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Abstract: Carbon-13 spin-lattice relaxation times (77s) have been measured on acidic and neutral solutions of 
nicotinamide adenine dinucleotide (NAD) at 0.2 and 0.4 M concentration and on neutral 0.2 and 0.4 M solutions of 
5'-adenosine monophosphate (AMP). These were compared with existing AMP Tx values at 1.0 M. Relaxation 
times are seen to increase with decreasing concentration. Also in AMP small differences in the relaxation rates be­
tween the base and sugar carbons are observed. These data are discussed in terms of known models of AMP base 
ring stacking. Small changes in the 77's of NAD as a function of pH are noted at 0.2 M concentration. The sep­
aration of the nicotinamide and adenine rings in NAD with the protonation of the adenine N-I position is proposed 
as an explanation of the data. 

Nuclear magnetic resonance has made important 
contributions in the study of the conformation 

and properties of nicotinamide adenine dinucleotide 
(NAD) and related compounds in solution. While 
proton nmr has been the most actively used technique 
to date,1-16 the narrow range of chemical shifts and the 
problem of overlapping and interfering lines have made 
the task of interpreting the data a difficult one. There 
have been some problems of conflicting data (see ref 2 
and 3) and differences concerning the information that 
can be obtained from the data (see ref 3-6). Other 
workers using phosphorus717 and carbon17-19 magnetic 
resonance have attempted to avoid the complications of 
proton spectra mentioned above. 

Most workers have relied upon chemical shift and 
coupling constant measurements for their data. How­
ever, the introduction of pulsed spectrometers with 
Fourier analysis packages has made relaxation (T1) 
studies of carbon-13 and other magnetic nuclei rela­
tively simple, even on fairly dilute samples. Relaxation 
times allow the rate of both over-all and differential 
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segmental motion in molecules to be studied, and these 
data are expected to be quite useful in the study of 
biological compounds. The present study reports the 
results of 13C relaxation time measurements made on 
NAD and 5'-adenosine monophosphate (AMP) and 
focuses on the molecular dynamics important to spin 
relaxation in these systems. 

Experimental Section 
Grade HI NAD was purchased from Sigma Chemical Co. and 

used without further purification. AMP, disodium salt, was 
obtained from Miles Laboratories. Samples were prepared by dis­
solving NAD or AMP in doubly distilled water and adjusting the 
pH with dilute ammonia and dilute hydrochloric acid. Paramag­
netic oxygen was removed by bubbling nitrogen gas through the 
samples. A DjO capillary was inserted in a 12-mm sample tube 
and the tube was sealed with paraffin. All spectra were obtained 
with a Varian XL-100-15 spectrometer equipped with a Varian 
620-f computer. A Xebec disk was used for storage of the free in­
duction decay. For carbons with short Ti's « 1 sec) the inversion 
recovery technique20 was employed while longer relaxation times 
were measured by progressive saturation.21 The temperature of 
the samples was held at 40 ± 1 °. 77s were measured on NAD at 
pH 2 and 7 in 0.4 and 0.2 M solutions and on AMP at pH 7 in 0.4 
and 0.2 Absolutions. 

Results and Discussion 

The Ti values for NAD and AMP (see Figure 1) are 
presented in Table I. The resonance positions for 
NAD are those reported by Birdsall and Feeney,18 and 
the Ti values for 1.0 M AMP are from Allerhand, et 
a/.,19 who also presented arguments which indicate 
that the dipolar mechanism dominates the relaxation of 
all protonated carbons in molecules such as AMP. 
From Table I, it is noted that the relaxation rates of the 
methylene carbons (A-5' and N-5' in NAD and A-5' in 
AMP) are about one-half the relaxation rates of the 
methyne carbons as expected for the 13C-1H dipole-
dipole dominated relaxation mechanism. 

