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ABSTRACT: DFT (wB97X-D, B3LYP-D3, M06-2x, and B3LYP) along with MP2
computations were performed on four cyclophanes composed of two or three
cyclooctatetraene (COT) rings connected by two, four, or eight ethylene bridges.
Both COT rings in cyclophanes with two ethylene bridges (2) and with four bridges
in the 1,2, S, and 6 positions (6) are in a tub conformation. However, the cyclophane
with the four bridges in the 1, 3, S, and 7 positions (7) is notable for the near planar
geometry of the COT rings. The triple-decker cyclophane 8 has planar top and
bottom COT rings, while the central ring is puckered with alternating carbon posi-
tions up and down. The nature of the COT rings, especially their antiaromatic
character, is assessed using NICS and bond alternation and the distance between the

centers of the COT rings.

B INTRODUCTION

Cycloctatetraene (COT) has long fascinated organic chemists.
Having eight z-electrons, COT is the next larger analogue of
benzene with its six z-electrons. The dramatic differences
between COT and benzene are rationalized by Hiickel’s rule.
Benzene, having 4n + 2 m-electrons is aromatic and possesses
a planar nonalternant geometry, downfield 'H chemical shifts,
and significant stabilization relative to acyclic conjugated
polyenes. COT, on the other hand, having 4n s-electrons, ex-
presses none of these properties. To avoid the antiaromatic
properties associated with 4n 7-electrons, COT is a nonplanar,
alternant polyene. Borden' and Lineberger” have shown using
high-level computations that the Dg, geometry of COT is a
second-order hilltop; it is the transition state between two Dy,
geometries which are themselves the transition states for the
tub-inversion process.

Cyclophanes are sandwich-like compounds whereby two
or more rings are joined by multiple connecting bridges. The
exemplar cyclophane is [2.2]paracyclophane (1), where two
phenyl rings are joined by two ethylene bridges connecting at
the para positions. Of particular interest with cyclophanes is
that they typically induce a strain upon the ring, and can there-
fore be used to probe the strength of the aromaticity within the

ring.
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Our interest here is to combine these two features, namely,
cyclophanes formed of COT rings. Only one such cyclophane
has been synthesized; Paquette and Kesselmeyer prepared
2, where two COT rings are joined at the 1 and 5 positions
by ethylene bridges.’ Their main interest was to examine
the possibility of bond-shifting, which interconverts conformers
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2a and 2b. The X-ray structure analysis revealed just
conformer 2a,* consistent with molecular mechanics computa-
tions that indicated that 2a is 3 kcal mol™' lower in energy
than 2b.

2a

Whereas cyclophanes formed of phenyl rings act to reduce
their aromatic character by bending the rings out-of-plane, the
geometric constraints imposed by the bridges connecting COT
rings might require the rings to become more planar, inducing
an antiaromatic character. A number of compounds have been
prepared with a planar or near-planar COT core. This is usually
accomplished by annulation of multiple rings to COT, such
as 3—5.°77 We report here a computational study of a variety
of cyclophanes formed with two or three COT rings joined
by ethylene bridges. These compounds (2, 6, 7, and 8) are
evaluated for their antiaromatic character using a number of
different metrics.

B COMPUTATIONAL METHODS

All molecules (the cyclophanes and the reference molecules required
to determine strain energies) were optimized for the gas phase within
the constraints of point group symmetry where appropriate. To assess
the effects of computational methods, optimizations were performed
using two different basis sets (6-311G(d) and 6-311+G(2d,p))
and four different density functionals: ®wB97X-D,® B3LYP-D3, !
MO06-2X,">"® and B3LYP.'*™'7 The first two of these functionals
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include an explicit correction for dispersion. Though lacking an explicit
dispersion correction, the M06-2X functional performs very well with
systems with important dispersion contributions."®'? Optimizations
were also performed at the MP2/6-311G(d) level. Data obtained using
the larger 6-311+G(2d,p) basis set are reported in this paper; data with
the smaller 6-311G(d) basis set are reported in the Supporting
Information, except for the MP2 results, which where only done with
the smaller basis set and are reported here.

All structures were confirmed to be local energy minima or
transition states by analytical frequency analysis. These frequencies
were employed without any scaling factor to compute enthalpy and
free energy at 298 K and 1 atm. Strain energies were evaluated using
the group equivalent reactions.”® All computations were conducted
using the Gaussian-09 suite.”!

