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A substantial body of experimental evidence has shown 
that divalent metal ions bind to nucleosides, nucleotides, and 
nucleic acids (this subject has been reviewed by Izatt et al.2a 

and Phillips2b). The binding of many metal ions to phosphate 
esters of nucleotides and nucleic acids has been extensively 
documented by 31P NMR, potentiometry, and IR and Raman 
spectroscopy. NMR (1H and 15N) and potentiometric mea­
surements have also shown that certain divalent metals (e.g., 
Cu 2 + 3) bind to specific sites on purine and pyrimidine bases. 
Paramagnetic ions produce particularly striking effects on 
resonances of protons near the binding site. These resonances 
are selectively broadened or shifted by through-space dipolar 
couplings.34 Diamagnetic ions generally produce much smaller 
NMR effects except at N H and OH groups that are directly 
involved in coordination to the ions. Protons in these groups 
are not visible in NMR spectra of aqueous solutions due to 
rapid exchange with the solvent protons but can be observed 
in solvents that have no exchangeable protons, such as 
DMSO. 

Several studies of the shifts induced in ribonucleosides by 
group 2A and group 2B chlorides in DMSO solutions have 
been reported.5-13 All of these salts selectively shift certain 
NH, OH, and NH2 proton resonances downfield by 0.2-0.5 
ppm, and the shifts have been used to infer sites of ion binding. 
In solutions of the group 2A chlorides substantial shifts have 
been observed at (1) the ribose hydroxyl protons of inosine and 
adenosine;5 (2) at the C4-NH2 location on the pyrimidine ring 
of cytidine,6'13 at which position ion association causes a 
splitting of the amino protons; (3) at the (Ni -H , C 2 -NH 2 ) 
positions of the purine base of guanosine7'9,14 and at the cor­
responding site in inosine.5 Numbering of the rings is shown 
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in Figure 1. The group 2B chlorides act differently in certain 
respects .5 7""1 3 In particular, Hg(II) and Zn(II) appear to 
bind at the N-7 position of guanosine and the C6-NH2 position 
of adenosine (where the group 2A chlorides cause small if any 
chemical shift), while ZnCl2 and CdCl2 produce no shifts in 
the ribose hydroxyl protons. Nearly all of these concentra­
tion-dependent shifts have been attributed to site-specific 
binding by the divalent metal cations. 

Quite recently, Chang and Marzilli14 have argued that the 
downfield shifts observed in the base protons of guanosine are 
more probably caused by binding of the chloride anion rather 
than the metal cation. To support this view they have shown 
that the shift is essentially independent of the cation but varies 
markedly in solutions of different halides and falls to zero for 
nitrates and perchlorates. Thus for at least one purine binding 
site the anion, rather than the cation, is responsible for the 
proton shifts. In our view, previous interpretations are subject 
to further ambiguity because of the possibility of complex ion 
formation. The stability of stepwise halide complexes of the 
group 2B elements and of many divalent transition metal ions 
is well known in aqueous media.15 Although data are relatively 
scarce, halide complexes of even greater stability seem to be 
the rule in DMSO solution.1617 These complexes raise the 
possibility that interactions reflected in the chemical shift data 
involve various species, both charged and uncharged. Ion 
binding as monitored by ' H and ' 3C chemical shifts has been 
shown to be sensitive to both anion and cation in a complicated 
way,'3 quite possibly due to the influence of complex equilib­
ria. 

In the present study we have used relaxation time mea­
surements (T\) of the 7Li and 35Cl isotopes as an ion-specific 
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la) (b) (c) 
Figure 1. Nucleosides; (a) uridine (R = H) and thymidine (R = CH3 and 
deoxyribose sugar); (b) guanosine (R = H, R' = NH2), inosine (R = H, 
R' = H), and 1-methylguanosine (R = CH3, R' = NH2); (c) adeno­
sine. 

probe of binding in LiCl/DMSO solutions. Binding of the two 
nuclei to various bases, ribosides, one deoxyribonucleoside 
(^-thymidine), and ribose, has been studied. LiCl offers the 
great advantage of participating in only a single ion-association 
equilibrium, which limits to three the species that can be in­
volved in binding to the nucleoside. The equilibrium can be 
treated quantitatively using an association constant previously 
inferred by Dunnett and Gasser18 from activity measurements. 
The 7Li and 35Cl resonances provide independent cation and 
anion binding probes and thus permit an assessment of the 
binding affinity of a univalent metal cation. Alkali metals have 
not previously been reported to bind nucleosides, although an 
association with the phosphate esters of nucleotides and nucleic 
acids has been inferred from a study of Donnan equilibria.19 

The technique of using halogen relaxation times to monitor 
halide binding to heavy metals was developed by Hertz20 and 
has since found wide application in the study of metallopro-
teins.21"33 Nuclei such as 35Cl and 7Li possess nuclear qua­
drup le moments and are relaxed by interactions between the 
quadrupole moment and electric field gradients arising from 
asymmetry in the surrounding electronic charge distribution. 
When the nucleus is located in a chemical bond with quadru­
pole coupling constant (e2qQ/h), the relaxation rate is34 

Ti 

1 27 + 3 
• {e2qQ/h)2rc 

T2 4 0 / 2 ( 2 / - l ) 

where TC is the rotational correlation time of the chemical bond 
(the extreme narrowing limit and cylindrical bond symmetry 
are assumed). An unassociated ion in aqueous or DMSO so­
lution is very symmetrically solvated. Consequently electric 
field gradients, which vanish in cubic or higher symmetry, are 
typically two orders of magnitude or more smaller for simple 
ions than for nuclei in covalent bonds. Thus T\ for 35Cl is about 
four orders of magnitude longer for unassociated chloride ion 
than for 35Cl in complexes such as HgCU 2 - 33 or in covalent 
tetrahalides.35 Rapid exchange of C l - between free solution 
and an asymmetric bound environment results in a relaxation 
rate that is a weighted average of the rates in the two sites: 

CT \ - l _ / A i / B 
( J l ) obsd - — + -ZT~ 

J IA J l B 

where/A,B are fractional site populations. According to this 
relation, a very small bound fraction in a site of very short T\ B 
can dominate (7Y)-lobsd of a much larger pool of free ions. 
Baldeschwieler21 has called this effect "chemical amplifica­
tion". 

