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Abstract: The through-space JHH and
JCH spin ± spin coupling constants of
model van der Waals dimers (involving
methane, ethylene, and benzene), and of
selected compounds showing the CH/�
interaction, have been investigated by
means of DFT and ab initio calculations.
In the range of intermolecular separa-
tions for which the interaction is stabi-
lizing, weak couplings (0.1 ± 0.3 Hz) are
predicted for JCH, while the correspond-
ing JHH couplings are much smaller. The

relative contributions (Fermi-contact,
spin ± orbit, and spin ± dipole) are
strongly dependent on the geometry of
the dimers and on the distance; the non-
negligible values of JCH for � systems

stem largely from an incomplete cancel-
lation of spin ± orbit terms. The results
obtained for the larger molecules, that is,
acetonitrile@calix[4]arene 5, the imine
6, and the aryl ester 7 are consistent with
those on the model dimers. For 7, the
occurrence of a through-space mecha-
nism for the transmission of coupling is
established by examining trends in the
magnitude of couplings as a function of
the number of intervening covalent
bonds.
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Introduction

Spin ± spin (scalar) J-coupling is normally thought of as a
probe of connectivities through covalent bonds only. As such,
in NMR spectroscopy it is employed in a variety of experi-
ments to elucidate the general molecular framework, as well
as conformational problems involving covalently bonded
groups. Recently, it has been demonstrated that spin ± spin
coupling can also be transmitted through hydrogen bonds
(HB), as long as the two interacting moieties remain at a
suitable distance for a time long enough for NMR detection.
This appears to be the case for several proteins,[1±3] DNA and
RNA base pairs,[1, 4] phosphorus compounds,[5] and HF com-
plexes at low temperature;[1, 6] such through-HB coupling
constants involving 1H, 13C, 15N, or 31P lie between 0.1 and
7 Hz, but are much larger for couplings involving 19F in
(HF)n ¥ ¥ ¥F� complexes.[6] Most notably, state-of-the-art NMR
techniques have made it possible to detect coupling constants
as small as 0.14 Hz.[3]

These findings have stimulated much theoretical work
aimed at a better understanding of the underlying factors, like
the influence of the distance, orientation, and HB type on the
coupling constant.[1, 7±15] Barfield et al. recently studied the
2JNN (15N�H ¥ ¥ ¥ 15N) of DNA triplets.[9] Scheurer et al.[10] and

Pecul et al. ,[14] as well as our group[15] have analyzed the
through-HB coupling constant 3JNC� (15N-H ¥ ¥ ¥O�13C) in
amide HB dimers as a function of the HB structure; this led
to predicted values lying in the correct range of the available
experimental results. These observations have an obvious
bearing on the hypothetical covalent character of the HB.[16, 17]

The connection between HB type, strength, and NMR
properties (including spin ± spin coupling) has been inves-
tigated by Del Bene and Bartlett.[11±13]

The unusually large long-range J couplings involving 19F
have been known for quite some time, and a through-space
mechanism has been invoked in this connection, for example
to explain 6JHF and 5JCF couplings in fluoronaphthalenes.[18]

Recently, Oldfield and co-workers demonstrated the through-
space nature of JFF spin ± spin couplings in fluoronaphthalenes
by DFT methods.[19]

It is worthwhile to note that, despite the fact that the term
™through-space∫ is now commonly used in the literature (and
we will conform to this usage), this should not be meant as
implying a different physical origin. In fact, the mechanisms
responsible for these couplings are exactly the same as for
covalently and hydrogen-bonded nuclei.

An obvious extension of the above ideas is that spin ± spin
coupling might be detectable even in the case of dispersion-
bound van der Waals complexes. In fact, Salsbury and Harris
calculated finite but very small (�10�3 Hz) couplings for
Xe ¥ ¥ ¥Xe and Xe ¥ ¥ ¥H.[20] More interestingly, Pecul et al.
calculated a surprisingly large coupling for the helium
dimer[21a] (J3He,3He� 1.3 Hz at the equilibrium distance) and the
HF ¥ ¥ ¥CH4 van der Waals dimer (JHF� ca. 4 Hz).[21b]
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Although the existence of scalar coupling between ™un-
bound∫ nuclei has obvious fundamental implications, the
experimental verification will be fraught with very great
difficulties, both owing to their small magnitude and, espe-
cially, to the probable floppiness of these weakly bound
systems, which might be in the fast-exchange regime between
™bound∫ and ™unbound∫ states on the NMR time scale
(except, perhaps, at extremely low temperatures). Neverthe-
less, exploiting couplings to 129Xe might be important in
relation to the use of optically pumped xenon as a spin probe
in host ± guest complexes.[22]

