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On the Importance of Electron Correlation Effects for the
n-rt Interactions in Cyclophanes

Stefan Grimme*!?!

Abstract: Correlated ab initio quantum
chemical methods based on second-
order perturbation theory and density
functional theory (DFT) together with
large atomic orbital (AO) basis sets are
used to calculate the structures of four
cyclophanes with two aromatic rings
and one sulphur-containing phane with
one aromatic ring. The calculated geo-
metrical data for [2.2]paracyclophane,
cyclophane (superphane), 8,16-dimeth-
yl[2.2]metacyclophane, 16-methyl[2.2]-
metaparacyclophane, and 2,6,15-tri-
thia[3*'][7]metacyclophane are com-
pared to experimental data from X-ray
crystal structure determinations. In all
cases, very accurate theoretical predic-
tions are obtained from the recently
developed spin-component-scaled MP2

ations are within the experimental ac-
curacy and expected crystal-packing or
vibrational effects. Especially the inter-
ring distances, which are determined by
a detailed balance between attractive
van der Waals (dispersive) and repul-
sive (Pauli) contributions, are very sen-
sitive to the level of theory employed.
While standard MP2 theory in general
overestimates the dispersive interac-
tions (m—m correlations) between the
two aromatic rings leading to too short
distances (between 3 and 8 pm), the
opposite is observed for DFT methods
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(errors up to 15pm). This indicates
that an explicit account of dispersive-
type electron correlation effects be-
tween the clamped aromatic units is es-
sential for a quantitative description of
cyclophane structures. In order to dis-
tinguish these effects from “normal”
van der Waals interactions, the term
“overlap-dispersive” interaction may
be employed. The popular B3LYP
hybrid density functional offers no ad-
vantage over the pure PBE functional
that at least qualitatively accounts for
some of the dispersive effects. The use
of properly polarized AO basis sets of
at least valence-triple-§ quality is
strongly recommended to obtain quan-
titative predictions with traditional
wave function methods.

(SCS-MP2) method, in which the devi-

Introduction

Cyclophanes, in which more than two atoms of an aromatic
ring are incorporated into a larger ring system, provide a
fine vehicle for the study of molecular strain. The questions
“how bent can a benzene ring be” and “how will two ben-
zene rings behave when compressed together below their
typical van der Waals distance” represent challenges in mo-
lecular design, synthesis, and spectroscopy.'! The study of
close contacts of aromatic units is furthermore of fundamen-
tal importance in many supramolecular structures and also
in biochemistry, for example, for the stacking of base pairs
in DNA.® The study of these so-called m— interactions in
the intramolecular situation of the cyclophanes may provide
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detailed insights and understanding of molecular structure
that can also be used for intermolecular cases.

Theoretically, the attractive part of m—x interactions be-
tween aromatic molecules/units contains dominating van
der Waals (VDW, dispersion) and weaker electrostatic (ES,
mainly quadrupole—quadrupole) contributions. At shorter
distances, exchange-repulsion (ER) as a result of the Pauli
principle dominates the interaction energy. While ER and
ES effects can already be described at a mean-field (i.e.,
Hartree—Fock) level of theory, the VDW part is a pure elec-
tron correlation (EC) effect. In the framework of standard
ab initio wavefunction theory,” it can be described by
double excitations between occupied and virtual orbitals of
the supermolecule (coupled monomer single excitations).
Although the nowadays most widely used theoretical ap-
proach to molecular structure, density functional theory
(DFT),®" includes EC in an approximate manner, it is now
clear that almost all standard density functionals are unable
to describe dispersive interactions (see, for example, refer-
ence [10] and references therein). Probably the earliest DFT
study which reported significant overestimations of the
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inter-ring distances (IRD) in cyclophanes dates back to the
mid 1990s!"" (see also references [12,13]). Errors as large as
10 pm have been reported although the connection to the
“dispersion problem” of DFT was not recognized at that
time.