Thus electric quadrupole relaxation of ion resonances pro­
vides a very sensitive probe of binding in electrolyte solutions. 
However, it is necessary to distinguish T\ shortening associated 
with ion binding to specific chemical sites from shortening due 
to viscosity changes or to relatively nonspecific interactions 
with the solute that may simply reflect lower average symmetry 
of the solution environment. A modest concentration depen­
dence of the relaxation time does not of itself imply chemical 
binding at specific sites, as has been shown by Hertz and HoIz36 

Figure 2. Typical decay of 35Cl in 0.5 M LiCl (four scans) from the au­
tomatically stepped 180°-T-90° sequence described in the text. 

who demonstrated that 79Br 7Ys are strongly affected by 
nonspecific interactions with the hydrophobic regions of am-
phipolar solutes. Binding may, however, be inferred from a 
comparative study of similar ligands. In the present experi­
ments, which involve six nucleosides, four bases, one deoxyri­
bonucleoside (d-thymidine), and ribose, we have observed large 
chemically specific effects on the relaxation of 7Li and 35Cl. 
Effects of various ligands differ by an order of magnitude, and 
the chemical specificity of binding is qualitatively different for 
Li+ and C l - . The largest effect is seen for 35Cl in guanosine 
solutions, where the J i - 1 increases by a factor of 30 per (M 
— I - 1 ) of ligand. The smallest effect occurs for several bases, 
for which the molar increase in (7Y) -1 is approximately 
fourfold. Fractional changes in the 7Li 7Ys are much smaller 
than for 35Cl and range between 25 and 400% for different li­
gands. These ligands still have effects that differ among 
themselves by an order of magnitude, however, and clearly 
indicate that chemically specific interactions are involved. By 
comparing 7Li and 35Cl relaxation data with chemical shift 
data of the ligand protons, we have inferred an internally 
consistent picture of the LiCl binding sites. 

Experimental Section 

Samples were prepared from reagent grade DMSO (Baker ana­
lyzed reagent) that had been dried for 24 h over Linde 3A molecular 
sieves. Nucleosides, bases, and ribose were obtained from Sigma 
Chemical Co., checked by NMR, and used without further purifica­
tion or drying. Reagent grade LiCl (J. T. Baker Co.) was dried for 
several hours prior to use in a vacuum oven. The solid reagents were 
weighed directly in the sample tubes. Known aliquots of DMSO were 
transferred to the tubes in a drybox under nitrogen atmosphere and 
the tubes were then sealed. Each of the samples is very nearly 0.5 M 
in LiCl. Precise concentrations quoted in the tables and figures are 
given in molalities. Viscosities were measured at 25.00 ± 0.05% C 
using Ostwald viscometers. The viscosities, relative to zero ligand 
concentration, were fitted to a polynomial of the form rjT = 1 + c\m 
+ C2tn2 by linear regression analysis, and the smoothed values were 
used to correct the T\ data. 

Relaxation times were measured on a Bruker B-KR 322S variable 
frequency pulsed spectrometer using an external NMR field lock and 
data sampling system described elsewhere.37,38 All measurements were 
made at 25 ± 1 0C. T1 for 7Li was measured by a modified triplet 
sequence,37 900-?-(900-180x-900)n. Tx for 35Cl was obtained by the 
inversion-recovery sequence, 180°-r-9O°, using a modification of a 
procedure described elsewhere.39 r is automatically stepped along the 
decay in 100 increments up to a maximum delay of about 5 TY The 
F.I.D. following the 90° pulse is sampled, integrated, and signal av­
eraged in a CAT. A typical decay on 0.5 M LiCl is shown in Figure 
2. The relaxation data plotted in the figures are an average of the three 
to five separate measurements. Uncertainty in T\ is about 3% for 7Li 
and 6% for 35Cl. 

Proton spectra were obtained using a Varian T-60A MHz spec­
trometer. Chemical shifts were measured relative to the DMSO peak 
as internal standard. 

Results and Discussion 

A detailed analysis of relaxation appropriate to the present 
experiments is given in the Appendix. Analytical expressions 
for T~l i ]0bsd are derived as a function of total added concen­
tration, TVx, of nucleoside, ribose, or base at constant total LiCl. 
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Table I. Relaxation Data of 7Li and 35Cl in DMSO Solutions of 
Nucleosides, Bases, and Ribose0 
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Figure 3. Incremental relaxation rates of 7Li in LiCl/DMSO solutions 
of adenine, various pyrimidine bases, and ribose. 
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Figure 4. Incremental relaxation rates of 7Li in LiCl/DMSO solutions 
of various purine and pyrimidine nucleosides. 

