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The formation constants and the enthalpies of formation of CH/7t complexes were determined for a series
of ternary chloroform/aromatic m-base/carbon tetrachloride (solvent) systems. The enthalpies showed that the
interaction is favored by the electron-releasing substituent on the aromatic ring. Electronegative substituents
on the CH donor also strengthen the interaction. The fact renders a support on the hydrogen-bond-like nature

of the CH/m interaction.

Recent investigations by the present authors'—!? re-
vealed the fact that an alkyl group often prefers to
take a position contiguous to the aromatic 7-elec-
trons in certain molecules. As a result, folded con-
formations become more favorable. It appears that
the folding tendency of the chain is quite general in
a wide variety of aralkyl molecules. The preference
for alkyl/aryl contiguous (i.e., usually synclinal) con-
formation has been rationalized by assuming an at-
tractive interaction between alkyl and aryl groups.
Dispersive force is sure to contribute to a large ex-
tent to such attractive interaction.®® However, con-
tribution of a weak hydrogen-bond-like interaction be-
came very probable by our recent work concerning the
substituent effect on an intramolecularly CH/7 inter-
acted system, namely 4-aryl-2-methyl-3-pentanones-2-d
XCGH4CHMGCOCDM62.9’1O)

On the other hand, intermolecularly CH /7t interacted
systems have been investigated and discussed rather ex-
tensively in relation to the aromatic-solvent-induced
shift (ASIS) of 'HNMR spectra. In the pioneering
works by Zurcher'*'? and Williams,'®!% the ASIS was
explained in terms of the formation of a complex in
which a CH group approaches from the perpendicular
direction of the plane of the aromatic ring (1) (Chart 1).

Independently to the investigations on ASIS, possibil-
ity of CH/m hydrogen bonding was discussed by Aller-
hand and Schleyer,' who concluded that the CH/m
hydrogen bond is persistent only in some limited cases
where a strongly acidic CH-hydrogen donor is involved.
On the other hand, attractive force originating from
the intermolecular CH hydrogen bonding has been as-
cribed to the increase in s-character of the CH bond-
ing orbital induced by the approach of the 7-electrons
by Olympia, Jr.?® The enthalpies of chloroform/ben-
zene complex formation were also determined by using
NMR technique.'” The values of the enthalpy were col-
lected in a review article.'® However, the substituent
electronic effect was not so far studied systematically.

In this report, we determined the enthalpies of forma-
tion for the CH/7t complexes of a series of substituted
benzenes by the conventional method and discussed the
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Chart 1.

substituent effect on the intermolecularly CH/7t inter-
acted system with the aim of comparing them with the
intramolecular case.

Experimental

Materials. All CH hydrogen donors and 7-bases,
mostly perdeuterated, are known compounds and purchased
commercially. Except for the deuterium-labeled compounds,
the reagents were further purified by distillation.

Spectral Measurement. 'HNMR spectra were
recorded on a JEOL FX-90Q spectrometer using a 10-mm-
probe. The measurements were carried out on the CH-
donor(D)/m-acceptor(A)/CCly (solvent) ternary system by
using deuterium-labeled m-bases in order to avoid the inter-
ference by the signals of protons on the aromatic ring. Their
deuterium signals were conveniently used as the internal lock
signals. The concentrations of the m-bases (A) were kept to
be 2.0 mol kg~! (except for hexamethylbenzene (0.2 mol
kg™! and for octadeuterionaphthalene (1.0 mol kg™!), while
those of hydrogen-donors (D) were changed in the range
from 0.1 to 0.8 mol kg™ (except for the experiments with
hexamethylbenzene where they are maintained in the range
from 0.008 to 0.04 mol kg~!. Temperature-dependent NMR
spectra were measured with an aid of JES-VT-3 variable
temperature apparatus.

