JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

1,2-Didehydro[10]annulenes: Structures, Aromaticity, and Cyclizations
Armando Navarro-Vzquez, and Peter R. Schreiner
J. Am. Chem. Soc., 2005, 127 (22), 8150-8159+ DOI: 10.1021/ja0507968 « Publication Date (Web): 14 May 2005
Downloaded from http://pubs.acs.org on March 25, 2009

|

(3Z,5E,7Z2,92) Aromatic (832,52,7Z92) Non-aromatic

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 1 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0507968

A\C\S

ARTICLES

Published on Web 05/14/2005

1,2-Didehydro[10]annulenes: Structures, Aromaticity, and
Cyclizations
Armando Navarro-Vazquez'* and Peter R. Schreiner*!\8

Contribution from the Institute of Organic Chemistry, Justus-Liebig#@rsity,
Heinrich-Buff-Ring 58, 35392 Giessen, Germany, Departamento deiQaiOrganica y Unidad
Asociada al CSIC, Facultade de Quica, Uniersidade de Santiago de Compostela, 15706
Santiago de Compostela, Spain, and Department of Chemistry, Center for Computational
Chemistry, The Ungersity of Georgia, Athens, Georgia 30602-2556

Received February 7, 2005; E-mail: prs@org.chemie.uni-giessen.de

Abstract: The conformational space of CioHs 1,2-didehydro[10]annulenes, along with their unimolecular
conversion to isonaphthalenes (cyclic allenes), has been studied computationally using DFT (B3LYP), single-
reference [CCSD(T)], and multireference (MCQDPT2) post-HF methods. The introduction of the linear alkynyl
moiety releases enough angle strain to make a nearly planar “heart” aromatic form the preferred conformer
by more than 6 kcal/mol [CCSD(T)] over a localized C, “twist” structure, as opposed to the closely related
CioHi1o [10]annulene system. Computations also show that electrocyclic ring-opening of isonaphthalenes
to the heart C10Hs annulene takes place through a low barrier of 15 kcal/mol, and this should be considered
the working mechanism for the reported isomerizations during dehydro Diels—Alder reactions of phenyl-
acetylenes.

Introduction to appropriately describe the energy difference between the
isomers. A “twist” localized form is favored over “naphthalene-
like” and “heart” forms. On the other side, DFT and MP2
computations fail miserably with a strong tendency to overes-
timate the stability of aromatic forms. Due to the highly
delocalized nature of annulenes, the amount of the nonlocal HF
component in the exchange functional seems to be crucial in
the DFT description of these systefn3hus, BHandhLYP
‘functional, with 50% HF exchange, gives relative energies closer
to CCSD(T) results than those obtained with B3LYP or the pure
functional BP8&" However, B3LYP geometries are closer to
those obtained from CCSD(T) optimizations, and single-point
CCSD(T)//B3LYP computations on [10]annuleffeas well as
aza[l0]annulenésgave results close to those resulting from
much more time-consuming CCSD(T) geometry optimizatfdns.
Hence, coupled-cluster energies on B3LYP-optimized geom-
etries seemed to us the appropriate level of theory to investigate
the GoHs annulene potential energy surface.

The dehydro Diels Alder (DA) reactions of diaryldiynones
1 and phenylpropiolamidezimpressively show that sometimes
you can teach an old dog new tricks! This is evident from the
reports of Echavarrérand Saa(Scheme 1) that and?2 give
not only the expected “linear” produc&and 4 but also the
rearranged “angular” formS and 6.

To account for this unexpected change in the carbon skeleton
two different mechanisms were proposed. Both involve two
equilibrating cyclic allene8 and10 (Scheme 2), as indicated
by isotopic labeling in Sds work. As possible mechanisms,
Echavarren’s group proposes equilibration of cyclic alleBes
and10 either through the alZ 1,2-didehydro[10]annuler@or
through carbené&l from 8 and then ring contraction tb0. Saa
and co-workers, on the basis of B3LYP/6-31G* computations,
proposed a mechanism involving also a [10]annulene, but in
its trans form12. Thermal equilibration ofLl2 with its isomer
13would eventually also giv&0. In both mechanisms, the final

products would be aromatic after isomerization of the intermedi-

ate cyclic allene$.This aromatization step has recently been

carefully studied, both experimental and computationally.
The structures of GHio [10]annulene have been the object

of detailed theoretical studigésanging from force field MM82

to CCSD(T¥%€ computations, which were necessary in order
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Scheme 1. Rearrangements of Phenylacetylene Derivatives via Dehydro Diels—Alder Reactions
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Scheme 2. Echavarren (left) and Saa (right) Proposed computations for all species with biradical character. The HOMO and
Mechanisms for the Rearrangement of Phenyl—Acetylene Alkyne LUMO orbitals were mixed in the initial guess, allowing the MO