Major changes in the relaxation times are observed 
with variations in concentration. In AMP the 7Ys 
approximately double as one goes from 1.0 to 0.4 M. 
As the concentration is reduced to 0.2 M, the 2Ys, with 
the exception of the quaternary carbons, are seen to 
increase by another 50%. The scatter in the data for 
the quaternary carbons at 0.2 M is large and, therefore, 
the error in the reported 77 values for these carbons is 
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Table I. 7Vs in Seconds 

A-2 
A-4 
A-5 
A-6 
A-8 
N-2 
N-3 
N-4 
N-5 
N-6 
N-7 
A-I ' 
A-2' 
A-3 ' 
A-4' 
A-5 ' 
N - I ' 
N-2 ' 
N-3 ' 
N-4 ' 
N-5 ' 

0.4 M pH 7 

0.16 
4.3 
4.7 
2.3 
0.18« 
0.18' 
4 .3 
0.20 
0.22 
0.18 
4.5 
0.18« 
0.22 
0.23 
0.23 
0.12 
0.19 
0.26 
0.25 
0.18« 
0.13 

NAD» 
0.2 M pH 7 

0.29 
7.0 
7.8 
1.6 
0.32« 
0.32« 
6.7 
0.33 
0.38 
0.34 
5.3 
0.32« 
0.40 
0.37 
0.30 
0.19 
0.34 
0.44 
0.42 
0.32« 
0.20 

0.4 M pH 2 

0.15 
3.9 
4.2 
1.9 
0.20 
0.26 
4 .3 
0.22 
0.26 
0.15 
4.0 
0.16 
0.20 
0.22 
0.16 
0.13" 
0.20 
0.28 
0.26 
0.21 
0.13« 

____̂ _ ^ 
0.2 M pH 2 

0.26 
7.8 
8.2 
2.1 
0.30 
0.45 
6.6 
0.29 
0.44 
0.24 
6.4 
0.27 
0.37 
0.34 
0.29 
0.18" 
0.44 
0.39 
0.37 
0.39 
0.18" 

1.0M1 

0.15 
5.3 
4.7 
2.6 
0.16 

0.19 
0.22 
0.23 
0.19 
0.11 

AMP 
0.4 M 

0.30 
10 
8.2 
4.7 
0.26 

0.35 
0.35 
0.37 
0.29 
0.20 

0.2 M 

0.46 
12 
12 
6 
0.47 

0.50 
0.49 
0.46 
0.44 
0.33 

<• The spectral assignments are those reported by Birdsall and Feeney, ref 18. h Data reported by AUerhand, et at., ref 19. « Lines A-
and N-2 were not resolved at pH 7. d Lines A-5' and N-5' were not resolved at pH 2. • Lines A-I' and N-4' were not resolved at pH 7. 

NAD 

AMP 

Figure 1. Structure and numbering scheme of NAD and 5'-AMP. 

probably on the order of 20%. The tendency of AMP 
to form molecular aggregates due to the stacking of the 
base rings was reported by Schweizer, et a/.,22 and the 
observed increase in relaxation times with decreasing 
concentration is interpreted in terms of this model as a 
decrease in molecular aggregate size. One notes that 
at 1.0 and 0.4 M AMP, carbons A-2 and A-8 have 
slightly shorter 7Ys than those observed on the average 
for the ribosyl methyne carbons, whereas this difference 
is no longer discernible at 0.2 M. While this difference 
in Ti's at the higher concentrations is not large, it is 
reproducible and beyond experimental error. Although 
AMP is aggregated at these higher concentrations, the 
ribosyl portion of the molecule appears to exhibit a 

(22) M. P. Schweizer, A. D. Broom, P. O. P. Ts'o, and D. P. Hollis, 
J. Amer. Chem. Soc, 90,1042 (1968). 

slightly greater degree of freedom through segmental 
motion as evidenced by the ribosyl TYs being slightly 
longer than those observed for the heterocyclic ring. 
These data lend support to the model proposed by 
Schweizer, et al.,2 2 in which the aggregates are visualized 
as a stack of base rings in the middle of the aggregate 
with the ribosyl rings around the outside where they are 
able to undergo more extensive torsional motion about 
the glycosyl bond. As the AMP concentration de­
creases and the aggregates become smaller and tumble 
at a faster rate, the difference in the rate of motion 
between the base carbons and the ribosyl carbons 
apparently decreases. At 0.2 M no significant differ­
ence is noted in the 7Ys by the base and sugar moieties, 
and extensive differential segmental motion need not be 
invoked to explain the data. 

