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comparison, the dipole moments of 10 and 11 are 3.48 and 4.39
D, respectively.
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Trimethylamine-SO,, the Prototype Strong
Charge-Transfer Complex
Sir:

Of all the charge-transfer complexes in the literature, tri-
methylamine (TMA)-SO, is among the best characterized.
It is one of the few where one has an available x-ray structure!
and gas phase energy of complex formation (AE).2 It has the
additional advantage that it is small enough that one can di-

rectly apply theoretical ab initio molecular orbital methods to
it.
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Table I. Amine-SO; Interaction Energies, Geometries, and Energy
Components

A R’
RyN R SAhoido o
4 R3 7 Ry
Ra :
o
complex?
NH;-SO;, MA-SO, DMA-SO, TMA-SO,
Interaction energies and geometries
—AF, kcal/mol 11.7 13.9 14.5 15.0
R,A? 263 2.45 2.40 2.36
B, deg® 85 85 (8%5) 8%5)
a, deg? 0 60 (60) (60)
Energy components4-¢
AES -11.3 -13.7 —-14.3 —-14.8
AE 8 —334 —33.1 =325 -31.8
AEpoi -34 —-4.0 —-4.5 —-4.9
AEcT! -10.2 -12.3 —-13.3 -14.1
AE e/ 35.7 35.7 36.0 36.0

@ The experimental monomer geometry for SO, and for the amines
was used in the calculations, with the exception that all of the amines
had tetrahedral RNR angles. A comparison of the ammonia-SO;
results with §(HNH) = 106.7° (experimental) and 6(HNH) = tet-
rahedral showed negligible difference with the difference in AE being
0.1 keal/mol (NH3-8O; with experimental NHj geometry had a
—AE of 11.8 keal/mol). In TMA, 6(CNC) = 108.7° experimentally.
5 R = R(N-S). ¢ Bis the tilt angle of the SO, off the N-S axis. ¢ «
is the dihedral angle of rotation of amine relative to the SO,. In the
Newman projection at the top of the page, for NH3; (R} = R, = R;3
= H), MA (R) = Me; R, = R3; = H), DMA (R{ =R; =Me; R3 =
H), and TMA (R; = R; = R3 = Me). ¢ Energy components all
evaluated at R = 2.45 A, 8 = 85°, = 180° in kilocalories/mole.
f Total interaction energy. & Electrostatic interaction energy. # Po-
larization energy. ! Charge-transfer energy. / Exchange repulsion
energy.

In fact, a set of ab initio calculations on H3N-SO, and
TMA-SO, has appeared in this journal. Lucchese et al.3 found
H3N--SO5 to be bound by 4.94 kcal/mol with R(N-S) = 2.86
A and TMA-SO, bound by 4.06 kcal/mol with an identical
R(N-S). These results are perhaps surprising when one re-
alizes that the x-ray structure of TMA-SO; finds R(N-S) =
2.06 A! and gas phase experiments find a —AE for TMA-SO,
of 9.7 kcal/mol.2 Lucchese et al. carried out more extended
basis set calculations (double ) on H3N-SO; and found that
the interaction energy increased to 10.4 kcal/mol and R(N-S)
decreased to 2.70 A. They did not study TMA-SO; at the
double ¢ level.

These ab initio results are intriguing for a number of reasons.
(1) Gas phase proton affinities of methyl substituted amines
(AE ~ —200 kcal/mol) follow the order TMA > DMA > MA
> NHj;* gas phase Li* affinities (AE ~ —40 kcal/mol) are
in the order DMA > TMA > MA > NHj;5 thus it may be
reasonable® that, for the weaker Lewis acid SO,, NHj is a
stronger Lewis base than TMA. However, studies on the
closely related Lewis acid I in hydrocarbon solvents indicate
the strength of interaction in the order H3N < MA < DMA
< TMA’. Is this latter a solvent effect and is it relevant to a gas
phase study of amine~-SO,? What is the correct order of the
Lewis basicity for amine~SO, interactions? (2) What is the
reason for the extremely large difference of 0.8 Al between the
STO-3G calculated? and experimental R(N-S)? It appears
to be too great to be a crystal effect; yet STO-3G usually does
well for structure predictions® and almost always underesti-
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mates® the separation between molecules in intermolecular
interactions.

