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Density functional theory (B3LYP/6-31G*) was used to study a series of homosesquinorbornenes
and sesquibicyclo[2.2.2]octenes. The compounds in which the two faces of the double bond are
different are predicted to have a pyramidal double bond with butterfly bendings (y) ranging from
1.8 to 17.9°. The degree of pyramidalization of these central double bonds is greater in the
homosesquinorbornenes than in the sesquibicyclo[2.2.2]octenes.

Introduction

In strained olefins of low symmetry, the two carbon
atoms of the double bond and their four attached sub-
stituents tend to adopt a nonplanar conformation and are
termed pyramidal olefins. Constraining the R—C=C bond
angle (0) to small values decreases the force constant for
butterfly bending and for olefins in which the two faces
of the double bond are different pyramidalization (¢ >
0°, v > 0°) results. Even for symmetrical systems a
pyramidal ground state is favored provided 6 is small
enough, e.g., calculations on ethylene (6 < 100°) predict
a pyramidal ground-state geometry.! Due to the large
disparity in the way in which the degree of pyramidal-
ization is reported in the literature,® throughout this
paper we use the dihedral angles 1-2—3—4 (D,;) and
5—-3-2-6 (D), Figure 1, as a measure of the olefin
pyramidalization. Dihedral angles may vary from —180°
to +180° with a clockwise “rotation” representing the
positive direction. All of the molecules studied in this
work are of at least Cs symmetry with a mirror plane
bisecting and perpendicular to the pyramidal double
bond. Consequently, dihedral angles D; and D, are of
equal magnitude and opposite sign and are related to the
butterfly bending angle () by v = 180° — |Dy|.

Norbornene and its derivatives, especially those result-
ing from syn fusion of another norbornyl nucleus, e.g.,
syn-sesquinorbornene (1), have double bonds that are
considerably pyramidalized in the endo direction.? The
double bonds in bicyclo[2.2.2]octadienes are similarly
pyramidal, but, in contrast with the norbornenes, the
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FIGURE 1. Definition of the pyramidalization parameters.

butterfly bending is in the exo direction and the degree
of pyramidalization is somewhat less.>~> In comparison
with the sesquinorbornenes,? there are few structural
studies of compounds with a bicyclo[2.2.2]octyl unit fused
to the bicyclo[2.2.2]octene nucleus, sesquibicyclo[2.2.2]-
octenes, or the norbornene nucleus, homosesquinor-
bornenes. X-ray crystallography revealed that the double
bond of sesquibicyclo[2.2.2]octene (2) and a symmetrically
cage-substituted derivative, not surprisingly in light of
their symmetry, are planar.® Balci et al. carried out
detailed investigations on both syn- and anti-cyclopro-
pannelated derivatives of 2 along with some peroxy
analogues and reported experimental and calculated
structural parameters for compounds 3—10.771° Experi-
mental pyramidalizations ranged from y = 0° for the
symmetrical 3 to D; = —160.42° and D, = 164.61° for 5,
determined from the coordinates deposited with the
Cambridge Crystallographic Data Centre (CCDC) for the
asymmetric crystalline compound.
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E = -COOCH;