This work represents the first systematic study of typical
cyclophane structures with modern quantum chemical meth-
ods, together with the use of extended atomic orbital (AO)
basis sets. Prior to the advent of DFT, second-order Mgller—
Plesset perturbation theory (MP2)!*%) was the simplest and
least expensive way of incorporating EC effects in ab initio
electronic structure calculations. It still has certain advantag-
es over DFT, for example, when dispersion forces or charge-
transfer processes are important. For the VDW interactions
of larger m systems, however, it is now well known that stan-
dard MP2 overestimates the binding energies and underesti-
mates intermolecular equilibrium distances (see for exam-
ple, reference [16] and references therein). It will be shown
here that a recently introduced improved version of MP2
(termed SCS-MP2)!'! provides uniformly very accurate cy-
clophane structures that are within the error bars of experi-
mental X-ray crystal structure determinations. The two
common density functionals B3LYP!"*') and PBE™ will be
used for comparison.

Besides the most prominent structure [2.2]paracyclophane
(1), a metacyclophane (8,16-dimethyl[2.2]metacyclophane
(3)) and a metaparacyclophane (4) with methyl groups in
sterically demanding positions are investigated. The most
strained [2]cyclophane (2, superphane) is considered, be-
cause of its extremely short inter-ring contacts. The 2,6,15-
trithia[3*'°][7]metacyclophane (5) is an example for a phane
with hetero (sulfur) atoms in the bridges and a close C—H
ring contact.

1 (Dy) 2 (Do)

4 (¢

5
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Computational methods

All calculations were performed with the TURBOMOLE suite of pro-
grams.” In all SCS-MP2 and MP2 treatments, the resolution-of-the-iden-
tity (RI) approximation®2? (also called “density fitting”) for the two-
electron integrals was employed; this yielded errors for equilibrium bond
lengths of less than 0.05 pm (for a parallel RI-MP2 energy implementa-
tion see reference [27]). The RI auxiliary basis sets were taken from ref-
erences [28,29], in which they were optimized for the TZV and Dunnings
cc-pVxZ AO basis sets, respectively.

In two recent papers!'* it could be shown that a simple modification of
the standard MP2 scheme leads to dramatic improvements in accuracy.
The new method, termed spin-component scaled (SCS) MP2 is based on a
separate scaling of the second-order parallel (aa+ /) and antiparallel (o)
spin pair correlation energies. The procedure effectively reduces many
outliers observed in standard MP2 calculations and seems to be a robust
and valuable quantum chemical tool of general use. For energetic problems,
we have already demonstrated in further applications for DNA base tau-
tomersP!, pericyclic transition states,*? and fluorobenzene acidities™! the
success of the new model. Improvements for the calculation of the equili-
brium structures of molecules have been demonstrated in reference [34].

In all correlation treatments only valence electrons were considered
(frozen core). Gaussian AO basis sets of valence triple- quality
(TZV[335], i.e., C[5s3p], S [5s4p] H [3s]) with a (2df/2p) set of polariza-
tion/correlation functions on non-hydrogen and hydrogen atoms, respec-
tively, were used. The issue of the quality of the AO basis set employed
is of critical importance for the study of weak interactions. Small (very
incomplete) sets tend to provide too short non-bonded contacts due to
basis set superposition error (BSSE). On the other hand, small basis sets
are not able to provide accurate polarizabilities of the fragments; this
leads to too weak VDW attractions. For AO basis sets of intermediate
quality (valence-double-g, for example, 6-31G*) both effects (of opposite
sign) may accidentally cancel, such that for some systems relatively good
predictions can be obtained. However, for systematic studies of a variety
of systems, in general it is not recommended to rely on error compensa-
tion and thus, in this study large AO basis sets which yielded results close
to the limit were employed.