B RESULTS

[2.2.2](1,3,5)Cyclophane (9). To provide a comparison
with the COT cyclophanes, we computed the structure of the
benzene-based cyclophane [2.2.2](1,3,5)cyclophane (9). As
with the structure of 1, the structure of 9 is sensitive to the
computational method. The symmetry of 1 has been a topic of
some controversy, nicely summarized in the recent study of
Wolf et al*> Computations of 1 using HF with small basis
sets”** and all computations with B3LYP*™>” predict a D,
structure. However, computations with other functionals,
including PBE0,*® M06-2X,*° and wB97X-D,” along with
MP2%¢ and SCS-MP2¢ optimizations predict a structure where
the two phenyl rings are twisted with respect to each other into
D, symmetry. However, the barrier for twisting through the D,
transition state is small. Early crystal structure analysis®® and an
extensive NMR>' study suggested a D, ground state. However,
Wolf et al. recently published a careful variable-temperature
X-ray structure analysis that found that at low temperatures 1
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has D, symmetry, but it undergoes a phase transition at about
45 K, and above 60 K it appears as a D, structure.”

B3LYP and B3LYP-D3 with both basis sets predict that 9 has
Ds;, symmetry. Both the D5, and the D structures are predicted
to be local minima at the ®B97X-D/6-311+G(2d,p) level. The
other methods all predict that the Dy, structure is a transition
state separating mirror image Dj structures, where there is a
slight twisting about the ethylene groups to avoid the eclipsing
interactions of the D;, geometry (see Figure 1). The barrier

Figure 1. ®B97X-D/6-311+G(2d,p)-optimized geometry of 9 at Dj
symmetry.

represented by the Ds, structure is very small, less than
0.1 kcal mol™". In fact, when zero-point vibrational energy is
included, the Dy, structure is lower in energy than the Dj
structure, and this is true also when enthalpy is considered.
However, the Dj; structure is lower in free energy than the Dy,
geometry by about 0.5 kcal mol™' (see Table 1). This flat
potential energy surface is analogous to what is described above
for 1.

Selected geometric parameters of 9 are listed in Table 1. The
computed structures are compared with the X-ray crystal
structure.>® The distance between the centers of the phenyl
rings (rsep) is about 2.81 A in the DFT structures that account
for dispersion. The ring separation is longer in the B3LYP
structure, which does not account for dispersion. The dihedral
angle about the ethylene fragment (d(C,C,C,C;)) is small in
all structures except for MP2, where it is 10.2°. Overall, the
DFT computations are in excellent agreement with the
experimental structure.

To assess the strain energy of 9, we use the group equivalent
method,”® which conserves groups as defined by Benson.>® The
energy associated with eq 1 is the strain energy gained by

9

making this cage compound. M06-2x and @B97X-D indicate a
strain energy of about 48 kcal mol™, with that indicated by
B3LYP-D3 a bit smaller at 44 kcal mol™!. These values can be
compared with the computed strain energy of 1, which is much
smaller at about 30 kcal mol™'.*° B3LYP overestimates the
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Table 1. Geometric and Energetic Parameters of 9%

wB97X-D B3LYP-D3
Teep” 2.812 2.810
d(C,C,C,C)¢ 4.8 0.0
d(ring)? +6.0 +5.6
AH® —0.04
AG*® -0.77
strain energyf 48.80 44.37

MO06-2x B3LYP MP2 expt
2.805 2.835 2.756 2.790
6.3 0.0 10.2 0.8
+5.8 +6.2 +2.8 +6
—1.08 —0.68
0.06 0.41
47.74 52.82 37.66

“Using the 6-311+G(2d,p) basis set for the DFT methods and the 6-311G(d) basis set for MP2. bReference 32. “Distance between ring centers (A).
“In degrees. “Barrier through the Dy, structure (kcal mol ™). Defined using eq 1, in kilocalories per mole.

strain energy by about 5 kcal mol™', due to the lack of
accounting for dispersion. MP2 seems to exaggerate the
aromatic character of the rings in 9, predicting flatter rings
that are closer together than do the DFT methods.
[2.2](1,5)Cyclooctatetraenophane (2). The optimized
geometries of 2a and 2b are shown in Figure 2. These