We are only aware of two structural studies on ho-
mosesquinorbornenes. Paquette et al. obtained an X-ray
structure on the heteroatom-substituted homosesquinor-
bornene derivative 11.1* From the coordinates deposited
with the CCDC, we found bendings in the endo direction
(to both bicycles) for the slightly asymmetric crystalline
compound with D; = —167.96° and D, = 168.58°. Cal-
culations at the B3LYP/6-31G+* level on the parent
homosesquinorbornene (12) by Nelsen and Reinhardt
revealed a butterfly bending in the endo direction (to the
norbornyl nucleus) of y = 11.2°.12
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Most studies exploring the degree of pyramidalization
of double bonds serving as the point of fusion of two
(poly)cyclic ring systems have focused on increasing ring
strain (usually associated with increased pyramidaliza-
tion) by increasing unsaturation and/or decreasing the
ring size of the (poly)cycles.! Frequently, the norbornenyl
nucleus has been the starting point for these endeavors.
Considering the dearth of structural studies on expanded
simple sesquinorbornenes, e.g., sesquibicyclo[2.2.2]octenes,
homosesquinorbornenes, and their heterocyclic conge-
ners, and our continuing long-standing interests in
bridged polycyclic systems and pyramidal olefins,*® we
decided to undertake a systematic theoretical investiga-
tion of these bicyclo[2.2.2]octene derivatives. Our goals
were to determine the effect of the ring enlargement
(from the bicyclo[2.2.1]heptenyl system) on the degree of
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pyramidalization in such systems and the result of pitting
the exo-pyramidalization of the bicyclo[2.2.2]octadiene
nucleus against the opposing endo-pyramidalization of
the norbornenyl moiety in appropriate homosesquinor-
bornenes.

Results and Discussion

We and others have previously shown that density
functional theory (DFT) using the B3LYP/6-31G* method
gives results in excellent agreement with experimentally
determined geometries for polycyclic systems with pyra-
midal double bonds.3'8-20 To further confirm the ap-
propriateness of this method for our present study, we
optimized (B3LYP/6-31G*) the geometries of sesquibicyclo-
[2.2.2]octene (2) and the homosesquinorbornene deriva-
tive 11. Comparison of our calculated results with those
obtained by X-ray crystallography on 11! (Table 1)
immediately reveals the excellent agreement between the
B3LYP/6-31G* and the experimental geometry. The
maximum variation in C—C bond lengths between the
calculated and X-ray structures is only &+ 0.016 A, and
most importantly, the calculated and experimental py-
ramidalization of the central double bond, as measured
by the C,C,C;Cs (C3C,C;Cg) dihedral angles, agrees
within £0.4°. Similarly, the experimental and calculated
N—N (£0.01 A) and C—N (£ 0.02 A) bond lengths in 11
are in close accord with the experimental values. The
experimental® and calculated structures for 2 are in
reasonable agreement (Table 1). However, the calculated
and crystallographic symmetry are quite different (Dyp,
P2(1)/n). Currently, this discrepancy cannot be explained.

Now entirely confident in the reliability of the B3LYP/
6-31G* method for our systems of interest, we used this
method, as instituted in the Gaussian 98 suite of pro-
grams,?* to calculate the structures of the homoses-
qguinorbornenes 12—27 and the sesquibicyclo[2.2.2]-

(11) Paquette, L. A.; Carr, R. V. C.; Charumilind, P.; Blount, J. F.
J. Org. Chem. 1980, 45, 4922.

(12) Nelsen, S. F.; Reinhardt, L. A. J. Phys. Org. Chem. 2001, 14,
847.

(13) See, for example, refs 3—5 and 14—17 and references therein.

(14) Warrener, R. N. Eur. J. Org. Chem. 2000, 3363.

(15) Butler, D. N.; Margeti¢, D.; O'Neill, P. J. C.; Warrener, R. N.
Synlett 2000, 1, 98.

(16) Eckert-Maksi¢, M.; Margeti¢, D.; Rademacher, P.; Kowski, K.
Tetrahedron Lett. 1993, 34, 6951—-6954.

(17) Eckert-Maksi¢, M.; Novak-Doumbouya, N.; Kiralj, R.; Koji¢-
Prodi¢, B. J. Chem Soc, Perkin Trans. 2 2000, 1483.

(18) Antol, 1.; Eckert-Maksi¢, M.; Margeti¢, D.; Maksi¢, Z. B.;
Kowski, K.; Rademacher, P. Eur. J. Org. Chem. 1998, 1403, 3.