To illustrate this point in more detail, a basis set convergence study for
the two inter-ring distances (IRD) C3—C14 and C4—C13 in the [2.2]para-
cyclophane were performed at both the MP2 and DFT-B3LYP levels.
Dunnings correlation-consistent cc-
pVDZ, cc-pVTZ, and aug-cc-pVTZ
basis sets®**"l were used for this pur-
pose. As expected, the variations of
the calculated distances are small
(<0.5pm) at the B3LYP level. With
MP2 we obtained 2764, 2749,
2748 pm and 306.3, 304.8, 304.3 pm,
respectively, with the three AO basis
sets for the two parameters. These
data show that properly polarized
triple-{ basis sets are necessary in ex-
plicitely correlated calculations. With
our standard TZV(2df2p) set values
of 274.9 and 304.8 pm are obtained for
C3—Cl14 and C4—Cl13, respectively;
these values are the same as those ob-
tained with the larger cc-pVTZ set.
The effect of the diffuse (aug) func-
tions seems to be also relatively small,
so that we can conclude that these sen-
sitive geometrical parameters are
within 0.5-1 pm of the basis set limit-
ing values. Considering the estimated
experimental accuracy of about 1pm
for these quantities, this seems to be
sufficient to draw general conclusions
about the performance of the different
methods.
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The experimental data for 2-5 were obtained from the structures taken
from the Cambridge Crystallographic Database.™ The data of 1 were
taken from a recently re-measured structure which will be published in
detail separately.” Beside all important bond lengths between non-hy-
drogen atoms and the IRD, the benzene ring deformation angles (RDA)
a and f3 (see Scheme 1) were considered.

C a

Scheme 1. Definition of the benzene ring deformation angles (RDA) «a
and f. « is the angle between the midpoints a-b, c-d, and the atom e.  is
the angle between the the midpoints c-d and the atoms e and f.

Results

[2.2]Paracyclophane: The [2.2]paracyclophane molecule is
the most prominent, but also structurally the most difficult
phane considered here. The first X-ray structure of 1 indi-
cated a rigid, face-to-face molecule with D,, symmetry.* A
later refinement revealed that at 93 K the substance equili-
brates between two structures in which the methylene
bridges are slightly de-eclipsed.!! The most recent X-ray
structure of 1 determined at 19 K clearly shows a twisted
structure with D, symmetry® and a dihedral angle C(Ar)-
C-C-C(Ar) of ¢=12.6°1 Phane 1 is the only molecule in
this study for which different theoretical treatments predict
qualitatively different structures. At the DFT-B3LYP/
TZV(2df2p) level, a minimum with D,, symmetry is ob-
tained that also prevails with larger AO basis sets. Previous
B3LYP/4-31G(d) calculations of Walden and Glatzhofer,*’]
which gave a slightly twisted geometry (¢=3.9°), seem to
suffer from basis set incompleteness and are thus not deci-
sive. The MP2/6-31G(d) calculations performed in 1998 by
Henseler and Hohlneicher™! gave ¢=21.8°, which is in rea-
sonable agreement with the MP2 data reported here. With
larger basis sets, MP2 calculations yield a twist angle around
19° and SCS-MP2/TZV(2df22p) reduces this value to 17.6°
(see Figure 1 and Table 1).

The very good agreement of the DFT-PBE result with ex-
periment (¢=10.7 versus 12.6° (exptl), see Table 1) must be
considered as fortuitous, because the other geometrical pa-
rameters at this level are less accurate than those from, for
example, SCS-MP2. This twist angle seems to be relative
sensitive to the experimental measurement conditions as
can be seen from the value of 16.1° obtained in the older X-
ray study.”!! Considering furthermore the tiny D,~D,, barri-
er (double-minimum potential) of about 0.2 kcalmol™!
(SCS-MP2/cc-pVTZ), strong vibrational (anharmonic) ef-
fects on this parameter are expected, such that the deviation
of the SCS-MP2 result does not seem alarming. All other
structural details are very accurately predicted by SCS-MP2,
as indicated by the low mean absolute deviation (MAD) of
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Figure 1. Optimized structures of the investigated cyclophanes (SCS-
MP2/TZV (2df,2p)). Theoretical and experimental (in parentheses) short-
est inter-ring distances are given in pm.

