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A Study into the Possible Homoaromatic Nature of Some Related
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A comparison of the aromatic nature of the cations and carbenes centered at the 8-position of tricyclo-
[3.2.1.0%*]octane, the 9-position of pentacyclo[4.3.0.024.0%8.057]nonane, the 6-position of tricyclo-
[3.1.1.0%“]heptane, and the 4-position of tetracyclo[3.3.0.028.036]octane has been undertaken. Hybrid
density functional theory calculations have been used to examine the geometric, energetic, and
magnetic characteristics of each cation, singlet carbene, and triplet carbene. The results shed light
on the flexibility of the polycycles to achieve stable intermediates and on the breadth of

homoaromaticity.

Homoaromaticity in which cyclic delocalization, typical
of aromaticity, is exhibited by systems in which there is
an insulating group interrupting the continuous adjacent
overlap of orbitals has been revealed in cationic, anionic,
and neutral polycyclic hydrocarbons. Illustrative parent
systems are the 3-bicyclo[3.1.0]hexyl cation (1),? the
bicyclo[3.2.1]octadienyl anion (2),% and barbaralane spe-
cies 3* (Chart 1). In a recent study in this laboratory,
homoaromatic properties of carbene intermediates 4—6
were explored using hybrid density functional theory
methodology B3LYP/6-311+G(3df,2p)//(B3LYP/6-31G-
(d)).%2 In addition, calculations employing the B3LYP/6-
311+G(3df,2p)//B3LYP/6-31G(d) method were used to
analyze homoaromaticity or antihomoaromaticity in the
cation, singlet carbene, and anion at the 2-position of
bicyclo[3.2.1]octadiene, 732 (Chart 2).

Is the homoaromaticity revealed for bivalent singlets
5 and 6 general, and will the analogy to homoaromaticity
of carbocations hold across a larger range of structures?
In this study, we compare the degree of homoaromaticity
in cationic and neutral carbene intermediates for species
centered at the 8-position of tricyclo[3.2.1.0%>*]octane 8,
the 9-position of pentacyclo[4.3.0.024.0%8.05%"]nonane 9,
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Jiao, H.; Schleyer, P. v. R. In AIP Proceedings 330, E. C. C. C. 1.
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1986, 108, 5078—5086.
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N. L. J. Org. Chem. 2002, 67, 6599—6611.

1386  J.Org. Chem. 2003, 68, 1386—1393

CHART 1
+ %6
1 2 3
CHART 2
4 5 6

/ \

%
THE=+,1:-

the 6-position of tricyclo[3.1.1.0>*]heptane 10, and the
4-position of tetracyclo[3.3.0.028.0%¢]octane 11 (Chart 3).
The B3LYP/6-31G(d) method, as implemented in the
Gaussian 98 suite of programs,® is employed for geometric
analysis of structural anomalies indicative of homoaro-

(5) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A,
Jr.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M;
Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.;
Barone, V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo,
C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K,
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
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Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen,
W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.;
Pople, J. A. Gaussian 98, revision A.6; Gaussian, Inc.: Pittsburgh, PA,
1998.
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CHART 3

a: X=H, Y=H
b: X=leaving group
C-B: X=+, bishomo square pyramidal geometry
C-P: X=+, trishomocyclopropenyl geometry
Y=H
S-B: XY=:, singlet, bishomo square pyramidal geometry
S-P: XY=, singlet, trishomocyclopropenylidene geometry
T: XY=, triplet

CHART 4
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maticity. The B3LYP/6-31G(d) geometries paired with
B3LYP/6-311+G(2d,p) and B3LYP/6-31+G(3df,2p) cal-
culations are used to examine magnetic and energetic
properties, respectively.

Background

Early proposals for homoaromatic intermediates were
born from observations of the solvolysis of cis-3-bicyclo-
[3.1.0]hexyl tosylate (12).! Winstein rationalized the
solvolysis rate and deuterium scrambling in terms of the
direct formation of trishomoaromatic cation 12C in which
a cyclopropane bond and the empty orbital at C3 form a
three-center, two-electron aromatic system, eq 1. Four-
teen years later the existence of stable ion intermediate
12C was confirmed with *C NMR by Masamune and co-
workers.?2 The ethano-bridged derivative of cation 12C
is 8C-P and is well established as a homoaromatic
species.®

NOTS—»
12

The Coates cation 9C-P, Chart 4, was first proposed
by Coates and Kirkpatrick to explain the solvolysis rate
enhancement of 9b (10 to 102 with X = p-nitrobenzoate)
and the deuterium scrambling.” This rationale was

12C

(6) (a) Szabo, K. J.; Kraka, E.; Cremer, D. J. Org. Chem. 1996, 61,
2783—2800 and references therein. (b) Willershausen, C.; Kybart, C.;
Stamatis, N.; Massa, W.; Buhl, M. Schleyer, P. v. R.; Berndt, A. Angew.
Chem., Int. Ed. Engl. 1992, 31, 8—1240 and references therein. (c)
Story, P. R.; Clark, B. C., Jr. In Carbonium lons; Olah, G. A.; Schleyer,
P. von R., Ed., Wiley-Interscience: New York, 1972; Vol. I, p 1007.
Winstein, S. Ibid.; p 965. (d) Haywood-Farmer, J. Chem. Rev. 1974,
74, 315. (e) Masamune, S.; Sakai, H.; Kemp-Jones, A. V. Can. J. Chem.
1974, 52, 855.
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supported by NMR observation of delocalized cation 9C-P
in superacid solution.® In addition, Saunders and Kates
demonstrated using deuterium perturbation of 13C NMR
that cation 9C-P exists as a single static structure
and not as a rapid equilibrium of equivalent classical
forms.®