@

Figure 2. wB97X-D/6-311+G(2d,p)-optimized geometries of 2a
and 2b.

conformers are of D, and C, symmetry, as are the two isomers
identified in Paquette’s MM study.* For all computa-
tional levels, 2a is found to be lower in energy than 2b, by
6—10 kcal mol™ (see Table 2). This is a larger energy

Table 2. Geometric and Energetic Parameters of 2a and 2b“

®B97X-D B3LYP-D3 MO06-2x B3LYP MP2 expt’
T 22 3.710 3707  3.676 3813 3.635 3.719
) 4.047 4023 4046 4073  4.048
AH? 791 8.18 913 608  10.09
strain ethalpy,®2a  3.07 3.66 278 =282 6.04

“Using the 6-311+G(2d,p) basis set for the DFT methods and the
6-311G(d) basis set for MP2. bReference 4. “Distance between ring
centers (A). “Enthalpy difference between 2b and 2a (kcal mol™).
“Defined using eq 2, in kilocalories per mole.

separation than that predicted by the MM computations, but is
consistent with the observation of only a single isomer, 2a, in
the X-ray crystal structure.

The two functionals that account for dispersion (@B97X-D
and B3LYP-D3) give structures very similar to the X-ray
structure of 2a; this can be best identified with the distance
between the ring centers (ry,) listed in Table 2. The M06-2x
and MP2 structures are slightly contracted, and as expected,
B3LYP predicts a structure with the rings too far apart.

The strain energy of 2 can be assessed using the group
equivalent reaction shown in eq 2. As might be expected, the
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2a

+ 2 CH3CH3s

2v©A_,

computed strain energy of 2a is small. All methods (except
B3LYP) predict a strain energy of 6 kcal mol™" or less. B3LYP
gives an anomalous strain energy of —3 kcal mol™.
[2.2.2.2](1,2,5,6)Cyclooctatetraenophane (6). Com-
pound 6 has two COT rings joined by four ethylene bridges
and, like 2, can exist as two bond-shift isomers. The optimized
structures of these two isomer are shown in Figure 3. In both

Equation 2

6a

6b

Figure 3. wB97X-D/6-311+G(2d,p)-optimized geometries of 6a
and 6b.

isomers, each COT ring remains in a tub conformation. The
additional two ethylene bridges do bring the rings closer
together in 6 than in 2. Nonetheless, the COT rings are still
much farther apart than are the phenyl rings of 9.

The difference in enthalpy of these two isomers is about
15 kcal mol™ (Table 3). As with 2, B3LYP underestimates the

Table 3. Geometric and Energetic Parameters of 6a and 6b”

®B97X-D B3LYP-D3 MO06-2x B3LYP  MP2
T’ 62 3.677 3.679 3.648 3731 3.623
Fup” 6b 3.892 3.879 3.888  3.885  3.878
AH¢ 14.74 14.19 1606 7.8 18.23
strain energy,d 2a -0.70 -3.08 —0.96 —-0.24 —8.42

“Using the 6-311+G(2d,p) basis set for the DFT methods and the 6-
311G(d) basis set for MP2. “Distance between ring centers (A).
“Enthalpy difference between 6b and 6a (kcal mol™"). “Defined using
eq 3, in kilocalories per mole.

energy difference between the bond shift isomers. For both 2
and 6, the isomer where the two tubs “stack” (2a and 6a) is
more stable than the isomer where the concave faces of each
COT ring face each other. Though the rings are joined by two
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more bridges in 6 than in 2, the strain energy, as defined by
eq 3, is essentially nil, or even slightly negative.

\ \
6a

[2.2.2.2](1,3,5,7)Cyclooctatetraenophane (7). An alter-
native manner for connecting two COT rings with four
ethylene bridges is to have them attached at alternating posi-
tions, giving rise to 7. In principle, two different isomers are
possible: 7b, of C,, symmetry, has the double bonds of the top
ring aligned (when viewed from above) with the double bonds
in the bottom ring, while 7a, of D, symmetry, has the double
bonds of the top ring alternating with the double bonds in the
bottom ring. A third possibility, 7c, where the m-electrons
delocalize about each ring, is of D, symmetry.

