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The concentration and temperature dependences of the 3C chemical shifts of N, N-dimethylacetamide (DMA)
in CCl,, H,0, and H,SO, solutions were measured by means of a 13C FT-NMR spectrometer at 25.15 MHz.
From the temperature dependence of the chemical-shift difference between the cis- and #rans-NCHj; carbons, the
activation energy, E,, for the hindered internal rotation about the C-N bond was obtained to be 10—17.5 kcal/
mol; it was also found to be ca. 10 kcal/mol at an infinite dilution in a CCl, solution. The chemical shift of
each carbon in the DMA molecule was calculated using Pople’s expression under the average excitation-energy
approximation by means of the CNDO/2 method. The calculated finding that each carbon in DMA appears in
the order of carbonyl, frans-NCHy,, cis-NCHj, and acetyl carbons from the low field agrees with the order assigned by
McFarlane. Further, as for the molecular association in neat liquid, various models are discussed on the basis
of quantum-chemical calculations, and a model is proposed which has antiparallel oriented carbonyl groups
in associated states of the molecules of more than two. The observed differences between the chemical shifts
of the carbonyl carbons at dilutions in CCl, and H,O solutions, and between those in CCl, and H,SO, solutions,
are found to agree well with the results calculated using the model in which the DMA molecules at dilutions
in CCl,, H,O, and H,SO, exist as monomer, hydrogen-bonded DMA with H,O, and protonated DMA respec-
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tively.

Since the first NMR study of the hindered internal
rotation of the C-N bond in amide compounds was
carried out by Gutowsky et al.,) many studies have
been concerned with the activation energy, E,, for
the hindered internal rotation and the molecular
association? of amide compounds through the proton
chemical shift, the line shape, and the spin-lattice
relaxation time. Recently a quantum-chemical study
of the hindered internal rotation has been done,®
and some interesting results have been obtained. How-
ever, the mechanisms of the molecular association have
scarcely been studied at all theoretically from the view-
point of the chemical shift, even though this ap-
proach is very interesting. From the viewpoint of the
chemical shift, the proton-decoupled carbon-13 (*3C)
NMR spectra have greater advantages than 'H NMR
because of their simplicity. In addition, the 13C
chemical shift can be treated theoretically by the
molecular orbital method, and the observed and
- calculated 13C chemical shifts can be compared
quantitatively with each other. Therefore, these results
may be of use in obtaining information on the molec-
ular association mechanism. In this paper, we will
seek to compare the observed and calculated chemical
shifts of the N,N-dimethylacetamide (DMA) mole-
cule, which does not form a hydrogen bond itself and
which may be a much-favored dipolar model. We
will be concerned with the amide-amide associate, the
hydrogen-bonded amide, and the protonated amide,
which correspond to the behavior in neat liquid, H,O,
and H,SO, solutions respectively, and with the mono-
mer amide, which corresponds to the behavior at an
infinite dilution in CCl,.

Experimental

Materials. The DMA, CCl,, and H,SO, were ob-
tained from the Tokyo Kasei Co., while the H,O was distilled.
Measurements. High - resolution natural-abundance
pulsed 3C FT-NMR spectra were obtained at 25.15 MHz
using a Japan Electron Optics Laboratory JNM PS-100

spectrometer equipped with the PFT-100 Fourier transform
system, a JEC-6 spectrum computer, a *D field-frequency
lock, and a noise-modulated proton-decoupling system. The
core memory of the computer is 12K words, and the memory
of the magnetic drum used is 8K words. The length of each
word is 16 bits. The observed free induction decay (FID)
was sampled in 8192 points. The pulse-recycle time was
chosen as 60 s, considering the N-methyl carbon spin-lattice
relaxation time, T3, of 14s. However, when only the meas-
urement of the chemical shift was required, the recycle time
of 30 s was used. The FID signal was observed after a 90°
pulse with a width of 20 ps.

The activation energy for the hindered internal rotation
was estimated for the N-CH; carbon signals by the peak-
separation method.? The temperature range of the meas-
urements was 22.5—100 °C. The concentration range of
the solution measured was 2—1009,. An accumulation of
20 or 500 scans was necessary for a 100 or 2% solution re-
spectively, but when the NCH, carbon signals become broad
at 60 °C, the accumulations were about 2—3 times greater.