Derivatives through Dehydro Diels—Alder Reactions (The Dashed

Line Implies Alternative Positions of the Double Bond) determinant to break spin symmetry if necessail structures were

— - optimized using the hybrid B3LYP function&l.The 6-31G%° basis
@@ or 7SS set was used for all geometry optimizations with analytic gradients.
= = Analytic calculation of the Hessian matrix and further diagonalization
was used to verify the nature of the stationary points located in DFT
optimizations. ZPVE corrections were computed at the B3LYP/6-31G*

level and were scaled with a factor of 0.9864n particular cases,
geometries and harmonic vibrational frequencies were also computed

7
= _ at the MP27 and QCISD® levels (in this case, Hessian was computed
O  — —_— numerically), using the Dunning correlation consistent basis set cc-
H pVDZ%¥in its spherical harmonics expression (i.e., 5d). For all computed
8
S

12 transition structures, the eigenvector associated with the imaginary
frequency was visualized to verify that the saddle point connects the
ﬂ expected reactant and produtis.
Single-point B3LYP energy computations were performed on the
optimized DFT structures using a larger 6-311G** basis'3&ond
- orders were determined by the Wiberg methading the B3LYP/6-
O 311G* densities, in the basis of NAO orbitafs.
The DFT results were checked against post-HF methods. Multicon-
1 10 13 figurational CASSCP single-point energy computations were per-
formed on the B3LYP/6-31G* structures involved in the cyclization
Thus, due to the novelty of this rearrangement, which and aromatization steps. The chosen (12,12) active space in cyclizations
involved several new high-energy species not studied until now, consisted of the orbitals involved in bonding changes, that is, all valence
we decided to start a full quantum mechanical characterization # andz* orbitals and the new and o* orbitals formed during the
of the potential surface related to these reactions. This study
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sibilities and prowdes_ insights into the nature of didehydro[10] Cremer, D.int. J. Mol. Sci 2002 3, 360-394. (d) Cremer, D.; Filatov,
annulenes that are virtually unknown spedies. M.; Polo, V.; Kraka, E.; Shaik, SInt. J. Mol. Sci 2002 3, 604-638.
(e) Polo, V.; Kraka, E.; Cremer, Dtheor. Chem. Ac2002 107, 291—
Computational Methodology 303.

(13) For applications, see: (a) Cramer, C1.JAm. Chem. So@998 120, 6261~

; ; ; ; f _ 6269. (b) Schreiner, P. R.; Navarro-xez, A.; Prall, M.Acc. Chem.
A computational problem that arises in this work is that both closed Res 2005 38, 29-37.

shell and open-shell singlet species are involved. Although proper (14) (a) Becke, A. DJ. Chem. Physl993 98, 5648-5652. (b) Lee, C.; Yang,

treatment of biradicals may require the use of multiconfigurational W.; Parr, R. GPhys. Re. B. 1988 37, 785-789. y

. . . (15) Hehre, W.; Radom, L.; Schleyer, P. v. R.; Pople, JAB.Initio Molecular
approaches, it is known that density functional theory (Bfmethods Orbital Theory Wiley: New York, 1986.
can handle both by using a single KohBham MO determinarit 8% \(N)Or';g_, M. W.Chem. Phys. LetL996 256 301 399. - | 1090

H H s H H a) Friscn, M. J.; Heaa-Gordon, M.; Pople, J. em. ys. Let

quever, for many b|rad|cal§, it is pos_snble to obtal_n_ a lower energy 166, 281-289. () Head-Gordon, M : Head-Gordon,Ghem. Phys. Lett
using an unrestricted determinant allowim@nd/ densities to occupy 1994 220, 122-128.
different spatial region& This different spatial distribution is mani- ~ (18) Pople, J. A.; Head-Gordon, M.; Raghavachari,JKChem. Phys1987,

. . . 87, 5968-5975.
fested by nonzerol¥0 spin-squared expectation values directly (19) (a) Dunning, T. H. J&J. Chem. Phys1989 90, 1007-1023. (b) Davidson,
computed on the unrestricted determinant as in a Harffeek system. E. R.Chem. Phys. Lett1996 260, 514-518.

; ; ; ; (20) To animate normal modes and display molecular orbitals, the MOLDEN
In this work, an unrestricted formalism was used in the DFT program was used: SchaftenaarNBOLDEN (A Pre- and Postprocessing

Program of Molecular and Electronic Structure)CAOS/CAMM

(9) Only a relatively low-level MP2/6-31G*//HF/6-31G* study exists for 1, Center: University of Nijmegen: Nijmegen, The Netherlands (http://
2-didehydro[10]annulenes: Yavari, I.; Norouzi-Arasi, H Mol. Struct. www.cmbi.ru.nl/molden/molden.html).
(THEOCHEM)2002 593 199-207. (21) Wiberg, K. B.Tetrahedron1968 24, 1083-1096.
(10) Parr, R.; Yang, WDensity Functional Theory of Atoms and Molecules (22) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926.
Oxford University Press: New York, 1989. (23) Schmidt, M. W.; Gordon, M. SAnnu. Re. Phys. Chem199§ 49, 233—
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Figure 1. 1,2-Didehydro[10]annulene conformers4(20) and transition structure®{—23) for conformational interconversion. Bond lengths: B3LYP/
6-31G*, bold MP2/cc-pVDZ, bold italics QCISD/cc-pVDZ. In italics, Wiberg bond indexes derived from B3LYP/6-311G** densities (with the exception

of 16 and17: MP2/cc-pVDZ densities).