The ©B97X-D/6-311+G(2d,p) structures of 7a and 7b are
shown in Figure 4. With both @B97X-D and M06-2x, 7a is

St

7b, Can

7¢, Dan

Figure 4. ®B97X-D/6-311+G(2d,p)-optimized geometries of 7a and
7b and B3LYP-D3/6-311+G(2d,p)-optimized geometry of 7c.

lower in energy than 7b, by 8—9 kcal mol ™% Perhaps the most
striking feature of these compounds is that the COT rings are
nearly planar. The dihedral angle formed of four consecutive
atoms in the COT rings is about +11.6° in 7a and +10.4° in
7b (see Table 4). There is distinct bond alternation, with
differences in C—C single and double bond lengths of 0.114 A
in 7a and 0.126 A in 7b. For comparison, the analogous bond
distance difference is 0.143 A in 1,3,5,7-tetraethylcyclooctate-
traene, which has a distinct tub shape. The distance between
the centers of the two COT rings is rather small: 2.687 and
2.841 A in 7a and 7b, respectively. This ring separation is much
smaller than in 6; it is even shorter than the distance between
the phenyl rings of 9. The M06-2x structures are very similar to
their ®B97X-D counterparts (Table 4).

Optimization of 7a at MP2 leads to a D, structure; however,
it displays a lack of bond alternation, with a difference in
adjacent C—C bond lengths of only 0.005 A. The COT rings
are nearly planar, with a dihedral angle of four consecutive ring
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Table 4. Geometric and Energetic Parameters of 7a—c”

wB97X-D  B3LYP-D3 MO06-2x B3LYP  MP2
7a
Taep” 2.687 2.690 2.508
s 0.114 0.118 0.005
d(ring)? +11.6 +11.0 +3.9
strain energye 97.52 95.68 56.05
7b
Taep” 2.841 2.833
s 0.126 0.126
d(ring)? +10.4 +9.9
AH 7.76 921
7c
Teep” 2.570 2.589
ra 0.001 0.000
d(ring)d 8.4 9.0
strain energy® 76.35 85.51

“Using the 6-311+G(2d,p) basis set for the DFT methods and the
6-311G(d) basis set for MP2. “Distance between ring centers (A).
“Difference in the alternating bond distances in the COT rings (A).
“Dihedral angle defined by four successive carbon atoms within the
COT ring (deg). “Defined using eq 4, in kilocalories per mole.

carbon atoms of only +3.9°. The distances between the two
COT rings is very short, only 2.508 A. Optimization of the C,,
structure inevitably led to the D, structure 7c, which is a
transition state connecting mirror images of 7a.

The situation is decidedly different with both the B3LYP and
B3LYP-D3 functionals. Optimization with either functional
leads to a single isomer, 7¢, with D,;, symmetry. It is a true min-
imum on the potential energy surface, having only real fre-
quencies. Bond alternation is essentially absent, consistent with
previous studies that find B3LYP to overemphasize delocaliza-
tion.”*** The rings are not quite planar, with a dihedral angle of
four consecutive carbon atoms of about +9°. The COT rings
are close, with a separation of 2.570 A at the B3LYP-D3 level
and 2.589 A at the B3LYP level.

The strain energy of 7 is evaluated using eq 4. The strain
energy divides along the computational method. M06-2x and

2 . %? +4 CH3CHs  Equation 4

7

@B97X-D predict a strain energy that is quite large, about
97 kcal mol ™, as one might expect for a molecule possessing two
nearly planar COT rings. B3LYP, which lacks any accounting of
dispersion, predicts a strain of 86 kcal mol™', which is then
reduced to 76 kcal mol™ with the inclusion of the D3 correc-
tion. Lastly, MP2, which suggests the shortest ring separation,
predicts the smallest strain energy of 56 kcal mol™".

COT Triple-Decker 8. There are three bond-shift isomers
of the triple-decker cyclophane formed of three COT rings,
with each pair of rings connected by four ethylene bridges. In
viewing the molecule from the top, the first isomer, 8a, has the
double bonds in alternating positions, the second isomer, 8b,
has the bottom and center rings with the double bonds aligned
while the double bonds in the top ring are not in alignment
with the other two rings, and in 8c the double bonds of all three
rings are aligned. For reasons of size, all calculations for 8 were
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performed with the 6-311G(d) basis set and only with DFT.
Since this smaller basis set provided results very similar to those
with the larger 6-311+G(2d,p) basis set for 6 and 7 (see the
Supporting Information), we expect similarly reliable results for
8. The wB97X-D/6-311G(d) structure of 8a is shown in Figure S.