Theoretical Calculation

The magnetic shielding constant, ¢,, of any specified
carbon atom, A, in a molecule can be approximately
estimated by means of the sum of the following dia-
magnetic and paramagnetic terms:%

oa =0l + opn (1)
dia

where ¢i* and o3 are the diamagnetic and
paramagnetic contributions respectively.
The approximate value of ¢{* is given as:®
ol = 4.45 Z*q @)
where:
Z* =3.25 — 0.35 (¢—4) 3)

in which ¢ is the total electron density around the
carbon atom, and Z*, the “effective nuclear charge”
estimated according to Slater’s rule.

The paramagnetic term is estimated according to
Pople’s theory,” with the average excitation-energy
(4E) approximation as follows:



2640
g™ = — (e2/2/2m2PAE) (r—)y (2 )Q AB 4)
B(=4
where:

4
Qs = 3_6AB(PXAXB+PYAYB+PZAZB)
2
- ?(PYAYBPZAZB_I—PZAZBPXAXB+PXAXBPYAYB)
2
+ ?(PYAZBPZAYB_FPZAXBPXAZB—‘_PXAYBPYAXB)

(23 = pr-(3.25-0.35(g—4)° ©)

In these] ormulae, 3! 1is a summation over all the

atoms; {r=3), ; 8,5 the Kronecker symbol; a,, the
Bohr radius, and Pgx,x;, the element of the bond-
order matrix for the 2p, atomic orbitals on the A
and B atoms.

i and o™ were estimated by the CNDO/2
method.®) The bond lengths and bond angles used

in a DMA molecule are shown in Table 1.

THE USED BOND LENGTHS AND BOND ANGLES
OF N,N-DIMETHYLACETAMIDE?

TasLE 1.

Bond lengths (A) Bond angles (°)

c-C 1.54 C-C-H  109.5
C-N 1.32 N-C-H 109.5
C=0 1.24 C-C=0 120
C-H 1.09 N-C=O 120
C-N-C 127

a) All the data were taken from standard bond lengths
and bond angles in Ref. 5 except that the bond angles
of C-C=0, N-C=0 and C-N-C were taken from Ref. 7.

Results and Discussion

CCly Solution. Concentration Dependence: Each
carbon signal in the 3G NMR spectrum of DMA in
the CCl, solution appears in the order of carbonyl,
trans-NCH,, ¢is-NCH,, and acetyl carbons from the
low field, based on the assignment by McFarlane®),
where their positions appear at —73.90, 59.58, 62.67
and 66.26 ppm respectively (relative to CCl,) in a 209,
v/v CCl, solution at 30 °C. His assignment agrees
with the calculated results for each carbon in the
molecule, as will be described below.

Next, let us discuss the concentration dependence
of the chemical shift for each carbon. The concentra-
tion dependences of the carbonyl carbon at 30, 60,
and 80 °C are shown in Fig. 1. This carbon shows
a considerable concentration dependence and shifts to
a low field with an increase in the concentration of
DMA. The chemical-shift change from an infinite
dilution to an 809, solution is about 1.5 ppm. On
the other hand, the concentration dependences of the
chemical shifts for the other carbons are small, as is
shown in Fig. 2. These concentration dependences
do not show any large change upon a variation in
the temperature except for the COCH; carbon.
Turther, the chemical-shift difference between the
trans- and c¢is-NCH; carbons is found to increase by
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Fig. 1. Concentration dependence of the ¥¥C chemical
shift of carbonyl carbon in CCl, solution.
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Fig. 2. Concentration dependence of the 3C chemical
shifts of trans-NCH; and acetyl carbons in CCl, so-
lution.

about 0.3 ppm with the variation in the concentration
from a 29, solution to neat liquid with an increase in
the concentration, as is shown in Fig. 3. This indi-
cates that the value of E, increases with an increase
in the concentration of DMA. A rapid increase
within the range from zero to 209, corresponds well
to the rapid decrease in the carbonyl carbon’s shift,
which suggests that the solution structure changes
rapidly in this concentration range and that it may be
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Fig. 3. Concentration dependence of the 3C chemical
shifts of ¢is-NCH, and trans-NCH; carbons in CCl,
and H,O solution.