There is, moreover, a very broad range of organic host ±
guest complexes, which often owe their stability and structure
to favorable dispersive interactions, as well as flexible
molecules that exhibit folded conformers stabilized in this
way. In such cases, the importance of the CH/� interaction as a
factor to stabilize such host ± guest complexes, or the folded
conformer, has been widely recognized.[23] In a recent work,
Takahashi et al.[24] examined the structure of several host ±
guest compounds deposited in the Cambridge Crystallo-
graphic Database[25] in order to understand the relevance of
the CH/� interaction in the stabilization of the complexes. In a
large number of cases, short distances between a hydrogen of
the host (guest) compound and an aromatic portion of the
guest (host) compound have been found–often as short as
2.7 ä for both alkyl and aromatic C�H bonds. Short distances
between a hydrogen and a � system have also been observed
in several cases of intramolecular CH/� interaction.[23] Owing
to the relatively close contact of the atoms involved, these
cases represent the best examples of systems in which
through-space spin ± spin coupling may be detectable; in fact,
a through-space 1H,203,205Tl coupling of 17 Hz has been
experimentally determined for a dithallium cryptate.[26]

These circumstances prompted us to investigate the inter-
molecular spin ± spin coupling in model complexes structur-

ally related to the above systems. Indeed, by means of DFT
calculations we predicted that, at least for two simple
van der Waals dimers (methane ± benzene and benzene ±
benzene), a small but non-negligible 13C,1H coupling (0.2 ±
0.3 Hz) may exist between nuclei belonging to nonbonded
molecules.[27]

Herein we wish to broaden the scope of this investigation to
other van der Waals dimers involving methane, ethylene, and
benzene (Figure 1), including 3b and 4b, which have already
been presented.[27] For the smaller dimers we also compare
DFTresults with those from ab initio methods currently in use
for such calculations. Based on the results obtained from the
model systems, we also extend our investigation to a few
compounds for which through-space spin ± spin coupling is
expected to occur because of the similar structural arrange-
ments. These are the inclusion compound acetonitrile@ca-
lix[4]arene 5, the imine 6, and the aryl ester 7, reported in
Figure 2.

Computational Methods

Energetics : The stabilization energy for the various dimers was calculated
by using Gaussian 98.[28] Interaction energies were counterpoise correct-
ed[29] for the basis set superposition error (BSSE). The stabilization energy
of van der Waals complexes is entirely due to the dispersive interaction,
which in turn is due to electron correlation. Second-order M˘ller ± Plesset
theory (MP2) was employed for this purpose, since higher-order levels are
too computationally demanding for a systematic investigation of relatively
large dimers like C6H6 ¥ ¥ ¥C6H6. However, in the case of the ethylene[30] and
methane[31] dimers it has been shown that the MP4 correction to the MP2
correlation energy is only of few percent. A high quality basis set is also
required[30] when dealing with van der Waals interactions, and accordingly
we used Dunning×s triple-zeta quality basis set cc-pVTZ.[32] The geometry
of the monomers was optimized at the MP2/cc-pVTZ level, except for the
benzene dimers 4a and 4b ; here the experimental geometry was used. For
each case we performed several calculations as a function of the
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Figure 1. Schematic representation of the van der Waals dimers model systems.
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intermolecular separation with a step of 0.2 ä, at least around the
minimum of the interaction energy.

Ab initio calculations : High-level ab initio methods like equation of
motion-coupled cluster,[11±13] configuration interaction,[21a] multiconfigura-
tion SCF[21b] and the second-order polarization propagator approximation
(SOPPA)[33] have been used lately to calculate nuclear spin ± spin couplings
in covalent molecules as well as in hydrogen-bonded and van der Waals
dimers. In particular, Pecul et al.[21b] carried on a detailed investigation of
the dependence of the intermolecular JHF coupling in HF ¥ ¥ ¥CH4 on the
basis set and size of the configurational space in Restricted Active Space
Self-Consistent Field (RASSCF) calculations.

For the smaller dimers investigated here (1 and 2) we ran a series of
calculations with the RASSCF method using a configuration space
obtained by following the guidelines reported in ref. [21b]. Thus, we
included in the active space all orbitals found to have an occupation
number larger than 0.0043 at the MP2 level. For the CH4 ¥ ¥ ¥CH4 dimer, this
implies that the two 1s orbitals of each methane molecule are inactive; the
RAS1 space (holes) is empty, while the RAS2 and RAS3 active spaces
contain eight and eighteen orbitals, respectively, and two electrons are
excited into RAS3 space. The configuration space is then indicated as 2/0/8/
18/2e. For the methane ± ethylene dimer, the configuration space used was
3/0/10/21/2e, and for the ethylene ± ethylene dimer 4/0/12/26/2e. The best
compromise between accuracy and computational cost was obtained with
Dunning×s double-zeta basis set (cc-pVDZ) augmented with diffuse
functions, fully decontracted s functions, and further augmented with one
tight s function (aug-cc-pVDZ-su1).[21b] As a second test we also considered
the SOPPA method with the same basis set. RASSCF and SOPPA
calculations were run with the Dalton 1.2 code,[34] which allows calculation
of the four contributions to the spin ± spin coupling: the Fermi Contact
(FC), the Paramagnetic Spin ± Orbit (PSO), the Diamagnetic Spin ± Orbit
(DSO) and the Spin ± Dipole (SD) contributions. Thus, J� J FC � J PSO �
JDSO � J SD. Its internal architecture does not allow 255 basis functions to be
exceeded for such calculations; this renders it impossible to carry out any
detailed analysis of basis-set effects in our systems (except perhaps for the
methane dimer, which will be shown to behave differently from all others
and therefore would not be a significant benchmark).