Table 1. Comparison of experimental® and calculated® structural pa-
rameters of [2.2]paracyclophane (1). Distances r are given in pm, the de-
formation angles a and S in degrees. The mean deviation [MD=1/
NXr(exptl)—r(calcd)] and mean absolute deviation [MAD =1/NX | r(ex-
ptl)—r(calcd) | ] are given for all distances.

Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE
reie 159.3 159.4 158.9 161.1 160.7
Teacs 150.8 150.6 150.3 151.0 151.0
Fescs 139.9 140.1 140.0 139.7 140.4
Tescs 139.9 140.0 139.9 139.7 140.3
Teacs 139.6 139.4 139.3 138.9 139.5
Fescia 278.2 277.2 274.9 282.7 281.4
Feacs 309.7 308.0 304.8 315.6 314.3
o 12.6 17.6 18.7 0.0 10.7
a 12.5 12.2 11.8 13.0 12.9
B 11.0 11.5 11.6 10.8 10.9
MD 0.4 1.3 -1.6 -1.5
MAD 0.5 1.4 1.9 1.5

[a] X-ray data (average of symmetry equivalent parameters) at 19K
taken from reference [39]. [b] TZV(2df2p) AO basis set. [c] Dihedral
angle C14 C1-C2-C3 in degrees.

0.5 pm and errors <1 pm for the IRD and <0.5° for the
ring deformation angles (RDA).

The MP2 and DFT structures are significantly less accu-
rate. At the MP2 level the IRD are underestimated by
about 5 pm, while overestimations between 4 and 6 pm are
obtained from both DFT treatments. Note also, that the sp’-
sp’ bridging bond lengths are too long (by 1-2 pm) at the
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DFT level. When comparing the two density functionals, it
turns out that PBE at least qualitatively predicts a correct
(twisted) structure for 1 and that also the MAD for the
B3LYP functional is larger. Thus, we can conclude that the
overall accuracy of the three methods is SCS-MP2 >MP2 >
DFT-PBE >DFT-B3LYP.

[26]Cyclophane: The superphane is the most strained mole-
cule of the cyclophanes investigated. In the D¢, symmetry,
which is found as a minimum in the calculations and also
observed in the crystal, there are six fully eclipsed ethano
bridges, short H--H interbridge contacts, and an unfavorable
face-to-face arrangement of the two benzene rings (the anal-
ogous Dy, structure of the benzene dimer is not a minimum;
see, for example, reference [44]). The experimental IRD of
262.4 pm is the shortest and the angle 5 (19.7°) is the largest
of all systems, indicating considerable strain. Somewhat sur-
prisingly, the CC-bridge bond length is shorter than in 1
(158 versus 159.3 pm); this is not corroborated by the theo-
retical treatments, which yield almost the same value
(within +£0.5-0.8 pm) for 2 and 1. The question of whether
this qualitatively different picture results from vibrational
(experimental data refer to r, instead of the calculated r,
values) or packing effects cannot be answered at present.
Deficiencies of the theoretical treatment (especially SCS-
MP2) seem, however, unlikely considering the overall accu-
racy for the different cyclophane structures considered.
Again, the SCS-MP2 structure is in very good agreement
with the experimental data (MAD=0.7 pm, see Table 2).

Table 2. Comparison of experimental® and calculated® structural pa-
rameters of the superphane (2). Distances r are given in pm, the defor-
mation angle S in degrees. The mean deviation [MD=1/
NXr(exptl)—r(calcd)] and mean absolute deviation [MAD =1/NX|r(ex-
ptl)—r(calcd) |] are given for all distances.

Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE
reie 158.0 159.6 1594 160.3 160.2
reocs 151.7 151.5 150.7 151.9 151.7
resca 140.6 141.2 141.2 140.9 141.5
rescn 262.4 261.9 259.8 265.6 264.4
B 19.7 19.7 19.5 21.3 21.1
MD -0.4 0.4 -1.5 —-1.3
MAD 0.7 1.4 1.5 1.3

[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [50]. [b] TZV(2df,2p) AO basis set.

