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for R’ = C3H7-i and -1.92 X 
The calculation of absolute values of mean-square ampli- 

tudes of vibration is based upon knowledge of one value off, 
which is in this treatment derived from a known value of (x2) 
obtained from the X-ray data. Since this latter parameter in 
the X-ray experiment has inherent and undeterminable errors, 
the calculated values of ( x L 2 )  and will propagate this 
error and are thus quoted only as a guide to the relative 
changes in the directional amplitudes of motion of the 
Mossbauer atom. However, the temperature coefficients of 
these vibrations (Le., the slopes of the lines in Figures 4 and 
5 )  are independent in this treatment of an absolute value of 
f and hence the need for (x2) from the X-ray data. The 
coefficients are characteristic of the two samples studied and 
enable comparison of the chelating power of the dithio- 
phosphate ligands. This treatment is capable of extension to 
other chelating systems, where it can serve to measure the 

K-’ for R’ = C2H5. relative binding powers of the ligands without having X-ray 
data available. 
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dienPd2+ exhibits nearly equal tendencies to react with N ( l )  and N(7) of AMP. Excess dienPd2+ results in formation 
of a binuclear complex with Pd(I1) at both N( l )  and N(7). With two available coordination positions, enPdz+ reacts with 
N ( l )  of one AMP and N(7) of another. Compared to the free ligand at pH 6 downfield shifts occur for the H(8), H(2), 
and the ribose H(1’) protons. The 0.9-ppm downfield shift for the last proton is unusual. The binding of dienPd2+ to inosine 
is pH dependent, N(7) being favored below pH 5.5 and N( l )  above that pH. With both inosine and IMP, excess dienPd2+ 
yields a binuclear complex. With IMP, enPd2+ reacts with both N(7) and N( l )  to yield at pH 8 chemical shift differences 
similar to those for the AMP complex. enPd2+ induces a base stacked structure in inosine, IMP, GMP, and AMP. 

There is a dichotomy in the binding of metal ions to the 
nucleic base portion of purine nucleosides and nucleotides. 
Both N( l )  in the six-membered ring and N(7) in the imidazole 
ring of adenosine, inosine, and guanosine serve as donors to 
metal ions in solution.’ In the nucleoside monophosphates 
the pK, at N ( l )  is about 3.8 for adenosine, 8.9 for inosine, 
and 9.4 for guanosine. Thus above pH 5 the relative binding 
of metal ions to N( 1) and N(7) is pH independent for aden- 
osine but remains pH dependent for the 6-oxo nucleosides 
throughout most of the usual pH scale.’ 

As more reactive counterparts for the antitumor Pt(I1) 
complexes, we have employed Pd(1I) complexes which react 
more readily4y5 and are not bedeviled by formation in neutral 
solutions of dihydroxo-bridged dimers which are more inert 
than mononuclear complexes.6 With one coordination position 
available about the tetragonal metal ion, dienPd(H20)2+ in 
equimolar solutions favors 5:l N( 1) to N(7) binding to 
adeno~ine .~  When the Pd to adenosine molar ratio reaches 
2.0, both N ( l )  and N(7) sites are occupied in a binuclear 
complex. The ready accessibility of binuclear complexes 
suggests the possibility of polymer formation in necessarily 
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cis-enPd(H20):+ in its reactions with purine nucleosides. This 
possibility is explored in this paper. 

There has not been agreement on the structures resulting 
from the reactions of Pd(I1) and Pt(I1) compounds with 
guanosine, inosine, and their derivatives. Direct fivemembered 
ring chelation between N(7) and O(6) has been claimed.’ The 
evidence, however, for this mode of interaction is not com- 
pelling, and alternative interpretations of the results are at least 
as plausible. For example, rather than being indicative of a 
strong Pd-O(6) bond,’ the shift of an inosine band from 1700 
to 1625 cm-’ may also be interpreted as due to deprotonation 
at N(l),* which is admitted to O C C U ~ . ~  Once deprotonated, 
N(  1) becomes the most basic site and should bind most metal 
ions more strongly than N(7).3 At pH 9.7 two guanosine 
molecules easily bind via N ( l )  to the pair of available coor- 
dination positions of dmenPd2+.4 This result indicates that 
any chelating tendencies in guanosine must be quite weak. 