It is important to emphasize that the application of such high-level ab initio
calculations is severely limited to small systems: it is extremely demanding
even for the benzene dimers, and the large molecules 5 ± 7 are absolutely
intractable. DFT methods are then the only choice for the larger systems.

DFT calculations : DFT calculations were performed with the deMon-NMR
code,[35] which allows the calculation of the three contributions to the

nuclear spin ± spin coupling generally supposed to be of major importance,
that is, FC, DSO, and PSO.

For the smallest system (the CH4 ¥ ¥ ¥CH4 dimer) we ran the calculations
with two different functionals: the local Vosko ± Wilk ± Nusair exchange-
correlation functional[36] (VWN) and the Perdew ± Wang 1986 exchange[37]

with Perdew 1986 correlation[38] (PWP). The PWP functional is strongly
recommended for the calculation of spin ± spin couplings; for 1JCH in
hydrocarbons (methane, ethylene, benzene) the calculated results are
within a few percent of the experimental data.[35e] In the present case,
presumably because the nuclei with which we are concerned are separated
by a relatively large distance, we found that the two functionals gave almost
identical results. Moreover, an EXTRAFINE grid (64 radial points) is
required to have accurate results with the PWP functional, while the same
accuracy is obtained with a FINE grid (32 radial points) for the VWN
functional;[35e] this substantially reduces the running time. For this reason
we only used the VWN functional for the larger dimers with ethylene and
benzene, and for the CH/� examples 5, 6, and 7. The perturbation
parameter � was set to 0.001 and placed on the lighter atom.[35e] The basis
set used for these calculations was IGLO-III by Kutzelnigg et al.[39] In the
deMon implementation, this basis is the largest for which all fitting
parameters have been determined.

Results

Methane dimers : Two different geometries have been inves-
tigated: the crossed configuration 1a and the linear one 1b
(Figure 1). Interaction energies are shown in Figure 3; the
intermolecular distance R is measured between the centers of
symmetry of the two monomers. The interaction energy of 1a
(Figure 3a) shows a shallow minimum for R� 4.200 ä,
corresponding to a stabilization of 0.24 kcalmol�1, whereas
for the linear configuration 1b (Figure 3b) the stabilization
energy is smaller (only 0.11 kcalmol�1), and the minimum
occurs at R� 4.971 ä.

Figure 3. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane dimers 1a (a) and 1b (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.
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The JHH and JCH intermolecular couplings were calculated
between the hydrogen labeled in Figure 1 as (1) on one
molecule and the hydrogen or carbon nucleus on the other
molecule, labeled as (2). For the dimer 1a all three theoretical
methods have been used to calculate the intermolecular JCH

and JHH couplings, and the results are reported in Table 1 for
some distances around the equilibrium geometry.

The SD term is smaller (almost by one order of magnitude)
than the other contributions, but not negligible, at least at
short distances. All the three methods yield the same value for
JDSO, which does not depend on correlation effects,[40] but
DFT yields a larger J PSO than RASSCF and SOPPA.

We remark that J PSO � JDSO � J SD at the RASSCF and
SOPPA levels is essentially zero, as is J PSO � JDSO at the DFT
level. In contrast, J FC is by far the largest contribution and
accordingly dominates the total coupling. The FC contribu-
tion calculated by DFT is substantially larger than the values
obtained by RASSCF and SOPPA, which are in very good
agreement with one another. Thus, DFT systematically
predicts JCH to be 1.5 times larger than what is predicted by
RASSCF and SOPPA, despite the high accuracy of DFT in
calculating spin ± spin couplings in covalent hydrocarbons.[35e]

The calculations at other distances for dimer 1a, and all
calculations for 1b, were run only at the DFT level (Figure 3).
In the range of intermolecular separations where the inter-
action is stabilizing, JHH is negligible. The DSO and PSO
contributions to JHH almost exactly cancel each other, even
though they can be significantly larger than the FC term, as
observed in covalent molecules.[41]

Analogous results are obtained for the linear configuration
1b (Figure 3b and Table 3, below). The JHH values are again
almost negligible in the stabilizing region, while JCH values can
reach about 0.3 Hz at a distance of 4.6 ä, but are extremely
small at the equilibrium distance.

Methane ± ethylene and ethylene-ethylene dimers : Dimer 2a,
in which an alkyl residue interacts with an unsaturated carbon,
provides a prototype CH/� interaction. Interaction energies
are given in Figure 4; for R� 4.285 ä, we have a stabilization
energy of 0.41 kcalmol�1.

For this system, we calculated the JCH intermolecular
couplings between hydrogen (1) of methane and the two
equivalent carbons (2) of ethylene (Figure 1) at the SOPPA
and DFT levels. In Table 2 we show the results for some
distances around the equilibrium separation, plus the
RASSCF result at the equilibrium distance.

Several differences appear between 2a and 1a. By DFT, J FC

is still significantly larger than by ab initio, but very small.

Figure 4. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane ± ethylene dimer 2a. BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.