Simultaneous equilibria of the type 

Li+ + Cl" = LiCl 

followed by one of the reactions 

Li+ + N = L iN + 

Cl- + N = C l N -

or 

LiCl + N = LiClN 

are considered. The relaxation data are expressed as the 
fractional increment in relaxation rate, R \, after correction 
for changes in the relative viscosity, 

* i s Kr1Ur)-V(T1,,,)-1]-i 

(2"1,O)-1 is the relaxation rate at fixed concentration of LiCl 
(0.458 m in the present experiments) in the absence of added 

Solute in 
0.458 m 

LiCl/DMSO 

Adenine 

Cytosine 

Thymine 

Uracil 

Ribose 

Adenosine 

Cytidine 

Guanosine 

1-Methyl-
guanosine 

Inosine 

Thymidine 

Uridine 

LiCl 

Concn, 
m 

0.029 
0.059 
0.087 
0.030 
0.061 
0.091 
0.031 
0.066 
0.093 
0.195 
0.464 
0.032 
0.062 
0.090 
0.185 
0.462 
0.028 
0.058 
0.178 
0.441 
0.032 
0.060 
0.185 
0.448 
0.032 
0.060 
0.182 
0.438 
0.030 
0.062 
0.182 
0.357 
0.027 
0.060 
0.090 
0.178 
0.032 
0.060 
0.182 
0.441 
0.030 
0.062 
0.178 
0.441 
0.032 
0.060 
0.148 
0.448 
0.458 

Vr 

1.023 
1.050 
1.078 
1.025 
1.053 
1.082 
1.023 
1.049 
1.068 
1.136 
1.287 
1.028 
1.053 
1.076 
1.142 
1.260 
1.023 
1.049 
1.155 
1.414 
1.059 
1.113 
1.377 
2.057 
1.059 
1.114 
1.384 
2.118 
1.059 
1.126 
1.412 
1.933 
1.053 
1.121 
1.187 
1.402 
1.056 
1.108 
1.363 
2.065 
1.051 
1.105 
1.303 
1.766 
1.052 
1.099 
1.256 
1.885 
1.000 

35Cl 
T1 (av) 

ms 

1.23 
1.02 
0.886 
1.51 
1.19 
1.04 
1.42 
1.15 
1.02 
0.724 
0.344 
1.53 
1.11 
1.06 
0.730 
0.410 
1.04 
0.822 
0.449 
0.246 
1.03 
0.794 
0.351 
0.148 
1.00 
0.708 
0.339 
0.104 
0.707 
0.408 
0.184 
0.096 
1.02 
0.652 
0.489 
0.298 
0.818 
0.565 
0.247 
0.086 
1.32 
0.940 
0.510 
0.282 
0.937 
0.782 
0.441 
0.155 
1.58 

Ri 

0.256 
0.475 
0.655 
0.021 
0.261 
0.405 
0.087 
0.302 
0.450 
0.920 
2.57 
0.005 
0.351 
0.385 
0.895 
2.06 
0.485 
0.832 
2.05 
3.54 
0.448 
0.788 
2.27 
4.19 
0.492 
1.00 
2.37 
6.17 
1.11 
2.44 
5.08 
7.51 
0.471 
1.16 
1.72 
2.78 
0.825 
1.52 
4.16 
7.90 
0.140 
0.522 
1.38 
2.18 
0.603 
0.838 
1.85 
4.40 
0.0 

7 

T, (av) 
S 

3.84 

3.72 
3.46 
2.94 
2.74 
3.58 
3.61 
3.60 
2.91 
2.87 

3.56 
3.41 
3.46 
3.03 
3.22 
2.96 
2.00 
1.24 
3.22 
2.98 
2.19 
1.35 
2.86 
2.80 
1.73 
1.01 
3.63 
3.26 
2.28 
1.66 
3.38 
2.92 
2.86 
2.20 
3.44 
3.36 
2.36 
1.49 
3.81 

3.12 
2.20 
3.47 
3.03 
2.42 
1.43 
3.97 

Li 

/?i 

0.009 

-0.009 
0.119 
0.282 
0.339 
0.082 
0.048 
0.033 
0.201 
0.073 

0.058 
0.081 
0.004 
0.040 
0.202 
0.279 
0.718 
1.26 
0.160 
0.194 
0.303 
0.391 
0.311 
0.272 
0.657 
0.855 
0.031 
0.082 
0.234 
0.236 
0.115 
0.212 
0.168 
0.285 
0.090 
0.067 
0.234 
0.289 

-0.010 

-0.023 
0.023 
0.086 
0.191 
0.304 
0.465 
0.0 

" Relative viscosities are given with respect to the 0.458 m LiCl/ 
DMSO reference solution. 

ligand. The concentration dependence of ?̂ ] has been written 
as a power series in Nj, and the series was truncated after the 
quadratic term: 

R1 = (T{,o)-
]{aNT + 0NT2\ 

Expressions for a and /3 in terms of equilibrium constants and 
the total added concentrations of solutes are given in eq A-10 
and A-Il of the Appendix. 

(A) Li+ Binding to Nucleosides and Bases. The T1 data for 
7Li are plotted in Figures 3 and 4 and are recorded in Table I. 
As pointed out above, the different solutes have effects on the 
relaxation rate that differ by an order of magnitude. The 
smallest effect is observed for three of the bases studied, thy­
mine, uracil, and adenine, which produce about a 35% increase 
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XJA. 
Figure 5. The H6 and NH2 resonances of cytosine and cytidine in DMSO 
in the presence and absence of LiCl: (A) 0.1 M cytosine, 18 0C; (B) 0.1 
M cytosine + 0.5 M LiCl, 35 0C; (C) as in (B), but 18 0C; (D) 0.5 M cy­
tidine, 18 0C; (E) 0.5 M cytidine + 0.5 M LiCl, 35 0C; (F) as in (E), but 
180C. 

in T\~l in a 0.45 m solution. This effect is accounted for en­
tirely by viscosity changes in the media, since R\, the viscosity 
corrected increment to the relaxation rate, is constant within 
experimental error. Thus, the T\ data indicate that Li+ does 
not bind to specific chemical sites on these bases. It is note­
worthy that although the 7Li T\ 's do not in themselves suggest 
specific binding, proton spectra of all three bases (see Table 
II) do show significant downfield shifts in the NH and NH2 
resonances. These shifts appear not to reflect cation binding, 
however, and will be discussed further below. 

