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Rotational rates of the two methyl groups in N,Ndlmcthyl~ormamidc were calculated using Woessner’s equation from 
‘k spin-lattice rekation values at low temperatures. The rotation of the cis methyl group was found to be more hindered 
than that of the frur~ methyl group. 

1. Introduction 

The recent dzvelopment of the pulsed Fourier 
transform method in nuclear magnetic resonance 
spectroscopy makes it possible to determine easily 
spin-lattice relaxation times (T,) of naturally abun- 
dance carbon-113 nuclei in organic molecules. Study 
of spin-lattice j:elaxation times gives information 
about the tumbling motion and the internal rotation 
of the molecule:;. Since carbon atoms are more cen- 
trally situated than hydrogen atoms in most organic 
molecules, the experimentally obtained relaxation 
times of carbon-13 nuclei give more direct informa- 

tion about the molecular conformation than those of 
hydrogen which are considerably influenced by in- 
termolecular hydrogen-hydrogen interactions. 

To date, spin-iattice relaxation times of many 
compounds involving the methyl group have been 
studied [l-6]. The rotation of the methyl group, 
however, was djsccussed only qualitatively in these 
reports. A theoretical study of the nuclear spin-lat- 
tice rekation in molecules with an internal motion 
has been rn2de by Woessner et 21. [7], who treated 
axially symmetric ellipsoid molecules. On the other 
hand, Wzllach et al. [S] have studied the anisotropic 
molecular rotation in liquid N,N-dimethylformamide 
(DMF) by the nuclear maDetic resonance technique 
and have reported that in this mokcde there takes 

place an approximately axially symiietric motion at 
low temperatures. 

This report presents the results of the first quanti- 

tative study of fast internal rotations of methyl groups 
in DMF by carbon-13 spin-lattice relaxation tech- 
niques. 

2. Experimental 

DMF of commercial origin was distilled before use. 
20 VSO deuterochlorofocm was added for the deu- 
Cerium lock. The sampie was completely degassed 
with a high vacuum system and WZIS sealed in 2 special 
8 mm o.d. sample tube for the T, measurement. 13C 
NMR spectra were recorded on a NEVA NV-14 spec- 
trometer operating at 15.087 MHz with a Varian 
620/L computer for 2 pulsed FT mode. Spin-lattice 
relaxation times were determined by the usual 
IgO’-~-90~ pulse sequence method. The pulse delay 
time was set at greater than five times the longest T1 
to be measured. 8-16 free induction decays were 
accumulated. The error range in the r, measurements 
was better than 5%. The nuclear Overhauser enhance- 
ment factor (NOE) was determined by dividing the 
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l-aablc 1 

NOE i-actors of DhiF 

Table 2 

i-CCi cc5 MC trarls 51e co 

23.5 2.5 f. 9 2.1 

-33.1 3.0 2.9 2.5 

e: t-Me 

A: CO 
8-C-Me 

Fig. 1. Log T, versus 1 /T plots of N,N_dimcthylform3nidc. 

integrated peak intensities in ’ H decoupled I3 C spec- 
tra by the tota! integrated band intensities in non- 
decoupled 13C spectra. IQ this case, the pulse interval 
was also longer thzn 5 Tl for the slowest relaxing car- 
bon. The accumulation was made 90 times for the 
decoupled spectra and 720 times for the nonedecou- 
pled spectra. The temperatures were determined by a 
cniibrated copper-constantan thermocouple. 

3. Results and discussion 

The T1 of the rram methyl carbon in DMF is 
known to be considerabljv longer than that of the cis 
methyl carbon at room temperature [6] : the T, values 
from our measurements are 17.1 s for rrn~zs methyl 
carbon and 11.4 s for cis methyl carbon at 3 1 .O”C. 
In order to obtain the contribution of the spin-rota- 
tion mechanism to the methyl relaxation, the nuclear 
Overhausei enhancement factors were determined. 
The results are given in table 1. It was found that the 
contribution of the spin&oration mechanism cannot 
.be neglected at room temperature, es-J,ecially in the 

Relaxation tim-+z, corrcl;lti,an times, 2nd the rates of methyl 
group rotation in D5IF at -57.6’C (d = $9’) 