According to SOPPA or RASSCF results, J FC is smaller than
J SD (which, unlike for 1a, is positive). On the other hand,
spin ± orbit terms do not cancel each other out as in the case of
the dimer 1a : J PSO � JDSO � J SD at the SOPPA level, and J PSO

� JDSO at the DFT level, are much larger than J FC. Since, as
noted before, the leading DSO term is calculated accurately
also by DFT, it turns out that the disagreement between DFT
and ab initio calculations, in this case, is smaller than for 1a.
More interestingly from the perspective on an experimental
verification, it appears that DFT underestimates JCH with
respect to the ab initio results, at least for separations around
the equilibrium. We again note the quantitative agreement
between the SOPPA and RASSCF methods as seen for 1a.
Some more distances and the JHH couplings have been
investigated at the DFT level (Figure 4). Once again JHH is
almost negligible, whilst a value of 0.18 Hz is calculated for
JCH at the equilibrium separation. We have also calculated the
JHH coupling at the SOPPA level for the equilibrium distance
of the dimer 2a. In agreement with the DFTresult, the FC and
SD terms are almost negligible. However, J PSO and JDSO, at the
SOPPA level, do not cancel each other exactly, as calculated
at the DFT level; this produces a total coupling of 0.14 Hz.
However, since the 13C,1H intermolecular coupling appears to
be stronger, we did not further investigate the 1H,1H coupling
with ab initio calculations for all the other systems.

We have also investigated the intermolecular couplings
between alkenes, like the ethylene-ethylene dimers in the
parallel configuration 2b and the T configuration 2c. For the
parallel dimer 2b we calculate no stabilization[30] (Figure 5a),
whereas for the T-shaped dimer 2c the interaction energy
(Figure 5b) shows a well-defined minimum (0.52 kcalmol�1 at
R� 4.6 ä).[30]

Table 1. Comparison of ab initio and DFT methods for the JCH intermolecular spin ± spin coupling (Hz) in the methane dimer 1a at some intermolecular
separations (Req � 4.2 ä).

3.6 ä 3.8 ä 4.0 ä 4.2 ä
DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c] DFT[a] SOPPA[b] RAS[c]

DSO 0.15 0.15 0.15 0.13 0.13 0.13 0.12 0.11 0.12 0.11 0.10 0.11
PSO � 0.14 � 0.11 � 0.11 � 0.13 � 0.10 � 0.10 � 0.11 � 0.09 � 0.09 � 0.10 � 0.08 � 0.08
SD ± � 0.04 � 0.04 ± � 0.03 � 0.03 ± � 0.02 � 0.02 ± � 0.02 � 0.02
FC 0.71 0.50 0.48 0.44 0.31 0.29 0.26 0.18 0.17 0.15 0.10 0.09
TOT 0.72 0.50 0.48 0.44 0.31 0.29 0.27 0.18 0.18 0.16 0.10 0.10

[a] DFT-VWN/IGLO-III. [b] SOPPA/aug-cc-pVDZ-su1. [c] RASSCF-(2/0/8/18/2e)/aug-cc-pVDZ-su1.
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Both JHH and JCH, at the DFT level, are almost zero in the
case of 2b (Figure 5a). For 2c, JHH is again negligible, but JCH

is about 0.2 Hz at the equilibrium distance. As we can see in
Table 3, there is an almost exact compensation between the
DSO and PSO contributions for JHH, while a relatively large
contribution from spin ± orbit terms can be observed in JCH.
For 2c we also calculated the JCH coupling with the SOPPA
method at Req� 4.6 ä (Table 2). JDSO is exactly the same as
obtained by DFT, whereas J PSO and J FC are larger at the DFT
level than the corresponding ab initio values. Moreover, the
ab initio results show that the magnitude of J SD is larger than
that of J FC, but with a negative sign. These results add up to a
total coupling of 0.12 Hz, to be compared with the DFT result
of 0.19 Hz, in which the SD term was neglected. Again, the
DFT result is larger than the ab initio results as found for 1a.

Figure 5. Interaction energy E and nuclear spin ± spin coupling constants J
for the ethylene dimers 2b (a) and 2c (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.

Since our interest lies mainly with CH/� interacting
compounds, we also calculated JCH for the ethylene dimer
2d, obtained from 2c by rotating the top ethylene molecule by
60� in the same plane, so that a C�H bond pointed
perpendicularly toward the C�C double bond of the bottom

Table 2. Comparison of ab initio and DFT methods for the JCH intermo-
lecular spin ± spin coupling (Hz) in the methane ± ethylene dimers 2a,c,d at
some intermolecular separations.

Contribution DFT[a] SOPPA[b] RAS[c]

2a, 3.685 ä
DSO 0.38 0.38
PSO � 0.23 � 0.15
SD � 0.08
FC 0.20 � 0.02
Total 0.35 0.29
2a, 3.885 ä
DSO 0.33 0.33
PSO � 0.20 � 0.13
SD � 0.06
FC 0.16 0.03
Total 0.29 0.29
2a, 4.085 ä
DSO 0.29 0.29
PSO � 0.18 � 0.12
SD ± 0.05
FC 0.11 0.04
Total 0.23 0.26
2a, 4.285 ä[d]