qualitatively interpreted in terms of an association
model as well as the results of a similar study by means
of ITH NMR.2™ Also, Sato e al?V have reported
that the slopes of linear plots of the 'H relaxation
rate, 1/T;, against the concentration differ consider-
ably from each other on both sides of concentration of
about 3 mol/l, which corresponds to the above-men-
tioned concentration; these slopes have been qualita-
tively interpreted in terms of association.

Rabinovitz et al.?® have reported regarding the
change in the !H chemical shift observed with the
concentration of N,N-dimethylformamide in CCl, that
a more satisfactory explanation lies in the contribution
of the direct dimer shielding described in a monomer-
dimer equilibrium. Therefore, it is considered that,
in the monomer-dimer equilibrium, the monomer state
increases with a decrease in the concentration. It is
likely that the behavior of DMA in the CCl, solution
may be described as in a monomer-dimer equilibrium.
Thus, the value extrapolated using the data of low
concentrations (we define this the value at an infinite
dilution) may correspond to the value in a monomer
state. The chemical-shift difference between the trans-
and ¢is-NCH, carbons at an infinite dilution is obtained
to be about 2.75 ppm, but it may possibly give a
somewhat larger value than the true value at an infinite
dilution because the present experiment was not done
below the concentration of 29,. This value is used
to compare with the calculated value.

Temperature Dependence:  Next, the temperature depen-
dences of each group in DMA at various concentrations
are discussed in the temperature range from 30 to
90 °C. First, the results of the carbonyl and acetyl
carbons are shown in Fig. 4. The carbonyl carbon
shifts slightly by ca. 0.1 ppm at a high field with an
increase in the temperature from 30 to 90 °C, whereas
the acetyl carbon shifts linearly by c¢a. 0.5 ppm at a
high field with an increase in the temperature. The
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Fig. 4. Temperature dependence of the *C chemical
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Fig. 5. Temperature dependence of the 13C chemical
shifts of ¢is-NCH; and trans-NCH, carbons in CCl,
solution.

former changes are smaller than those caused by the
concentration. Thus, it may be predicted that the
influence of the association caused by the variation in
the concentration is larger than that caused by the
variation in the temperature. As is shown in Fig. 5,
the temperature dependence of the ¢is-NCH; carbon
is slight, but that of the #rans-NCH; carbon shifts
greatly at a high field above 50 °C. Therefore, the
chemical-shift difference between the two carbons
decreases considerably at high temperatures. This
is due to the internal rotation about the C-N bond
in DMA.
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Fig. 6. Concentration dependence of activation energy
E, for the hindered internal rotation about the C-N
bond in CCl, solution.
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shift differences between carbonyl and acetyl carbons,
and between trans-NCH, and acetyl carbons in CCl,
and H,O solutions.

From these data, the activation energies of the
hindered internal rotation about the C-N bond at
various contributions were obtained; they are shown
in Fig. 6. The value in a neat liquid was obtained
17.5 kcal/mol, which agrees well with the value of
18.1 kcal/mol obtained from the study of TH NMR by
Newman et al.2¥ Further, the value at an infinite
dilution in CCl, is given as about 10 kcal/mol. The
larger value of E, in a neat liquid than in the CCl,
solution may be qualitatively interpreted in terms of
the association.

H,0 Solution. Concentration  Dependence: 'The
concentration dependence of the chemical-shift differ-
ence between the carbonyl and acetyl carbons in H,O
solution was found to be larger than in the CCl, solu-

Isao Anpo, Naomi JiNNo, and Atsuo NIsHIOKA

[Vol. 48, No. 10

SOLVENT

O CCly, (25%)

- o HO (20 %)
2
&
o 156.0F -st
(o]
S =
(&) U“‘O\k o [}
z ° °
o o
il
ﬁ 155 5[ | = 1505
£
.
E o
&
) 155.0F 1500
<C
=
a
X
(&)
VR R R A VRN VAR R .
T(*C)