The relaxation times of NAD follow many of the 
same general patterns observed in AMP. One excep­
tion in NAD is at A-6 where the Tx does not appear to 
change with concentration. Its relaxation time is 
less than that for other nonprotonated carbons and 
is probably dominated by the motion of the attached 
amine group. The torsional motions of the NH2 group 
would be relatively insensitive to concentration in 
agreement with the concentration-independent Ti data. 
NAD is believed to form molecular aggregates similar 
to AMP,2,3 and therefore the increase in Ti % in NAD 
with decreasing concentration is attributed to the 
break-up of molecular aggregates at lower concentra­
tion. 

The effect of pH on the relaxation rates in NAD is 
much less than observed for concentration changes. 
This leads one to conclude that protonation of the 
adenine ring apparently has only minor effects on either 
the degree of aggregation or the reorientation of the 
molecule as both would affect the relaxation time. It is 
interesting that a positive charge at position 1 on the 
adenine ring should have so little effect on the structural 
and dynamical features affecting spin relaxation. 

Sarma, etal.,3^ as well as other investigators,2- 4^8'11'16 

have proposed a model for NAD in which the adenine 
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and the nicotinamide rings are stacked, one above the 
other. The T1 data for NAD at 0.4 and 0.2 M at pH 7 
corroborates this model. In both cases the relaxation 
rates of corresponding carbons in the adenine and 
nicotinamide portions of the molecule are similar, 
suggesting that the molecule reorients as a whole with 
little differential segmental motion between the two 
bases. It has been suggested that a lowering of the pH 
would diminish the intramolecular base stacking9 

through repulsion of the two positively charged rings 
which would provide the nicotinamide and adenine 
moieties the opportunity to move independently of each 
other and thus to have different effective correlation 
times. The data taken from the 0.4 M, pH 2 sample of 
NAD show no evidence of such independent segmental 
motion of the two rings confirming that NAD exists in 
aggregates of sufficient size to preclude a detectable 
amount of differential motion at the 0.4 M concentra­
tion. The data taken at 0.2 M and pH 2, however, do 
give some evidence for differential segmental motion. 
Note that the values for 7\ at N-2 and N-5 are some­
what longer than the T1 values of the corresponding 
protonated carbons in the adenine rings (A-2 and A-8). 
Likewise, the 7Y's for N- I ' and N-4' are longer than 
for A-I ' and A-4'. These data suggest that there is 
greater ring separation with protonation at the lower 
concentration and that differential motion of the two 

Nuclear magnetic resonance (nmr) has proved to be a 
powerful tool for the determination of barriers in 

molecules with fluctuating bonds. Fluxional molecules 
include the norcaradiene-cycloheptatriene system,2 

various annulenes,3 and homotropilidenes.4 The 
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rings becomes important as the aggregation of mole­
cules decreases. 

The concentration and pH data obtained by means of 
relaxation time studies on NAD and AMP have re­
vealed details on molecule aggregation and differential 
segmental motion in two important biological com­
pounds. Extrapolation of these data to lower and 
more typical biological concentrations suggests that 
even more significant results on segmental motion might 
be obtainable. Such studies would require isotopic 
labeling such as used by Blumenstein and Raftery17 or 
improved instrumental techniques.23 It is anticipated 
that the structure and dynamics of substrate binding to 
enzymes would also be amenable to Ti studies. 
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bridged homotropilidenes, such as bullvalene (I),6 di-
hydrobullvalene (II),6 barbaralane (III),7 and semi-
bullvalene (IV),8 are of particular interest. In these 
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Abstract: The 1H and 13C nmr spectra of semibullvalene are temperature dependent in the range of —100 to 
— 170°. Rate constants were obtained at seven different temperatures by comparisons of calculated with experi­
mental 1H spectra. The free energy of activation for the degenerate Cope rearrangement in semibullvalene is 5.5 
± 0.1 kcal/mol at —140°; the enthalpy and entropy of activation are 4.8 ± 0.2 kcal/mol and —5.4 ± 3 eu, re­
spectively. Semibullvalene has the lowest barrier of any presently known compound capable of undergoing the 
Cope rearrangement. 
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