Many complexes with purported N(7),0(6) chelation occur 
as precipitates.’ This in itself suggests an alternative structure 
involving polymer formation via metal ion binding to both N(7) 
and N( 1) of purine bases. Polymer formation has been sug- 
gested to occur in neutral solutions of c ~ . Y - ( N H ~ ) ~ P ~ ~ +  and 
either inosine9 or guanosine’O by means of Raman spectra. 

(7) G. Pneumatikakis, N. Hadjiliadis, and T. Theophanides, Inorg. Chem., 
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Coordination of AMP and IMP to dienPd2+ and enPd2+ 

Table I. H(8),H(2) Chemical Shifts of Adenosine, AMP, and 
Complexes with die?Pd2+ and enPdz+ a 

AMP 

free ligand 
BH,+ 
B 
dienPdz+ 

BM 1 

M,B 

enPda+ 
M , J W  

M7BM1 

adenosineb ROPO 3H" ROPO '- 
7.35,7.19 

6.99, 6.83 7.23, 6.96 7.32,6.96 

7.10,7.38 7.24, 7.35 7.35, 7.35 
7.61,7.02 7.80, 7.06 8.04,7.06 
7.71, 7.51 7.84, 7.50 8.12, 7.49 

8.29, 7.25 
a In ppm downfield from tert-butyl alcohol internal reference. 
From ref 5. 

Direct chelation between N(7) and O(6) was specifically ex- 
cluded. 
Experimental Section 

Nucleosides and nucleotides were obtained from Sigma Chemical 
Co. Stock solutions of the nitrates of dienPd(Hz0)'+ and enPd- 
(HzO)z2+ were prepared as previously de~cribed.~.~ Potentiometric 
titrations were performed on a Radiometer titrator usually at a complex 
concentration of about 5 mM with an ionic strength of 0.2 M adjusted 
with KN03. Proton NMR spectra were recorded on a Varian EM 
390 90-MHz spectrometer at a concentration of 30 mM. tert-Butyl 
alcohol was used as an internal reference. Its lack of interaction is 
indicated by the absence of significant shifts in the en peaks of stacked 
enPdz+ complexes of AMP and IMP shown in the figures. Distinction 
between the H(8) and H(2) peaks in the proton NMR spectra of 
purines was often made by observing exchange of H(8) with solvent 
DzO when PdZt is coordinated to N(7).3 

Results 
A solution of AMP at pH 3 contains two acidic protons, the 

nucleic base proton at  N ( l )  with pK, = 3.8 and the second 
phosphate proton to give the dianion with pKa = 6.2.3 In a 
solution containing a 2:l:l mole ratio of dienPd2+ to AMP to 
OH-, only the nucleic base proton has undergone deprotonation 
at  a break in the titration curve at pH 4. This solution contains 
a single binuclear complex with one dienPd2+ complexed at 
N(7) and the other at  N(1). The pronounced downfield 
chemical shifts of the binuclear complex (M7BM1) compared 
to the free ligand (B) are recorded in Table I. The downfield 
shifts are similar to those previously found for adenosine which 
are also recorded in Table I. 

An equimolar solution of AMP and dienPd2+ also- titrates 
1 equiv of base by pH 4 and a second equivalent by pH 7 with 
pKa = 5.9, corresponding to phosphate deprotonation in a 
ligand with dienPd2+ coordinated to the nucleic base. At pH 
7 the aromatic region of the NMR spectrum shows two sets 
of two peaks of about equal intensity assigned to comparable 
amounts of mononuclear complexes with dienPd2+ at N(7) and 
N (  1). The chemical shift assignments appear in Table 1 under 
the entries M7B and BM,, respectively. 