Fig. 8. Temperature dependence of the *C chemical-
shift difference between carbonyl and acetyl carbons
in CCl; and H,O solution.

tion, as is shown in Fig. 7. This may mainly be due
to the existence of the hydrogen bond in the case of
the former, while the latter case has no such bond.
At an infinite dilution the difference between the two
cases is about 6 ppm. On the other hand, the
chemical-shift difference between the acetyl and trans-
NCH; carbons in the H,O solution was found to
decrease rapidly, contrary to the case in the CCl,
solution, as is shown in Fig. 7. Remembering that
the chemical shift of the NCH, carbon depends hardly
at all upon the concentration, this tendency shows
that the acetyl carbon shifts to a low field through
the formation of a hydrogen bond in an aqueous solu-
tion. At an infinite dilution in CCl, and H,O solu-
tions, the difference between the two values becomes
about 1.2 ppm; this may be due to an indirect inter-
action through the formation of a hydrogen bond
between the carbonyl group and H,O. It is well-
known that the carbonyl carbon shifts to a low field
as a result of the formation of a hydrogen bond; the
results shown in Fig. 7 are consistent with this.
Temperature Dependence: The results of the tempera-
ture dependence of each carbon in this system are
shown in Figs. 8 and 9. As may be seen from Fig. 8,
the chemical-shift difference between the acetyl and
carbonyl carbons in an aqueous solution is almost
constant from 30 to 100°C, contrary to the case of the
CCl, solution. This shows that probably the hydrogen
bond with the Hy;O molecule is stronger than the
interaction between the DMA molecules and is more
stable in this range of temperatures. I'igure 9 shows
the temperature dependence of the chemical-shift
difference between the trans- and ¢is-NCH, carbons at
various concentrations in an aqueous solution. These
chemical-shift differences decrease with a decrease in
the concentration below 60 °C. The hydrogen bonds
between DMA and H,O molecules are formed at low
concentrations with the internal rotation about the
C-N bond, being somewhat hindered, but at higher
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Fig. 10. 13C NMR signals of NCH, carbons in CCI,
and H,O solution.

concentrations the interaction among DMA molecules
becomes effective and, therefore, the rotation about
the C-N bond becomes more hindered than in aqueous
solutions of low concentrations. Generally, the hy-
drogen bond may be stronger than the interaction
among the DMA molecules. The N-CH; carbon
signals at 85 °C in 409, CCl; and H,O solutions are
shown in Fig. 10. From this it is clear that the rota-
tion about the C-N bond in the H,O solution is more
hindered than in the case of the CCl, solution at the
same concentration.

H,S0, Solution. Concentration Dependence: The
concentration dependence of the chemical shifts of each
carbon in DMA is shown in Fig. 11. It is found
particularly that the dependence of the carbonyl
carbon is somewhat larger than that of the other
carbons and that the carbonyl carbon shifts to a low
field with a decrease in the concentration. This

13C NMR of N,N-Dimethylacetamide
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Fig. 11. Concentration dependence of the *C chemical-
shifts of each carbon of N,N-dimethylacetamide in
H,SO, solution (relative to TMS).

may be due to the formation of protonated DMA
molecules at the site of the carbonyl group in the
H,SO, solution. Further, the dependence of the
¢is-NCHj; carbon slightly greater than that of the
trans-NCHj carbon, and these carbons shift to a low
field with a decrease in the concentration, contrary to
the behavior of the acetyl carbon. These tendencies
differ considerably from those of the aqueous solution.
Therefore, it may be suggested that the influence of
the protonation on the electronic state of DMA differs
from that in the case of the hydrogen bond. (This
tendency appears in the calculated electron-density
distribution, as will be described below.)