While the cations derived from ionization of 8b and
9b are trishomocyclopropenyl in nature, the cations
generated by ionization of 10b and 11b enlarge the vista
from that of the trishomocyclopropenyl species. A bis-
homo square-pyramidal cation, 10C-B, was observed in
superacid solution at —110 °C by Masamune et al.l®
Geometry optimization calculations at the MP2/6-31G-
(d) level by Prakash and co-workers!! revealed the
square-pyramidal cation as the only minimum on the
potential energy surface. Similarly, studies of the car-
bocations derived from 11b have focused on both the
trishomocyclopropenyl and bishomo square-pyramidal
ions.1112 However, in contrast to the cationic intermediate
derived from 10b, where only the bishomo square-
pyramidal cation is a minimum on the potential energy
surface, both the trishomocyclopropenyl ion, 11C-P, and
the bishomo square-pyramidal ion, 11C-B (Chart 4), are
minima. Indeed, Mgller—Plesset calculations as high as
the MP4-(SDQ)/6-31G(d)//MP2/6-31G(d) level brought to
light the fact that the two cations are practically isoen-
ergetic.t

This background raises the question of whether neutral
carbene species, which will exhibit a reduced attraction
for transannular sources of electron density relative to
that of analogous carbocations, will provide structural,
energetic, and magnetic characteristics similar to those
of cations derived from 8b—11b.

Results and Discussion

Key geometric features of the optimized structures
(B3LYP/6-31G(d)) for polycyclic hydrocarbons 8a—11a
and the related cationic and carbene intermediates are
displayed in Table 1. Indicators of aromaticity include
lengthening of conjugative bonds compared to bonds in
nonconjugated molecules, bond equilization, and planar-
ity of the set of interacting atoms. Although many
aromatic molecules are planar, allowing maximum cyclic
delocalization of w-electrons, it has been recognized that
other geometric shapes provide favorable conditions for
cyclic electron delocalization.*® Included in those geom-
etries is the bishomo square-pyramidal geometry pos-
sessed by several of the cations and carbenes in this
study.

Hydrocarbons 8a, 10a, and 11a possess Cs symmetry,
while 9a is C,,, Table 1. In all cases, the cyclopropane
bond fused with the larger ring is about 1.52 A in length

(7) Coates, R. M.; Kirkpatrick, J. L. J. Am. Chem. Soc. 1970, 92,
4883.

(8) Coates, R. M.; Fretz, E. R. 3. Am. Chem. Soc. 1975, 97, 2538.

(9) Saunders, M.; Kates, M. R. J. Am. Chem. Soc. 1980, 102, 6867.

(10) Masamune, S.; Kemp-Jones, A. V.; Ona, A.; Nakashina, T.
Angew. Chem., Int. Ed. Engl. 1973, 12, 769. Hogeveen, H.; Kwant, P.
W. Acc. Chem. Res. 1975, 8, 413—420.

(11) Prakash, G. K. S.; Rasul, G.; Olah, G. A. J. Phys. Chem. 1998,
102, 2579.

(12) Kemp-Jones, A. V.; Nakamura, N.; Masamuna, S. J. Chem. Soc.,
Chem. Commun. 1974, 109—110. See also Hart, H.; Kuzuya, M. J. Am.
Chem. Soc. 1972, 94, 8958—8960. Hart, H.; Kuzuya, M. J. Am. Chem.
Soc. 1974, 96, 67436—6450.
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TABLE 1. Optimized Geometries of the Hydrocarbons,
Cations, and Carbenes of the Series 8—11 (B3LYP/6-31G*;
Nimag = 0 for All Species)

bond distance (A) or

dihedral angle (deg) 8a 8C-P 8T 8S-P
C2—-C4 1.522 1.929 1.537 1.688
C7-C8 2.388 2.467 2.332 2.529
Cc2—-C8 2.381 1.812 2.329 1.964
Dgi54 122 82 123 90
Dgs17 121 166 121 150
bond distance (A) or
dihedral angle (deg) 9a 9C-P 9T 9S-P
C2-C3 1.520 1.849 1.530 1.637
C2-C9 2.406 1.850 2.351 1.998
C6—C9 2.438 2.351 2.528
Dg183 125 82 125 93
Dogi6 166 125 155
bond distance (A) or
dihedral angle (deg) 10a 10C-B 10T 10S-P 10S-B
Ccil-C2 1.444 1.425
Cc2—-C4 1.522 2.123 1.540 1.710 2.114
C2-C6 2387 1635 2347 1973 1735
C7-C6 2.113 2.037 2.222
Dg154 113 54 113 83 59
Dgs517 128 175 127 151 170

bond distance (A) or

dihedral angle (deg) 11a 11C-P 11C-B 11T 11S-P 11S-B

Ci1-Cc2 1520 1.904 2.138 1.534 1.595 2.128
C1-C5 1.440 1.424
C2-C4 2436 1.860 1.629 2.388 2.153 1.724
C6—C4 2.157 2.175 2.079 2.248