The fourth base studied, cytosine, shows an anomalously 
large effect on R \, for which the limiting slope at low concen­
tration is approximately 3.41 m~x. Similarly, cytidine has a 
substantially larger effect on R\ than do the other ribosides, 
which produce similar effects that are intermediate between 
cytidine and the A-T-U "baseline". These data support the 
existence of a Li+ binding site on the cytosine ring. Effects of 
Li+ binding are also clearly apparent in the proton spectra from 
the substantial shift of Hs (A(5) = 0.20 ppm) and from the 
large temperature dependent splitting of the amino protons at 
C4. Figure 5 shows the spectral region about H6 and C4-NH2 
for cytosine and cytidine at different temperatures. In the 
presence of 0.5 M LiCl, the NH2 resonance of cytidine splits 
into two peaks due to hindered rotation about the C4-N bond 
(Figure 5D-F). The amino resonance of cytosine is also shifted 
by 0.5 M LiCl and at 18 0C shows an asymmetry that may be 
related to incipient doublet structure (Figure 5 A-C). Yokono 

et al.6 have observed similar behavior but with somewhat larger 
chemical shifts in DMSO solutions of cytidine with added 
Mg2+, Ca2+, Sr2+, and Ba2+ chlorides. Li and co-workers8,1' 
have also observed the effect with HgCl2 (but not with ZnCl2) 
and attributed the splitting to stabilization of the imino reso­
nance structure by the metal ion: 

R, R, 
Li+ is the first univalent cation observed to bind cytidine at 
position N3 and evidently forms a complex sufficiently long 
lived at 18 0C to prevent coalescence of the amino protons. The 
amino protons do coalesce at higher temperature and are in 
the intermediate exchange region at 38 0C. At this tempera­
ture, the mean interval between rotations about the C4-N bond 
can be computed from the relation40 

-1 _ 2ir 1 
VB\ 

where I P A - P B I = 24 HZ is the difference in chemical shift of 
the two amino protons in resonance structure B. T is computed 
to be approximately 9.3 ms at 38 0C. 

The remaining ribosides (adenosine, inosine, guanosine, 
1 -methylguanosine, and uridine) also exert large effects onR 1 
of 7Li (Figure 4). Since the various bases examined, with the 
exception of cytosine, show no relaxation effects attributable 
to binding, the Ri increments of the nucleosides are most 
readily explained by Li+ binding to the ribose moiety. Ribose 
itself has an even larger effect on R\ than do the ribosides in 
the intermediate group in Figure 4. At first sight this may be 
surprising since ribose has about half the molecular volume and 
consequently half the rotational correlation time of the nu­
cleosides. Thus for equal binding affinity, ribose should have 
about half the effect on R] as do the nucleosides. The relatively 
large effect of ribose probably results from the furanose =̂* 
aldose equilibrium of the free sugar which is not present for 
the ribosides. 

Binding sites at the ribose hydroxyl protons have previously 
been inferred from proton chemical shifts in DMSO solutions 
of the group 2A metal chlorides.5 Proton spectra of the LiCl 
solutions also show large shifts of the hydroxyl protons as in­
dicated in Table II. Overlapping of resonances is serious at 60 
MHz, however, and we have indicated these effects in only a 
qualitative manner. As a rough indication of magnitude, the 

Table II. 1H NMR Shifts of Bases and Nucleosides in 0.458 m LiCl/DMSO" 

Solute Base moiety Ribose moiety* 

Adenine 
Adenosine 
Cytosine 
Cytidine 
Guanosine 
1 -Methylguanosine 
Inosine 
Thymine 
Thymidine 
Uracil 
Uridine 

0.00 (H2), 0.00 (H8), 0.10 ± 0.05 (C6-NH2) 
0.00 (H2), 0.05 (H8), 0.02 (C6-NH2) 
0.20 (H5), 0.04 (H6) 
0.10(H5), 0.00(H6) 
0.37 (H1), 0.43 (C2-NH2) 0.00 (H8) 
0.10 (C2-NH2), 0.00 (H8) 
0.17 ± 0.05 (Ni-H), 0.00 (H2), 0.00 (H8) 
0.00 (H6), 0.10 (N3-H)c 

0.06 (H6), 0.03 (N3-H) 
0.15 (N3-H), 0.00 (H5), 0.00 (H6) 
0.00 ± 0.04 (N3-H), 0.00 (H5), 0.00 (H6) 

+ 
+ 
+ 
+ 

+ 

+ 

" Chemical shifts are accurate to ±0.02 ppm unless otherwise specified and are uniformly downfield with respect to salt-free solutions. * A 
substantial downfield shift in the ribose hydroxyl region is indicated by +. c See text. 