Figure 5. @B97X-D/6-311G(d)-optimized geometry of 8a.

All four functionals predict that 8a is the lowest energy
isomer (Table S). Three functionals predict that 8b is the next

Table S. Geometric and Energetic Parameters of 8a—c”

®B97X-D  B3LYP-D3  MO06-2x  B3LYP
8a
Feep” 2785 2.749 2782 2.794
ra (top) 0.113 0.097 0.125 0.100
ra (center) 0.100 0.060 0.103 0.065
d(ring) (top) +12.4 +10.6 +12.3 +11.6
d(ring)d (center) +30.1 +27.5 +29.4 +25.3
strain energy® 210.73 181.95 205.4 197.39
b
Feep” 2.735 2.656 2.740 2.688
2.889 2.818 2.877 2873
d(ring) (center) +30.0 +26.3 +29.3 +28.1
AH 13.64 624 15.37 642
8c
Feep” 2.872 2.729 2.862 2.916
d(ring)? +29.7 +24.4 +29.0 +26.6
AH 17.22 413 17.99 20.52

“Using the 6-311+G(2d,p) basis set for the DFT methods and the
6-311G(d) basis set for MP2. “Distance between ring centers (A).
“Difference in the alternating bond distances in the COT rings (A).
“Dihedral angle defined by four successive carbon atoms within the
COT ring (deg). “Defined using eq S, in kilocalories per mole.
TEnthalpy difference (kcal mol™") relative to 8a.

lowest energy isomer, with 8c as the highest energy isomer;
B3LYP-D3 is the outlier with 8c lower in energy by 2 kcal
mol™' than 8b. M06-2x and wB97X-D predict that 8b and 8c
are about 15 and 17 kcal mol™ higher in energy than 8a,
respectively. In addition to differing in the relative order of the
isomers, BALYP-D3 predicts a much smaller range in energy:
only 6 kcal mol™ separates the three isomers. B3LYP predicts
that 8b and 8c are 6 and 20 kcal mol™" above 8a.

The distances separating the COT rings of 8 (Table S) are
slightly longer than in 7, yet this distance remains quite short; it
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is less than the distance separating the two phenyl rings in 9. As
with 7, the top and bottom COT rings are flatter than a typical
COT ring. For example, in 8a the dihedral angle of four
adjacent carbon atoms in the top (or bottom) ring is about 10°.
However, the central ring in all three isomers is decidedly
nonplanar. With all three isomers, and with all four functionals,
the dihedral angle of four adjacent carbon atoms of the central
ring is about +30°. Despite the central ring being less planar,
the bond alternation is actually less in the central ring of 8a
(0.100 A at @B97X-D) than in the top ring (0.113 A).

The strain energy of 8a is evaluated using eq S. Since 8
contains two pairs of linked COT rings, one might expect that

Equation 5

+ 8 CH3CHs

its strain is at least twice that of 7. In fact, the strain energy
of 8 is just slightly greater than twice that of 7; as an exam-
ple, ®B97X-D predicts a strain of 211 kcal mol™" for 8 and
98 kcal mol™ for 7.

B DISCUSSION

We begin the discussion by addressing the quality of the
computations themselves. Comparison of the computational
results is possible with the experimental structures of 2 and 9.
Three important conclusions can be drawn from inspection of
Tables 1 and 2, along with the more extensive parameter
listings in Tables S1 and S2 (Supporting Information). First,
the geometries and strain enthalpies differ in only small ways
between the two basis sets, so while we report here the data
obtained with the larger 6-311+G(2d,p) basis set, the smaller 6-
311G(d) basis set provides nearly identical geometries. This
helps to justify the use of the smaller basis set with the much
larger triple-decker cyclophane 8. Second, the three functionals
that account for dispersion (wB97X-D and B3LYP-D3) or
midrange dispersion and correlation (MO06-2x) provide very
similar geometries and strain energies for compounds 2 and 9.
B3LYP, as expected, predicts a ring separation distance that is
too long. Both of these patterns are observed with compounds
6, 7, and 8 as well. Lastly, the agreement between the computed
geometry and the experimental geometry is excellent for both
compounds. For example, for 9, all of the DFT methods
properly predict the degree of distortion of the ring from
planarity, and the error in the C,—C, distance and inter-ring
separation is less than 0.02 A. While some of the DFT methods
predict a D; ground state and others predict a Dy, ground state,
and the experiment is only slightly distorted from Dy, all of the
functionals indicate a very shallow potential energy surface
associated with this rotation. Similar excellent agreement is
found between the DFT and experimental structures of 2. MP2
is a bit of an outlier, predicting a shorter inter-ring separation.
These results suggest that these computational methods are
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appropriate for evaluating the properties and structures of
cyclophanes in general.