DSO 0.26 0.26 0.26
PSO � 0.16 � 0.11 � 0.11
SD ± 0.04 0.04
FC 0.07 0.03 0.02
Total 0.18 0.22 0.21
2a, 4.485 ä
DSO 0.23 0.23
PSO � 0.14 � 0.10
SD ± 0.03
FC 0.05 0.02
Total 0.14 0.18
2c, 4.600 ä[d]

DSO 0.23 0.23
PSO � 0.13 � 0.09
SD ± � 0.07
FC 0.09 0.05
Total 0.19 0.12
2d, 4.280 ä[e]

DSO 0.28 0.28 0.28
PSO � 0.18 � 0.12 � 0.12
SD ± 0.04 0.04
FC 0.06 0.02 0.00
Total 0.16 0.22 0.20

[a] DFT-VWN/IGLO-III. [b] SOPPA/aug-cc-pVDZ-su1. [c] RASSCF-(3/
0/10/21/2e)/aug-cc-pVDZ-su1. [d] Equilibrium distance. [e] Distance be-
tween the carbon atom to which H-1 is bonded and center of symmetry of
ethylene molecule (2) (see Figure 1).

Table 3. Intermolecular spin ± spin couplings calculated by DFTat selected
distances.[a]

Dimer JHH JCH

R[b] FC PSO DSO FC PSO DSO

1a 5.000 � 0.01 � 0.70 0.72 0.01 � 0.07 0.08
4.200 0.02 � 0.99 1.02 0.15 � 0.10 0.11
3.600 0.07 � 1.34 1.38 0.71 � 0.14 0.15

1b 6.171 � 0.01 � 1.13 1.19 0.01 � 0.10 0.10
4.971 � 0.06 � 2.04 2.17 0.12 � 0.16 0.15
4.571 � 0.17 � 2.62 2.78 0.33 � 0.20 0.18

2c 5.600 0.00 � 0.41 0.43 0.00 � 0.09 0.14
4.600 0.01 � 0.65 0.67 0.09 � 0.13 0.23
4.000 0.06 � 0.90 0.93 0.35 � 0.19 0.34

3a 6.485 � 0.04 � 2.18 2.29 0.09 � 0.28 0.26
6.085 � 0.13 � 2.74 2.88 0.27 � 0.34 0.31
5.685 � 0.28 � 3.57 3.75 0.59 � 0.42 0.37

3b 4.485 0.00 � 0.21 0.21 0.02 � 0.19 0.26
3.685 0.00 � 0.13 0.12 0.11 � 0.30 0.41
3.285 0.01 � 0.02 0.00 0.19 � 0.42 0.53

4a 5.000 0.00 � 0.39 0.39 0.00 � 0.05 0.08
3.800 � 0.01 � 0.75 0.76 0.01 � 0.10 0.15
3.300 0.15 � 1.14 1.14 0.12 � 0.13 0.21

4b 5.100 0.00 � 0.33 0.32 0.08 � 0.36 0.46
4.900 0.00 � 0.30 0.28 0.11 � 0.42 0.52
4.400 0.04 � 0.16 0.13 0.07 � 0.64 0.73

[a] In hertz at the VWN/IGLO-III level. See Table 2 for data of 2a and 2d ;
couplings for 2b are always negligible (see text). [b] In ä (see Figure 1).
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ethylene molecule (Figure 1). The distance between the C�C
midpoint and the hydrogen of the C�H bond was set to 3.2 ä,
corresponding to the equilibrium separation of 2a. The
different orientation of the C�H bond changes the sign of
J SD, which becomes positive as calculated for 2a. SOPPA and
RASSCF yield essentially the same results (total 0.22 ±
0.20 Hz), whereas DFT gives a total of 0.16 Hz, the positive
SD contribution being neglected. Therefore, when the C�H
bond is perpendicular to the � system, DFT underestimates
the ab initio results as was the case for the methane ± ethylene
dimer 2a, to which it is geometrically related.

Arene dimers : As an example of an alkyl ± aromatic inter-
action, we considered the CH4 ¥ ¥ ¥C6H6 dimer in two different
configurations, that is, linear (3a) and T-shaped (3b). For
3a, the interaction energy shows a shallow minimum at
R� 6.085 ä (Figure 6a), with a weak stabilization of
0.18 kcalmol�1; this is consistent with the large distance that
the methane molecule necessarily has from the � system of
benzene. At the DFT level, JHH is again almost negligible in
the range of distances in which the dimer is not destabilized,
but JCH is about 0.2 Hz at the equilibrium separation.

Figure 6. Interaction energy E and nuclear spin ± spin coupling constants J
for the methane ± benzene dimers 3a (a) and 3b (b). BSSE-corrected MP2/
cc-pVTZ interaction energies (�, right axis); JHH (�) and JCH (�) (left axis)
at the VWN/IGLO-III level.

In Figure 6b we report the results for the CH4 ¥ ¥ ¥C6H6 dimer
in the T-shaped configuration 3b. The interaction energy has
a relatively deep minimum (a stabilization energy of
1.40 kcalmol�1) for R� 3.685 ä. JHH is again essentially zero
throughout the distances investigated, while JCH is noticeable
(0.2 Hz at equilibrium distance). From Table 3 we again
observe that for JHH, J PSO and JDSO are larger than J FC, but

that they cancel each other to a large extent. For JCH the
contribution from spin ± orbit terms is significant, instead.