In the hopes of shedding light on the above questions, we
carried out ab initio calculations on the amine-SQO, interac-
tions using a valence shell “double {*” 431-G basis set.1? We
optimized the energy with respect to three intermolecular
parameters for NH3-SO; and CH3NH,-80, (MA) and then
optimized only R(N-S) for (CH3),NH(DMA)-SO, and
TMA-SO,. The results of the geomctry searches and Moro-
kuma component analysis!! at R(N-S) = 2.45 A are pre-
sented!? in Table I. The results are interesting and help to
answer the questions posed above. (1) The order of gas phase
amine-SO, affinities is TMA > DMA > MA > NH;. We
carried out a more complete geometry optimization of the SO,
complex of NH3 and MA than the SO, complexes of DMA
and TMA; thus we expect that the order of interaction energies
will be preserved upon complete geemetry optimization.
Further improvement of the basis set is likely (a) to increase
the polarization energy and to increase the differences between
the amines and (b) to decrease the electrostatic energies and
to improve the overall agreement between the AE (calculated)
and AE(experimental).!*> (2) The R(N-S) = 2.36 A for
TMA-SO; is in much better agreement with the experimental
value R(N-S) = 2.06 A. The calculated difference in energy
between R(N-S) = 2.06 and 2.36 A is only 3 kcal/mol out of
a total calculated AE of —15 kcal/mol.!'4* However, since the
addition of polarization functions usually increases intermo-
lecular separations in H-bonded complexes,®!3 it isn’t clear
how definitive our calculated gas phase R(N-S) is. We hope
that these results will stimulate microwave spectral studies on
TMA-SQO; in the gas phase. TMA-SQO; also may be an ex-
ample where correlation effects on the minimum energy
structure are much larger than calculated for LitOH,,
F~OH;, and (H,0),.15

Another fascinating finding is that the charge-transfer
component (Table I) is the key to the methyl substituent effect
in these systems, in contrast to the methyl substituent effect
on proton affinities* (polarization key), amine vs. amide ba-
sicity (exchange repulsion key),® and most H-bond energies
(electrostatic dominated).?!*> Geometry optimization of the
amine-Lit interactions at the 431-G level showed that, in that
case, R(N-Li) was practically the same for all the amines.®
The biggest difference between the relative magnitudes of the
energy components of amine-Lit and amine-SO, interactions
is the small size of the charge-transfer term in the former case
and its significant contribution to the attraction in the latter
case.

Further studies are in progress on these systems, in partic-
ular on amine-F; and amine-Cl, interacticns, where STO-3G
calculations predict NHj to be a stronger base than TMA 16.17
Is that result real and are F, and Cl; very different Lewis acids
than I, or is this another example of the inability of STO-3G
to correctly represent the methyl substituent effect in these
prototype “charge-transfer” complexes? In addition, more
complete geometry optimization on TMA-SG; with a more
extensive bacis set seems worthwhile to do.18 However, even
at this stage, the qualitative difference between amine-SO,
and amine-Li* studied with double ¢ basis sets and the
amine-SO, complex basis set dependence is very intriguing.
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13C-1H Cross-Polarization in Liquids
Sir:

The observation of '3C NMR spectra of organic solids using
proton—carbon cross-polarization'-* yields remarkable im-
provements in resolution and sensitivity. We report here pre-
liminary results which demonstrate the advantageous use of
this pulse technique in 13C NMR spectroscopy of organic
liquids. In the cross-polarization experiment on liquid samples,
spin-spin coupling is responsible for the magnetization
transfer; hence we introduce the abbreviation JCP for J
cross-polarization.

The JCP experiment contrasts with the pulsed 13C FT NMR
experiment in three important ways. First, pulse repetition
rates are governed by the proton longitudinal relaxation tirnes
T, rather than those of the carbon nuclei. Second, approxi-
mately a fourfold signal enhancement is predicted owing pri-
marily to the ratio of the magnetogyric ratios for '"H and !3C.
Third, the indirect spin-spin couplings, Jcu, modulate the
amplitude of JCP spectra obtained as a function of cross-po-
larization time. The first two features are well known from the
solid-state cross-polarization experiment. The third is a con-
sequence of the mechanism of polarization transfer: in contrast
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