At pH 4, with a singly charged phosphate group on AMP, 
the aromatic NMR spectrum contains three sets of two peaks 
that are consistently assigned both with respect to the pH 7 
and binuclear complexes just described here and also with the 
earlier analysis of dienPd2+ binding to neutral adeno~ine.~ An 
identical sequence of peaks for both AMP and adenosine is 
assigned to binuclear and mononuclear complexes with 
dienPd2+ at  N(7) and N(1). The chemical shifts for both 
ligands are tabulated in Table I. For equimolar solutions of 
both adenosine and AMP the binuclear complex is only about 
10% of the total. For the mononuclear complexes of AMP 
nearly equal amounts of the two species with dienPd2+ at  N(  1) 
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Figure 1. Proton NMR spectrum of enPd2+AMP- (top) compared 
to that of free AMP at pH 5 (bottom). The vertical lines designate 
chemical shifts 8.00 and 6.00 ppm downfield from tert-butyl alcohol 
as an internal reference. 

Table 11. H(8),H(2) Chemical Shifts in Inosine, IMP, and 
Complexes with dienPda+ and enPda+ a 

IMP 
free ligand inosine ROP0,H- ROP0,'- 
B- 6.87,6.87 7.20,6.88 
BH 7.07.6.96 7.19.6.96 7.31.6.96 
dienPdz+ 

BM, 6.95,6.95 7.17,6.95 
M,BH, 7.42,7.05 7.56, 7.03 7.85,7.00 
M,BM, 7.24,7.03 7.42, 7.03 7.72, 7.01 

M7BH, 7.42, 7.01 7.58,6.95 
M7BM1 7.86, 6.70 

a In ppm downfield from tert-butyl alcohol as internal reference. 

enPd2+ 

and N(7) are observed. This result contrasts with that ob- 
served for adenosine where the N(  l) /N(7) mole ratio is 5.5 
Thus addition of mono- or dinegatively charged 5'-phosphate 
groups to adenosine promotes coordination of dienPd2+ at N(7) 
compared to N(1). An analysis of the coupled effects of 
phosphate deprotonation and N(l)/N(7) mole ratios in the 
dienPd2+ complex has been made." 

Unusual results were obtained with equimolar solutions of 
enPd2+ and AMP. In equimolar solutions the nucleic base 
N (  1) deprotonation is complete by pH 3.5 after addition of 
1 equiv of base. The NMR spectrum of this solution, con- 
taining enPd2+AMP-, compared to that of free AMP- at pH 
5 ,  where the nucleic base is also neutral, is shown in Figure 
1. All three complexed peaks in the complex spectrum are 
shifted downfield compared to those in the free AMP spec- 
trum. In the complexed AMP the chemical shifts of the H(8) 
and H(2) protons are 8.29 and 7.25 ppm (scale of Table I). 
By proceeding from left to right in Figure 1 the downfield shifts 
of the complex compared to the free ligand are 1.06 ppm for 
H(8), 0.29 ppm for H(2), and 0.9 ppm for the ribose H(1'). 
Addition of a second equivalent of base to the pH 3.5 solution 
to deprotonate the phosphate group yields an end point at  pH 
6. The NMR spectrum of this solution shows only weak peaks, 
suggesting that the complex of now net zero charge 
(enPd2+AMP2-) is extensively polymerized. The weak peaks 
with enPd2+ persist into solutions as basic as pH 11 under 
conditions where an equimolar solution of dienPd2+ releases 
AMP and becomes hydrolyzed to dienPd(0H-)+. 