Dys32 118 77 54 118 97 58
D356 133 173 167 132 153 171

and the distance between the bridge carbon and the
closest carbon in the cyclopropane ring is about 2.4 A.
These distances are dramatically changed in cations 8C-
P, 9C-P, 10C-B, 11C-P, and 11C-B, Table 1. In trisho-
mocyclopropenium ions 8C-P, 9C-P, and 11C-P the
bridge cationic carbon leans significantly toward the
fused cyclopropane bond with the distance between the
cationic carbon and a carbon in the fused cyclopropane
bond shortening to an average of 1.84 A. In both 8C-P
and 11C-P, the fused cyclopropane bond lengthens by
approximately 0.4 A. In Coates'’s cation 9C-P the fused
cyclopropane bond only lengthens by 0.33 A; however,
the triangle of overlap (C9—C2—C3) is equal on all sides
at 1.85 A. Trishomocyclopropenyl ion 11C-P was previ-
ously examined at MP2/6-31G(d); at that level, the
triangle of overlap is equalized with a C4—C1 distance
of 1.851 A, and a C1—C2 distance of 1.859 A 1! In bishomo
square-pyramidal cations 10C-B and 11C-B the C-C
bonds from the center pentavalent carbon equalize to 1.63
A at the B3LYP/6-31G(d) level. The base of the pyramid
(carbons 1, 2, 4, and 5 in 10C-B and carbons 1, 2, 3, and
5in 11C-B) aligns in a cyclobutadiene-like rectangle with

(13) (a) Olah, G. A,; Prakash, G. K. S.; Williams, R. E.; Field, L. D.;
Wade, K. Hypercarbon Chemistry; John Wiley and Sons: New York,
1987; p 206. (b) Minkin, V.; Glukhovstev, M.; Simkin, B. Aromaticity
and Antiaromaticity: Electronic and Structural Aspects; John-Wiley
and Sons: New York, 1994; Chapter 9. (c) King, R. B. Chem. Rev. 2001,
101, 1119-1152. (d) Buhl, M.; Hirsch, A. Chem. Rev. 2001, 101, 1153—
1184. (d) Haddon, R. C. J. Am. Chem. Soc. 1988, 110, 1108—1112.
Haddon, R. C. 3. Am. Chem Soc. 1987, 109, 1676—1685. Haddon, R.
C. J. Am. Chem. Soc. 1986, 108, 2837—2842.
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bond distances of ~1.44 and ~2.1 A. Cations 10C-B and
11C-B were also examined using MP2/6-31G(d) meth-
odology and gave structures very similar to those ob-
tained at the B3LYP/6-31G(d) level. Prakash and co-
workers reported C1-C2 and C4—C6 bond distances of
1.443 and 1.623 A for 10C—B, and C1-C5 and C2—C4
bond distances of 1.441 and 1.619 A, respectively, for
11C-B.!* The geometries of cations 8C-P, 9C-P, 10C-B,
11C-P, and 11C-B display bond lengthening and archi-
tectural changes which can be associated with homoaro-
maticity and which provide a basis for comparison with
the related bivalent carbenes.

In contrast to the cationic intermediates, triplet car-
bene intermediates 8T, 9T, 10T, and 11T, Table 1, do
not display the idiosyncrasies associated with cyclic
electron delocalization, which is in harmony with the lack
of homoaromaticity in related radical systems.’* The
fused cyclopropane bond in these intermediates is in-
creased by only 0.010—0.018 A compared to that of their
hydrocarbon parents. Because triplet carbenes ordinarily
possess large bond angles at the bivalent carbon, the
angle centered at the carbene carbon in 8T, 9T, 10T, and
11T is expected to increase with respect to that of the
parent hydrocarbon; indeed in each case the carbene
angle is about 5° larger than the same angle in the
related hydrocarbon. This angular increase, and the
necessary geometric changes required to accommodate
it, can explain the increase in cyclopropane bond length
as easily as conjugative interaction with the carbene
center. In addition, the carbene carbon in each triplet
carbene does not lean toward the cyclopropane bond, as
would be expected to achieve delocalization. The lack of
leaning can best be conveyed using the dihedral angle
containing the carbene carbon, looking across the two
bridgehead carbons, to either the cyclopropane carbon or
the one- or two-carbon bridge on the opposite side. For
example, the C8—C1—-C5—C4 dihedral angle in 8a is
122°, and the C8—C5—C1—C7 dihedral is 121°. The
corresponding dihedral angles in 8T are also 123° and
121°. The analogous dihedral angles in 9T, 10T, and 11T
also do not differ by more than a degree from those of
their hydrocarbon parents.

The geometries of singlet carbenes 8S-P, 9S-P, 10S-
P, 10S-B, 11S-P, and 11S-B, Table 1, exhibit varying
degrees of delocalization. Carbenatricyclooctane 8S-P
displays both lengthening of the fused cyclopropane bond
(C2—C4 = 1.688 A) and leaning of the carbene carbon
bridge toward the fused cyclopropane bond (C8—C2 =
1.964 A), as previously observed,®® and included here
for completeness of comparison. However, there is not
the degree of distortion and thus not the degree of
delocalization in 8S-P that is evident in 8C-P, which
possesses corresponding bond distances of 1.929 and
1.812 A. Singlet carbene 9S-P exhibits decreased bond
distances connecting carbon 9 to carbons 2 and 3. The
carbene carbon bridge in singlet 9S-P leans noticeably;
the C9—-C1-C8-C3 dihedral angle is 93° in 9S-P
compared to 125° in 9T and 9a. Interestingly, both
the trishomocyclopropenylidene and bishomo square-

(14) Freeman, P. K.; Hutchinson, L. L. J. Org. Chem. 1983, 48,
4705—4713. Kochi, J. K.; Bakuzis, P.; Krusic, P. J. 3. Am. Chem.
Soc. 1973, 95, 1516. Russell, G. A.; Holland, G. W. J. Am. Chem. Soc.
1969, 91, 3968. Cristol, S. J.; Noreen, A. L. 3. Am. Chem. Soc. 1969,
91, 3870.
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FIGURE 1. B3LYP/6-31G(d)-optimized geometries for cation 10C-B and singlet carbenes 10S-B and 11S-B.