Table 1. Relative Energies (AHo, kcal/mol) for C1oHg Annulene
Isomers and Interconversion Transition States

Species
level 14 15 16 17 18 19 20 21 22 23
B3LYP/6-311G*@ 0.0 12.2 47.9 51.6 36.7 17.4 4.3 404
MP2/cc-pVD2 0.0 16.9 31.1 16.1
QCISD/cc-pVDZ 0.0 16.8 4.5
MCQDPT2/cc-pvVD2 0.0 18.0 46.1 45.7 34.9 16.3 4.8 36.5
CCSD(T)/cc-pvD2 0.0 17.0 45.6 46.6 36.6 13.5 4.7 46.3
CCSD(T)/cc-pvD2 0.0 16.6 17.7 6.8

aB3LYP/6-31G* geometries. ZPVE corrections taken at B3LYP/6-31G*
and scaled by 0.9802.MP2/cc-pVDZ geometries. ZPVE corrections taken
at the MP2/cc-pVDZ level unscaletlQCISD/cc-pVDZ geometries. ZPVE
corrections taken at the QCISD/cc-pvVDZ level unscafedalue of
46.4 kcal/mol at BD(T)/cc-pvVDZ and 45.3 kcal/mol at UCCSD(T)/cc-
pVDZ.

cyclizations. For aromatization reactions, the € o ando* orbitals
were substituted by the corresponding i€ ¢ ando* orbitals involved

in those steps, except for the computation of the overall enthalpies,
AH, 28->35 and AHo 29->39, for which a (10,10) space involving only
thesr ands* orbitals was used. However, to obtain meaningful reaction
energies, inclusion of dynamic correlation is necessary. This was
accomplished at the MP2 level of theory using the multireference
perturbation method of Nakano (MCQDPT2Jpr which the calculated

CAS wave functions were used as the reference. This has been show

(24) (a) Nakano, HJ. Chem. Phys1993 99, 7983-7992. (b) Nakano, HChem.
Phys. Lett 1993 207, 372-378.

(25) Sglling, T. I.; Smith, D. M.; Radom, L.; Freitag, M. A.; Gordon, M.B.
Chem. Phys2001, 115 8758-8772.
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to perform nearlyen par® with the most popular CASPT2 methét.
Further single-point single-reference coupled-cld$wmmputations on
B3LYP/6-31G* geometries were performed at the full coupled-cluster
singles and doubles level (CC8] The effect of triple excitations
was computed in a noniterative perturbative manner [CCSE)(@3ing

the RHF wave function as the reference. For some structures of a high
biradical nature, Brueckner doubles BD{T)and unrestricted
UCCSD(T) computations were also performed. All post-HF computa-
tions, including MCQDPT2, were performed using the frozen-core
approximation in which the core orbitals are excluded from the
correlation computations and used the cc-pVDZ basis, again, in its
spherical harmonics expression.

NMR chemical shifts and NICSwere computed at the B3LYP/6-
311G**//IB3LYP/6-31G* level using the GIA& method, whereas
magnetic susceptibilities were computed at B3LYP/6-311G**//B3LYP/
6-31G* and B3LYP/6-311G**//MP2/cc-pVDZ using the CS&T
method.

(26) Andersson, K.; Malmaqvist, P.-A.; Roos, B. Q. Phys. Chem1992 96,
1218-1226.

(27) Bartlett, R. J. Coupled-Cluster Theory: An Overview of Recent Develop-

ments. InModern Electronic Structure Theagryarkony, D. R., Ed.; World

Scientific: River Edge, NJ, 1995; pp 1047131.

(a) Cizek, JAdv. Chem. Phys1969 14, 35—-89. (b) Purvis, G. D.; Bartlett,

R. J.J. Chem. Phys1982 76, 1910-1918. (c) Scuseria, G. E.; Janssen,

C. L.; Schaefer, H. F., lll.J. Chem. Phys1988 89, 7382-7387.

(d) Scuseria, G. E.; Schaefer, H. F., Jl. Chem. Phys1989 90, 3700~

3703

(28)

(29) Raghavachari, K.; Trucks, G. W.; Pople, J. A.; Head-GordonChem.
Phys. Lett 1989 157, 479-483.