Compound 2 can exist as two different bond-shift isomers.
Both the NMR and X-ray experiments identify a single isomer
only: 2a.* All of the computations are consistent with this
observation; 2a is 6—10 kcal mol™ below 2b. The energy
difference at the @B97XD, B3LYP-D3, and M06-2x levels are
clustered around 8 kcal mol ™.

The COT rings in 2 remain in a tub conformation despite
being tied together by two ethylene bridges. Perhaps more
bridges might distort the ring geometry, but it is not just the
number but their arrangement that is critical. Compound 6 has
four ethylene bridges in the 1, 2, S, and 6 positions. These
bridges allow each COT ring to remain puckered in the tub
conformation. Despite the addition of two bridges, the COT
rings of 6 are ever so slightly more puckered than the COT
rings in 2 and in 1,2,5,6-tetraethylcyclooctatetraene. This fact,
combined with the torsional angle about the ethylene bridges of
about 58°, is consistent with a strain energy for 6 that is essen-
tially nil. Thus, 6 appears to be a reasonable synthetic target.
The best DFT methods predict that 6a is 14—16 kcal mol™
lower in enthalpy than 6b, so like 2, only one bond-shift isomer
will likely be observed.

The structure of 7 is dramatically different from that of 6: the
COT rings of 7 are nearly planar. The dihedral angles formed
by four adjacent carbon atoms in the COT rings are about
+11° in 7a and +8° in 7b. Tying together the two COT rings
at alternating carbons inhibits the puckering, and the rings are
forced to be nearly flat. One might naively then expect that
the three COT rings in 8 would also be flat. The top and
bottom COT rings are again nearly flat, with dihedral angles of
the adjacent four carbon atoms of about 11—12°. However, the
central ring is not planar, with analogous dihedral angles in the
ring of 28—30°.

While the carbon atoms of the COT rings in 7 are nearly
coplanar, the hydrogen or carbon of the ethylenyl group
attached to them does not lie near this ring plane. For example,
in the wB97X-D/6-311+G(2d,p) structure of 7a, the angle
formed between the C,—C, bond and the bisector of the
C,—C,—Cg angle (i.e., the angle between the C;—C, bond and
the C,;—B line in Scheme 1) is 165.5° and the similar angle

Scheme 1. Out-of-Plane Distortion: Angle C,—C,—B

Cs
Co

C The C;-B line is the bisector of
1
the C,-C;-Cg angle

CzH

involving the C,—H bond is 167.9°. Both are tipped in the
same direction, toward the other COT ring, a compromise
attempt at preserving the planarity of the sp® carbon.

The exocyclic carbon must bend toward the other COT ring
to form the bridge. For the central COT of 8, these exocyclic
carbons must distort in alternating directions as one goes
around the COT ring. Therefore, at C;, the Cy carbon must
move upward to make the bridge to the top COT ring, but at
C,, the Cj, carbon must distort downward to make the bridge
to the bottom ring. Bending these carbons out of plane is
accomplished by both a distortion from planarity about each of
the carbons in the central COT ring and also distortion of the
ring so alternating ring carbons are moved up or down,
destroying the near planarity of the ring,
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The near-planar COT rings of 7 and 8 beg the question of
the nature of these rings: Might these rings express some
aromatic or antiaromatic character? We evaluate this question
by examining two properties, the degree of bond alternation
around the ring and nucleus-independent chemical shifts
(NICSs). For reference, the computed (wB97X-D) differences
in the C—C and C=C bond lengths in cyclooctatetraene
and 1,3,5,7-tetraethylcyclooctatetraene are 0.140 and 0.143 A,
respectively, reflecting their nonaromatic/nonantiaromatic
character. The bond distance difference is slightly smaller,
0.139 A, in the planar D, transition state for the tub inversion
of cyclooctatetraene.