TABLE 2. Stabilization Energies (SEs) at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d)2 Level for the Bridge Cation and
Carbenes of 8 and 9 (B3LYP/6-31G(d)//B3LYP/6-31G(d)2 Stabilization Energies in Parentheses) Using Eq 2 (SE = Eaikane(
+ Eintermediate(f) — Eintermediate(iy — Ealkanec) (Kcal/mol)) and Diamagnetic Susceptibility Exaltations (A) Calculated at the
CSGT-B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) Level Using Eq 2 (cgs ppm)

molecule SE A
8-tricyclo[3.2.1.024]octyl cation, 8C-P 29.4 (31.2) 14.6
8-carbenatricyclo[3.2.1.024]octane singlet, 8S-P 13.5 (14.1) 26.2
8-carbenatricyclo[3.2.1.024]octane triplet, 8T 0.6 (0.6) 2.3
9-pentacyclo[4.3.0.024.038.057]nonyl cation, 9C-P 22.9 (24.7) 15.7
9-carbenapentacyclo[4.3.0.024.038,0>7]nonane singlet, 9S-P 10.3 (11.4) 22.9
9-carbenapentacyclo[4.3.0.024.038,057]nonane triplet, 9T 1.1(1.1) 4.2

a Includes B3LYP/6-31G(d)//B3LYP/6-31G(d) zero-point energies uncorrected.

pyramidal structures are minima for the intermediate
derived from 6-carbenatricycloheptane 10, whereas only
the bishomo square-pyramidal ion is a minimum-energy
structure for the C6 cation derived from 10b. The
trishomocyclopropenylidene structure 10S-P has bond
distances in the triangle of overlap that are comparable
to those of singlet carbene 8S-P; i.e., the C2—C4 and
C2-C6 bond distances in 10S-P are 1.710 and 1.973 A,
respectively. The bishomo square-pyramidal singlet car-
bene 10S-B is similar in overall structure to cation 10C-B
with the apical carbon to basal carbon distance (C6—C2)
longer at 1.735 A in 10S-B relative to 1.635 A in 10C-B
(Figure 1). The theme revealed for species derived from
6-carbenatricycloheptane 10 is extended to the related
intermediates of 4-carbenatetracyclooctane 11, where
both the trishomocyclopropenylidene and bishomo square-
pyramidal structures are minima. Although the C1—-C2
cyclopropane bond of 11S-P is only 1.595 A, in contrast
t0 1.520 A in 11a, the C4 carbene carbon of 11S-P leans
toward the C1—C2 bond. The C4—C5—C3—C2 dihedral
angle in 11S-P is 97° compared to 118° in 11a and 11T.
It is intriguing to note how similar in structure the
bishomo square-pyramidal carbene 11S-B is to the
square-pyramidal carbene 10S-B despite the additional
carbon tying together the two halves of the molecule
(Figure 1). The C2—C4, C1-C2, and C1—C5 bond dis-
tances in 11S-B are 1.724, 2.128, and 1.424 A, respec-
tively, with a C8—C1—C5 angle of 106.4°. The analogous
bond distances in 10S-B are 1.735, 2.114, and 1.425 A
with a C3—C2—-C1 angle of 117.9°. A clear difference
between 10S-B and 11S-B lies in the angle of the
cyclopropane-like wings relative to the base of the
pyramid; that is, the C5—C4—-C2—-C3 dihedral angle
in 10S-B is 131°, while the comparative dihedral angle
(C3—C2—-C1-C8) in 11S-B is 113°.

Stabilization energies were examined by the use of
homodesmotic equations. In the case of the stabilization
energies of the C8-centered cation and carbenes derived

from 8, and the C9-centered cation and carbenes of 9,
homodesmotic eq 2 was employed with norbornane and

A

intermediate (i) alkane (i)
Y
eq?2
+
alkane (f) intermediate (f)