Next, the concentration dependence of the nuclear
Overhauser enhancement (NOE)? of the intensity of

TABLE 2. CONCENTRATION DEPENDENCE OF THE
ENHANCEMENT OF THE CARBONYL CARBON DUE TO
H pecovpLing IN H,SO, sorution AT 25 °C

Concentration of Ratio of intensity of

H,SO, carbonyl carbon
(% v/v) to TMS#
0 1.85
9 1.74
16.7 1.76
23 1.70
28.5 1.83
37.5 1.99
50 3.17
58 3.21
70 3.16
85 3.02

a) Tetramethylsilane is contained as the standard
signal (as external reference) to obtain the magnitude
of the enhancement due to 'H decoupling.
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TaBLE 3. CHEMICAL SHIFT OF MONOMER N,N-DIMETHYL-
ACETAMIDE BY AVERAGE EXCITATION ENERGY METHOD
usiné CNDO/2 MetHOD (ppm)

Tdia apa,ra [
CO,CH;, 58.68 —376.80 —318.12
cis-NCH, 56.54 —404.43 —347.89
trans-NCH, 56.26 —408.47 —352.21
cO 54.77 —537.73 —480.96

The used value of average excitation energy is 5.69 eV.

the carbonyl carbon signal by the IH decoupling is
shown in Table 2 to facilitate further study of the
nature of the protonation. The enhancement increases
rapidly in a 509, solution and the enhancement be-
comes constant. It may be considered that, when the
ratio of the number of DMA’s to that of protons is
1:1, the enhancement is at its maximum, and that
even in high concentrations of H,SO, the full proto-
nation is maintained.

The observed behavior of DMA molecules in various
solutions has been described above. We will now
discuss this behavior theoretically.

Theoretical Considerations. We have described in
a section that the DMA molecule at an infinite dilution
in the CCl, solution can be considered as in a mono-
meric state. First, let us discuss this. The results of
the calculated chemical shifts as a monomer DMA
molecule are shown in Table 3, where, as the average
excitation energy, AE, the value of 5.69 eV (maximum
absorption of amide!®; 208 nm) obtained by ultra-
violet absorption spectroscopy, is adopted. The chemi-
cal shift of each carbon is found to be dominated
mainly by the paramagnetic term. Each carbon
appears in the order of acetyl, ¢is-NCH,, trans-NCHj,
and carbonyl carbons; this order coincides with that
of the experimental results. Also, the quantitative
agreement between the two sets of results is good.
Thus, the present results support McFarlane’s state-
ment that the 3C resonance of the methyl group cis
to the carbonyl group is at a higher field than that
which is frans. As for these carbons, the observed
and calculated chemical-shift differences between the
two carbons are 3.09 ppm and 5.32 ppm respectively.
Although the latter gives a somewhat larger value
than the former, it seems natural to consider the
chemical-shift difference between trans- and ¢is-NCHj,
carbons as being due to the contribution of the para-
magnetic term; this is contrary to McFarlane’s sug-
gestion® that the principal contribution to this differ-
ence arises from an intramolecular electric field due to
the carbonyl group.

In the neat liquid the DMA molecule has been
suggested, on the basis of experimental results, to
exist as the self-association state. We will now proceed
to discuss its association based on the quantum-chemical
calculation of the conformational energy and the 13C
chemical shift, and the experimental data. As has
been described in the introduction, several models
for the self-association of DMA molecules are possible.
In Fig. 12 some models are shown, where (a) is the
model of the cyclic structure proposed by Woodbrey
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Fig. 12. Some association models (a), (b), (c), and
Hydrogen-bonded (d) and protonated (e¢) DMA
models.

et al.*) and Newman et al.,2) and where (b) and (c)
are the dimer and trimer of an antiparallel orientation
respectively, extending Saito’s'® model proposed for
the acetone molecule, efc. to the case of the DMA
molecule. For these models, the total energies were
calculated by the CNDO/2 method; the results are
shown in Table 4. The dimerization model (a) becomes
unstable, but the (b) and (c) models become stable.
The (a) model is unstable by 1.8 kcal/mol (the distance
between the N and O atoms is 3 A). The stabilization
energies for the (b) and (c) models are 2.8 and 5.11
kcal/mol respectively (the distance between the C
and O atoms is 3 A). Thus, as the form of the as-
sociation the (b) and (c) models may be suggested
to be more appropriate than the (a) model. The
total electron-density distributions of the monomer,
dimer, and trimer models are shown in Table 5. As
is shown in the (a) model, both N and O atoms have
negative charges; therefore, this model may become
unstable as a result of the electrostatic repulsion be-
tween these atoms. In the (b) and (c¢) models, how-
ever, the C and O atoms have positive and negative
charges respectively; therefore, these models become
stable as a result of electrostatic attraction between
the atoms. As for the (b) model, the dependences of
the total energy and the stabilization energy on the
distance between the C and O atoms were calculated;
the results are shown in Table 6, where the distances
of 2.5,3 and 3.5 A were used. In all of these distances,
the formation of dimerization is stable; the stabiliza-
tion energy at 3 A is the largest, 2.8 kcal/mol.