T, 6) 7, (5) k (s-1 ) 

c/s hIe I .3 1.2 x 10-I’ 3.9 x 1010 

lM77.T Me 4.3 3.6 x 10-12 6.5 x iO’O 
CO 1.8 2.5 x lo-” 

trarrs methyl carbon. The fact that the NOE value for 
the tram methyl carbon is smaller than that for the 
cis methyl carbon strongly suggests that the rotation 
of the ~ar?s methyl group is faster than the cis methyl 
group. To reduce the spin-rotation contribution, 

TI’s were measured at low temperatmes (fig. 1 and 
table 2). The ratio of the r, of the tram methyl car- 
bon to the cis methyl becomes geatcr as Ihe tem- 
perature is decreased. NOE factors at -33.1’C show 
that the carbons of the two methyl groups are relaxed 
predominantly by the dipole-dipole mechanism. 
Thus at temperatures below -33.1°C, 3 discussion 
about the TI values can be made by taking account 
of this mechanism only. The correlation times 7, C2Il 

be calculated from the observed T, values by the well 
known equation: 

(1) 

where r is the internuclear distance between the 
proton and the carbon to be considered, which is 
calculated from the already known bond distances 
and bond angles of formamide and dimethylamine 
[9]. The correlation time rc can be related to the rate 
of the methyl rotation and self-diffusion constants in 
accordance with Woessner’s equation (2) 171, 

1 (3 cos%LI)2 
Tc=2 6D,+R 

f 3sin2B cos28 
5D, +II,\ +I7 

3 sin48 
+42DL+4D,, +R ’ (2) 

since in DMF there t&es place an approtimately 
prolate symmetric top motion at low temperatures 
[8]. When the axes of the self-diffusicn tensor of 
DMF are set as in the literature [8] (fig 2),0, -D,, 
i= D_ and D,, 2 D, in the temperature range from 
-3C?C to -58°C. R = s k(k: the rate of rotation of 
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Fig. 2. Axes of the self-diffusion tensor of DW. 

the methyl 8rc1up) and 0 is the angle between the 
principal diffusion axis and the N-Me bond. We esti- 
mate the an& (0) between the principai diffusion 
axis and the amide N-CO bond to be in the range 
from 42O to 49” at low temperatures [8]. Thus 19 is 
in the ranges shown below: 

0 = S-12’ for cis methyl, 

= 103-96” for POHS methyl. 

Using the self-diffusion constants estimated from 
Wallach’s results [B], the rotational rate constants of 
cis and 1~~1z.s methyl goups in DMF at low tempera- 
tures (-30.6 ;o -57&C) can be calculated from eq. 
(2). The results are @en in table 2 and the Arrhenius 
plots for the methyl rotations are shown in fig. 3. In 
the calculation at every Q and temperature, the 
rotational rate of the alias methyl group was found 
to be more rapid than that of the cis methyl group. 
The activation energies obtained for the methyl rota- 
tions are as follows: 

EA = 3.9 * 0.3 kcal/mole for cis methyl, 

= 2.7 f 0.6 kcal/mole for tmns methyl. 

The activation energies remain almost the same when 
the calculations are made with Q = 4249”. Thus it 
can be safely said that the rotation of the cis methyl 
group is more strongly hindered than that of the #IZKS 
methyl in liquid DMF, although some ambiguity in $J 
makes the rate constant data rather scattered in the 
Arrhenius plots, and the errors obtained in rotational 
barriers are somewhat large. The rotational barriers 
of the two methyl soups in DMF have not been re- 
ported until now. The activation energies obtained 
in this work seem reasonable, since the barriers to 
rotation of the methyl groups in dimethylamine and 
trimethylamine were reported to be 3.6 and 4.4 
kcaljmole by infrared [IO] and microwave [ 1 I] spec- 

logk 

I I,2 I trans W 

I 
4.2 4.4 4.6 

+ * 103 

Fit 3. Arrhcnius plots of rotational rate constants for the 
two methyl groups in DXIF. 

troscopic studies, respectively. The hi&her rotational 
barrier in the cis methyl group than that in the tram 
methyl is unexpected, since, from a simple steric 
hindrance p@int of view, the rotation of the rrans 
methyl group is considered to be more restricted by 
the carbonyl oxygen than that of the cis methyl by 
the formyl hydrogen. It will be worthwhile studying 
the reason for this interesting difference in the rota- 
tional barriers of the two methyl groups in N,N- 
dimethylformamide in the future. 
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