The largest deviation of 1.6 pm occurs for the bridge bond
length. With MP2 the C(ar)—CH, bond lengths and the IRD
are too short by 1 pm and 2.6 pm, respectively. The errors
from both DFT treatments are qualitatively similar as for 1,
that is, too large IRD and RDA, although the errors are
generally smaller. This may be attributed to the more rigid
structure of 2, which is (relative to 1) dominated more by
bonded interactions. The overall accuracy of the three meth-
ods is SCS-MP2 > DFT-PBE ~MP2 > DFT-B3LYP.
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8,16-Dimethyl[2.2]metacyclophane: The two benzene rings
in 3 are displaced stepwise, in a manner typical for metacy-
clophanes, and the benzene rings are distorted asymmetri-
cally to a boat shape in order to avoid too close mutual con-
tact (see Figure 1). At first glance, the methyl groups seem
to introduce additional repulsive interactions because they
are located almost exactly above the center of the other aro-
matic ring. As can be seen from the data in Table 3, howev-

Table 3. Comparison of experimental® and calculated® structural pa-
rameters of 8,16-dimethyl[2.2]metacyclophane (3). Distances r are given
in pm, the deformation angles a and S (methyl-substituted side) in de-
grees. The mean deviation [MD =1/NXr(exptl)—r(calcd)] and mean abso-
lute deviation [MAD =1/NX | r(exptl)—r(calcd) |] are given for all distan-
ces.

Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE
Teice 157.1 157.2 156.9 158.3 158.3
Teacs 152.0 151.1 150.4 151.4 151.2
Tescs 139.5 140.0 140.0 139.6 140.3
Teacs 139.2 139.5 139.5 139.1 139.7
Tescs 141.3 141.1 141.1 141.0 141.7
rescts 299.5 298.6 296.2 304.6 303.0
Tescie 281.4 278.2 273.0 286.8 283.0
TH(Me)CS 248.9Ll 247.6 243.3 257.7 253.7
a 15.0 15.1 14.3 16.4 15.9
B 0.3 1.0 1.6 0.4 0.7
MD 0.7 2.3 -2.5 -1.5
MAD 0.9 2.5 2.7 1.7

[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [51]. [b] TZV(2df.2p) AO basis set. [c] Experimental C—H(Me)
bond length adjusted to the SCS-MP2 value.

er, the deformation angle § (see Scheme 1) that describes
the pyramidalization at C8/C16 is close to zero. This shows
that the boat-type deformation of the ring (deformation
angle «) is sufficient to place the methyl group in an optimal
position. The shortest H(Me)---C(ring) distance in 3 is about
248 pm, which is 40 pm shorter than the corresponding opti-
mum value of the benzene-methane van der Waals complex
(MP2/TZV(2df2p) value). The origin of the closer H---ring
contact in 3 compared to an unstrained reference system is
not clear at present, although it should be kept in mind that
the ring deformations and bridges in general introduce non-
negligible perturbations of the properties of benzene rings
in cyclophanes.

The results form the SCS-MP2 treatment are again in
good agreement with the experimental data (see Table 3).
The mean absolute deviation (MAD) for all distances is
only 0.9 pm and the largest error occurs for the IRD C8—
C16 (3.2 pm too short). The important deformation angle a
is almost exactly the same as experimental value. The stan-
dard MP2 treatment provides significantly less-accurate
structural parameters. The single bonds are slightly too
short and the IRD are too small by 8.4 and 5.6 pm, respec-
tively. Both DFT treatments yield deviations in the opposite
direction, as indicated by the negative mean deviation
(MD). The bridging bond lengths are too long by 1.2 pm
and for the inter-ring distances systematic overestimations
are observed that reach 5 pm with B3LYP. Opposite to the
common view (but similar as for 1 and 2), the pure PBE
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functional yields a more accurate structure than B3LYP, es-
pecially with respect to the transannular interactions. The
overall accuracy of the three methods is SCS-MP2> DFT-
PBE >MP2~DFT-B3LYP.