NICSs can be computed using Gaussian-09 with the B3LYP
and MO06-2x functionals only. We therefore report the NICS
values using these two methods, along with NICS values obtained
using the B3LYP functional on the wB97X-D geometry. While
NICS(1) values are often preferred for evaluating aromaticity,
their advantage in our systems is questionable. First, NICS(0)
values are thought to be affected by contributions from the
o-electrons in benzene,* but since COT is larger than benzene, the
o-contribution will be diminished. Second, the cage environment of
the cyclophanes may contribute to the NICS(1) value.

To assess the possible cage affects, we have evaluated NICSs
at a series of points along the rotational symmetry axis through
the center of the cyclophanes and also for COT (Dy;, D, and
tub) separated by 1 A. Values for these NICS scans are listed in
the Supporting Information. For tub-shaped COT, there is little
difference in the NICS values on the concave and convex faces,
and this largely reflects the nonaromatic character of this
molecule. For 9, the NICS value monotonically decreases as
one moves from the center of the cage, through the center of
the phenyl ring and on upward (or downward). For 7 and 8,
the NICS values decrease when moving away from the center
of the COT rings, but not with a large difference in the interior
versus exterior directions. Given that these NICS scans show
small cage effects, we report NICS(0) values primarily, as in
Table 6. Since for most of the molecules the NICS(0) values

Table 6. NICS Values (ppm) at Ring and Cage Centers”

B3LYP MO06-2x  B3LYP//wB97XD

benzene —7.64 —7.11 —7.64
cyclobutadiene (D) —341.57 -171.70 —342.12
cyclobutadiene (D,;) 27.01 32.68 27.52
cyclooctatetraene (Dy;,) -105.76 ~ —79.70 —106.86
cyclooctatetraene (D) 40.83 36.70 38.49
cyclooctatetraene (D,;) 4.85 3.74 3.82
1,3,5,7-tetraethylcyclooctatetraene 2.36 1.98 1.60
9 ring center —8.44 —7.89 —8.38
9 cage center —-16.36 —-17.25 —16.19
7a ring center 11.41 1.97
7a cage center 7.22 —3.60
7c ring center —22.09

7c cage center —32.27

8a middle ring center —5.27 —5.14 -3.95
8a top ring center 17.1§ —11.87 —10.87

“Computed using the 6-311+G(2d,p) basis set except for 8, for which
the 6-311+G(d) basis set was used.

are quantitatively identical for the three methods, by default we
will discuss the B3LYP//@wB97X-D value.

The NICS(0) value for planar D, cyclooctatetraene is
38.5 ppm, a large positive value reflecting its antiaromatic
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character. The tub geometry has an NICS(0) value that is much
smaller, only 3.8 ppm, indicating that antiaromaticity is reduced
by moving into the tub geometry. It is worth noting that the
highly symmetric Dg, structure of cyclooctatetraene and the Dy,
geometry of cyclobutadiene have spuriously large and negative
NICS(0) values. Further study of the origins of these unusual
NICS values for these highly antiaromatic species, which also
happen to be second-order saddle points, is under way.

Turning now to 7, we see a somewhat divided picture. Both
B3LYP and B3LYP-D3 predict that the COT rings of 7 express
no bond alternation and the NICS(0) value at the COT ring
center (B3LYP) is —22 ppm. This large and negative NICS
value is consistent with the spurious value observed for Dy,
cyclooctatetraene. One must temper any interpretation of these
B3LYP results as this functional is prone to overemphasizing
n-delocalization.”*** The @B97X-D and MO06-2x functionals
indicate more bond alternation in the rings of about 0.12 A
than in planar D, cyclooctatetraene. The M06-2x NICS(0)
value of 11.4 ppm suggests some antiaromatic character. The
NICS value of 1.97 ppm at B3LYP//wB97X-D is much more
positive than the B3LYP//B3LYP value due to the bond
alternation in the ring.