XY=+, H; : singlet; : triplet

the 7-norbornyl cation and carbenes acting as the refer-
ence system. The results for B3LYP/6-311+G(3df,2p)//
B3LYP/6-31G(d) calculations are listed in Table 2. Ho-
moaromatic cations 8C-P and 9C-P show large stabiliza-
tion energies of 29.4 and 22.9 kcal/mol, respectively. Since
both of these cations are known to be homoaromatic, the
confirmation of their stabilization supports the use of eq
2 as a method for revealing homoconjugative interaction.
Moreover, since the cations carry the added driving force
of delocalizing charge, diminished overlap in the case of
singlet carbenes 8S-P and 9S-P is to be expected. Both
singlet carbenes 8S-P and 9S-P display about 45% of the
homoconjugative stability exhibited by their cationic
cousins. Although energetic stabilization in 8S-P and
9S-P is less than in their related cations, the stabilization
energies are nevertheless significant, being greater than
10 kcal/mol in both singlet carbenes. Triplet carbenes 8T
and 9T show no significant increase in stability relative
to the 7-carbenanorbornane triplet.
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TABLE 3. Stabilization Energies (SEs) Calculated at the B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d)2 Level for the Bridge
Cations and Carbenes of 10, 11, and Parent Carbene 13 (B3LYP/6-31G(d)//B3LYP/6-31G(d)2 Stabilization Energies in
Parentheses) Using Eqgs 3 and 4 (kcal/mol) and Diamagnetic Susceptibility Exaltations (A) Calculated at the
CSGT-B3LYP/6-311+G(2d,p)//B3LYP/6-31G(d) Level Using Egs 3 and 4 (cgs ppm)

molecule SE A
singlet pyramidal CsH, carbene, 13 25.3 (26.6) 38.8
6-tricyclo[3.1.1.024]heptyl cation, 10C-B 15.2 (16.7) —2.4
trishomocyclopropenylidene 6-carbenatricyclo[3.1.1.024]heptane singlet, 10S-P 0.4 (0.8) 6.0
bishomo square-pyramidal 6-carbenatricyclo[3.1.1.024]heptane singlet, 10S-B 4.5 (3.6) 2.9
6-carbenatricyclo[3.1.1.024]heptane triplet, 10T 0.7 (0.7) 2.1
trishomocyclopropenium 4-tetracyclo[3.3.0.0%8.036]octyl cation, 11C-P 0.4 (1.9) 2.7
bishomo square-pyramidal 4-tetracyclo[3.3.0.028.03]octyl cation, 11C-B 0.5 (1.8) -1.0
trishomocyclopropenium 4-carbenatetracyclo[3.3.0.0%8.036]octane singlet, 11S-P —6.9 (—6.7) —-4.1
bishomo square-pyramidal 4-carbenatetracyclo[3.3.0.028.036]octane singlet, 11S-B —12.0 (—12.8) 6.5
4-carbenatetracyclo[3.3.0.028.036]octane triplet, 11T 1.3(L.2) 2.4

a Includes B3LYP/6-31G(d)//B3LYP/6-31G(d) zero-point energies uncorrected.

Homodesmotic eq 3 was used to compare homoconju-
gative stabilization in the cations and carbenes centered
at C6 in tricycloheptane 10 and C4 in tetracyclooctane

QQA%

intermediate (i)  alkane (i)
Y X
eq3
+
alkane (f) intermediate (f)

11, Table 3.!® This reaction takes advantage of the
bicyclo[2.1.1]hexane skeleton common to both 10 and 11.
Bishomo square-pyramidal cation 10C-B reveals good
delocalization with a stabilization energy of 15.2 kcal/
mol. Interestingly, both bishomo square-pyramidal cation
11C-B and trishomocyclopropenyl cation 11C-P reveal
no significant stabilization energy. However, the B3LYP/
6-311+G(3df,2p)//B3LYP/6-31G(d) energies are in excel-
lent agreement with the MP2/6-31G(d) study by Prakash
and co-workers, which revealed that 11C-P and 11C-B
are isoenergetic.

Although both the trishomocyclopropenylidene and
bishomo square-pyramidal structures are geometric
minima for the C6-centered singlet carbenes of 10, the
bishomo square-pyramidal structure is clearly more
stable. Bishomo square-pyramidal carbene 10S-B is over
4 kcal/mol more stable than 10S-P. This contrasts with
the case for the C4-centered singlet carbenes of 11, where
square-pyramidal carbene 11S-B is more than 5 kcal/
mol less stable than 11S-P. Both the trishomocyclo-
propenylidene, 11S-P, and bishomo square-pyramidal,
11S-B, structures are less stable than 6-carbena-bicyclo-
[2.1.1]hexane, Table 3. Neither triplet carbene 11T nor
triplet carbene 10T is significantly stabilized relative to
its bicyclo[2.1.1]hexane counterpart.

(15) The Cs symmetric structure of singlet 5-carbenabicyclo[2.1.1]-
hexane used in this reaction possesses one imaginary frequency at the
B3LYP/6-31G(d)//B3LYP/6-31G(d) level. However, since all the singlet
carbenes are Cs in structure, the symmetry is maintained as Cs to
provide the best comparison.
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The relative instability of bishomo square-pyramidal
carbene 11S-B is especially intriguing when compared
to that of 10S-B considering their geometric similarities.
It is apparent that while the pyramid portions of 11S-B
and 11C-B are very similar to those in 10S-B and 10C-
B, the energetic stability of the bishomo square-pyrami-
dal structure is highly dependent on strain in the
molecule as a whole. This was proposed by Prakash and
co-workers in their MP2 study,* where the instability
of 11C-B relative to 10C-B was ascribed to poor orbital
overlap between the apical carbon and the basal carbons
of the pyramid. A similar rationale is tempting for the
relative stabilities of 10S-B and 11S-B.

