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Abstract: Natural-abundance nitrogen-15 nuclear magnetic resonance spectroscopy has been used to determine the site of pro
tonation in vitamin B]. Selectively decoupling individual protons of the vitamin in water, D2O, and ethylene glycol permitted 
assignment of the nitrogen resonances and thence the determination of the site of protonation, which was found to be N-I of 
the pyrimidine ring. 

Because of its important biological function, vitamin Bj 
(thiamine hydrochloride, 1) has been the subject of many 

CH,CH,0H 

•HC1 

vitamin B1 1 

studies.2 A problem tha t has never been solved is which ni
trogen is protonated when thiamine (2) reacts with hydrogen 

NH, S ^ C H , C H , 0 H 

PC CH:t 

cr 
thiamine 2 

chloride. Common representations of the vitamin show pro
tonation of the vitamin on N3 or the - N H 2 group.3 These 
representations are used despite the spectroscopic studies of 
aminopyrimidines in acid solutions by Brown and co-workers,4 

from which it has been predicted that protonation of 2 would 
be most favorable on N1 ? With the advent of practical natu
ral-abundance nitrogen-15 spectroscopy, it should be possible 
to resolve the protonation question by examining the nitrogen 
chemical shift changes in going from thiamine to the conjugate 
acid. 

Experimental Section 

Proton spectra were taken using a Varian A-60 NMR spectrometer. 
Spectra in water and D2O solutions used sodium 3-(trimethyl-

silyl)propanoate as reference, while those in ethylene glycol employed 
Me4Si reference. No concentration dependence of the shifts was noted 
in dilute water solutions. 

Nitrogen-15 spectra at 18.25 MHz were taken with a Bruker 
WH-180 NMR spectrometer using an external H15NOaZH2O cap
illary reference. Because of the poor solubility of thiamine in water, 
the protonation studies employed 0.9 M solutions in ethylene glycol 
with an internal M e 2 S O - ^ lock. Selective decoupling of vitamin Bi 
was carried out in 2 M solutions in water with internal D2O lock, or 
2 M solutions in D2O (solvent lock). The selective decoupling with 
thiamine employed a 1 M solution made up of 5.Og of vitamin Bi, 13 
mL of ethylene glycol, 1.0 mL of M e 2 S O - ^ (internal lock), and 0.75 
mL of 18.3 M aqueous NaOH. 

Results and Discussion 

The 15N NMR spectrum of thiamine hydrochloride in water 
solution taken at the natural-abundance level of 15N without 
proton decoupling is shown in Figure 1. Four well-separated 
resonances were observed: singlets at 136, 166, and 208 ppm 
and a triplet at 268 ppm. The triplet (7 = 91 Hz) can be as
signed with certainty to the - N H 2 nitrogen (see Figure 1). If 
this nitrogen were protonated, its resonance should not be a 
triplet but a quartet. Furthermore, when the spectrum was run 
with broad-band proton decoupling, two of the nitrogen reso
nances had large nuclear Overhauser enhancements (NOE) 
and strong negative intensities as expected for two different 
nitrogens with attached protons. Finally, the nitrogen reso
nance which changed positions most prominently on addition 
of alkali was not the triplet at 268 ppm, but the broad singlet 
at 208 ppm (see Table I). 

It should be noted that the addition of 1 equiv of base will 
result in deprotonation of 1 on the pyrimidine ring.4 The pKa 

of this titration is 4.85 (at 25 0 C). 2 The second titration step 
of thiamine requires 2 equiv of base and occurs at pKa = 
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Figure 1. The coupled 15N spectrum of vitamin Bi (1). 
300 ppm 

Table I. Shifts of 15N Resonances on Addition of Base to Thiamine 
Hydrochloride (1) in Ethylene Glycol 

Equiv of NaOH added 

15N shifts" 

0 

130.5 
164.7 
208.8 
266.8 

0.25 

131.2 
163.9 
189.3 
272.2 

0.75 

132.8 
162.8 
(159)* 
280.8 

1.0 

134.0 
161.8 
(135)* 
288.0 

" In parts per million upfield from nitric acid. * These peaks were 
broad and partially overlapped other resonances at this degree of 
neutralization of 1. 