Inosine, in the pH region considered here, exists in two 
forms, neutral BH1 from pH 3 to pH 7 where loss of the proton 
at N( 1) begins to occur with pKa = 8.7 to give by pH 10 the 
anion B- as the major formG3 The chemical shifts of the H(8) 
and H(2) protons for both species are tabulated in Table 11. 
Before addition of base, solutions containing 1:2 or 1:l molar 

~~~~~ 

(10) G. Y. H. Chu, S. Mansy, R. E. Duncan, and R. S. Tobias, J.  Am. Chern. 
Soc., 100, 593 (1978). (1 1)  P. I. Vestues and R. B. Martin, paper in preparation. 
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Figure 2. Proton NMR spectrum of enPd2+IMP3- (top) compared 
to that of free IMP2- at pH 8 (bottom). The vertical lines designate 
chemical shifts 8.00 and 6.00 ppm downfield from tert-butyl alcohol 
as an internal reference. 

ratios of inosine and dienPd(H20)2+ contain predominantly 

Addition of standard base to a solution containing a 1.2 
molar ratio of inosine and d i e ~ ~ P d ( H , o ) ~ +  produces some 
M7BM1 species even in acid pH; this binuclear complex be- 
comes dominant by pH 9. The binuclear complex is also 
evident even in equimolar solutions at acid and neutral pH 
where it occurs with uncomplexed ligand. The mixture of 
species gives way to BM1 by pH 6. Inosine in either a 1:l or 
2:l mole ratio with e r ~ P d ( H ~ o ) ~ , +  yields M7BM1 in acid so- 
lutions. Addition of base produces precipitates by pH 5, 
suggesting the presence of a polymer (-M1BM7B-),. 

The nucleotide inosine S'-monophosphate (IMP) undergoes 
two deprotonations in the pH 4-10 range. The first at pKa 
= 6.2 corresponds to proton loss from an anionic phosphate 
group to yield a dianionic phosphate group. The second de- 
protonation at  pKa = 8.9 arises from neutral BH1 to anionic 
B- formation in the nucleic base moiety. In the presence of 
1 equiv of dienPd2+, the phosphate group deprotonation is 
acidified by 1 log unit and the nucleic base deprotonation by 
2 log units. 

With a 2: 1 molar ratio of dienPd2+ to IMP, two binuclear 
complexes M7BML form, one without phosphate deprotonation 
at  pH <5 and the other with the deprotonation at pH >7. The 
chemical shifts are indicated in Table 11. In an equimolar 
mixture of IMP- and dienPd2+ at pH 3, the species M7BHl 
occurs almost exclusively. As base is added, phosphate and 
nucleic base deprotonations occur over a broad pH region 
becoming complete at pH -9. From the NMR spectra a 
mixture of complex species occur throughout this pH range. 

Interesting results were obtained with solutions containing 
enPd2+ and IMP-. Before addition of base at pH <3 an 
equimolar solution contains predominantly the neutral nucleic 
base with Pd at N(7), M7BH, with the chemical shifts given 
in Table 11. In equimolar solutions with enPd2+ both IMP- 
and GMP- titrate 2 equiv of base by pH 8. The second 
equivalent corresponds predominantly to the phosphate de- 
protonation from the complex with pKa = 5.5. The first 
equivalent reflects mainly a pronounced lowering of N H I  
deprotonation from pK, = 9 in the free ligands to the pH 3-4 
region in the complexes. After titration of these two protons 
the soluble complex at  pH 8 corresponds to net negatively 
charged enPd2+IMP3-. The NMR spectrum of this pH 8 
complex is compared to that of the free ligand at the same 
pH in Figure 2. For the complex H(8) is shifted 0.55 pprn 
to lower field, H(2) is shifted 0.26 ppm to higher field, and 
the ribose H(1') proton is shifted 0.8 ppm to lower field. Other 
ribose peaks also move downfield into the HDO peak. 

Similar chemical shift changes occur in identical experi- 
ments with deoxyinosine monophosphate. Compared to the 
unbound ligand at pH 7 the complex at pH 8 displays for H(8) 
a 0.63-ppm downfield shift, for H(2) a 0.24-ppm upfield shift, 

M7BH1. 

and for the H(1') ribose proton a 0.6-ppm downfield shift. In 
the case of the deoxyinosine monophosphate complex, however, 
both aromatic protons appear as doublets separated by 0.08 
ppm. Similar experiments conducted with enPd2+ and GMP 
gave weak spectra with opalescence and precipitation in some 
solutions. Slight opalescence also appeared in acidic solutions 
with IMP. 
Discussion 