The singlet bivalent species 10S-B and 11S-B may be
viewed as singlet carbon complexes of 1,4-cyclohexadiene
and norbornadiene. Since these diene moieties are bis-
homo analogues of cyclobutadiene, it is of interest to
compare the stablization energies of 10S-B and 11S-B
with that of the singlet carbon complex of cyclobutadiene
(13), which serves as the parent system. Singlet species
13 has previously been evaluated at the HF/3-21G, HF/
4-31G, and MP2/6-31G* levels.’® The architecture we
derive from B3LYP/6-31G* calculations is in good agree-
ment (apical to basal 1.659 A, basal to basal 1.449 A,
corresponding to 1.645 and 1.445 A at MP2/6-31G¥*).16
The stabilization energy as calculated at the B3LYP/
6-311+G(3df, 2p)//B3LYP/6-31G* level, using homodes-
motic eq 4, is substantial at 25.3 kcal/mol. Homodesmotic

C
[V T
13 eq 4
eq 4 might be improved if the dihedral angle ¢(2,1,4,5)

in bicyclo[2.1.0]pentane and the analogous angles in
bicyclo[2.1.0]pentene and 5-carbenabicyclo[2.1.0]pentane

(16) (a) Jemmis, E. D.; Schleyer, P. v. R. 3. Am. Chem. Soc. 1982,
104, 4781—4788. (b) Minkin, V. I.; Minyaev, R. M.; Orlova, G. V. J.
Mol. Struct.: THEOCHEM 1984, 110, 241. (c) Bataji, V.; Michl, J. Pure
Appl. Chem. 1988, 60, 189—194.
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TABLE 4. B3LYP/6-311+G(3df,2p)//B3LYP/6-31G(d) Singlet—Triplet Energy Gap for the Bridge Carbenes of Norbornane,

Bicyclo[2.1.1]hexane, and 8—11

molecule AET_gab
7-carbenanorbornane 13.0
8-carbenatricyclo[3.2.1.024]octane, 8 26.0
9-carbenapentacyclo[4.3.0.024.038.0%7]nonane, 9 22.2
5-carbenabicyclo[2.1.1]hexane 25.4
trishomocyclopropenylidene 6-carbenatricyclo[3.1.1.024]heptane 10 25.1
bishomo square-pyramidal 6-carbenatricyclo[3.1.1.024]heptane 10 29.2
trishomocyclopropenylidene 4-carbenatetracyclo[3.3.0.028.0%6]octane 11 17.2
bishomo square-pyramidal 4-carbenatetracyclo[3.3.0.028.036]octane 11 12.2

a8 AET-s = (Etriplet — Esinglet) * 627.5095 + 1.75 kcal/mol, where 1.75 kcal/mol is the calculation difference (B3LYP/6-311+G(3df,2p)//
B3LYP/6-31G(d)), from the experimental value, for the singlet—triplet gap of methylene. ® Reported energies include B3LYP/6-31G(d)//

B3LYP/6-31G(d) zero-point energies.

were closer to that of a resonance structure of carbon
complex 13. Adjustments in this direction would clearly
raise the stabilization energy of 12 above the 25.3 kcal/
mol level.

Since the triplets are insensitive to homoaromatic
interaction, it is possible to probe for homoaromaticity
in the corresponding singlet species through evaluation
of the singlet—triplet carbene energy gap (AEs-1), Table
4. All the singlet carbenes are more stable than the triplet
carbenes, which was expected. However, when compared
to structural standards 7-carbenanorbornane and 5-car-
benabicyclo[2.1.1]hexane, a new picture emerges. The
singlet—triplet carbene energy gaps for both 8 and 9 are
greater than that for 7-carbenanorbornane. However,
comparing the ring systems containing the bicyclo[2.1.1]-
hexane ring system (10 and 11), only the bishomo square-
pyramidal structure for 10 has a larger singlet—triplet
carbene energy gap than 5-carbenabicyclo[2.1.1]hexane.
Both singlet—triplet carbene energy gaps for carbenes
derived from 4-carbenatetracyclooctane 11 are at least 7
kcal/mol less than the singlet—triplet carbene energy gap
for 5-carbenabicyclo[2.1.1]hexane.

A fourth method to characterize homoaromaticity
involves an evaluation of magnetic properties.’” As it
pertains to cyclic electron delocalization, magnetic sus-
ceptibility exaltation (A) can be defined as the difference
between the molar susceptibilities (y) of a cyclic conju-
gated compound and a model compound which possesses
no ring current.'3»17°-¢h=i To analyze the magnetic sus-
ceptibility exaltation of the cations and carbenes of 8—11,
homodesmotic eqs'’~™m 2—4 were used.!® The sign con-
vention here is based on these homodesmotic equations,
with A rEferring to (Xalkane(f) + Xintermediate(f) — Xintermediate(i)