Journal of the American Chemical Society / 98:25 / December 8, 1976 



7977 

shifts span a range of 0.17-0.27 ppm downfield in 0.5 M LiCl. 
Thus the proton shifts and 7Li 7Ys consistently indicate a Li+ 

binding site on ribose. 
In order to locate the specific functional groups responsible 

for cation binding to ribose we have examined one deoxynu-
cleoside, ^-thymidine. Here the absence of a hydroxyl group 
in the 2' position suppresses the ligand effect on R i and elim­
inates all evidence of cation binding. Evidently, the 2'-hydroxyl 
group is involved in Li+ binding, but consideration of both the 
35Cl and 7Li data led us to conclude that cation binding directly 
to the hydroxyl oxygen probably does not occur. We will return 
to the nature of the binding site and bound species below. 

(B) CI- Binding to Nucleosides and Bases. Figures 6 and 7 
show 7?i vs. WT for the 35Cl resonance in the LiCl solutions 
studied. As was the case for 7Li, the smallest effect is seen for 
the four bases, three of which have virtually identical slopes. 
Thymine, uracil, and cytosine produce about a fourfold in­
crease in the relaxation rate, after application of viscosity 
corrections, per mole liter-1 of ligand concentration. Adenine 
appears to produce a somewhat larger molar increment in R i 
than do C-T-U, although data on this base are limited to 
concentrations below 0.1 m. The question of whether these 
relaxation increments reflect site-specific ion binding or simply 
a lowering of the average solvation symmetry of the Cl - ion 
is difficult to resolve with the present data and is discussed 
further in the following section. 

The nucleosides exhibit a range of effects on the 35Cl R\, 
varying from a 30-fold molar shortening for guanosine down 
to an effect for ^-thymidine that is no larger than the effects 
produced by C-T-A-U. Here the various ligands do not cluster 
into easily identifiable classes as was true for Li+. However, 
the relaxation data are consistent with the following binding 
scheme: 

(i) Guanosine, inosine, and to a lesser extent 1-methylgua-
nosine bind Cl - through hydrogen bonded interactions at 
Ni-H and C2-NH2 sites on the purine rings. 

(ii) Cl - , in the form of a LiCl ion pair, binds to the furanose 
moiety of all nucleosides. The deoxyribonucleoside J-thymi-
dine shows no evidence of this interaction. 

(iii) The cytidine-Li+ complex has some affinity for Cl -

binding through simple ionic association. 
A strong interaction of Cl - with the guanine ring has been 

proposed by Marzilli and Chang14 on the basis of proton 
chemical shifts. They suggested that anions bind through hy­
drogen-bonded interactions to Ni-H and C2-NH2: 

O 

Guanosine produces a dramatic shortening of the 35Cl R \ but 
produces no specific effect on the 7Li R{. Thus our data con­
firm the suggestion that guanine binds only the anion. The 
stability of the hydrogen-bonded complex is attested both by 
the large proton shifts of Ni-H and NH2 (see Table II) and 
by the magnitude of the effect on the 35Cl R \. 

We have examined two analogues of guanosine in which the 
Ni-H and C2-NH2 sites are selectively blocked in order to 
determine whether the two hydrogen-bonding groups are in­
dependently able to bind Cl - . The N| -H position is blocked 
in 1-methylguanosine, and the data in Figure 7 show that the 
effect of this riboside on R1 is considerably reduced relative 
to guanosine. Some residual binding to the NH2 group prob­
ably remains, however, since the absolute effect of 1-methyl­
guanosine on R] for 35Cl remains significantly larger than that 
for uridine and adenosine, to which Cl - probably binds through 
the ribose but only weakly if at all through the base (vide infra). 

-

-

-

_ i 1 . 

j^^i^ 

I ! 
0.2 0.3 0.5 

N (molal) 

Figure 6. Incremental relaxation rates Of35Cl in LiCl/DMSO solutions 
of adenine (A), thymine (0), uracil (A), cytosine (•), and ribose (O). 

Figure 7. Incremental relaxation rates of 35CI in LiCl/DMSO solutions 
of various purines and pyrimidine nucleosides. 

Also, the NH2 protons still experience a modest downfield shift 
of 0.1 ppm (Table II). 

Inosine is a guanosine analogue that lacks an amino group 
at the 2 position. This riboside exerts a substantially larger 
effect on R\ for 35Cl than does any other nucleoside except 
guanosine, which indicates that fairly strong binding at the 
Ni-H site remains when the C2 position is blocked. The Ni-H 
proton experiences a downfield shift of 0.2 ppm in 0.5 M LiCl 
consistent with binding at this site, although the much larger 
shift of the same proton in guanosine indicates a substantial 
difference in binding strength. Sohma et al.5 observed shifts 
and broadening of the Ni-H proton in DMSO solutions of all 
the group 2A and 2B chlorides. They attributed these pertur­
bations to the binding of divalent metals, but our results show 
clearly that a hydrogen-bonded interaction to Cl - is involved. 
Inosine exerts no specific effect on the 7Li resonance (other 
than effects attributable to ribose binding), and the magnitude 
of its effect on the 35Cl and 1H resonances is entirely consistent 
with the presence of the Cl - binding site at Ni-H. 

An examination of Figure 7 shows that three other nucleo-
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Figure 8. Plots of (NyT\p)~
[ vs. Nj for uridine (A) and adenosine (O). 

