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Abstract—Different levels of theoretical methods have been used to study a novel stable cylcophane
1,8-[1,8-naphthalenediylbis(40 ,4-biphenyldiyl)]naphthalene. It was concluded that HF /3-21g¤ was
the most ef� cient method for the system, which could well reproduce the experimental structure.
In addition, HF /3-21g¤ / /B3LYP/3-21g¤ calculations explained the experimental observation that
the cyclophane was much easier to be oxidized to the corresponding radical cation than its related
compound 1,8-bisphenyl-naphthalene. It was proposed that the more effective ¼ –¼ and ¼ –cation
interactions in the radical cation of the cyclophane caused the above behavior.

INTRODUCTION

Cyclophanes are interesting to theoretical chemists because of their unique struc-
tures and unusual intramolecular interactions [1]. To date, theoretical methods
including molecular mechanics [2], HMO [3], CNDO [4], MNDO [5], AM1 [6],
PM3 [7], MS-X® [8], and ab initio calculations [9] have been used on various cy-
clophanes, whose major aim is usually to know whether or not a particular theoreti-
cal method can reproduce the experimental structure and predict the corresponding
physicochemical properties.

Recently, Iyoda et al. successfully synthesized 1,8-[1,8-naphthalenediylbis(40 ,
4-biphenyl-diyl)]naphthalene 1 (Fig. 1), which is a very stable strained cyclophane
and represents the � rst example in which two biphenyl rings are held so rigidly that
they strongly interact with each other via a ¼ –¼ stacking [10]. Interestingly, it was
also found that though 1 was fairly easily oxidized, smaller related compounds such
as 1,8-bisphenyl-naphthalene 2 were not.
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Figure 1. 1,8-[1,8-naphthalenediylbis(40 ,4-biphenyldiyl)]naphthalene 1.

Herein, we performed a systematic quantum chemistry study on the above
cyclophane to see which theoretical method is the most appropriate for the present
system, whether the strong strain and ¼ –¼ interaction can be well reproduced, and
whether the observed electrochemical behaviors can be satisfactorily interpreted.

METHODS

All the calculation was performed with GAUSSIAN 98 [11]. The initial geome-
tries of the neutral 1 and 2 and their radical cations were constructed with the help
of Molden. The standard CNDO, MNDO, AM1, PM3, HF/sto-3g, HF/3-21g¤ ,
HF/6-31g¤ , and B3LYP/3-21g¤ methods using the Berny analytical gradient al-
gorithm were employed in the calculation. In the case of the radical cation, the
spin-unrestricted approximation, where electrons with different spins occupy dif-
ferent sets of orbitals, was employed. As all the structures were found to be true
energy minima, no constraints were used in the optimization.

RESULTS AND DISCUSSION

The structure of the cyclophane

In Table 1 are listed some intramolecular distances and out-of-plane deformation
angles of the experimental and theoretical structures of 1. These values are the
most important in determining the shape and hence the molecular strain of the
cyclophane.
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Table 1.
Some intramolecular distances and deformation angles of the experimental and theoretical structures
of 1

Crystal CNDO MNDO AMI PM3 HF/ HF / HF/ B3LYP/
sto-3g 3-21g¤ 6-31g¤ 3-21g¤

Intramolecular distances (Å)
C11–C42 3.03 2.58 3.10 2.96 2.96 3.01 3.02 3.08 3.02
C20–C33 2.99 2.57 3.10 2.96 2.96 3.01 3.02 3.08 3.02
C14–C39 3.66 2.69 4.07 3.82 3.75 3.78 3.86 3.96 3.84
C17–C36 3.65 2.69 4.07 3.82 3.75 3.78 3.86 3.96 3.84
C4–C5 2.44 2.48 2.47 2.44 2.44 2.46 2.43 2.43 2.45
C26–C27 2.45 2.48 2.47 2.44 2.44 2.46 2.43 2.43 2.45
C1–C8 2.59 2.49 2.61 2.55 2.56 2.59 2.58 2.59 2.58
C23–C30 2.58 2.49 2.61 2.55 2.56 2.59 2.58 2.59 2.59
relative errors — 11.5% 4.1% 1.9% 1.4% 1.2% 1.8% 2.9% 1.6%
Out-of-plane deformation angles of C C bonds (deg)
Between benzene and 2.2 2.3 1.1 1.3 0.3 0.9 1.0 1.3 1.3
naphthalene rings
Between 4.2 2.0 10.8 9.0 8.2 8.0 8.8 9.2 9.2
two benzene rings

As seen from the table, CNDO does a very poor optimization. The distances
between C11 and C42, between C20 and C33, between C14 and C39, and between
C17 and C36 given by CNDO are much shorter than the experimental values. Since
the above four distances are related to the strength of the ¼ –¼ interaction between
the two layers of phenyl rings, the results indicate that CNDO overestimates the
strength of the ¼ –¼ stacking. As the deviation is too large (the relative error from
the crystal structure is 11.5%), it seems that CNDO is not reliable for the system.

