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126.61 (d), 128.65 (d), 132.33 (d), 134.66 (s), 143.25 (s), 
144.70 (s). 

It is interesting to note that the adduct 3 contains the 
structural unit of a [4.1.1]propellane.9 This system is now 
easily accessable via the procedure outlined above. Judging 
from molecular models, the bicyclobutane bridgehead carbon 
atoms C-11 and C-17 in 3 are positioned outside the tetrahe
dron formed by the four corresponding substituents, C-IO, 
C-12, C-16, C-17 for C-Il, and C-9, C-Il, C-12, C-16 for 
C . 1 7 10,11 

The formation of the Diels-Alder adduct 3 can be regarded 
as unequivocal proof for the existence of 2 as an intermediate 
only, if one were able to exclude alternative routes from 1 to 
3 under the experimental conditions employed. This is, how
ever, not the case. The bridgehead bicyclobutyl anion derived 
from 1 might add to anthracene, the intermediate 7, after 

electron transfer from the carbanionic center to the halogen, 
might lose the chloride anion, and might form the diradical 8 
that could close the ring. 

Experiments to differentiate between these mechanistic 
possibilities are in progress. 
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Metal Ion Binding to Cytidine in Solution. 
Compelling Raman and Carbon-13 Nuclear Magnetic 
Resonance Spectral Evidence for Coordination to 
the Exocyclic Oxygen at Position 2 

Sir: 

Diverse electrophiles (H+, Pt", Hg" compounds), which 
bind to N(3) of cytosine derivatives,1 cause characteristic 
Raman difference spectra in the 1 100-1400-cm~' region in 
aqueous2-3 and dimethyl sulfoxide-^4 solutions. We observe 
a new type of difference spectrum which can be attributed to 
the binding of hard metal ions to 0(2) of cytidine in Me2SO-
d6. Definitive evidence for 0(2) binding in solution is lacking 
but such binding occurs frequently in solids.5-7 The problem 
in distinguishing 0(2) and N(3) binding sites in solution can 
be appreciated when it is realized that the sites are strongly 
coupled electronically and that the expected metal-0(2)-C(2) 
angle8 places the metal ion at a position close to that expected 
for an N(3) bound metal atom. 

Except for uridine (thymidine) and N(I) of guanosine, 
similar complexes are formed between metal ions and nucle
osides in water and in Me2SO.1'9 The high solubilities ob
tainable in Me2SO permit weak interactions to be observed. 
The existence of such interactions for alkaline earth metal ions 
is the subject of both intense interest and controversy.UCM2 

For example, the nature of the interaction of Mg2+ with the 
adenine ring in the Mg2+-ATP complex is unclear.13 

We showed that the~l-ppm shifts observed in the 1H NMR 
spectrum of guanosine (in Me2SO) upon addition of alkaline 
earth chloride salts11 were largely due to hydrogen-bonding 
interactions with the chloride counterion.12 A large chloride 
ion effect is also observed for cytidine.10'14-15 The relatively 
small but reproducible 13C shifts observed for cytidine in 
Me2SO-^6 on addition of alkaline earth chloride salts10 cannot 
be attributed to the chloride ion effect.10-16 In general, the 
changes in shifts of ligand resonances induced by metal coor
dination are difficult to interpret. Thus, it was reported10 that 
alkaline earth salts caused downfield shifts in the C(2) reso
nance of cytidine in Me2SO-^, whereas HgCl2 which binds 
to N(3) causes large upfield shifts and ZnCl2 (also believed 
to bind at N(3))17 causes small upfield shifts of this resonance. 
Most metal species induce upfield shifts of C(4), but the al
kaline earth cations were reported to have a diversity of ef
fects.10'18 Electrophiles known to bind to N(3) cause upfield 
shifts in both the C(2) and the C(4) of cytidine in Me2SO16 

and aqueous solutions.2 Results that we have obtained with 
nitrate salts are given in Table I. 

Raman difference spectroscopy is much less subject than 
NMR spectroscopy to environmental effects.13 The Raman 
results have been readily interpretable because diverse N(3) 
bound electrophiles, such as HgCl2, H

+, and Pt" complexes, 
cause similar difference spectra.13 The effects OfHgCl2 and 
H+ (not shown) on the Raman spectrum of cytidine are similar 

Table I. Metal Ion Induced 13C NMR Shifts in Cytidine" 

Salt (M) 

HgCl2 (0.5) 
Zn(NO 3 ) , (0.5) 
Ba(NOj)2 (0.5) 
La(NO3J3 (0.47) 
Pr(NO3J3 (0.46) 
Corrected 

C-2 

+ 2.7 
+0.2 
-0 .8 
-0 .8 

+ 10.1 
+ 10.9 

C-4 

+ 2.2 
+ 1.2 
+0.5 
+0.5 
+2.1 
+ 1.6 

C-5 

-1 .7 
-1 .3 
-0 .6 
- 1 . 0 
-1 .4 
-0 .4 

C-6 

-0 .9 
-0 .6 
-0 .1 
-0 .1 
+0.7 
+0.8 

C-I ' 