Table II. Half-Widths of 15N Signals of Thiamine Hydrochloride 

Solvent 

H2O 

D2O 

Proton 
decoupling 

target 

None 
Methyls 
Pyrimidine 

proton 
Thiazole 

proton 

None 
Methyls 
Pyrimidine 

proton 

Proton 
frequency 
decoupled, 

ppm 

2.6 
8.1 

9.6 

2.6 
8.1 

Half-widths in Hz 

136 ppm 

10.0 
7,0 
8.0 

8.0 

7.0 
3.5 
6.0 

resonances 
166 ppm 

7.5 
5.5 
7.0 

7.0 

7.5 
6.5 
7.0 

Of15N 

208 ppm 

7.5 
5.0 
7.0 

7.0 

8.5 
5.0 
6.0 

9.2-9.3.2 Because the ambient pH of the aqueous solution was 
2.1, we could be sure that the shift of the signal at 208 ppm was 
due to deprotonation of the pyrimidine ring. 

The problem of assigning the other resonances is not a trivial 
one and was attacked by selective proton decoupling of 1 in 
D2O and water. The results of these experiments are summa
rized in Table II. Assignment of the thiazole nitrogen to the 
resonance at 136 ppm was the most straightforward. A solution 
of 1 in D2O showed the expected deuterium exchange with the 
thiazole C-H proton5 through disappearance of the 1H NMR 
absorption at 9.6 ppm. The 15N spectrum of a corresponding 
D2O solution showed a marked sharpening of the absorption 
at 136 ppm with the decoupler off compared to the absorption 
in an H2O solution, also with the decoupler off. The effect of 
deuterium exchange on this nitrogen resonance was essentially 
the same as decoupling the proton resonance at 9.6 ppm in 
water solution. In addition, decoupling the pyrimidine ring 
proton attached to C6 in D2O had little effect on peak width 
at half height (Figure 2). The assignment of the 136-ppm peak 
to the thiazole nitrogen is also consistent with the fact that this 
absorption showed only a 4-ppm shift during protonation. 

The most difficult and important assignments are of Nl and 
N 3 (one of which is protonated) to either the 166 or 208 ppm 
resonances. The only decoupling which significantly affected 
the nitrogen signal at 166 ppm, in either D2O or water, was 
decoupling of the methyl group protons. Deuterium exchange 

Figure 2. Selective proton decoupling experiments of 1 showing the line 
shapes of the 15N absorptions at 136,166, and 208 ppm, respectively, with 
(a) no decoupling, in water solution; (b) no decoupling, in D2O solution; 
(c) both methyl groups decoupled, in D2O solution; (d) pyrimidine proton 
at C6 decoupled, in D2O solution. 

did not affect this absorption, which suggests that this ab
sorption is the one corresponding to N3 (Figure 2). The ab
sorption at 208 ppm (the protonated nitrogen) is broadened 
slightly in D2O, possibly because of quadrupole-induced re
laxation when the nitrogen becomes deuterated. In D2O, se
lective proton decoupling of the pyrimidine proton at C6 causes 
sharpening of the nitrogen signal at 208 ppm (Figure 2), which 
is consistent with the assignment of this resonance to the 
conjugate acid at N1. 

Additional support for the assignment of the 208-ppm res
onance to Nl can be derived from the pyrimidine-ring nitrogen 
shifts of thiamine (not the protonated form) with the shifts 
predicted using substituent effects which have been obtained 
for pyridines.6 Neutralization of thiamine hydrochloride causes 
the 209-ppm resonance to shift to about 135 ppm and the 
165-ppm resonance to shift to 162 ppm. These are the 15N 
shifts to be correlated with the predicted values. Pyrimidine 
in dimethylformamide solution has a chemical shift of 82 ± 
2 ppm,7 and we augment this value with the known 15N shift 
changed for substitution in pyridine as shown in Table III. 
Although small solvent effects may be observed, they will be 
small with respect to the protonation shifts. The observed shifts 
compare favorably with the predicted shifts. 