TaBLE 4. TOTAL ENERGIES OF VARIOUS MODELS IN N,N-
DIMETHYLACETAMIDE CALCULATED BY CNDO/2 METHOD

Total energy Stabilization energy

Model
(V) (eV)  (kcal/mol)
Monomer —1776.31104
Dimer®
(a) Model® —3552.55607 0.06601 1.80
(b) Model® —3552.72559 —0.10351 —2.82

a) These models correspond to those shown in Fig.
15. b) The distance between N and O atoms is 3 A.
c¢) The distance between C and O atoms is 3 A.
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TABLE 5. ELECTRON DENSITY DISTRIBUTIONS OF VARIOUS MODELS IN N,N-DIMETHYLACETAMIDE
caLcuLATED BY CNDO/2 METHOD

(c)model®’
Atom Monomer (a)® (b)® —_— DMA..-H,0O DMA..-H
Central External
0O, 6.351 6.370 6.372 6.374 6.374 6.374 6.161
N, 5.152 5.140 5.142 5.143 5.139 5.134 5.032
G, CO 3.649 3.642 3.637 3.633 3.634 3.624 3.585
C, trans-NCH, 3.813 3.815 3.814 3.815 3.813 3.818 3.871
C; COCH, 4.103 4.105 4.105 4.108 4.104 4.107 4.118
Cg ¢is-NCH, 3.846 3.853 3.847 3.848 3.848 3.851 3.903
H, 1.042 1.041 1.044 1.044 1.045 1.036 0.969
H; t trans-NCH, 1.045 1.035 1.036 1.039 1.038 1.041 0.996
H, 1.045 1.049 1.048 1.039 1.038 1.041 0.996
H,, 1.031 1.029 1.031 1.031 1.032 1.025 0.960
Hy, ; ¢is-NCH, 1.017 1.021 1.018 1.020 1.017 1.014 0.975
H;, 1.017 1.015 1.021 1.020 1.021 1.014 0.975
H,, 0.958 0.955 0.957 0.955 0.958 0.953 0.904
H,,} COCH, 0.966 0.964 0.959 0.962 0.958 0.956 0.906
H,; 0.966 0.969 0.970 0.962 0.958 0.956 0.906

These models correspond to those shown in Fig. 12, The terms “Central” and “External” correspond to the

central and external N,N-dimethylacetamides in trimer.

a) The distance between N and O atoms is 3A. b), c) The distance between C and O atoms is 3A. d) H,,
H,,, and H,, are trans position relative to OC-N bond respectively.

TABLE 6. DEPENDENCE OF TOTAL ENERGY OF DIMER
(b) AND TRIMER (c) MODELS IN N,N-DIMETHYL-
ACETAMIDE ON DISTANCE BETWEEN C AnD O
ATOMS CALCULATED BY CNDO/2 METHOD

Distance (A)
2.5 3.0 3.5
Dimer
Total energy —3552.6799 —3552.7256 —3552.6402
(eV)
Stabilization
energy —1.57 —2.82 —0.49
(kcal/mol)
Trimer
Total energy —5329.0162 —5329.1213 —5328.9616
(eV)
Stabilization
energy —2.26 —5.11 —0.53
(kcal/mol)
Next, let us consider the trimer model. The depen-

dences of the total energies and stabilization energies
upon the distance between the DMA molecules at
trimeric state are shown in Table 6. Just as in the
case of the dimer model, the formation of the trimer
is stable, and the stabilization energy at 3 A becomes
the largest value, 5.11 kcal/mol, twice the value in the
dimer model. It may be suggested that the DMA
molecules in a neat liquid are preferable polymerized
in the antiparallel oriented form.