Finally, we investigated two benzene molecules in the
parallel (4a) and T-shaped (4b) configurations. These calcu-
lations were done with the monomer having the experimental
geometry[42] (tests employing MP2/cc-pVTZ geometries led to
the same results). In Figure 7a we show the interaction energy
and couplings for the parallel configuration 4a. The energy
minimum (2.50 kcalmol�1) occurs at R� 3.80 ä.[30, 43] The
coupling appears to be weak at the equilibrium separation,
although a detectable coupling is observable before the two
molecules start to overlap.

Figure 7. Interaction energy E and nuclear spin ± spin coupling constants J
for the benzene dimers 4a (a) and 4b (b). BSSE-corrected MP2/cc-pVTZ
interaction energies (�, right axis); JHH (�) and JCH (�) (left axis) at the
VWN/IGLO-III level.

Interaction energies and couplings for the benzene dimer in
the T-shaped configuration 4b are reported in Figure 7b. The
stabilization energy is relatively large (3.02 kcalmol�1, R�
4.90 ä).[30, 43] As in the previous cases, JHH is almost zero,
whereas JCH � 0.21 Hz at the equilibrium distance. Once
again, a significant contribution to JCH comes from the
incomplete compensation of the PSO and DSO terms (see
Table 3).

CH/� interacting systems : The calculations on the large
compounds 5, 6, and 7 were run only by DFT at the VWN/
IGLO-III level. The X-ray structure of the inclusion com-
pound acetonitrile@calix[4]arene, 5,[44] shows that the guest
molecule enters the cavity of the calixarene with the methyl
group first, its C�H bonds roughly pointing toward the
benzene rings of the host. The local arrangement of the C�H/
benzene group is, then, very similar to the model 3b. The
distance between the methyl carbon and the center of
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symmetry of one of the aromatic rings is found to be 3.71 ä.
This is very close to the distance corresponding to the
minimum of the interaction energy in Figure 6b, and confirms
the importance of dispersive interactions in the stabilization
of this kind of complexes. To reduce the computational effort,
the tert-butyl and hydroxyl groups of the original calix[4]arene
were replaced by hydrogen atoms. All hydrogen atoms (not
observed by X-ray), were then quickly optimized at the PM3
semiempirical level, keeping all other atomic coordinates
fixed. Finally, the perturbation was placed on the hydrogen
labeled H1 in 5. The results are reported in Table 4, and are
fully consistent with those obtained for the model system 3b.

The imine 6 also offers an example of a system, in which a
hydrogen, in this case belonging to an aromatic C�H bond, is
found to be quite close to a second benzene ring. Hamor
et al.[45] found that the E/Z exchange by rotation about the
imino bond is slow on the NMR time scale. The most
abundant Z isomer has been isolated, and the X-ray structure
reveals that the hydrogen atom H1 is only 2.7 ä above the
face of the phenyl ring C1 ± C6. These observations make 6 a
possible candidate for an experimental verification of the
theoretical results presented in this work. We therefore
calculated JCH between H1 in 6 and the C1 ± C6 carbon atoms
of the aromatic ring (Table 4).

Finally, we turn our attention to compound 7. Wilcox and
co-workers[47] found that this aryl ester exists as two con-
formers, the folded one in Figure 2 and an extended one,
which can be obtained by a 180� rotation about the bond
indicated. This process is slow on the NMR time scale, so two
separate sets of signals can be detected. Compound 7 is
another typical example of a CH/� interacting system, since
the arrangement of the two interacting benzene moieties,
determined by X-ray,[47] is almost exactly T-shaped with a
distance of 4.95 ä between the two ring centers (i.e. ,
essentially the same as the equilibrium distance of 4b).
However, the two benzene rings are arranged in a slightly
different way than in 4b, because the distance between H1
and C1 is only 2.72 ä, H1 being placed essentially above C1.
Therefore we expect JC1-H1 to be larger than the couplings with
the other carbon atoms of the phenyl ring. We also note that
the two interacting atoms are separated by no less than 16
covalent bonds; this should reduce any through-bond cou-
pling to zero. In order to reduce the size of the molecule
without losing significant structural aspects, we replaced the
methyl groups originally on C1 and C18 with hydrogen atoms.
The results of such calculations are reported in Table 4.

Figure 8 reports the J values between H1 and the carbon
atoms as a function of the number of connecting bonds for
both the folded and the extended conformer.

Figure 8. JCH couplings, at the DFT-VWN/IGLO-III level, between hydro-
gen H1 and the carbon atoms of the aryl ester 7 as a function of the number
N of connecting bonds. The carbon atoms of the benzene ring facing the
C�H bond are labeled as in Figure 2. Folded conformer (�), extended
conformer (�).