Calculations.'® Molecular mechanics calculations were
performed by using the MM2(91) program. Semiempirical
molecular orbital calculations were carried out with MOPAC
version 6. All calculations were done using SUN SPARC
station IPC.
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Chemical Shifts (6/ppm) of the CH Hydrogen-Donors in CH Donor (D)/m-Acceptor(A)/CCly Ternary
System as a Function of Temperature (t/°C)
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a) Numbers 1) to 35) designate the runs of measurement and correspond to those in Table 2.
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Table 2. Enthalpies of CH/7 Complex Formation
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No. CH-Donor 7w-Acceptor ca cD bc Kogs —AH? ~AS?
(D) (A) molkg™" molkg™ ppm kcalmol™! calmol ~*K™!
1 CHCI3 CeDs 1.990 0.067 6.059 0.302 1.84 8.55
2 2.070 0.097 6.010 0.286 1.87 8.76
3 2.014 0.200 6.040 0.301 1.90 8.76
4 2.000 0.406 6.049 0.316 1.94 8.80
Average 1.89 8.72
5 CHCI3 CsD5Cl 1.963 0.226 6.895 0.673 1.51 5.85
6 2.025 0.325 6.903 0.707 1.47 5.62
7 1.985 0.416 6.890 0.683 1.59 6.09
Average 1.52 5.85
8 CHCl; CsD5CDs3 1.967 0.316 5.684 0.261 2.07 9.62
9 2.012 0.407 5.711 0.267 2.08 9.60
10 2.030 0.767 5.729 0.278 2.13 9.69
Average 2.09 9.64
11 CHCl; 0-CgD4(CD3)2 1.996 0.397 5.250 0.242 2.18 10.13
12 1.999 0.519 5.235 0.245 2.22 10.24
13 1.981 0.621 5.280 0.253 2.24 10.25
Average 2.21 10.21
14  CHCIls p-CsD4(CDs)2 2.000 0.318 5.5638 0.273 1.99 9.26
15 2.001 0.472 5.528 0.276 2.06 9.47
16 2.002 0.644 5.552  0.291 2.06 9.37
Average 2.04 9.37
17  CHCls Cs(CHs)s 0.197 0.0079  6.215 1.59 2.97 9.04
18 0.200 0.0103  6.210 1.60 2.94 8.93
19 0.198 0.0397  6.150 1.67 3.03 9.15
Average 2.98 9.04
20 CHCIs Ci10Dg? 0.979 0.101 6.436 1.04 1.71 5.66
21 1.018 0.160 6.447 1.07 1.711 5.60
22 1.005 0.214 6.447 1.10 1.76 5.72
Average 1.73 5.66
23  CHCIs C6Cle® 0.006 0.020 7412 — —
24  CH(OCHs)s CesDs 2.027 0.797 4.730 6.36 1.04 0.19
25 1.990 0.599 4.721 5.44 0.97 0.11
26 1.964 0.396 4.718 5.09 0.97 0.02
Average 0.99 0.09
27  CHBr; CsDg 1.943 0.593 5.856 0.534 2.01 7.99
28 1.989 0.389 5.759  0.497 2.01 8.13
29 1.982 0.200 5.750 0.488 1.95 7.97
Average 1.99 8.10
30 CClsCHO CsDg 2.022 0.596 8.305 0.605 2.15 8.21
31 2.012 0.396 8.275 0.603 2.15 8.22
32 1.997 0.200 8.260 0.607 2.23 8.48
Average 2.18 8.30
33 CH2Cl CeDs 1.998 0.320 4.301 0.353 1.56 7.30
34 1.968 0.385 4.312 0.348 1.61 7.50
35 2.007 0.546 4.327 0.382 1.59 7.25
Average 1.59 7.33

a) 1calg,=4.184 J. b) Naphthalene-dg.

Results and Discussion

Intermolecular CH/m complex is generally formed be-
tween a CH hydrogen donor (D) and a hydrogen-ac-
cepting 7-base (A). The complex formation induces an
ASIS, which causes a considerable high field shift of the
proton NMR signal of the relevant hydrogen atom in the
hydrogen donating molecule. The shift is known as the
effect of diamagnetic field induced by the aromatic ring
and becomes very predominant when the CH group ap-

¢) The values for CH/CI interaction.

proaches from the direction perpendicular to the plane
of the aromatic ring of the 7-acceptor (A) forming the
CH/7t complex (as illustrated by Eq. 1).

HCXYZ(D) + ArH(A) = HCXYZ-ArH(C) (1)

From this point of view, intermolecular CH/7t inter-
action was studied by measuring the 'H NMR signal of
the CH donor (D) in the ternary system consisting of a
CH-hydrogen-donor (D), an aromatic 7-base (A), and
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Table 3. Electron Densities on the Hydrogen Atoms and the Energies of Anti-
Bonding CH Orbitals by PM3 Calculations

CH-Donor Formal charge ((u) o5y Energy —AHcH/x
e eV kcal mol~1?)

CClsCHO 0.081 1.55 2.2

CHBr3 0.138 2.71 2.0

CHCl3 0.104 2.59 1.9

CH2Cl2 0.075 3.09 1.6

CH(OCHs)s CH 0.069 2.82 1.0

CHs 0.474—0.016 —

a) 1e=1.602x10719 C. b) 1caly,=4.184 J.

carbon tetrachloride (solvent). The observed chemical
shifts are given in Table 1.