(19) Margetic, D.; Warrener, R. N.; Butler, D. N. Ab Initio and DFT
study of pyramidalisation in norbornene and norbornadiene-2,3-
dicarboxylic anhydrides. In Sixth electronic computational chemistry
conference (ECCC-6); Homeier. H., Ed.; Nov 1-30, 1999; paper 39,
http://lwww.chemie.uni-regensburg.de/ECCC6/.

(20) Camps, P.; Font-Bardia, M.; Méndez, N.; Pérez, F.; Pujol, X,;
Solans, X.; Vazquez, S.; Vialta, M. Tetrahedron 1998, 54, 4679.

(21) Gaussian 98, Revision A.5: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M.; Cheeseman, J. R.; Zakrze-
wski, V. G.; Montgomery Jr., J. A,; 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.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P.
M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez,
C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian, Inc.,
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TABLE 1. Selected Experimental and Calculated Geometric Parameters for 2 and 11
11 13 11 13
1288 7'
/ 6
1 2
9¢ 3 5
10 4
2
Dzh Cs
2 (expt)2 2 (calcd)b 11 (expt)® 11 (calcd)P
bond/A
1-2(7-8) 1.502 (1.525) 1.508 1.510 (1.508) 1.509
2-3(6-7) 1.524 (1.502) 1.508 1.509 (1.510) 1.517
3—4 (5-6) 1.526 (1.531) 1.557 1.517 (1.531) 1.511
4-5 1.536 1.558 1.458 1.448
2—7 1.328 1.345 1.331 1.347
8—9 (1-10) 1.524 (1.503) 1.557 1.535 (1.512) 1.531
9-10 1.545 1.558 1.321 1.337
1-12 (8—11) 1.531 (1.526) 1.557 1.570 (1.562) 1.579
11-12 1.536 1.558 1.555 1.555
6—13 (3—14)d 1.503 (1.523) 1.557
6—13 (3—13)° 1.559 (1.524) 1.550
13—14d 1.547 1.558
angle (deg)
1-2-3(6—7-8) 131.5 (131.4) 130.8 135.5 (136.3) 136.5
1-2-7 (8-7-2) 114.8 (113.7) 114.6 115.4 (114.2) 114.7
3-2-7(6-7-2) 113.7 (114.8) 114.6 107.3 (108.2) 107.2
dihedral angle (deg)
1-2-7-6 (3—2—7-8) 180.0 (180.0) 180.0 —168.0 (168.6) —-168.4
1-10—9-H9 (8—9—-10—H10)® —179.5 (—178.7) -176.3
3—-4-5—-C=0 (6—5—4—-C=0) 125.97 (128.63) 131.9

a Reference 6 (from the coordinates deposited with the CCDC). P This study. ¢ Reference 11 (from the coordinates deposited with the

CCDC). 4 Compound 2 only. ¢ Compound 11 only.
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octenes 28—33 (Chart 1). The results of these calculations
are summarized in Table 2. The excellent agreement
between our calculated butterfly bending for 12 (W =
10.5) and that of Nelsen and Reinhardt!? using B3LYP/
6-31G+* (v = 11.2) further supports our use of the
B3LYP/6-31G* method in this study. Analytical energy
second derivatives were calculated at all optimized
structures to confirm that these are minima.

We recently reported the B3LYP/6-31G* butterfly
bendings for syn-sesquinorbornene (1, v = 15.1°) and the
corresponding oxa-bridged derivative 34 (y = 15.5°).%2
Replacing a methylene bridge in 1 and 34 with an ethano
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bridge to produce the corresponding homosesquinor-
bornenes 12 and 20 resulted in a decrease in butterfly
bending by 4.8° and 5.2°, respectively. This decrease in
pyramidalization is entirely consistent with the reduction
in strain in going from the [2.2.1] to the [2.2.2] systems.?
Similar to our previous findings??> and those of Balci
and Brickmann,?? the pyramidalizations of the methano-
(12—19) and corresponding oxa-bridged homosesquinor-

(22) Margeti¢ D.; Warrener, R. N.; Eckert-Maksi¢, M.; Antol, 1;
Glasovac, Z. Theor. Chem. Acc. 2003, 109, 182.