(30) Handy, N. C.; Pople, J. A.; Head-Gordon, M.; Raghavachari, K.; Trucks,
G. W. Chem. Phys. Lettl989 164, 185-192.
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139.3 1315

Figure 2. H (normal) and3C ¢ (ppm) chemical shifts (bold) fat4 and15 and NICS (jtalic) for points above 0.0 gXand 1.0 A (%) over the center of
the ring.
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Figure 3. Enthalpy profiles AHg in kcal/mol) for the cyclizations of 1,2-didehydro[10]annulenes. Normal B3LYP/6-311G**, italics MCQDPT2/cc-pVDZ,
bold CCSD(T)/cc-pVDZ. Values for cyclization f#\-29 are in parentheses.

DFT and post-HF computations were performed with the Gaussian to that of its “all-ene” partner, although it is somewhat more
98 program packag¥. All multiconfigurational computations were  restricted due to the 8- C1—C2—C3 linear disposition imposed
performed with the GAMESS-USprogram. by the triple bond. The lowest energy form for 1,2-didehydro-
[1,2]annulene is the @B5E,72,97) C; form 14 (termed “heart”
for [10]annulene) that places the® Idroton near the center of

1. Structural Properties of the 1,2-Didehydro[10]annulenes.  the ring. As could be expected for a nearly planar 10-electron
The Conformational Space of 1,2-Didehydro[10Jannulenes.  system, the molecule exhibits bond equalization, one of the signs
1,2-Didehydro[10]annulene spans a conformational space similarq¢ aromaticity, as evident from the bond distances and Wiberg
bond indexes (Figure 1). However, as theHo parent, the

Results and Discussion

(31) Schleyer, P. v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R.

v. E. J. Am. Chem. Sod 996 118 6317-6318. system is slightly tWiSt(‘)dmC‘l—CS—CG—H6 = 24°) in order
(32) E\ggl(i)nski, K. Hinton, J. F.; Pulay, B. Am. Chem. S0d99q 112, 8251~ to maximize overlap while minimizing the alkynekteric
(33) Keith, T. A.; Bader, R. F. WChem. Phys. Lett1993 210, 223-231. repulsion. Hence, replacement of one of the double bonds for
(34) Ezsclgglgll et alGaussian 98revision A.7; Gaussian, Inc.: Pittsburgh, an alkyne moiety provides enough angle strain release to allow
(35) Schmidt, M. W. et alJ. Comput. Cherr1993 14, 1347-1363. a quasi-planar aromatic form to be the most stable minimum.
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Figure 4. Transition structures and products for the 1,2-didehydro[10]annulene cyclizations. B3LYP/6-31G* bond lengths in normal style. Wiberg bond
indexes on B3LYP/6-311G** densities in italics.

The (32,52,72,92) configuration can adopt a plan@,, = 51.4 cm™! for the A, mode). The low absolute value of the
geometryl5. As found for14, this aromatic structure is nearly  frequencies (below 100 cr) for B; andA; modes, associated
bond-equalized. However, due to the ring strain, this form is with out of plane distortions, indicates the floppy character of
energetically disfavored by 12.2 kcal/mol (B3LYP) relative to the molecule in this configuration (vide infra).

14. Single-point energies computed at MCQDPT2 and We located two other conformers of theZ(32,72,92)
CCSD(T) levels increase this energy gap to 18.0 and 17.0 kcal/ configuration, namely, th€s (16) and theC, form (17). The
mol, respectively (Table 1). To verify that the planarity & C, form, termed “boat” in the gH1 analogue, does not exist
was not an artifact due to overestimation of aromaticity in DFT on the B3LYP/6-31G* surface as a minimum and is rather an
computations, we also optimized and computed frequencies atinflection point for interconversion af4 and 15 (see below);
the MP2/cc-pVDZ and QCISD/cc-pVDZ levels. Wherddsis all attempts to optimize it at B3LYP led to th@,, form 15.
also a minimum at the MP2/cc-pVDZ level, at the QCISD/cc- However, when optimizing at MP2/cc-pVDZ6 resulted in a
pVDZ level, this structure is a first-order saddle point (NIMAG  true minimum structure, 13.2 kcal/mol abol/ this difference

8154 J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005
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Interconversion pathways betweerZ(3F,77,97) heart14 and (,52,7Z,92) twist 17 species. EnthalpiesAH,, kcal/mol) taken from the

CCSD(T)//B3LYP/6-31G* and CCSD(T)/cc-pVDZ//MP2/cc-pVDZ computations.

Table 2. Computed Magnetic Susceptibilities (ppm cgs) and
Magnetic Susceptibility Exaltations

B3LYP/6-311G**//B3LYP/6-31G*

Level B3LYP/6-311G**//MP2/cc-pvVDZ

(3Z,5E,72,92) configuration, didehydro[10]annulene adopts a
nearly planar aromatic forni4), whereas the all-configuration
prefers a localized twist forml{) according to our CCSD(T)

predictions.