Interpretations of chemical shifts in the NMR spectra are 
suggested only after close correlation with potentiometric ti- 
tration results of similarly composed solutions. Consistent 
patterns of protonation and metalation shifts of both H(2) and 
H(8) protons are evident by comparing chemical shifts in 
Tables I and 11. Furthermore the shifts observed for dienPd2+ 
and AMP closely parallel those already deduced for adeno- 
sine.5 Some unusual shifts have already been noted in the 
Results, and these systems will be the main subject of this 
section. First, however, we note the pH dependence of 
dienPd2+ binding to inosine. 

The results for equimolar mixtures of inosine and dienPd2+ 
indicate coordination at N(7) at low pH to give the complex 
M7BH1. The N(1)H proton is lost by pH 9 where almost 
exclusively the ligand binds dienPd2+ at N(1). The midpoint 
of this transfer from N(7) to N(1) of dienPd2+ binding to 
inosine occurs at pH -5.5. For CH3Hg+ and inosine the 
crossover occurs at pH 4.3.3J2 

In the pH 4-6 region equimolar solutions of inosine and 
dienPd2+ also contain, even as the predominant species, 
quantities of the binuclear M7BM1 complex. The presence 
of the binuclear complex of dienPd and inosine even in 1:l 
mixtures is reminiscent of the early finding that CH3Hg+ also 
exhibits a pronounced tendency to form binuclear complexes 
with inosine.12 Thus it appears to be a property of the ligand 
inosine rather than the metal ion that produces the tendency 
to favor 2:l over 1:l complexes. 

The pronounced chemical shifts observed in equimolar so- 
lutions of either AMP or IMP and enPd2+ (Figures l and 2) 
suggest stacking interactions. With two ligand donor atoms 
at N( 1) and N(7) and two cis coordination positions available 
in enPd2+, each ligand is bound to two different Pd and each 
Pd to two different AMP ligands. It is informative to use the 
binuclear complexes of dienPd2+, where metal ion induced 
stacking does not occur, as the base line for evaluating the 
chemical shifts in the M7BM1 complexes of enPd2+. 

With respect to the binuclear complex of dienPd2+ and 
AMP, M7BMl, where both N(7) and N ( l )  are coordinated, 
the equimolar enPd2+ and AMP complex at pH 3.5 shows a 
0.45-ppm downfield shift of H(8), a 0.25-ppm upfield shift 
of H(2), and a 0.8-ppm downfield shift of the ribose H(1') 
proton. After phosphate deprotonation to yield an overall 
neutral complex at pH 6,  the NMR spectrum becomes broad 
and ill-defined, suggesting an extensively stacked polymer. 

Compared to the binuclear M7BMl complex of IMP and 
dienPd2+, in the enPd2+ complex with a dinegative phosphate 
chemical shifts are 0.14-ppm downfield for H(8), 0.31-ppm 
upfield for H(2), and most notably 0.8-ppm downfield for the 
ribose H(1'). Except for a smaller downfield shift for H(8) 
these shifts are similar to those made in the comparison of 
AMP complexes. 

The 0.8-ppm downfield shift of the ribose H(  1') proton in 
both AMP and IMP complexes of enPd2+ is unusual. The 
directions of the shifts suggest that in a stacked structure the 
H(2) proton lies in the shielding cone of another purine ring 
while the H(8) and H( 1') protons lie outside of the shielding 
cone, The sharp NMR spectrum in Figures 1 and 2 suggest 
that the stacks are short. After phosphate deprotonation the 

(12) R. B. Simpson, J .  Am. Chem. Soc., 86, 2059 (1964). 
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AMP complex becomes of zero net charge and the NMR 
spectrum becomes broad, suggesting long stacks. 

There is a significant contrast between the equimolar enPd2+ 
complexes of AMP and those of IMP or GMP. The 
(enPd2+AMP2-)0 complex at pH 6 contains a dinegative 
phosphate group. Addition of a proton to yield a uninegative 
phosphate at pH 3.5 yields shorter stacks, the NMR spectrum 
of which appears in Figure 1. The NMR spectrum in Figure 
2 corresponds at pH 8 to short stacks of (edPd2+IMP3-)-, which 
contains in addition to a dinegative phosphate a negative 
charge on the nucleic base due to deprotonation at N( 1). The 
complex of net zero charge appears at pH 5 and is produced 
by adding a proton mainly to the phosphate group. This , 
addition makes it of a single negative charge while there also 