(23) Can, H.; Zahn, D.; Balci, M.; Brickman, J. Eur. J. Org. Chem.
2003, 1111.
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TABLE 2. Selected B3LYP/6-31G* Geometrical Parameters of Molecules 2, 12—19, and 20—33

e

(.

5 41728 . 13 14 15 " 16 ’ 17 7 18 19
Angle /0 Cs Cs C; C; G Cs Cs Cs
C3CCy 107.8 107.9 107.9 107.9 107.4 107.5 107.5 107.6
C1CCy 115.0 114.5 114.5 113.7 115.1 114.6 114.5 113.9
C1CyCs 135.9 135.7 135.8 134.8 136.1 137.1 135.2 136.1
¥ /0
C1CC5Ce 10.5 12.7 12.4 17.9 10.4 7.1 15.5 14.5
C3C4CsHy - - - - 2.5 2.8 - 2.2
C1C10CoH1o - 4.5 - 23 - 4.4 1.9 2.0
C1C12Cy1Hy2 - - 2.8 1.0 - - 2.6 0.7
12
oL 70 7o 76 76 5 B
L7\ 1o P B » P P
5 20 9 21 22 23 24 26 27
Angle /o Cs Cs Cs Cs C Cs C; C
C3CCy 105.5 105.6 105.6 105.6 105.1 105.2 105.1 105.2
C1CCy 115.2 114.7 114.7 113.8 115.3 114.8 114.7 113.9
Ci1CCs 138.0 137.6 137.8 136.4 137.7 138.8 136.6 137.3
¥ /o
C1C,C5Cq 10.3 12.8 12.6 18.6 12.5 9.2 17.3 17.2
C3C4CsHy - - - - 3.0 3.5 23 2.6
C1C10CoHjo - 4.7 - 2.5 - 4.7 - 23
CiC12C1Hp - - 2.9 0.9 - - 2.6 0.9
e Gl Sl el el el et
! b2 A\ 5 Z g ~ P 7] ~ P P P
10777, % 28 29 30 31 a2 5
Angle /o Doy Cs Cay Con Cs Cs Doy
C3CoCy 114.6 114.2 114.3 114.3 113.4 113.5 113.7
C1CCy 114.6 114.6 114.3 114.3 114.9 114.4 113.7
Ci1CCs 130.8 131.0 131.1 131.4 131.4 131.3 132.6
Y /o
C1CC4Cs 0.0 1.8 5.7 0.0 0.0 8.5 0.0
C3C4CsHy ; ; 3.1 ; ; 3.1 0.6
CiCi2CiiHiz - - - - 0.3 1.3 0.6
C1C10CoHig - 3.1 3.1 35 0.3 0.4 0.6
C3C14Ci3Hpa - - - 3.5 - - 0.6
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FIGURE 2. Torsional energy surfaces for molecules 2, 12, 13,
17, 20, 21, and 25. Here, exo/endo = the direction of butterfly
bending with respect to the bicyclo[2.2.1] nucleus. E = total
E (y°) — total E (optimized geometry).

bornenes (20—27) (Table 2) are little affected by substi-
tuting an oxygen bridge for the methylene bridge.