16-Methyl[2.2]metaparacyclophane: Metaparacyclophanes
simultaneously contain structural features of meta- and par-
acyclophanes, that is, the para-substituted ring mainly shows
a boat-shape deformation at the substituted sides, while the
meta-substituted ring deforms mainly between the bridges
(see Figure 1). The methyl group in 4 lies almost on top of
the CC bond of the other ring thus introducing additional
non-bonded interactions of C—H:-m type as in 3. Both, ex-
perimental and theoretical data show that the investigated
compound has the second shortest IRD (between C3 and
C14) of all phanes investigated. The deformation angles a
and S are similar to the corresponding values in 1 and 3, re-
spectively. Inspection of Table 4 shows that the results from

Table 4. Comparison of experimental® and calculated® structural pa-
rameters of 16-methyl[2.2]metaparacyclophane (4). Distances r are given
in pm, the deformation angles a,, 3;, (para-substituted ring) and a,, f3,
(meta-substituted ring, methyl side) in degrees. The mean deviation
[MD =1/NXr(exptl)—r(calcd)] and mean absolute deviation [MAD =1/
NY | r(exptl)—r(calcd)|] are given for all distances.

Method
Exptl SCS-MP2 MP2 DFT-B3LYP DFT-PBE
reicz 158.9 157.5 157.2 158.7 158.6
reacs 1514 150.6 150.0 150.9 150.7
reicis 153.2 151.6 151.1 152.0 152.0
roscs 138.0 139.8 139.8 139.5 140.2
rescs 138.1 140.0 140.0 139.7 140.4
reacs 138.9 139.7 139.6 139.2 139.8
reics 140.2 139.0 139.0 138.6 139.2
reucts 138.2 139.9 139.9 139.6 140.2
reiscia 139.0 139.3 139.2 138.8 139.5
reiscis 141.5 141.3 141.2 141.2 141.8
rescis 277.3 274.3 271.0 283.0 280.7
rercn 312.6 3121 306.2 327.3 322.8
Feacts 318.1 316.2 312.7 325.8 324.5
a 12.1 12.7 12.1 14.3 14.1
B 14.9 15.0 15.1 14.7 14.6
a, 10.3 12.3 11.6 14.0 13.5
B 1.7 2.5 2.8 1.3 1.5
MD 0.2 14 2.3 -2.0
MAD 1.4 2.5 2.9 2.5

[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [46]. [b] TZV(2df2p) AO basis set.

the SCS-MP2 treatment are not in perfect agreement with
the experimental data. The MAD is larger (1.4 pm), a, devi-
ates by more than two degrees, and some CC bond lengths
are in error by almost 2 pm. A closer look at the experimen-
tal data® reveals that these differences almost certainly
result from experimental problems, probably disorder in the
crystal. The structure determination is of relative poor quali-
ty as indicated by the accuracy of lattice constants, the stan-
dard deviation of bond lengths (0.6-1 pm), and the R
value.* Furthermore, some symmetry equivalent CC dis-
tances in the experimental structure deviate by 1-2 pm from
each other. Nevertheless, the data seem to be accurate
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enough to draw some conclusions about the performance of
the methods applied. Again, SCS-MP2 is most accurate fol-
lowed my MP2 and the two DFT methods. Especially the
errors for the IRD with B3LYP are extremely large, reach-
ing 15 pm for the distance C7—Cl12. Also the errors for the
RDA a are larger, in the ranger 2—4°. This somewhat unsys-
tematic behaviour, especially of B3LYP, is quite disappoint-
ing, because relative to compounds 1-3 no additional or new
structural features are present in the metaparacyclophane.