In 15N experiments involving pyridine and pyrimidine hy
drochloride Lichter and Roberts8 found that the N to a H 
couplings were much larger in pyridine than in its protonated 
form. These experiments suggested that neutralization of 
thiamine hydrochloride could result in a resolvable doublet for 
whichever resonance is that of Nl. Incomplete neutralization 
of the vitamin in ethylene glycol did not give a clear doublet 
as was predicted; however, the resonance at 156 ppm (shifted 
from 209 ppm) was substantially broadened, while the reso-
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Table III. Predicted Chemical Shifts for Nl and N3 
H,C 

Pyrimidine 
2-CH3 
4-NH2 
3-CH3 

Predicted 
Nl shift 

Nl 

6I 
H 

82 ppm 
9 

42 
5 

138 ppm 

CH2 

Pyrimidine 
2-CH3 
2-NH2 
3-CH3 

Predicted 
N3 shift 

N3 

82 ppm 
9 

65 
5 

161 ppm 

Table IV. Half-Widths of 15N Signals of 1 in Ethylene Glycol after 
Incomplete Neutralization 

Proton 
decoupling 

target 

None 
Pyrimidine 

proton 
Thiazole 

proton 

Proton frequency 
decoupled, 

ppm 

8.1 

9.6 

Half-widths in Hz of 15N 
resonances 

133 ppm 

8.5 
8.5 

6.0 

156 ppm 162 ppm 

13.0 7.0 
5.5 5.5 

17-22 4.5 

nance at 163 ppm (shifted from 165 ppm) was not. Selective 
proton decoupling of the pyrimidine C6 hydrogen sharpened 
the resonance at 156 ppm (see Table IV), which is in agree
ment with the assignments previously made using data from 
water and D2O solutions of the hydrochloride. 

The data in Table I show that the nitrogen signal which 
shifts the most on protonation of 1 is the signal at 209 ppm. 
With the assignment of this resonance to Nl, thiamine hy
drochloride, vitamin Bi, is properly represented as 3. 

H3C AfIH11CHiOH 

A-C 
CH, 

CT 

Why thiamine protonates on Nl is not so clear. Adenine, 
with a somewhat similar arrangement of aminopyrimidine 
nitrogens, apparently protonates at its ring nitrogen (now Nl) 
next to the -NH2 group.9 An important effect is possibly the 
C-N inductive effect and, in this connection, it is probably 
significant that 2-aminopyridine is a much weaker base than 
4-aminopyridine.10 
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Abstract: Complexes of copper(II) with the four common nucleosides have been studied by ESR and NMR at different pHs in 
water-Me2SO solutions. For comparison some nucleotide complexes of copper were also studied. These studies provide infor
mation about the different types of complexes which can be formed and the effect of pH on the mode of interaction of the bases 
with copper. In the pH range between 8 and 12 copper ions are able to discriminate between 5'-ribonucleotides and 5'-deoxynu-
cleotides. The information derived from these studies may be useful in understanding the role which copper ions play in certain 
enzymatic reactions and in metal polynucleotide interactions. These studies also suggest that copper(II) may be able to stabi
lize some very unusual polynucleotide structures. 

Divalent metal ions have pronounced effects on the prop
erties of polynucelotides. Magnesium, the divalent metal ion 
usually found in relatively high concentrations in vivo, stabi
lizes both DNA and RNA against thermal denaturation and 
in many cases is required for these molecules to function 
properly.1'2 Mn2+ also stabilizes DNA and RNA and may 
substitute for Mg2+,3 although with certain enzymes (e.g., 
reverse transcriptase, RNA and DNA polymerases) the re
placement of magnesium by manganese induces translational 
errors.4 In contrast to Mg2+ and Mn2+, which stabilize sec

ondary structures in DNA and RNA, copper ions destabilize 
DNA and RNA double helices,5-7 and this is attributed to the 
ability of copper to bind to the nucleic acid bases.5'7 Because 
of this special property we were interested in exploring the use 
of copper(II) as a probe of certain structural features in both 
RNA and DNA molecules. For example, tRNA molecules 
contain looped out regions8 which might be expected to bind 
copper rather strongly, and this might be exploited in electron 
and nuclear magnetic resonance studies of these molecules. 
Certain special regions of the DNA (e.g., operator regions) 
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