy for the7r — 6 reaction only is 6.6
kcal mol?). Further degenerate rearrangement d¥ia high-
lying 14 (35.4 kcal mot! abovel?) is, however, impossible.
Since the barriers fo2ss— 8 (via TS3, 21.4 kcal mot?),
1ss— 8 (via TS4, 23.3 kcal mot?), and1ss— 3 (via TS2,
23.8 kcal mot?) are very similar, the experimental difficulties
in interpreting and identifying the pathways for interconversion
of 2ssto 1ssand further to3 are easily understood. At low
temperature2ssonly equilibrates withd and16 (and1sswith
6, possibly also witt7), while much higher temperatures only
give 3 via transientlss Although 8 is a stable species, it is
difficult to observe under high-energy conditions. Th@s,

should be synthesized and characterized directly from precursors,,
which do not require elevated temperatures or the intermediate

formation of naphthylcarbenes.

We also located a very high lying hydrogen shift transition
structure TS7) connecting8 and 16 directly, butTS7 is too
high in energy (109.7 kcal mot vs. 3) to be important. It

would also lead to unexpected C-scrambling. The involvement
of 15 in the naphthylcarbene rearrangements is precluded by

its high relative energy (51.3 kcal md) versuss.

Most of the qualitative features of the naphthylcarbene PE
compare very well to phenylcarbene (cf. Table®6Both the
triplet rotational barriers of thexamethylene group (3.5 and
4.4 kcal mot?! for 2-naphthylcarbene and phenylcarbene,
respectively) and thé\Est's (both around 5 kcal mol) are
quite comparable. More strikingly, the allenic speci@si,
and17on the G;Hg PES) are generally low-lying minima (note
that cycloheptatetraene is the cycligHg minimum). Although
this is a well-known feature of theHs PES, the importance

Ci1iHs PES. Generally, seven-membered carbenes fused to a
benzene ring are not minima and optimize to the corresponding
allenes.

Both 1- and 2-naphthylcarbent énd2) have triplet ground
states, but thé\Est's are small (around 5 kcal mof), similar
to phenylcarbene. The triplet rotational barrier for @
methylene in2 is relatively small (3.5 kcal mol) due to
comparable electronic interactions in the ground and transition
structures. An in-plane triplet transition structure (“linear”
inversion) is a stationary point of Hessian index two, but is also
low-lying.
At low temperatures, singlet 2-naphthylcarbe@g) equili-
ates with 2,3-benzobicyclo[4.1.0]hepta-2,4,6-triede gnd
with bicycloheptatetra-1,3,5,7-en&6, a benzocycloheptatet-
raene), but not with singlet 4,5-benzocycloheptatrienylidége (
The latter is not a minimum (NIMAG= 2) and can thus not be
involved in the naphthylcarbene rearrangements. 2-Naphthyl-
carbeneZs) can rearrange further to bicycloheptatetra-1,2,4,6-
ene @, the second lowest minimum), which may not have been
observed due to similar barriers for further rearrangement of

S 1-naphthylcarbenel§) to cyclobutafielnaphthalened).

1-Naphthylcarbenel§), 2,3-benzobicyclo[4.1.0]hepta-1,4,6-
triene @), and bicycloheptatetra-2,3,5,7-enk7) equilibrate
similarly. The postulated singlet 4,5-benzocycloheptatrienylid-
3-ene (19 is not a minimum.

The allenes bicycloheptatetra-1,2,4,6-e8, ©icyclohep-
tatetra-1,3,5,7-enel ), and bicycloheptatetra-2,3,5,7-eri&’
are thermodynamically remarkably stable and should be observ-
able at low temperatures.

of allenic species in naphthylcarbene rearrangements was
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