Other high-energy conformers found were tgl8 andC,
19 conformers with the [B,5Z,7Z,9E) configuration; these two
forms are energetically very close. Multireference computations

species AN A M A
14 —105.3 —41.0 —105.3 —41.0
15 —115.8 —51.5 —116.1 —51.8
16 —61.4 -2.9
17 —59.6 4.7
18 —103.3 —39.0
19 —93.3 —29.0
20 —111.2 —46.9
23 —8.8 +55.5

is reduced to 1.1 kcal/mol at CCSD(T)/cc-pvVDZ/IMP2/
cc-pvDZ. This small energy difference and the low absolute

favor the C, over the Cs form, whereas both B3LYP and
CCSD(T) predict theCs form to be more stable tha@, 19.

The (F,52,72,92) configuration displays a more favoraliiz
structure20 that is placed 36.6 kcal/mol [CCSD(T)] aboté.
Although all of these structures possess aromatic character, the
considerable strain caused by th& and % double-bond

values of the frequencies related to the normal mode associatedonfigurations makes them energetically unfavorable.

with the C—C® out of plane movement show the highly floppy
character of the alF configuration. TheC, form, resembling
the C, twist absolute minimum1(7) on the GgHjo surface,
was also recently reporteds the absolute minimum for 1,
2-didehydro[10]annulend.7 does not exist as a stationary point
on the B3LYP surface but is also a minimum at MP2/cc-pVDZ
that is 16.1 kcal/mol above the heart fof, that is, 1.1 kcal/
mol below theC,, aromatic form. The CCSD(T) computations
increase the preference for this twist form but place it only
6.8 kcal/mol abovel4. According to bond lengths, twist7

Interconversion between Low-Energy Conformers.De-
generate interchange of the annulddke one of the key steps
in Saas rearrangement mechanism (Scheme 2), can take place
easily through simultaneous rotation of the<C® and C—C8
bonds; the transition state for this proce2§, (Figure 1) is a
localized structure witlC, symmetry. At B3LYP, this process
is associated with a barrier of 17.4 kcal/mol, while MCQDPT2
and CCSD(T) furnish lower values of 16.3 and 13.5 kcal/mol,
respectively (Table 1).

Moreover, 14 can be interconverted with its enantiomer

presents a localized structure, but as a consequence of twistingthrough theCs planar form22 with a barrier of only 4.3

this species presents a phase change im gigstem and can be
classified as a 10-electron antiaromati¢ biles* system, which
inhibits electronic delocalization. As a consequence, in its

4.8 kcal/mol. This means that in the 'Sachanism each en-

(36) Zimmerman, H. EAcc. Chem. Red971 4, 272-280.

J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005 8155
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Scheme 3. Structures along the Ring Contraction Mechanism

seMilss

H H

28 30 31

Table 3. Relative Energies AHp (kcal/mol) for Species Involved in
Echavarren’s Mechanism

Species
level 28 30 3A-30 1A-31 1A-32
B3LYP/6-311G** 0.0 38.7 39.6 28.0 27.7

Table 4. Relative Energies AHy (kcal/mol) for the Isonaphthalene
28 Isomerization

Species
level 28 33 35
B3LYP/6-311G**= 0.0 17.2 —98.7
MCQDPT2/cc-pVD2 0.0 29.1 —-90.4
CCSD(T)/cc-pVD2 0.0 23.9 —-91.7

aSingle point on B3LYP/6-31G* geometries.

antiomer of the cyclic allen8 would produce the two possible
enantiomers ofl0. Ring inversion of twistl7 takes place
throughl1b, as indicated by normal-mode analysis on the QCISD

-0

H H
32

Another magnetic criterion of aromaticity that has extensively
been used is the exaltation of the magnetic susceptibiity,
which is defined as the difference between the found (computed)
susceptibility v, for a given compound and that estimatgd'f
for a cyclopolyene of the same structdfe.

)

For GoHgs annulene, we estimateyy' of —64.3 ppm cgs,
according to the Haberditzl systeih® Whereas botH4 and
15 present strong exaltations-41.0 and—51.5 ppm cgs,
respectively), these are negligible for the localized boat and twist
structuresl6 and17 (Table 2). On the other hand, structi@
displays a strong positive enhancement5%.5 ppm cgs),
confirming its antiaromatic nature.

IR Spectra. With the aim of providing accurate IR data for
future matrix isolation experiments, we computed harmonic
frequencies for the heaft4 and twist17 isomers at QCISD/
cc-pVDZ. The most prominent difference between these species

A== xM

frequency computations; the associated barrier is 9.7 kcal/molis the presence of intense bands at 1028 and 1051 cm

at CCSD(T)/cc-pVDZ/IMP2/cc-pVDZ.