In order to obtain more detailed information about
the associated form, let us consider the dipole moment
briefly. The dipole moments calculated for various
models are shown in Table 7, together with the observed
results. The calculated values of the monomer and
the (c) model agree well with the observed value.

-The (a) and (b) models have no dipole moment.

Thus, in the odd n-mer model it is clear that the n-
mer has a definite dipole moment. The experimental
results cannot be interpreted by the dimer model;
therefore, an equilibrium among the various n-mers,
including the monomer, must exist in the neat liquid
or the CCl, solution at high concentrations.

Next, let us discuss the value of n in terms of the
stabilization energy. The results in Fig. 6 show that
the energy difference between the hindered rotational
energies at an infinite dilution in the CCl, solution and
in the neat liquid is about 7.5 kcal/mol; this difference
may be considered to be the energy due to the change
from monomer to n-mer. As is shown in Table 6,
the stacking between the DMA molecules corresponds
to a stabilization energy of about 2—2.5 kcal/mol,
one third of the value of 7.5 kcal/mol obtained above.
Therefore, the value of n is about 4. Accordingly,
the DMA molecule may be supposed roughly to exist
in a tetramer in the neat liquid, though this is not
conclusive.

Further, let us discuss the chemical shift as a con-
tinuation of the above description of the chemical
shift of the monomer DMA molecule. First, we will
treat the concentration dependence of the chemical
shift in the CCl, solution on the basis of the theoretical
results. As is shown in Fig. 1, the chemical shift of
the carbonyl carbon shifts to a lower field with an
increase in the concentration and shifts about 1.5 ppm
in the range from an infinite dilution to a neat liquid.
The calculated chemical shift, ¢, of the carbonyl
carbon of the monomer, which corresponds to the
molecular structure at an infinite dilution, is —480.36
ppm (Table 3); the ¢.s of the dimer and the trimer,
which have been suggested to exist at the neat liquid,
are —483.14 ppm and —483.87 ppm for the central
DMA and —483.38 ppm for the outside DMA in the
trimer, as is shown in Tables 8 and 9 (in this case,
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TaBLE 7. DIPOLE MOMENT OF N,N-DIMETHYLACETAMIDE CALCULAED BY CNDO/2 METHOED AND
osservep (D.U.)
Monomer (a)model (b)model (c)model DMA.--H,O DMA.---H Obsd®
3.22 0.0 0.0 3.39 5.44 6.99 3.79

In (b) and (c) models the distance between C and O atoms is 3 A.

a) Observed at 30 °C in benzene (Ref. 11).

TABLE 8. DEPENDENCE OF CHEMICAL SHIFT OF DIMER
(b)MODEL IN N,N-DIMETHYLACETAMIDE ON DISTANCE
BETWEEN C AND O ATOMS BY AVERAGE EXCITATION
ENERGY METHOD USING CNDO/2 METHOD. 0 (ppm)

TaBrLe 10. CHEMICAL SHIFT OF MODEL HYDROGEN-BONDED
AND PROTONATED MODEL IN N,N-DIMETHYLACET AMIDE
CALCULATED BY AVERAGE EXCITATION ENERGY
MeTHOD UsING CNDO/2 METHOD. 04 (ppm)

Distance (A)

2.5 3.0 3.5

COCH, —317.62  —318.02 —318.13
¢is-NCH, —347.49  —348.01  —348.54
trans-NCH, —351.99  —352.05  —352.10
co —484.68  —483.14  —482.05

The used value of average excitation energy is 5.69 eV.

TasrLe 9. CHEMICAL SHIFT OF TRIMER (C)MODEL IN
N,N-DIMETHYLACETAMIDE CALCULATED BY AVERAGE
EXCITATION ENERGY UsING CNDO/2 METHOD. ¢, (ppm)

Central® External®
COCH, —317.75 —318.10
¢is-NCH, —348.07 —347.97
trans-NCH, —351.73 —352.19
CO —483.87 —483.38

a) The terms “Central” and External” correspond to
the central and external N,N-dimethylacetamide in
trimer model.