remains a negative charge on the nucleic base. Thus the 
charge distribution differs in the two overall neutral complexes 
of enPd2+. The AMP2- com lex at pH 6 contains a dinegative 
phosphate while the IMP 4- complex at pH 5 contains a 

uninegative phosphate and a negatively charged purine base. 
In reference to the introduction section, not one item of 

information garnered in this research demands or even suggests 
the presence of N(7)-O(6) chelation in oxopurines or N- 
(7)-N(6) chelation in adenine derivatives. On the contrary, 
this investigation has confirmed once again that a deprotonated 
N( l )  site in a purine is a metal binding site. With two or more 
coordination positions available on a metal ion, the availability 
of both N(7) and N( l )  purine sites leads easily to polymer 
formation, which is extensive in complexes of net zero charge. 
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The electronic structures of the monomeric Pd(CH3CSS)2 and dimeric Pd2(CH3CSS)4 molecules have been investigated 
by using an approximate, parameter-free LCAO-MO-SCF method. The total energy of PdL2 is found to be almost exactly 
half that of Pd2L4, in agreement with the coexistence of the two molecules in solution. Calculated excitation energies are 
in good agreement with experimental optical data. The Pd-Pd interactions in the dimer are of bonding type and are interpreted 
as mainly due to the metal 4d,z and 5p, orbitals. The possible role of intermolecular Pd-Pd interactions in determining 
the one-dimensional solid-state arrangements of PdLz and Pd2L4 is discussed. 

Introduction 
The highly anisotropic properties of one-dimensional inor- 

ganic systems are assumed in general to be due to one-di- 
mensional d,z bands lying a t  the Fermi level.2 This implies, 
in general, structures built up by planar molecules stacking, 
as closely as possible, along the normal to their planes.2 A 
point of crucial importance in the design of such new materials, 
and which is still matter of controversy, is whether the M-M 
interactions can be responsible for the adoption of the desired 
columnar structure or whether the structure is favored by 
lattice energy considerations and its natural adoption permits 
these interactions. The general problem is to ascertain the 
extent to which the electronic structures of the repeat units 
can determine the observed crystal structures. E.g., recent 
theoretical work has shown that the Pt(CN)42- chains3 of 
K2Pt(CN)4(H20)3 and the metal chains of the Magnus green 
salt4 are antibonding and essentially nonbonding, respectively. 
The main reason appears to be that, contrary to previous 
assumptions, the mainly d,z orbitals on the isolated units of 
these compounds lie well be lo^^+^ the highest occupied energy 

level, and appreciable solid-state interactions and/or partial 
oxidation must occur in order to have bound states and to raise 
the dZz band up to the Fermi l e ~ e l . ~ , ~  

In the preceding paper' we described the preparation, 
constitution, and structure of the dithioacetic acid derivatives 
of palladium(I1). The X-ray structures of two phases, based 
on a common 2:l ligand to metal ratio, involve linear chains 
of directly interacting metal atoms, with short M-M contacts, 
as a result of a one-dimensional arrangement of either dimeric 
(structure B) or alternating monomeric and dimeric units6 
(structure A), i.e. 

B I4+% I I I I I a =  2.738 (1) A,  b =  3.257 (1) A 

A I&+% I I I I I c =  2.754 (1) A , d =  3.399 (1) A 

These structural patterns are of interest in light of the empirical 
fact that the vast majority of the d8 complexes involving 1,l- 
or 1,2-dithiolato ligands adopt essentially monomeric, often 
laterally displaced structures which do not allow short M-M 
contacts.' It is of further interest that the rather unique 

(1) Part 1: Piovesana, 0.; Bellitto, C.; Flamini, A.; Zanazzi, P. F. Inorg. 
Chem. 1979, 18, 2258. 

(2) For reviews see: Miller, J. S.; Epstein, A. J. Prog. Inorg. Chem. 1976, 
20, 1. Krogmann, K. Angew. Chem., In!. Ed. Engl. 1969, 8, 35. 
Thomas, T. W.; Underhill, A. E. Chem. SOC. Rev. 1972, I ,  99. 
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