Discussion

General features–Ab initio versus DFT methods : When
dealing with dispersion-bound complexes, a point that arises
naturally and needs to be addressed is whether DFT is at all
adequate for the calculation of intermolecular couplings,
given its notorious inability to deal with their energetics. This
is a particularly sensitive point, since as yet there are no
experimental data to provide an anchor. A straightforward
way to work around this would be, of course, to adopt ab initio
correlated methods, which are known to correctly predict the
energetics. A strong point against this solution, however, lies
in the extremely steep rise in the computational demands that
follow even a modest increase in the size of the molecules
involved, a necessary step to approach systems amenable to
experimental studies. Thus, since even model complexes
involving benzene are intractable, it is practically impossible
to investigate large complexes like 5 ± 7 by ab initio methods,
even adopting a locally dense basis set;[33b] whereas they are
quite within the scope of DFT. The solution we have adopted
is to test the performance of two high-level ab initio methods
(RASSCF and SOPPA) against DFT for simple models (the
methane ± methane and methane ± ethylene dimers 1 and 2),
in order to establish at least some general trends. It is
especially hoped that the latter will provide a model of the
CH/� interaction.

We first note the essentially identical performance of
SOPPA and RASSCF with the active space chosen. DFT and
ab initio methods display somewhat different results ; thus, for
2a and 2d, DFT couplings are smaller than ab initio by a
factor of 0.8, and the reverse is true (by a factor of 1.6) for 1a
and 2c, that is, the difference is not systematic. Part of the
disagreement stems from the neglect of the SD term in DFT
calculations; it is otherwise difficult to attribute these differ-
ences to some specific factor, such as the absence of tight s
functions or diffuse functions in the basis sets used, or to the
different treatment of correlation effects specific to each

Table 4. Intermolecular JCH spin ± spin couplings for the three CH/�
interacting compounds.[a]

5 6 7

C1 0.09 0.16 0.30
C2 0.11 0.13 0.25
C3 0.13 0.17 0.09
C4 0.19 0.18 0.01
C5 0.13 0.22 0.08
C6 0.12 0.16 0.24

[a] In hertz at the VWN/IGLO-III level, between the hydrogen H1 and the
carbon atoms of the benzene ring facing the CH bond. [b] See Figure 2.



FULL PAPER A. Bagno et al.

¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0809-2054 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 92054

method, or even to some fortuitous cancellation of errors.
Even taking this uncertainty into account, the predicted
values would still lie within the scope of high-level NMR
experiments, and the favorable scaling of DFT methods
allows large systems outside the scope of ab initio ones to be
investigated (for such systems, in fact, DFT seems to under-
estimate the couplings with respect to ab initio, as noted
above).

Model Dimers : Intermolecular spin ± spin coupling between
1H and 13C in most van der Waals dimers is calculated to be
not negligible, especially for systems in which a C�H bond is
pointing toward a � system, as in the case of 2a, 2c, 2d, 3b,
and 4b. Some trends (relative contribution of contact and
spin ± orbit terms) seem to conform to the behavior of
couplings in covalent molecules,[41] and absolute JCH values
may reach 0.2 ± 0.3 Hz for geometrical arrangements close to
the equilibrium distance. However, the predicted values are
derived from a delicate balance among several very small
terms; as a consequence, the spin ± dipole term (usually
considered to be negligible even in other van der Waals
complexes[21b]) may play a decisive role in determining the
total coupling, even though its value does not exceed 0.04 Hz
in stabilizing regions.

The main factor involved in determining the magnitude of
such couplings seems to be the internuclear distance. Thus, for
the parallel dimers 4a and, especially, 2b, the negligible
couplings arise simply from the larger C ¥ ¥ ¥H distance,
compared with the analogous T-shaped dimers. However,
the results for 2c and 2d (which differ only in the relative
arrangement of monomers) suggest some angular depend-
ence,[21b] especially of the SD term. On the other hand, the
very similar results obtained for 2a (at 4.285 ä) and 2d, which
differ only in the nature of the ™donor∫ C�H bond (alkane or
alkene), indicate that intermolecular coupling in CH/�
systems may be independent of the nature of the involved
partners.

It is also worth mentioning a characteristic dependence of
JCH on the intermolecular separation, which shows a change of
sign after reaching a maximum at about the contact distance
of the monomers (see for example Figures 4, 6b and 7b). The
same behavior was predicted theoretically[20] for J129Xe,131Xe and
experimentally found[6] for JFH in FHF�, F(HF)2

�, F(HF)3
�,

and F(HF)4
� HB complexes. Owing to the different geometry

of such complexes, they could determine the coupling
constant as a function of the F ¥ ¥ ¥HF distance.[6] Despite the
difference in the absolute values (JFH being larger by several
orders of magnitude), the JCH couplings calculated here show
the same qualitative behavior.

Intermolecular coupling for other nuclei and systems : As
mentioned earlier, 1H,1H couplings (�0.1 Hz) are generally
much smaller than 1H,13C. In order to clarify their relative
magnitude, we have to compare the reduced coupling
constants

KMN�
JMN

h

2�

�M

2�

�N

which are independent of the magnetogyric ratios. Thus, a JHH

of 0.1 Hz corresponds to K1H,1H� 0.0083� 1019 T2 J�1, whereas
assuming a JCH value of 0.3 Hz, as in the aryl ester 7, one
obtains K13C,1H� 0.10� 1019 T2 J�1; this illustrates the intrinsi-
cally stronger coupling in the latter case. Further comparisons
can be made with He ¥ ¥ ¥He[21a] yielding K3He,3He� 0.19�
1019 T2 J�1, and with HF ¥ ¥ ¥CH4,[21b] for which K1H,19F is about
0.4� 1019 T2 J�1, depending on the hydrogen considered.
Hence, although there are individual variations, all reduced
couplings fall within a similar range.