(17) (a) Schleyer, P. v. R.; Manoharan, M.; Wang, Z.-X.; Kiran, B.;
Jiao, H.; Puchta, R.; Hommes, N. J. R. v. E. Org. Lett. 2001, 3, 2465—
2468. (b) Krygowski, T. M.; Cyranski, M. K.; Czarnocki, Z.; Hafelinger,
G. Katritzky, A. R. Tetrahedron 2000, 56, 1783—1796. (c) Schleyer, P.
v. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N. J. R. v. E. J.
Am. Chem. Soc. 1996, 118, 6317—6318. (d) Schleyer, P. v. R.; Jiao, H.
Pure Appl. Chem. 1996, 68, 209. (e) Schleyer, P. v. R.; Freeman, P. K;
Jiao, H.; Goldfuss, B. Angew. Chem., Int. Ed. Engl. 1995, 34, 337. (f)
Jiao, H.; Schleyer, P. v. R. J. Chem. Soc., Perkin Trans. 2 1994, 407.
(9) Jiao, H.; Schleyer, P. v. R. Angew. Chem., Int. Ed. Engl. 1993,
32, 1763. (h) Dauben, H. J., Jr.; Wilson, J. D.; Laity, J. L. 3. Am.
Chem. Soc. 1968, 90, 811. (i) Dauben, H. J., Jr.; Wilson, J. D.; Laity J.
L. J. Am. Chem. Soc. 1969, 91, 1991. (j) Dauben H. J., Jr.; Wilson, J.
D.; Laity, J. L. In Nonbenzenoid Aromatics; Snyder, J. P., Ed,;
Academic Press: New York, 1971; Vol. II, p 187. (k) Verevkin, S. P.;
Beckhaus, H.-D.; Ruchardt, C.; Haag, R.; Kozhushkov, S. I.; Zywietz,
T.; de Meijere, A.; Jiao, H.; Schleyer, P. v. R. 3. Am. Chem. Soc.
1998, 120, 11130—-11135. (I) Jiao, H.; van E. Hommes, N. J. R;
Schleyer, P. v. R.; de Meijere, A. J. Org. Chem. 1996, 61 2826—2828.
(m) Jiao, H.; Schleyer, P. v. R. Angew. Chem., Int. Ed. Engl. 1996, 35,
2383—2386.

TABLE 5. Nucleus-Independent Chemical Shifts of
Species Related to the Singlet Carbon Atom Complex of
Cyclobutadiene

NICS® NICS® NICS®
i
H, o \
c
A} 27.2(22.9) A} -33.1(29.2) HBZ/%BH 338
%
g
" g
c* c .
{_E -20.4 (-18.0) 6’/_& 214 (19.2) HB{Q/%BH 346
\B/ 15
H
H .C. EI

oud D

— -21.8 (-19.6) — 22.4 (20.6) HBZ/%BH -36.0
\({/ 16
H

a GIAO-HF/6-31G*//B3LYP/6-31G* with GIAO-B3LYP/6-31G*//
B3LYP/6-31G* values in parentheses. ® GIAO-HF/6-31G*//MP2(fc)/
6-31G* (ref 20).

— Xaikane()), Tables 2 and 3. A molecule is considered
aromatic when A > 0, antiaromatic when A < 0, and
nonaromatic when A = 0. The diamagnetic susceptibility
exaltation of benzene is about 16 cgs ppm.°

The positive magnetic susceptibility exaltations of the
studied cations and singlet carbenes of 8 and 9 indicate
strong cyclic electronic delocalization in these molecules.
Interestingly, the singlet carbenes of 8 and 9 display
larger magnetic susceptibility exaltations than the re-
lated cations of 8 and 9 display. This is due in large part
to the fact that the bridge cation of norbornane has a
greater absolute value of magnetic susceptibility than
the 7-carbenanorbornane singlet. The triplet carbenes of
8 and 9 reveal such small values of magnetic susceptibil-
ity exaltation that they are consistent with nonaroma-
ticity.

In light of magnetic susceptibility exaltation, the bridge
cations and carbenes of 10 and 11 exhibit mostly non-
aromatic qualities. Since both bishomo square-pyramidal

(18) Without restriction, optimizations of 5-carbenabicyclo[2.1.0]-
pentane relax to planar 1,2-cyclopentadiene, so for the purposes of
homodesmotic reaction 4, the interplanar angle of 5-carbenabicyclo-
[2.1.0]pentne was fixed at the angle (® = 113.32°) of the parent
hydrocarbon.

(19) Jiao, H.; Schleyer, P. v. R.; Beno, B. R.; Houk, K. N.; Warmuth,
R. Angew. Chem., Int. Ed. Engl. 1997, 36, 2761.
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TABLE 6. Analysis of Aromaticity Criteria for Cations 8C-P, 9C-P, 10C-B, 11C-P, and 11C-B and Singlet Carbenes 8S-P,

9S-P, 10S-P, 10S-B, 11S-P, and 11S-B

structural stabilization AAET§? A NICS®
criteria energy
£& positive positive n/a positive
1%, 30
8C-p
z positive positive n/a positive
Y.}
9GC-P
I ® positive positive n/a ~0 positive
10C-B
positive ~0 n/a ~0
4\1?&] ®
11C-P
e positive ~0 n/a ~0 positive
11C-B
s positive positive positive positive
8S-P
é positive positive positive positive
9P
positive ~0 ~0 positive
(small)
10S-P
A positive positive positive Positive positive
(Y (small) (small)
10S-B
3 positive negative negative negative
% (small)
11S-P
A positive negative negative positive positive
) (small)

11SB

a8 AAET-s = AET_s(molecule) — AET-s(structural standard). ° If the NICS value indicates aromaticity, the term positive is used.

cations 10C-B and 11C-B display only slightly negative
magnetic susceptibility exaltation, they fall under the
umbrella of nonaromaticity. Similarly, trishomocyclopro-
penyl cation 11C-P shows only a slightly positive mag-
netic susceptibility exaltation and could be considered
equally nonaromatic. Singlet carbene 10S-P, however,
manifests a respectable ~6 cgs ppm magnetic suscepti-
bility exaltation which may place it in the modestly
aromatic category. Conversely, in the case of the singlet
carbenes of 11, it is bishomo square-pyramidal carbene
11S-B that exhibits aromatic magnetic susceptibility
exaltation (A = 6.5 cgs ppm), while trishomocycloprope-
nium carbene 11S-P displays slightly antiaromatic char-
acteristics (A = —4.1 cgs ppm). Both triplet carbenes 10T
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and 11T are nonaromatic with respect to magnetic
susceptibility exaltation.Although there is weak or some
aromaticity indicated by the diamagnetic susceptibility
exhaltation of 10S-B and 11S-B, the values are consider-
ably less than that of the standard apical singlet carbon
complex 13, which at 38.8 cgs ppm is close to the values
for closo-borane BgHg?~ (40.02), closo-monocarborane
CBsHg~ (C4) (50.00), and closo-dicarborane (52.49)2021
(structures 14—16 in Table 5).