Notably, formal double-bond isomerization from the
(32,5E,72,92) configuration in14 to the (%,5E,72,92) in 17
takes place through th@ structure23, which can be considered

associated with the wagging of the inner protof iH the
spectrum ofl4 (see the Supporting Information).

2. Cyclization Reactions of 1,2-Didehydro[10]annulenes.
The [6,6]-Cyclizations. Cyclization of heart annulen&4 to

as a delocalized “phantom” transition structure. An antiaromatic cyclic allene28 takes place through transition structé

system arises as a consequence of thiéivktopology of this

As shown in Figure 3, the B3LYP computations overestimate

10 7-electron system, as manifested by bond equalization andthe 14 — 28 energy separation with respect to both CCSD(T),
a largely positive magnetic susceptibility exaltation (vide infra). as well as MCQPT2 methods, and the predicted B3LYP energy
Hence,23 s biradicaloid, as evident from the instability of the  barrier is also larger. Note that both the forward (16.8 kcal/
restricted B3LYP determinant; the lowest energy is obtained mol) and reverse barriers (15.0 kcal/mol) are sufficiently large

when a broken-spin-symmetry ansaf#(= 1.00 at B3LYP/
6-311G**) is employed. In the CASSCF expansion, single
excitations only contribute 5%, while the principal contribution

to allow the distinction of the annulene and cyclic allene
intermediates in future matrix isolation experiments.
The C, twist form 17 can cyclize to the allen28 through

to the multireference expansion comes from the double excita- the transition structur25. Note that this structure requires much

tion from HOMO to LUMO (30%). Thus, we can expect that

more geometric and energetic deformation than in the cycliz-

closed-shell coupled-cluster methods, which can be severelyations discussed so far. The transition structure is located in a
affected by large single excitation amplitudes, deal reasonably region where the &C° bond has formed much less (thé-€

well with this problem. Both closed-shell methodologies
CCSD(T), BD(T) and unrestricted UCCSD(T) computations
furnish high activation enthalpies around-446 kcal/mol. DFT

computations (40.4 kcal/mol) and especially MCQDPT2
(36.5 kcal/mol) give lower values. We will see below that this

CS distances are 1.848 and 2.185 A2ihand?25, respectively).
Sincel7is not a stationary point at the B3LYP/6-31G* level,
we have estimated the CCSD(T) barrier and reaction enthalpy
by summing up the energy difference between@g15 and

17 conformers at CCSD(T)//MP2 (9.7 kcal/mol) to the

isomerization can take place more easily through an alternative CCSD(T)//B3LYP enthalpies, which gives fd7 — 28 a

cyclization mechanism (Figure 5).

NMR Computations. The aromatic nature of 1,2-didehydro-
[10]annulene in its formd4 and 15 should be apparent from
their NMR propertie$.Thus, GIAO-B3LYP/6-311G** chemical
shift computations ol4 gave very characteristic values for an
aromatic systemdus = —1.5 ppm for the inner proton and
0 = 7.7-8.4 ppm for the outside protons; Figure 2). The
principal difference in thé3C NMR spectra of both compounds
is the deshielding of the inner carbor§ @f 157.3 ppm inl4.
The all-Z form 15 has NICS values of-15.1 and—13.0 ppm
for points at 0 and 1.0 A above the center of the ring, which
clearly indicates strongly aromatic character.

8156 J. AM. CHEM. SOC. = VOL. 127, NO. 22, 2005

reaction enthalpy oAHy, = —5.5 kcal/mol. The forward and
reverse barrierdHo* are 30.6 and 36.1 kcal/mol, respectively
(Figure 3). As the former value is below the estimated reverse
barrier for thel7 — 14 interconversion through transition state
23 (ca. 40 kcal/mol), this should be the preferred reaction path
for conversion ofl17 to the heart minimumil4 (Figure 5).
However, the magnitude of this barrier is high enough to make

(37) Dauben, J. J., Jr.; Wilson, J. D.; Laity, J. Nonbenzenoid Aromatics
Academic Press: New York, 1971; pp 16206.

(38) Haberditzl, WAngew. Chemlnt. Ed. Engl 1966 5, 288-298.