The used value of average excitation energy is 5.69 eV.
The distance between C and O atoms is 3 A.

the distance between the DMA molecules is 3 A).
From this, the carbonyl carbon is found to shift about
2 ppm to a lower field upon the formation of the dimer
and the trimer. Therefore, this result agrees well
with the observed one. The observed chemical shifts
of the acetyl, ¢is-NCHj, and #rans-NCHj carbons did
not depend as greatly on the concentration as in the
case of the carbonyl carbon. On the other hand, the
calculated chemical shifts of these carbons in the
monomer, dimer, and trimer differ almost not at all
from each other; this agrees with the observed results.

Next, let us concern ourselves with the behavior of
DMA in the H,O and H,SO, solutions in terms of the
chemical-shift calculation in addition to the above
observed results. de Jeu'® has suggested a reasonable
model for the molecular structure of the acetone mole-
cule in the corresponding solution based on his study
of *H, 3C, and YO NMR. We have adopted his
model for the molecular structure of DMA which
have a carbonyl group like the acetone molecule in
their solutions. These corresponding models are shown
in Fig. 12. The hydrogen-bonded >C=O0O---H-O-H
amide-solvent associate (d) and protonated »>C=O
---H associate (e) are formed in the Hy,O and H,SO,

DMA...-H,0O DMA..-H
COCH, —317.93 —319.07
¢is-NCHj, —347.19 —340.23
trans-NCH, —351.42 —344.06
CO —487.18 —497.05

The used value of average excitation energy is 5.69 eV.

solutions respectively. Here, the £ >C=O0O---H and
LH-O-H bond angles are set at 120° and 105°
respectively, while the O-H bond length is set at
1.05A. The distances between the oxygen of the
carbonyl group and the hydrogen atom for the cases
of YC=0-+H-O-H and >C=0-+H are 1.34A
and 0.985 A respectively.’® The electron-density dis-
tributions of these models are shown in Table 5. The
protonated DMA shows a very high charge separation,
as a whole, compared with the other structures. Cor-
respondingly, as is shown in Table 7, the dipole moment
is larger than that of the other structure. However,
in the DMA---H,O structure, although the charge
separation does not change compared with the mono-
mer, the dipole moment is relatively large because of
the association with H,O. If these results are con-
firmed experimentally, it will give important informa-
tion about the DMA association in solution. Further,
let us discuss the chemical shifts of these models. The
carbonyl carbon is sensitively influenced by the forma-
tion of a hydrogen bond and by protonation. The
difference between the carbonyl carbons at infinite
dilutions in the CCl, and H,O solutions is found to be
about 6 ppm, as is shown in Fig. 7. These structures
correspond to the monomer and the structure (d)
shown in Fig. 12. From Tables 3 and 10, the cor-
responding calculated chemical-shift difference is found
to be about 6 ppm (=487.18—480.96 ppm). This
agrees well with the observed results. Also, as for
the NCH; carbons, the observed results agree with the
calculated result that the trans- and c¢is-NCH; carbons
in the HyO solution shift at a higher fileld than in the
CCl, solution. These results suggest that the associa-
tion model described above for the structure of the
DMA molecule in the H,O solution is a plausible
model.

Next, let us concern ourselves with the chemical
shift of DMA in the H,SO, solution. As expected
for the electron-density distribution of this model, the
calculated chemical shift of the carbonyl carbon occurs
at a lower field than that of the hydrogen-bonded
model and appears at a field lower by about 16 ppm
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than that of the monomer model. However, the
observed chemical shift of the carbonyl carbon at an
infinite dilution in the HySO, solution appears at a
field lower by only about 5 ppm than that at an infinite
dilution in the CCl, solution; this value is smaller
than the value obtained in the case of the hydrogen-
bonded DMA with H,O. Further, the calculated
chemical shifts of the other carbons do not agree with
the observed results. As the causes of these disagree-
ments, the following reasons may be noted. 1) the
present model is not always appropriate, ii) the AE
approximation for this case is gross, and so on. It
will be necessary to study this problem in more detail
in order to obtain exact information about the proto-
nated DMA molecule.
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