(20) Schleyer, P. v. R.; Najafian, K. Inorg. Chem. 1998, 37, 3454—
3470.

(21) The signs for the diamagnetic susceptibility exhaltation values
cited from ref 20 have been reversed to achieve consistency with the
scheme used in the present discussion.
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A second magnetic property which represents a rela-
tively new and versatile method for characterization of
aromaticity is that of the evaluation of the NICS (nucleus-
independent chemical shift) calculated at the center of
the molecule. If the chemical shift indicates shielding (a
negative value) and thus a diatropic ring current, the
species is aromatic. If deshielding (a positive value) is
revealed, and thus a paratropic ring current, the struc-
ture is antiaromatic.1’2%2° The NICS values of the apical
singlet carbon atom and :CH™" complexes of cyclobutadi-
ene, 1,4-cyclohexadiene, norbornadiene, and related closo-
borane and -carborane species, evaluated at the center
of the four-carbon diene equator in the cationic and
carbene systems, are listed in Table 5. We have a clear
indication of aromaticity for the cations and singlet
carbenes, which, with comparison with the NICS values
for the related closo-borane and -carboranes, suggests
that these cations and carbenes are also good examples
of three-dimensional aromaticity.

Conclusions

Characterization of the aromaticity of molecules is a
multidimensional problem.?> Comparisons reveal that not
all molecular entities will display aromaticities to the
same degree across the same set of criteria.?? In this
study, we have examined structural, energetic, and
magnetic criteria for the bridged cations and carbenes
of polycyclic structures 8—11. The results of the aromatic
gauges for the bridged cations and singlet carbenes of
8—11 are summarized in Table 6. No formal weighting
of criteria is attempted; instead the overall picture is used
to provide guidance and characterization. The triplet
carbenes in this series do not display any significant
stabilization with regard to these criteria and are there-
fore classified as nonaromatic. According to the criteria
employed, trishomocyclopropenyl cations 8C-P and 9C-P
are clearly homoaromatic, giving positive results to each
test. The homoaromaticity of bishomo square-pyramidal
cation 10C-B is not quite as clearly defined. While 10C-B
gave a stabilization energy which may be grouped with
those of 8C-P and 9C-P, and a substantial NICS (—20.4
ppm), 10C-B failed to show aromatic magnetic suscep-
tibility exaltation. On balance, it seems reasonable to
classify 10C-B as aromatic. While the structures for
isoenergetic cations 11C-P and 11C-B are energetic
minima, they do not present as persuasive a case for
homoaromaticity, although the NICS value (—21.8) for

(22) Katritzky, A. R.; Jug, K.; Oniciu, D. C. Chem. Rev. 2001, 101,
1421—-1449.
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11C-B tempts one to suggest homoaromaticity, especially
since the stabilization energy reflects an increase in both
strain and homoaromaticity that may balance out. Draw-
ing a similar picture to that of the analogous cations,
trishomocyclopropenylidene carbenes 8S-P and 9S-P
meet all the criteria for homoaromaticity. As observed
for the related cation, the homoaromaticity for the singlet
carbenes of 10 is not as clearly defined as that for the
singlet carbenes of 8 and 9. Trishomocyclopropenylidene
carbene 10S-P displays a small amount of diamagnetic
susceptibility exaltation, but essentially no stabilization
energy or AAEr_s relative to the model carbene. In
contrast, bishomo square-pyramidal carbene 10S-B dis-
plays a modest amount of energetic stabilization, a small
amount of diamagnetic susceptibility exaltation, and a
substantial NICS value (—21.4 ppm). We view the ho-
moaromaticity of 10S-P as borderline and designate
isomeric 10S-B as homoaromatic. Trishomocycloprope-
nylidene carbene 11S-P is classified as non- to antiaro-
matic due to its negative stabilization energy and mag-
netic susceptibility exaltation. Finally, bishomo square-
pyramidal carbene 11S-B displays conflicting values for
homoaromaticity. The structure is one that allows for
cyclic electron delocalization, a small amount of positive
magnetic susceptibility exaltation, and a substantial
negative NICS value (—22.4 ppm); however, the stabili-
zation energy again reflects both strain and potential
homoaromaticity, but is substantially negative, and
AAE+_s is negative. Intuitively, one would anticipate that
the cationic species, with the potential for charge delo-
calization, would exhibit greater evidence of homoaro-
maticity. This is true for structure and stabilization
energies. In every case the cations exhibit greater
geometric change and greater stabilization energy rela-
tive to those of the corresponding carbene. In contrast,
it is notable that with the exception of the 11C-P/11S-P
pair the carbenes provide a greater magnetic susceptibil-
ity exaltation, and the NICS values for the related cations
and carbenes are very close in value.
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