2,6,15-Trithia[3*'*][ 7Jmetacyclophane: Up to here, only hy-
drocarbons with two aromatic units have been considered.
In order to put the conclusions on a more solid basis, a
quite different cyclophane with one ring, three bridges, and
heteroatoms (sulfur) is finally investigated. The compound
2,6,15-trithia[3*!°][7]metacyclophane (5; Figure 1) has al-
ready been used by Pascal' in a benchmark study of mo-
lecular structures with different quantum chemical methods.
An additional feature of § is the close contact of the C—H
bond pointing exactly into the middle of the benzene ring;
this resembles the T-shaped structure of the benzene dimer.
The experimental data are taken from reference [46]. Al-
though structurally very different from the other phanes, the
new SCS-MP2 approach also performs very well here
(Table 5). This is indicated by a small overall MAD of

Table 5. Comparison of experimental® and calculated® structural pa-
rameters of 2,6,15-trithia[3*'°][7]metacyclophane (5). Distances r are
given in pm, the deformation angles « and f in degrees. The mean devia-
tion [MD=1/NZr(exptl)—r(calcd)] and mean absolute deviation
[MAD =1/NX| r(exptl)—r(calcd) | ] are given for all distances.

Method
Exptl SCS-MP2  MP2 DFT-B3LYP  DFT-PBE
reis 184.8 185.3 184.7 1874 187.1
ress 183.1 183.8 1832 1854 185.0
rercs 149.6 150.2 149.8 1502 150.3
Fescs 152.0 153.5 153.0 1541 154.0
Fesco 138.1 139.1 139.2 1388 139.5
Feacs 309.8 307.7 305.0 3145 313.0
Feaco 312.0 310.8 307.8 3182 316.6
Faene 221392208 218.1 227.3 225.0
a 4.4 49 4.5 5.7 55
B 19.8 18.9 19.1 18.2 18.4
MD —0.1 12 -3.1 -25
MAD 1.0 1.8 3.1 2.5

[a] X-ray data (average of symmetry equivalent parameters) taken from
reference [46]. [b] TZV(2df2p) AO basis set. [c] Experimental C—H
bond length adjusted to the SCS-MP2 value.

1.0 pm and accurate nonbonded distances (errors of about
1-2 pm). The C—S bond lengths are described very accurate-
ly, although standard MP2 seems to perform slightly better
for these parameters. Although only one ring is present in §
and the nonbonded interactions occur between the i system
and the saturated parts of the molecule, the errors from
MP2 and DFT are similar to those of the other phanes. The
nonbonded distances are about 3-5 pm too small by MP2
and too large by 5-6 pm (B3LYP) or 4-5 pm (PBE) with
DFT. Larger errors of DFT are furthermore observed for
the C—S bond lengths, which are too long by 2-3 pm. The
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overall accuracy of the three methods is SCS-MP2 >MP2 >
DFT-PBE >DFT-B3LYP.

Discussion

What is the reason for the DFT errors that are outside the
usual error range for the prediction of organic structures?
Although it is well known that common density functionals
can not predict dispersive interactions,'”! this argument is
not fully satisfactory, because the IRD in cyclophanes are
significantly below, for example, the VDW distance between
graphite sheets (about 340 pm) and thus, the m orbitals (or
equivalently, the electron densities) of the rings begin to
overlap. This is clearly seen in iso-surface plots of the
HOMO and LUMO of 1 given in Figure 2.

HOMO

LUMO

Figure 2. Iso-surface plots of the frontier orbitals of [2.2]paracyclophane
at the HF/cc-pVDZ level. Plots with various other types of basis sets or
when using Kohn-Sham (DFT) orbitals look qualitatively similar.

While the HOMO has a nodal surface between the two
rings (antibonding), the opposite is observed for the LUMO,
which shows considerable bonding character in the inter-
ring region (other  and mt* orbitals not shown also display
this behavior). In the MP2 treatments; HOMO-LUMO
double excitations de-populate the antibonding and popu-
late the bonding orbital to some extent and thus reduce the
steric (Pauli) repulsion of the fragments. This effect is over-
estimated by standard MP2 and corrected with the SCS
scheme. On the other hand, mean-field approaches like Har-
tree—Fock or Kohn-Sham DFT do not “know” about the
bonding character of the LUMO (because it is unoccupied
in the ground state) and thus yield less attraction (too much
repulsion). In summary, the situation in cyclophanes can be
best described by strong m—m electron correlations between
the two rings. It should be distinguished from “normal”
VDW interactions because of the overlapping densities of
the fragments and may be termed as “overlap-dispersive”
interactions. Note that this classification is also in line with
the negligible effect of diffuse basis functions on the geome-
try of 1 (vide supra) which would be much stronger in the
pure VDW case.