The slope and intercept of these plots determine the LiCl binding constant 
and 7Li relaxation rate in the ribose site as discussed in the text. 

sides (adenosine, uridine, and cytidine) that do not possess 
potent hydrogen bonding sites to Cl - on the base moiety pro­
duce essentially the same effect on R i over a concentration 
range of 0-0.2 m. Above 0.2 m uridine and adenosine remain 
very similar, while the relative effect of cytidine increases. 
Similarly, up to 0.2 m (the limit of solubility of cytosine), the 
corresponding bases, uracil, adenine, and cytosine, produce 
a relatively small effect on R\ that is essentially equal for all 
three bases. This systematic difference in effects of the ri-
bonucleosides and their corresponding bases is consistent with 
an interaction of Cl - with the furanose ring rather than with 
sites on the bases. In support of this hypothesis, we note that 
proton spectra of these compounds also show substantial shifts 
in the ribose hydroxyl region. Furthermore, ribose itself pro­
duces a considerably larger increment in R i for 35Cl than do 
any of the bases. 

Deoxythymidine exerts a relatively small effect on the 35Cl 
R i compared to the ribosides. Obviously, this difference results 
from the absence of the 2'-hydroxyl group and it provides a 
further indication of the involvement of the ribose moiety in 
anion binding. The same pronounced difference in behavior 
between ^-thymidine and the ribosides was discussed above 
for the 7Li resonance. It is a striking fact that the modification 
of a single functional group lessens the affinity of ribose for 
both Li+ and Cl - and does so to the same relative degree for 
both ions (that is, the effect of thymidine is reduced to that of 
the base thymine). It is highly unlikely that a single hydroxyl 
directly participates as an independent binding site for both 
anions and cations. Thus the similarity suggests that an ion pair 
may be involved. A reasonable structure for the binding site 
would have Cl - hydrogen bonded to 2'-OH and/or 3'-OH and 
Li+ coordinated to the furanose ring oxygen. INDO charge 
density calculations41 on the purine nucleosides indicate that 
this oxygen bears a negative charge of approximately 0.3 e - , 
which makes it a reasonable site for cation binding. Hydrogen 
bonding of Cl - to ribose hydroxyl groups is also consistent with 
the previously described affinity of Cl - for hydrogen-bonding 
sites on guanosine and its analogues. Significant downfield 
shifts of 0.16-0.28 ppm occur in the hydroxyl protons (Table 
II), and although it is often difficult to resolve and assign the 
OH2', OH3', and OH5' resonances at 60 MHz, it is clear in 

certain cases (uridine and cytidine) that almost all of the shift 
occurs in peaks corresponding to two of the protons. It is 
tempting to conclude that these represent the OH2' and OH3' 
protons, but a careful study of the proton shifts at higher fields 
than we have used would be required for confident assignments 
of the protons involved. 

As noted above, the three ribosides cytidine, adenosine, and 
uridine produce the same relaxation increment at concentra­
tions of 0.2 M and below, but at the highest concentration (0.5 
M)./? 1 for cytidine increases significantly relative to the other 
two ligands. This increase may reflect additional binding by 
Cl - to the pyrimidine ring. Cytidine is known to bind Li+ very 
strongly in contrast to all the other bases, and the positively 
charged Li+-cytidine complex could have an affinity for Cl - . 

Summary and Conclusions 

A summary of binding sites inferred from the T\ and proton 
chemical shift data is given below: 

(i) Li+ binds to the N 3 position of cytidine and cytosine and 
hinders rotation of the adjacent amino group. 

(ii) Cl - binds to the (C2-NH2, Ni-H) region of guanosine, 
to the C3-NH2 site of 1-methylguanosine, and to the Ni-H 
site of inosine. 

(iii) LiCl binds to a pair of sites on the ribose moiety of all 
ribonucleosides examined. ^-Thymidine, a deoxyribonu-
cleoside, shows no evidence of this binding in the ion relaxation 
data. 

(iv) Cl - may, at high concentrations, bind to the N-3 region 
of the Li+-cytidine complex. 

The main area of uncertainty lies in the interpretation of the 
proton shifts of the bases adenine, uracil, and thymine. The 
N3-H resonances of uracil and thymine are shifted downfield 
by about 0.1 ppm, and adenine exhibits a similar shift in the 
C6-NH2 resonance. These shifts are reduced or absent in the 
corresponding nucleosides. It is very unlikely that the shifts 
arise from Li+ binding, since these bases cause no discernible 
change in R1 for 7Li. The shifts could arise from weak Cl -

binding and if so would explain the relatively small relaxation 
increments of these bases in Figure 6. On the other hand, 
composition-dependent shifts in the tautomer equilibria could 
be involved. In support of this possibility, we note that the 
N3-H resonance of thymine, which is broad and structured in 
the absence of LiCl, becomes a sharp, slightly shifted singlet 
in salt solution as would be consistent with rate enhancement 
of a tautomer equilibrium. Thus our present data do not permit 
an unambiguous conclusion concerning the possibility of weak 
anion binding to uracil, thymine, and adenine. 

K% and Ti - 1 for 7Li in the Furanose Binding Site. Plots of 
R] vs. AT for the 35Cl and 7Li data (Figures 4 and 7) show 
pronounced curvature tending toward zero slope at high values 
of A7T- The curvature is expected when a large fraction of the 
ions are bound and is consistent with the negative value of ,8 
given in the Appendix. In principle, the slope /3 and intercept 
a of a plot of (ATT1Ip)-1 vs. AT can be used to compute the 
association constant Ki for ion binding as well as Ti - 1 in the 
bound site, (T\e)~\ through eq A-7,8,10,11. The concentration 
dependence of T\p~

l is not well defined by the data, but rough 
estimates of K2 and T\e can be obtained. Binding of 7Li to 
uridine and adenosine is considered, since these nucleosides 
possess only a single ion binding site. Figure 8 contains an 
appropriate plot of the data and gives the approximate values 
a = LOm"1 s - 1 and/3 = 3.5 w - 2 s - 1 . Equations A-7,8 for the 
binding of an ion pair are used in conjunction with Dunnett and 
Gasser's18 value, Â i = 5.3 m~\ for the ion association constant 
of LiCl in DMSO. Activity coefficients for the ions are also 
taken from graphical interpolations of the data in Dunnett and 
Gasser's paper. Their measured stoichiometric activity coef­
ficients, 7±, were converted to mean ion activity coefficients, 
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/±, using methods described by Davies.42 Equations A-10,11 
of the Appendix then give the following values for (\/T\t) and 
AT2: K2 = 7 ± 3 m-> and (T16) = 1.0 ± 0.5 s. The value T]e is 
given in the limit where -nT = 1. 