(39) Note that in this system, ring inversion through an open-shell transition
state with a planar unit is blocked by benzannulation. See ref 5d and
references therein.
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Scheme 4. Enthalpy Profiles (CCSD(T)/cc-pVDZ//B3LYP/6-31G* AHy in kcal/mol) for the Aromatization Pathways of Cyclic Allene 28 and
Carbene 29

the observation of the twist forh7 in matrix experiments (ca. 78 kcal/mol), so this carbene will rearrange very rapidly
feasible if prepared adequately. to the [10]annulene species. The significant activation enthalpy
The [5,7]-Cyclizations. Although not yet observed experi-  difference favoring the [6,6]-cyclization mode (16.8 vs 23.3 kcal/
mentally, the even shorter2€C® distance relative to the  mol at CCSD(T)) renders [5,7]-fused products unlik&ly.
Cl—CS distance (2.799 vs 2.844 A) in the heart fotshould However, the [5,7]-cyclization is favored from the twiss
make a [5,7]-cyclization feasible, leading to the azulene-like form 17. At CCSD(T) TS,27 is associated with a 28.2 kcal/
carbene29. The transition structur@6 associated with this mol barrier, which is 2.4 kcal/mol below the [6,6]-cyclization
process is positioned later on the PES than transition structureparrier. TS27 suffers from a minor spin symmetry breaking
24, as judged by the bond distances (Figure 4). Note, however, hoth at B3LYP/6-31G* and at B3LYP/6-311G*$==0.09
that the bond indexes for the bonds being formed are very for the latter). Although, as noted above, the reverse barriers
similar, likely due to a large contribution of the-system in for rearrangement a9 to the heart fornl4 are low, it seems
TS 24. “Late” TS 26 is a consequence of the reaction being to be possible that this intermediate could be intermolecularly
significantly more endothermid\Ho = 15.6 kcal/mol, than the  trapped by ionic (protic sources) or radical reagents 4CCl
[6,6]-cyclization by nearly 10 kcal/mol at CCSD(T). This 1 4-cyclohexadiend) or even bases (g).4?
difference is due to the much more pronounced biradical
character of29 relative to cyclic allene28. In fact, 29 has a (40) In a recent work studying various phenyl-substituted phenylacetylene
triplet 3A ground state 36 kcal/mol below théA state. Thus, substrates, only [6,6]-cyclization products were observed: Bodn, D.;

N f Martinez-Espern, M. F.; Navarro-Vaquez, A.; Castedo, L.; Domguez,
even from the triplet state, the reverse barriers are very low D.; Sda C. J. Org. Chem2004 69, 3842-3848.
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1.481
1515 103 1331

Figure 6. Intermediates and transition structures for aromatization of carB&meormal bond lengths, italics Wiberg bond indexes on B3LYP/6-311G**
densities.

The “Echavarren” Ring-Contraction Mechanism. We also cally and experimentally Deuteration experiments by Saad
examined the possibility of a ring contraction mechanism as co-workers have demonstrated that cyclic allenes can undergo
proposed by EchavarrérContraction of cyclic allen@8to a aromatization through reaction with protic donéfépases, or

tricyclic form 31, which is placed 28 kcal/mol above the cyclic halogen atom donors, such as ¢.&IHowever, in the absence
allene on the singlet surface, takes place through transition of such trapping agents, B3LYP and CCSD(T) computafibns
structure30 (Scheme 3) with a very high barrier of 39 kcal/ showed that for isonaphthale@8 aromatization can also take
mol (Table 3) that clearly makes this mechanism unlikely place through an intramolecular 1,2-shift involving closed-shell
compared to the “annulene” mechanism (Scheme 2). We locatedtransition structure83 of aromatic character, as evident from
the very early singlet transition structuB2 (not shown in NICS computationé® Benzannulation causes significant de-
Scheme 3) that interconnects biradicsl to the carbene  crease of the barrieB3is associated with a 23.9 kcal/maHg
1A-29; after including ZPVE corrections, the barrier vanishes. barrier at the CCSD(T)/cc-pVDZ//B3LYP/6-31G* level (Table
On the triplet surface, biradicd@l is not a stationary point,  4), whereas the parent nonbenzannulated cyclohexatriene system
and geometry optimization leads to carb@® Note also that isomerizes with a 31.9 kcal/mol barrier at the same lé¥el.
for TS 30, triplet and singlet surfaces are very close in energy, Furthermore, for the benzannulated system, the carBérnig
AHp = 0.9 kcal/mol, favoring the singlet state, and given the not a stationary point but an inflection point on the B3LYP/
structural similarity between triplet and singlet structures, 6-31G* surface that directly leads to naphthaled®
intersystem crossing could take place shortly after passing the(Scheme 4).
transition state in the reaction pathway3fe-29. We also investigated a similar aromatization mechanism for
3. The Final Step: Aromatization. The aromatization of  the [5,7]-cyclization produc29. The first step involves a [1,2]
cyclic allenes has recently been carefully studied both theoreti- hydrogen shift from triplet carben29 to the carben&7 that
(41) This dual polar/radical reactivity is characteristic not only for cyclic allenes also has a trlplet ground state. The trlple't trar?smon structure,
but also [f)or molecules with a high biradical chara():/ter, syuch as the 3A—36, has a nearly planar geometry and is quite synchronous,

a,3-didehydrotoluene species: (a) Hughes, T. S.; Carpenter, B.Ghem. as evident from the bond distances (Figure 6). The B3LYP and
Soc., Perkin Trans. 2999 2291-2298. (b) Cremeens, M. E.; Carpenter,