-0 .6 
+0.1 
+0.3 
+0.5 
+ 1.1 
+0.6 

a 0.2 M in Me2SO-^* >n parts per million, Me4Si reference, upfield 
shifts from free ligand values positive, Varian CFT-20 instrument. 
Shifts for the metal free solutions were as follows: C-2 (155.4), C-4 
(165.5), C-5 (93.8), C-6 (141.4), and C-I' (89.2). See ref 16 for as
signments. 
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Figure 1. Raman difference spectra (in Me2SO-CW obtained by sub
tracting the Raman spectrum of cytidine 0.7 M in the absence of metal 
salts from the spectrum of similar solutions containing 0.7 M salt: HgCl2 
(bottom), Ba(N03)2 (middle), Zn(N03)2 (top). A Spex Ramalog in
strument interfaced wih a Nicolet 1180 computer was used. All spectra 
were the results of four scans. The solutions were 0.1 M in NaC104 which 
served as an intensity standard. The spectra are corrected for the metal 
salt plus solvent and are displayed with the same vertical scale. 

in Me2SO (Figure 1). However, although Ba(N0 3 ) 2 and 
HgCb have similar effects on the Raman spectrum in most 
spectral regions, Ba(NOs)2 produces a new difference spec
trum in the 1100-1400-cm -1 region (Figure 1). Several lines 
of evidence lead us to suggest that the Ba(N0 3 ) 2 spectrum is 
a consequence of binding to 0 (2) . 

First, cytosine and cytidine experience similar chemical 
shifts on addition of Ba(NOs)2. The ribose sugar is evidently 
not involved in complex formation. 

Second, when 0(2) of cytosine is replaced with the soft 
sulfur atom, no evidence was found for complex formation with 
either S r (N0 3 ) 2 or Ba(NOs)2 . A complex is formed between 
2-thiocytosine and HgCl2 as expected. A solution 0.2 M in both 
reagents leads to an upfield shift for C(2) of 12 ppm, whereas 
C(4) is unshifted. 

Third, La(NOs)3 produces diamagnetic shifts which are 
almost identical with those produced by Ba(NOs)2 at ~0.5 M 
(Table I). The lanthanides have a well-known preference for 
oxygen donors and the paramagnetic members of the group 
are useful shift reagents. Thus, Pr(NO3) 3 causes paramagnetic 
shifts of ~11 ppm (upfield) in the C(2) resonance and an 
~1.6-ppm shift in the C(4) resonance (Table I). Such para
magnetic shifts are wholly consistent with 0(2) binding. 

Fourth, the majority of x-ray structures of metal complexes 
containing cytosine derivatives are found to contain some in
teraction between the metal and 0(2) . 6 Although these in
teractions are usually weaker than N(3) interactions, in a 
Mn 2 + -CMP complex the 0 (2) is the exclusive base binding 
site.19 The Mn2+ is a hard metal ion but even the soft Ag+ ion 
has been found to interact with 0 (2) . 7 

We have extensively evaluated the role the exocyclic groups 
on nucleic acid bases play in determining both the structure 
and stability of metal complexes.5 Steric hindrance plays a 
crucial role and there is currently no example of an octahedral 
metal ion bound to the sterically crowded N(3) site of cytosine. 
However, the Mn 2 + -CMP compound cited above,19 which is 
the only example of exclusive 0(2) base binding, is octahedral. 
Models suggest that 0(2) binding has minimal steric re
quirements and the high coordination number metal ions that 
we have used, in addition to having a chemistry which prefers 
oxygen donors, would have steric difficulty accommodating 
N(3) coordination. 

Fifth, unlike every other metal salt that we have studied 
which induces an appreciable Raman difference spectrum, 
Zn(NO3J2 causes almost a negligible shift in the C(2) reso
nance (Table I). In contrast, Zn(NOs)2 causes a larger shift 
in the C(4) resonance than does Ba(N0 3 ) 2 . The Raman dif
ference spectrum (Figure 1) for Zn(NOs)2 is intermediate to 
that found for HgCl2 and Ba(N0 3 ) 2 . The Zn 2 + ion has an 
affinity for both oxygen and nitrogen donors and can achieve 
low coordination numbers. The shifts in the 13C resonances and 
the Raman difference spectrum of cytidine induced by 
Zn(N0 3 ) 2 can readily be rationalized if this metal ion forms 
two types of complexes involving 0(2) binding and N(3) 
binding, respectively. These two complexes would cause the 
C(2) resonance to shift in opposite directions (leading to a 
small overall shift) but the C(4) resonance to shift upfield in 
both cases. 

The evidence which we have presented, that the different 
metal ion dependent patterns in both the Raman difference and 
C-13 spectra are a consequence of 0(2) binding, is compelling. 
Theoretical studies have predicted that hard metal ions will 
bind preferentially to 0(2) over N(3) but that simultaneous 
N(3), 0 (2 ) coordination is most preferred.20 We cannot ex
clude simultaneous binding of one metal to both sides with 
differing degrees of interaction dependent on the metal center. 
Such simultaneous interactions are known,-"1'6 particularly for 
Cu2+ , and we are continuing our studies to further clarify this 
point. 
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