The computed association constant and relaxation rate are 
only estimates since they depend on the poorly defined slope 
in Figure 7. Nevertheless, the magnitudes of both quantities 
are reasonable in terms of the expected binding strength of 
LiCl to the ribose moiety. The association constant is quite 
similar to the value of 5.9 M - ' obtained by Kan and Li8 for ion 
binding to the purine sites of guanosine in HgCb solution. 

Appendix 
Previous uses of the halide binding probe experiment have 

been based on measurements of T2, either indirectly from line 
widths in CW experiments, or in one instance33 involving 
78,81Br, from the free induction decay in a pulsed spectrometer. 
T\ is measured in the present experiments. In the fast exchange 
limit, T\ is determined by a weighted average of relaxation 
rates in the various environments, 

Ti 7 Ti 
(A-I) 

Chemical shifts between bound and free sites can produce large 
effects on T2 when the shift (2irS) and inverse lifetime of the 
bound ion are comparable.20 T\ is independent of chemical 
shifts, which provides an important advantage in studies of 
weak binding where the difference between relaxation rates 
in different sites is not necessarily large. 

In the present experiments the total chloride concentration, 
[CIT] = [LiCl] + [Cl-], is maintained constant and the ligand 
concentration, ./Vx (N = nucleoside, ribose, or base concen­
tration), is varied. At constant [CIx] the concentrations of ionic 
species remain approximately constant, and to first approxi­
mation the slow variation of activity coefficients with con­
centration of uncharged solutes can be neglected. The following 
equilibria are considered: 

Li+ + Cl" = LiCl 

AT1 = [LiCl] /[Li+][Cl-IZi2 

followed by X + N = XN 

K 2 =[XN] /[X] [N] 

where X = Li+, Cl - , or LiCl. (Activity coefficients are as­
sumed to cancel in the expression for K2-) The bound fractions 
in eq A-1 can be calculated as a function of [CIx] > N7, K\, and 
K2 in the following way. From the expression for K2 and the 
mass balance for N, we have 

K2[X] = [XN]/(N7 - [XN]) (A-2) 

[X] is expressed as a power series in [XN], 

[X] = A +5[XN] + C[XN]2 + . . . (A-3) 

using the first equilibrium expression and the mass balance for 
X. Substituting (A-2) into (A-3) and retaining terms to second 
order in [XN], eq A-3 can be solved to give 

[XN] = 

-(N7B - A - K2'
1) - \(NTB - A - K2'

1)2 

-AN7A(N7C-B)Y'2 

2(N7C-B) 

A, B, and C are functions only of [CIx] and ATi and thus are 
constant at constant [CIx]. We seek a solution for [XN] in the 
form of a power series in 7VT. Such a series can be obtained by 
expanding both the square root and the denominator as power 
series in /Vx. Retaining terms only to the quadratic in the final 

result gives 

[XN] _ 
A = 

N7 

[CIx] [CIx 

•[ 
(A + K2-
AB A2B 

{A+ K2-')
2 (A+ K2-') h3 ]JVT) (A-4) 

This expression is independent of the constant C in the qua­
dratic term in eq A-3 so that explicit expressions need be de­
rived only for A and B. The expansion A-3 can be obtained 
from the mass balance equation for X, the expression defining 
ATi, and the equation of charge balance (to be specific we let 
X = Cl-), 

[Cl-] = [CIx] - [LiCl] - [ClN-] 

[LiCl] = U2K1 [Cl-Ii[Cl-] + [ClN-]! 

Eliminating [LiCl], these expressions can be solved for [Cl-] 
using the quadratic formula, and the resulting square root 
expanded as a power series in [CIN-]. The final result is 

A = [Cl-],vT=o = ~ { - l +(4Ar,'[ClT] + D'/2! (A-5) 

B = -'/2{l + (4AT1ICIT] + I)1/2! (A-6) 

where AT/ = f±2Kw The binding OfLi+ to N leads to identical 
expressions. LiCl binding is described by different con­
stants, 

A' = [LiClK-o - [CIx] 

+ ^ ( 1 - [ 1 + 4 A V [ C I x ] ] 1 / 2 ) (A-7) 
IK i 

B' = -\ +(1 +4ATi'[ClT])-1/2 (A-8) 

Having expressed the bound fraction/e as a power series in 
TVx, we can compute the two unknowns, AT2 and Twx, directly 
from a linear plot of the relaxation rate vs. TVx- The most 
convenient form for plotting the relaxation data (corrected for 
viscosity) is obtained by subtracting the background relaxation 
rate: 

Tip -1= (T1HJr)-1-71I1O" 
_ A/01 A/1-'01 /ClN 

+ T 
J IC 

a / c i 
U IC 

B B' 
T\A T]Bi 

(A-9) 