Hence, these weak couplings appear to be ubiquitous, since
all current theoretical models predict a non-negligible mag-
nitude for virtually every intermolecular arrangement, even
those leading to extremely weak interactions (e.g. He ¥ ¥ ¥He).
However, interestingly, no couplings are predicted for a non-
interacting system like the planar ethylene dimer 2b, and we
also recall the angular dependence noted before. Other than
this, there seems to be little if any indication that the existence
of such couplings can be related per se to the strength of such
™bonding∫.[21a] We note in passing that test calculations on
molecules substituted in ways that are expected to entail a
stronger interaction (e.g. 1,3,5-trihydroxybenzene; data not
reported) actually yield the same or even smaller couplings.
These preliminary results point out that such substitutions do
affect MO×s in the � system, but have no effect on those that
actually transmit the coupling, which are of � symmetry.[27]

This is somewhat analogous (with all due caveats) to hydrogen
bonding, in which the symmetry of the occupied MO×s
connecting donor and acceptor could be related to the
structural dependence of 15N-H ¥ ¥ ¥O�13C coupling con-
stants.[15]

We can then endorse Pecul×s concept that through-space
couplings are ™a much more common phenomenon than
previously thought∫.[21a] However, owing to their nonspecific
nature, their usefulness will be restricted to probing the
spacial proximity of specific atoms, rather than the energetics
of such interactions.

CH/� complexes : Intermolecular JCH couplings in 5 range
between 0.09 and 0.19 Hz, depending on the carbon atom of
the benzene ring, as the structure is not perfectly symmetric.
Since there is no covalent bond between host and guest, the
non-negligible JCH coupling we calculate must occur through
space. However, we note that its measurement may be
severely hampered by the mobile arrangement of the methyl
group inside the cavity, which also depends on the temper-
ature.

The analogous results for 6 are again fully consistent with
the data obtained for the corresponding model dimer 4b, JCH

being between 0.13 and 0.22 Hz. We note that the number of
covalent bonds separating the atoms involved in the coupling
is large, namely 7 for JC1-H1 and up to 10 for JC4-H1, and that the
larger couplings are those involving atoms separated by the
highest number of bonds; therefore the coupling must occur
through space as in 5. Moreover, couplings with the other
carbon atoms in the chain (C7 and C8) are as small as �0.03
and 0.11 Hz, respectively. Therefore, the spin ± spin couplings
with the carbon atoms of the benzene ring are significantly
higher than would be expected if only the number of bonds
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separating the two interacting atoms were considered. Once
again, however, one may expect great difficulties in the
experimental verification, since a relatively strong temper-
ature dependence of the chemical shift of H1 was observed
and interpreted by assuming a fast conformational equilibri-
um with a species less sterically congested than structure 6.
Therefore, only at low temperature is conformer 6 expected to
be the sole species present in solution.[46]

For 7, as expected, intermolecular coupling is also signifi-
cant, with JC1-H1� 0.30 Hz. The almost negligible value of JC4-

H1, despite the fact that C4 also belongs to the � system, can be
attributed to their larger separation (3.54 ä). Almost negli-
gible JCH couplings, between �0.01 and 0.03 Hz, are also
obtained between H1 and C7 ± C10, even though there are
fewer connecting bonds. This effect is highlighted in Figure 8:
for the folded conformer, the couplings rapidly fall to
negligible values after a few bonds, then rise up to a few
tenths of hertz for the carbon atoms of the benzene ring facing
the C�H bond. In contrast, for the extended conformer,
where the C�H bond and the benzene ring are very far apart,
the JCH coupling with C1 ± C6 vanishes. Again, this clearly
demonstrates that a through-space mechanism is operating.

We stress again that the CH/� interaction does not play any
particular role other than stabilizing a structure in which a
C�H bond is relatively close to a � system. This is evident
from our last example, in which the coupling is only relatively
large with the carbon atoms of the phenyl ring, which are close
enough to the C�H bond. Therefore, through-space spin ±
spin coupling is not, in principle, a peculiar property of CH/
� systems only, although it may be easier to observe in these
compounds.

Conclusion

We have investigated through-space spin ± spin couplings in
van der Waals dimers as models of molecules favorably
arranged to exhibit the CH/� interaction. For the model
systems, several computational methods, both ab initio and
DFT, have been compared. All the results are rather similar
considering the relatively small values involved; while 1H,1H
couplings are generally very small or negligible, larger values
(up to 0.2 ± 0.3 Hz) are predicted for 1H,13C.

In these compounds, DFT predicts coupling constants fully
consistent with the results of the model systems. However, it
has to be emphasized that typical van der Waals dimers such
as 1 ± 4 offer little if any prospect of an experimental
validation. The situation appears to be much more favorable
in the case of inclusion compounds like 5 and, especially, of
conformationally restricted species, such as 6 and 7. In these
cases, in fact, it might be possible to observe such intermo-
lecular couplings provided that the lifetime of the complex is
long on the NMR timescale.
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