Figure 3 shows the potential-energy curves (aug-cc-pVTZ
AO basis) for the face-to-face (Dg,) dimerization of benzene
as an attempt to quantify the conclusion presented above.
The inset shows the difference with respect to the SCS-MP2
interaction energy, which is taken as a reference because
SCS-MP2 provides IRD close to experiment and, thus, the
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Figure 3. Potential-energy curves (aug-cc-pVTZ AO basis) for the face-
to-face (Dg,) dimerization of benzene (r is the inter-ring distance). The
benzene fragments are not optimized and kept fixed at the benzene equi-
librium geometry (DFT-B3LYP/TZV(d,p)). The inset shows the differ-
ence with respect to the SCS-MP2 interaction energy taken as reference.

interaction potential should be most reliable. Note, that the
data are not corrected for basis set superposition error, be-
cause this is in principle impossible for the “real” situation
of the phanes. While MP2 and SCS-MP2 yield potential-
energy curves with very broad minima between 330 and
420 pm (with D, values of —20 and —13 kJ mol ™, respective-
ly), both density functionals as well as Hartree-Fock (HF)
yield purely repulsive potentials. The deviation with respect
to the SCS-MP2 reference increases in the case of HF and
DFT and decreases for MP2 as the two benzene molecules
approach each other. At about 300 pm distance, which is
considered as typical for the phanes considered,*”) the errors
are —18, 94 and 63 kJmol™" for the MP2, DFT-B3LYP and
DFT-PBE interactions, respectively. These values are quali-
tatively in line with the results for the computed IRD which
show the same trend, that is, MP2 < SCS-MP2 < DFT-PBE <
DFT-B3LYP. Somewhat surprisingly, however, the HF
errors are smaller compared to both density functionals, but
this is actually not reflected in the geometries of cyclo-
phanes.[*1,

Conclusions

Correlated ab initio quantum chemical methods based on
second-order perturbation theory (MP2, SCS-MP2) and
density functional theory (DFT) have been used to calculate
the structures of five typical cyclophanes with one and two
aromatic rings. For accurate experimental structures (i.e., 1-
3 and 5), the new SCS-MP2 model provides mean absolute
deviations for bonded and nonbonded CC distances below
1 pm. The nonbonded inter-ring distances are accurate to
about 1-2 pm, and the errors for the characteristic benzene
ring deformation angles o and § are less than about 1°. It
can thus be concluded that theory has reached a quantita-
tive description of cyclophane structures that is competitive
to experimental structure determinations. Larger differences
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between SCS-MP2 and experimental data found for the
metaparacyclophane are indicative of experimental errors or
of a slightly disordered crystal structure. The standard MP2
method accurately predicts (as SCS-MP2) CC bond lengths,
but fails for the description of the nonbonded inter-ring dis-
tances. Dispersive-type electron correlation effects, which
are in general overestimated by MP2, are responsible for
this. This results in too short nonbonded contacts and slight-
ly less-accurate deformation angles. The two density func-
tionals B3LYP and PBE show the opposite behavior. Due
to the missing effect of double excitations between occupied
inter-ring antibonding and unoccupied inter-ring bonding or-
bitals, the nonbonded distances are overestimated at the
DFT level. The effect is more pronounced for the B3LYP
than for the pure PBE functional, which can already be ob-
served in model calculations for the face-to-face oriented
benzene dimer. These findings are also in line with previous
studies showing that PBE provides in some cases a qualita-
tive correct picture of weak van der Waals type interac-
tions™!. The DFT-PBE method is thus recommended for in-
itial molecular modeling of such structures; however, they
should be accompanied by SCS-MP2 treatments employing
large AO basis sets in order to obtain conclusive predic-
tions.
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