TIA, T\B, and Tic are relaxation times in Cl - , LiCl and 
LiClN, respectively, in the limit 7?r = 1. The latter two terms 
in braces are normally much smaller than 1/T1C and can be 
neglected, but to preserve generality we retain all three terms 
and refer to the quantity in braces as l/7"le. The bound frac­
tion, /0^1', is given by eq A-4 in conjunction with (A-5,6) or 
(A-7,8). Dividing eq A-9 by N7, it is evident that at low con­
centration (NjT\p)-

1 is linear in N7 with an intercept 

A -(1/71U) 
[Ch](A + AT2-') 

and slope 

B 
•+• 

AB 
A+ K2-

1 (A + K2-
]): 

(A-10) 

(A-Il) 

These plots uniquely determine AT2 and (1 / T\e) when ATi and 
y±2 are known. 
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Introduction 

A major goal of molecular spectroscopy is the transcription 
of chemical relatedness onto the spectroscopic data. An out­
standing example of this approach is furnished by photoelec-
tron spectroscopy, where a large amount of data (i.e., ionization 
potentials) has been correlated by using the molecular orbital 
approximation in varying degrees of sophistication.2 The MO 
method, bolstered, as required, by configuration interaction, 
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ization energy to which the Rydberg series of interest con­
verges; R is the Rydberg constant; 8 is the so-called quantum 
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Res. Commun., 37, 137 (1969). 
(25) J. L. Sudmeier and J. J. Pesek, Anal. Biochem., 41, 39 (1971). 
(26) R. G. Bryant, J. Am. Chem. Soc, 91, 976 (1969). 
(27) R. G. Bryant, J. Am. Chem. Soc, 89, 2496 (1967). 
(28) H. Csopak, B. Lindman, and H. Lilja, FEBS Lett., 9, 189 (1970). 
(29) A. G. Marshall, Biochemistry 7, 2450 (1968). 
(30) C. F. Springgate, A. S. Mi/dvan, R. Abramson, J. L. Engle, and L. A. Loeb, 

J. Biol. Chem., 248, 5987 (1973). 
(31) W. D. Ellis, H. B. Dunford, and J. S. Martin, Can. J. Biochem., 47, 157 

(1969). 
(32) R. G. Bryant, Biochem. Biophys. Res. Commun., 37, 603 (1969). 
(33) T. R. Collins, Z. Starcuk, A. H. Burr, and E. J. Wells, J. Am. Chem. Soc, 

95, 1649(1973). 
(34) A. Abragam, "The Principles of Nuclear Magnetism", Oxford, London, 1961, 

p314. 
(35) K. J. Johnson, J. P. Hunt, and H. W. Dodgen, J. Chem. Phys., 51, 4493 

(1969). 
(36) H. G. Hertz and M. HoIz, J. Phys. Chem., 78, 1002 (1974). 
(37) R. R. Sharp, J. Chem. Phys., 57, 5322 (1972). 
(38) R. M. Hawk, R. R. Sharp, and J. W. Tolan, Rev. Sci. Instrum., 45, 96 

(1974). 
(39) R. R. Sharp and J. W. Tolan, J. Chem. Phys., in press. 
(40) J. A. Pople, W. G. Schneider, and H. J. Bernstein, "High Resolution Nuclear 

Magnetic Resonance", McGraw-Hill, New York, N.Y., 1959, Chapter 
10. 

(41) S. Kang, Jerusalem Symp. Quantum Chem. Biochem., 5, 271 (1973). 
(42) C. W. Davies, "Ion Association", Butterworths, Washington, D.C., 1962, 

Chapter 3. 

used mostly for correlating different electronic transitions 
within one atom or molecule.3a Recently, however, eq 1 has also 
been applied to the correlation of related transitions within 
different molecules.3 

The present work represents an attempt to carry the idea of 
intermolecular correlation somewhat further. Specifically, we 
view 2,2,4,4-tetramethylcyclobutane-l,3-dione (TMCBD) as 
a composite of two acetone moieties and attempt an interpre­
tation of the vacuum uv spectrum of the former by exploiting 
fully the knowledge available for the vacuum uv spectrum of 
the latter. Although this approach is not totally alien to vacuum 
uv spectroscopy,4,5 it does seem appropriate to review some 
traditional ideas about Rydberg states before presentation of 
the model. 

Acetone and TMCBD are shown in Figure 1. If acetone be 
denoted A, it does not seem inappropriate to denote TMCBD 
as A L A R , where the subscripts L / R denote left/right, re­
spectively. If the association A •*• A L A R is a valid one with 
respect to the acetone •* TMCBD dyad, it follows that the 
vacuum uv spectrum of TMCBD should exhibit some sort of 

Molecular Rydberg Transitions. 3. A Linear 
Combination of Rydberg Orbitals (LCRO) Model for 
the Two-Chromophoric System 
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Abstract: The Rydberg absorption spectra of acetone and 2,2,4,4-tetramethylcyclobutane-l,3-dione (TMCBD) have been ob­
tained and analyzed. TMCBD is treated as a composite of two acetone molecules and its Rydberg spectrum is analyzed by 
comparison with that of acetone. In order to retain the categorization of molecular Rydberg levels as s, p, d,. . . (or, equivalent-
Iy, to retain the assignment power of empirical quantum defect ranges), we are forced to develop a linear combination of 
Rydberg orbitals (LCRO) model. The LCRO model leads to a facile analysis of the TMCBD spectrum, whereas a one-center 
model, in which the Rydberg orbital is positioned on the inversion center of TMCBD, does not. The implications of the LCRO 
model with respect to Rydberg intensities, precursor orthogonality requirements, charge delocalization in Rydberg states, the 
completeness or incompleteness of Rydberg series, and the empirical content of the s, p, d,. . . labeling are discussed briefly. 
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