B. K. Org. Lett.2004 6, 2349-2352.
(42) Rodfguez, D.; Navarro-Vaquez, A.; Castedo, L.; Domguez, D.; Saa (43) Rodfguez, D.; Navarro, A.; Castedo, L.; Domguez, D.; SaaC. Org.
C. Tetrahedron Lett2002 43, 2717-2720. Lett 200Q 2, 14971500.
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Table 5. Relative Energies AHy (kcal/mol) for Biradical 29 Isomerization

Species
level 3A-29 1A-29 3A-36 1A-36 3A-37 1A-37 3A-38 'A-38 %A-39 A-39
B3LYP/6-311G**= 0.0 3.6 27.6 27.8 15 4.3 38.8 21.0 —33.6 —70.7
MCQDPT2/cc-pVD2 0.0 —6.8 27.4 22.2 1.2 6.9 39.6 30.7 —14.7 —68.4
UCCSD(T)/cc-pVD2 0.0 5.8 29.9 28.9 1.7 3.7 44.8 19.7 —29.9 —69.9

aSingle point on B3LYP/6-31G* geometries.

CCSD(T) levels gave similar activation barriers of 27.6 and slow process and should take place through cyclization to
29.9 kcal/mol, respectively (Table 5). When crossing to the isonaphthalene rather than bond rotation through an antiaromatic
singlet surface, this process takes place with barriers of Md&bius transition structure. Isonaphthalene (cyclic allene) ring-
27.8 and 28.9 kcal/mol at the same levels. The correspondingopening to heart 1,2-didehydro[10]annulene has a low barrier
transition structurelA-36, is positioned later on the PES than (15 kcal/mol), which strongly supports the notion that this
its triplet counterpart. Singlet structuté-29 is preferred in structure is a true intermediate in the observed rearrangements
MCQDPT2 computations, which gave a barrier of 29.0 kcal/ in phenylacetylene dehydro Dietg\lder reactions. A ring
mol for 1A-29— 1A-37isomerization. Due to the close structural contraction mechanism seems to be unlikely on the basis of
similarity between the structures on the two surfaces, intersystemour DFT results. An alternative [5,7]-cyclization mode of
crossing is expected to take place easily. annulenel4 to an azulene structure is highly unfavorable both
Intermediate carber&7 isomerizes after intersystem crossing kinetically and enthalpically over the observed [6,6]-cyclization
to the 1A state to the final azulene through low-lying closed- mode, despite the greater proximity of the reaction centers from
shell transition structur@A-38, a structure with closed-shell  the heart form. This is, however, the preferred cyclization mode
character, with a barrier of only 16.0 kcal/mol [UCCSD(T)]. for theC, twist form 17 as predicted by CCSD(T) computations.
Therefore, the first [1,2] H shift is the rate-limiting step. The aromatization of the [5,7]-cyclization prod@§, a triplet
Transition structure’A-38 for direct isomerization to triplet carbene, takes place through two consecutive 1,2 H shifts with
3Bz naphthalene is associated with a much higher barrier (43.1a 30 kcal/mol barrier for the first step. The second step, which
kcal/mol). Note that for the isomerization to azul&#the two involves closed-shell “aromatic” 10-electron structure, has a low
electrons provided by the-€H bonds of the migrating hydrogen 16 kcal/mol barrier. In contrast, the aromatization of cyclic
contribute to a closed-shell aromatic structure in the second allene28 benefits in the first step from aromatic stabilization.
transition structure38 but not in the first step of this isomer-
ization. This is in contrast to the isonaphthale®&case, in Acknowledgment. This work was supported by the National
which this cyclic delocalization can take place already in the Science Foundation (CHE-0209857). A.N. thanks the Spanish
first step. Note the better agreement of B3LYP versus Government for granting of a postdoctoral fellowship, and the
MCQDPT2 computations as compared to highest-level coupled- CESGA for allocation of computer time.

cluster results. Supporting Information Available: Tables with Cartesian

Conclusions coordinates for all optimized structures, along with tables
including absolute energies, ZPVE energies, &&lvalues;
simulated IR spectra and Gaussian archive entries from QCISD
computations on specidgand17, and full text for abbreviated
references. This material is available free of charge via the
Internet at http://pubs.acs.org.

The global conformational minimum of 1,2-didehydro[10]
annulenes at the CCSD(T)//B3LYP level is a nearly planar heart
aromatic form {4) with the (3,5E,7Z,92) configuration. The
greater angle strain in the4%Z,7Z,92) configuration leads to
a localized twist form of Mbius topology 17) that is 7 kcal/
mol aboveld4. Interconversion between these two forms is a JA0507968
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