Interpretation of the rings of 8 is equally murky. While the
central ring is nonplanar, it shows modest bond alternation
(0.1 A at ®B97X-D and MO06-2x, 0.06 A at B3LYP-D3 and
B3LYP) and NICS(0) values that are negative. The top COT
ring is nearly planar and expresses a bit more bond alternation
than the central ring. However, B3LYP gives a positive NICS(0)
value of 17.2 ppm, with M06-2x and B3LYP//wB97XD giving
large negative values.

Therefore, while the NICS analysis does not give an un-
qualified answer regarding the nature of the cyclooctatetraene
rings in 7 or 8, the inter-ring separation offers an additional
perspective. The rings in 7, 8, and 9 are connected by ethyl
groups, and all things being equal, one might expect the inter-
ring separation to be similar in these compounds. However, the
inter-ring separation, ., in 9 of 2.812 A (wB97X-D) is longer
than those in 7 (2.687 A, ®B97X-D) and 8 (2.785 A, ®B97X-D).
Corminboeuf, Schleyer, and Warner®” have argued that the
MOs of the stacked antiaromatic ring may interact such that the
degenerate half-filled HOMOs of each antiaromatic ring would
mix to create only filled-shell orbitals. A schematic MO diagram
for the mixing of the stacked COT HOMOs is shown in
Scheme 2. (A full MO diagram of the occupied 7-orbitals is

Scheme 2. MO Diagram of the Interaction of the HOMOs of
COT in a Stacked Arrangement as in 7

+ 4+ S+

i
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presented in the Supporting Information.) This type of MO
interaction is stabilizing, and would serve to reduce the
antiaromatic character and help stabilize a planar conformation,
and these effects are observed in both 7 and 8. The MO
diagram for stacked benzene rings indicated a filled—filled shell
interaction of the two HOMOs. Thus, this MO mixing model
predicts a shorter inter-ring distance for 7 and 8 than in 9,
consistent with their computed geometries.

The fact that there is some interaction of the COT rings in 7
begs the question of whether it might be prepared. The strain
energy of 7 is moderately large, 97.5 kcal mol™". This is twice
the strain energy of 9, but not out of the question. For example,
the strain of cubane is significantly greater at about 140 kcal
mol™".**? On the other hand, the very large strain energy of 8
(211 kcal mol™") appears to preclude its possible existence.

B CONCLUSIONS

Our computations indicate that cyclophanes formed of
cyclooctatetraene rings possess intriguing properties. Cyclo-
phanes 2 and 6 should exist as two bond-shift isomers, with the
COT rings in a tub conformation in both isomers. The lower
energy isomer has the two COT rings stacked, while the higher
energy isomer has the concave faces of the COT rings
facing each other. The unfavorable isomer of 6 is of significantly
higher energy than the preferred isomer, so experimental
identification of this isomer might be difficult. For 2, only the
low-energ! isomer 2a was identified in the NMR and X-ray
structure.

Cyclophane 7, where the four ethylene bridges are attached
in alternating positions about the COT ring, has a more striking
geometry. The COT rings are nearly planar. Nonetheless,
these rings appear to minimize any antiaromatic character. The
®B97X-D and M06-2x structures show moderate bond alterna-
tion. The NICS values unfortunately cannot be computed at
®B97X-D, but the M06-2x and B3LYP/wB97X-D NICS(0)
values are small but positive. Most telling is the inter-ring
separation: this distance of 2.687 A is shorter than the
separation of the two phenyl rings in 9 (2.812 A). Even though
the bridges in both 7 and 9 are the same length, the rings are
not held apart by the same amount. The shorter separation in 7
can be attributed to stabilizing MO interactions between the
HOMOs of the COT rings, as opposed to a filled—filled
destabilizing interaction between the HOMOs of the phenyl
rings of 9. This MO interaction would also serve to diminish
the antiaromatic character of the rings in 7.

The top and bottom COT rings of the triple-decker
cyclophane 8 are, like the rings in 7, nearly planar. However, the
middle COT ring is not planar as the alternating carbon atoms are
displaced up or down to allow the ethylene bridges to reach the top
and bottom COT rings. This distortion leads to a (unsurprisingly)
very large strain energy that is over 200 kcal mol™". The strain
energy of 7 is about 97 kcal mol™", a not insubstantial strain, but
one that can be overcome. We hope that these computations might
inspire a synthesis of 7, a molecule whose structure is certainly
interesting and should help us better understand the interplay of
strain and antiaromaticity.
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