The method for the NMR spectroscopic determina-
tion of the formation constant is well established and
has long been known.!”!%20:2) If we assume that only
the 1:1 complex is formed by the CH/7 interaction,??
the formation equilibrium constant (K) of the complex
can be evaluated by the quantitative treatment of the
high field shift. In this situation, the formation constant
K is given by Eq. 2, where ¢p and cp are the initial sto-
ichiometric concentrations of the CH donor (D) and the
m-acceptor (A), respectively, and p represents the mole
fraction of the CH/m complexed hydrogen donor.

K = pep/[en(1 — p)(ca — pep)] (2)

Since the observed chemical shift (§) of the CH donor
in the CH/m interacting system is easily expressible by
the chemical shift of the free CH donor (D) and the
CH/m complex (C), the mole fraction (p), and hence the
formation constant (K), of the complex can be obtained
from the observed chemical shift, if we could estimate
the intrinsic chemical shift of the CH/7t complex (éc in
Eq. 3).

p=(6p — 6)/(ép — éc) )

The éc values are practically evaluated by the extrap-
olation to the absolute zero temperature of the ob-
served chemical shift (§) as described in the review by
Laszolo.'® The formation constants (K) at various tem-
peratures from the temperature dependence measure-
ment gives the enthalpy (AH) of the CH/7t complex
formation by use of the In K vs. 1/T plot.?® The re-
sults are summarized in Table 2.

The enthalpies of complex formation decreases in the
order of CgD5Cl>CgDg >p-CeD4(CD3)2 >CgD5CD3 >
0-C¢D4(CD3)2>Cg(CHs)g. Methyl group(s) can be ex-
pected to donate electrons to the aromatic ring; while
chlorine atom is electron-withdrawing. Thus, the order
is roughly in accord with the order of increasing elec-
tron density of the aromatic ring. As a whole, the CH/n
interacted complexes are shown to be formed more fa-
vorably when the aromatic ring of the 7-acceptor (A)
becomes more electron-rich. This is convincing evidence
for the hydrogen-bond-like nature of the CH/7t interac-
tion, since hydrogen bonding is generally favored by the

increase in electron density on the hydrogen-acceptor.

The entropies of chloroform—arene complex forma-
tion are within a relatively narrow range from —8.7 to
—10.2 calmol~! K1, except for the cases of chloroben-
zene and naphthalene. Thus, the formation of CH/n
complexes is governed to a greater extent by the en-
thalpies of their formation. The formation of chloro-
form/naphthalene-ds is considerably more favored en-
tropically than chloroform/benzene-ds complex because
the former 7t-base has two aromatic rings instead of one
in the latter.

The similar treatment on chloroform/hexachloroben-
zene/CCly system gives a éc value in a lower field than
6p (chemical shift of CHCl3 in CCly). This can be at-
tributed to the formation of a CH/Cl interacted species.
The CH/CI complex can also be formed in the case of
chlorobenzene. The combined CH/m and CH/CI inter-
actions must result a larger formation constant than
those for other m-bases. The entropy value with re-
spect to chlorobenzene which is considerably less neg-
ative than those for benzene and the other methylben-
zenes supports the additional formation of the CH/CIl
interacted complex. Even if the CH/CI interaction is
mingled, the apparent AH value guarantees that the
—AH of CH/n interaction for CHCl3/CgH5Cl system
is less than 1.5 kcal mol™!.

The electron densities and the anti-bonding CH or-
bital energies of the five CH donors are given in Ta-
ble 3. Surveying the data on the benzene complexes
of five different hydrogen donors, we can discern the
tendency that the CH/m interaction becomes stronger
as the positive charge on the hydrogen atom increases
except for trichloroacetaldehyde (CCl3CHO). This is in
line with the electron-withdrawing ability of the sub-
stituents geminal to the CH bond. In the case of
CCl3CHO, polarizability may govern the feasibility of
CH/7t interaction because its formyl carbon atom is in-
volved in a highly polarizable carbonyl bond. Its o*cx
energy which is considerably lower than others in Table
3 supports this interpretation.

Except for trichloroacetaldehyde, the enthalpy de-
creases in the decreasing order of the positive charge
on the interacting hydrogen atom. However, the en-
thalpies could not be correlated confidently with the
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energies of the anti-bonding CH orbitals which can be
a measure for the contribution of delocalization inter-
action. Thus the strength of the intermolecular CH/m
interaction seems to be governed most predominantly
by the electrostatic (dipole-quadrupole) attraction be-
tween the CH group and 7-electrons quite similarly to
the cases of weak hydrogen bonding. The exception-
ally strong CH/7 interaction in CCl3CHO-CgDg com-
plex can be attributed to the larger stabilization due to
the delocalization effect caused by the lower c*cy en-
ergy. In the case of trimethoxymethane, the methoxyl
hydrogen atoms can be enough acidic to interact with
benzene, which, in turn, could increase the apparent
formation constant of the CH/7 complex.
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for their help in measurements and calculations. This
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