Of particular interest is the situation found in 13, 17,
21, and 25 in which the endo bending of the norbornenyl
nucleus is in opposition to the exo bending of the bicyclo-
[2.2.2] moiety. In these compounds, it is conceivable that
a double minimum potential energy surface could result
with minima corresponding to endo and exo (to the
norbornenyl nucleus) bent structures. We were careful
to investigate for this possibility and found in each case
a single minimum surface (Figure 2) where the preferred
endo bending of the norbornene completely dominated
any tendency for exo bending by the [2.2.2] fragment. It
is reasonable to anticipate greater pyramidalization in
the homosesquinorbornenes where the butterfly bendings
of the [2.2.1] and [2.2.2] components reinforce each other
(asin 14, 18, 22, and 26) rather than oppose each other
(as in 13, 17, 21, and 25). This expectation is realized
for the homosesquinorbornatrienes where the butterfly
bendings in 17 and 25 are approximately half of those
in 18 and 26. However, for the homosesquinorborna-
dienes, the degree of pyramidalization in 13 and 21 is
very similar to that in 14 and 22. The pyramidalizations
in 14 and 22 are doubtless diminished by the steric
interactions of the hydrogen atoms on their proximate
[2.2.1]/[2.2.2] ethano bridges (H- - - H distances, 2.518
and 2.506 A, respectively). This notion is supported by
the fact that for the diene pairs 13/14 and 21/22, 13 and
21 are slightly more stable (~0.2 kJ/mol) than 14 and
22, respectively.

Not surprisingly, the degree of pyramidalization pre-
dicted for the sesquibicyclo[2.2.2]octenes 28, 29, and 32
is significantly less than that calculated for the more
strained homosesquinorbornenes 12—27. As expected, on
symmetry grounds, the sesquibicyclo[2.2.2]octenes 2, 30,
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31, and 33 are calculated to have a rigorously planar (y
= 0°) central double bond. The diene 28 displays a modest
pyramidalization (y = 1.8°) while both 29 and 32 are
pyramidalized to a greater extent (y= 5.7 and 8.5°,
respectively). In each of 28, 29, and 32 the butterfly
bending is, as expected,® ® in the exo (to the bicyclo[2.2.2]-
octadiene moiety) direction. The diminished pyramidal-
ization in 28 is again attributed to the unfavorable
steric interaction between the proximate ethano bridges
(H- - - H distance, 3.139 A). Although, 29 similarly suffers
from this adverse interaction (H- - - H distance, 2.863 A),
the preferred exo butterfly bendings of each bicyclo[2.2.2]-
octadiene unit in 29 are in concert resulting in a more
pronounced pyramidalization. The maximum pyramidal-
ization is found in tetraene 32 (y = 6.9°) where there is
no destabilizing interaction between ethano bridges.

The stepwise torsional potentials for 2, 12, 13, 17, 20,
21, and 25 were investigated by scanning the butterfly
bending angles between —20 and +20° (positive angle
values correspond to endo bending with respect to the
bicyclo[2.2.1]heptenyl nucleus) at the B3LYP/6-31G*
level. All remaining geometrical parameters were opti-
mized at each point of the scan. In each case, a single
minimum surface results with the equilibrium geometry
pyramidalized in the endo direction (to the [2.2.1] nucleus).
Clearly, the more pronounced pyramidalizations of the
[2.2.1] system overwhelm the lesser butterfly bendings
found for bicyclo[2.2.2]octadienes.

Conclusions

The trend in the pyramidalizations found in the related
series of fused polycycles is sesquinorbornenes > ho-
mosesquinorbornenes > sesquibicyclo[2.2.2]octenes and
corresponds with the decreasing strain across the series.
A factor influencing the degree of strain and the ease of
pyramidalization is the Cg—C=C bond angle (Cg =
bridgehead carbon). This angle uniformly increases from
~105-108° in the sesquinorbornenes? to ~108° for the
[2.2.1] and ~115° for the [2.2.2] nuclei in the homoses-
quinorbornenes and culminates at ~115° for the sesquibi-
cyclo[2.2.2]octenes. In the homosesquinorbornenes, in-
cluding those in which the inherent pyramidalizations
of the [2.2.1] and [2.2.2] rings are in opposition, the
butterfly bendings are in the endo direction to the
norbornenyl framework. All of the nonplanar sesquibicyclo-
[2.2.2]octenes are bent in the exo direction to the bicyclo-
[2.2.2]octadiene moiety. The unfavorable interaction
between syn ethano bridges is found to significantly
decrease the degree of pyramidalization.
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