In comparison, MNDO offers a much better optimization than CNDO. The
relative error from the crystal structure (4.1%) is much smaller than that obtained
from CNDO (11.5%). In fact, the results given by the modi� ed MNDO methods
such as AM1 and PM3 are so good that they are comparable to ab initio calculations.
Thus, it can be concluded that AM1 and PM3 can reasonably estimate the ¼ –¼

interaction and hence are applicable to the present system.
Nevertheless, it is more desirable to perform ab initio calculations as long as

the CPU requirement of the calculation can be satis� ed. Interestingly, though it is
expected that the HF/sto-3g result is too crude, the relative errors from the crystal
structure are so small (1.2%) that it is still able to well reproduce the experimental
values. As the method becomes HF/3-21g¤ , the theoretical values are so close to the
experimental ones that higher-level methods such as HF/6-31g¤ or B3LYP/3-21g¤

cannot offer a signi� cantly better optimization. In fact, as the system is so large that
the HF/6-31g¤ or B3LYP/3-21g¤ method requires unreasonably long CPU time, it
is concluded that HF/3-21g¤ is the most ef� cient method for the present system.
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According to Table 1, both the experimental and the HF/3-21g¤ optimized
structures show that the cyclophane has its opposite phenyl rings approximately
parallel to each other, which apparently maximizes the ¼ –¼ stacking interaction.
Meanwhile, the naphthalene parts have a splayed structure, indicated by the shorter
distance between C26 and C27 than that between C23 and C30. Presumably, this
pattern of structure relieves the cyclic strain of 1.

It is noteworthy that the theoretical distances between the two layers of phenyl
rings are somewhat larger than the experimental ones. As the HF/6-31g¤ or
B3LYP/3-21g¤ calculation also gives similar results, it is unlikely that the theo-
retical estimations are wrong. In fact, the theoretical calculations are done in the
gas phase and the experimental values correspond to the structure in the crystal.
Therefore, the smaller experimental distances between the two layers of phenyl
rings might be caused by the crystalline packing, which pushes the two layers of
phenyl rings towards each other. The same reason explains why the theoretical out-
of-plane deformation angles are somewhat different than the experimental ones.
Nevertheless, as all the deformation angles are very small, the difference between
them is insigni� cant. Meanwhile, the same reason also explains why the relative
errors from the crystal structure of HF/3-21g¤, HF/6-31g¤ or B3LYP/3-21g¤ are
larger than those obtained from HF/sto-3g.

The electrochemical property of the cyclophane

The reason that the cyclophane 1 is interesting lies in its unusual electrochemical
property. Compared to its related compounds such as 1,8-bisphenyl-naphthalene 2,
1 has a much lower � rst oxidation potential. From the viewpoint of thermodynam-
ics, the above behavior means that the radical cation of 1 is much more stable than
that of 2, or in other words, the energy difference between the neutral species and
its radical cation is much smaller for 1 than for 2.

Herein, the structure of 2 is also optimized with the HF/3-21g¤ method, and the
radical cations of 1 and 2 are optimized with the UHF/3-21g¤ method. In order to
take the electron correlation effect into account, B3LYP/3-21g¤ or UB3LYP/3-21g¤

single-point calculation is performed on the optimized species. Interestingly, the
calculated energy difference here between the neutral species and its radical cation
is 6.48 eV and 7.01 eV for 1 and 2, respectively. Accordingly, 1 is truly easier to
oxidize than 2, which agrees with the experimental observation.

The above result is reasonable, because in 1 the two layers of phenyl rings are so
rigidly arranged face to face that the interaction between them is expected to be very
effective. When 1 loses an electron, in addition to an enhanced ¼ –¼ interaction, a
¼ –cation interaction [12] will also be turned on. Apparently, these two interactions
can greatly stabilize the corresponding radical cation. On the other hand, due to the
steric effect, the two layers of phenyl rings in 2 are not rigidly face-to-face arranged.
As a result, the interaction between them cannot be very effective. Therefore, the
¼ –¼ and ¼ –cation interactions are not as bene� cial as those in 1 in stabilizing the
radical cation of 2, which makes 2 more dif� cult to oxidize.
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Nevertheless, it should be noted that the calculated energy difference between
the neutral species and the radical cation is much larger than the observed oxidation
potential (0.85 V). Obviously, disregarding the solvation effect leads to such a result,
because the solvent molecules can stabilize the radical cation more effectively than
they do the neutral species. However, the inclusion of the solvation effect is very
dif� cult to model at the present stage, as the available continuum solvation model
has been shown to be questionable in dealing with the solvent reorganization [13].
In fact, we have also used SCRF model in the B3LYP/3-21g¤ or UB3LYP/3-21g¤

single-point calculation. Compared with calculations in the gas phase (6.48 eV and
7.01 eV, respectively), the calculated energy difference here between the neutral
species and its radical cation is 6.48 eV and 6.94 eV for 1 and 2, respectively.
Apparently, there is no signi� cantly better result when we include the solvation
effect. This result also proves our supposition regarding the solvation effect model
at the present stage. Thus, the calculations without the inclusion of the solvation
effect are reasonable.

CONCLUSION

The structure of 1,8-[1,8-naphthalenediylbis(40 ,4-biphenyldiyl)]naphthalene 1 was
investigated systematically with various semiempirical and ab initio calculations.
It was found that the HF/3-21g¤ method was the most ef� cient for the above system.
Calculations also reproduced the experimental observation that 1 was much easier
to oxidize than its related compounds, such as 1,8-bisphenyl-naphthalene. It was
proposed that the more effective ¼ –¼ and ¼ –cation interactions in the radical
cation of 1 caused the above behavior.
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