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X-Ray Structural Studies of Metal- Nucleoside and 
Metal- Nucleoside Monophosphate Complexes: 

New Perspectives 

ANGEL T E R R ~ N  
Department of Chemistry, 

Universitat de les Illes Balears, 
07071 Palma de Mallorca, Spain 

Received April 25, 1992 

The X-ray structures of metal-nucleoside and metal-nucleoside monophosphate 
complexes published from 1980 to the end of 1991 are examined and classified. 
The first 3d trans bis divalent metal ion-nucleoside complex and the first thymidine 
complexes with Au and Hg are discussed. The structures for purine nucleotides 
are classified as [M(NMP)(H,O),]; cis-[M(NMP),); ternary M(NMP)(L), where L 
is a pyridine such as dpa, phen, or bpy, of three subtypes: (a) no direct M-NMP 
bonding and intramolecular stacking between the nucleotide and the base, (b) with 
a M-O(phosphate) bond and (c) with a M-N(7) of the purine base bond; and 
polymeric. The more relevant metal-pyrimidine nucleotide structures are also 
discussed. 

Key Words: metal ion. nucleoside, nucleotide, X-ray structure 

INTRODUCTION 

The study of the interaction of metal ions with nucleosides and 
nucleotides (Fig. 1) is increasing in interest owing to the importance 
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of these compounds in biology and toxicology. The anti-tumor 
activity of some platinum complexes, the presence of metal ions 
in the replication and transcription of DNA, the catalytic activity 
of RNA and the role of divalent cation-nucleotide complexes in 
the catalytic center of some enzymes, as for instance phosphorylase 
b, are the major topics that indicate the interest in metal-nucleo- 
side complexes.'-' 

Despite the interest and the many efforts of different labora- 
tories during the last thirty years the X-ray structures of metal- 
nucleoside complexes reported in the literature are limited. For 
example, no X-ray structure of Fe(II1) or Cr(II1) with nucleosides 
or nucleotides is known. Very good reviews have been published, 
although mostly covering work through 19806-14; platinum nu- 
cleobase chemistry has been reviewed recently,15 and a general 
two-volume handbook of nucleobase complexes has appeared.I6 
A recent article in this journal dealt with ternary nucleotide com- 
plexes. l7 

In the last decade, new structures of metal-nucleoside com- 
plexes have been studied, and novel modes of binding illustrated. 
In this paper, the general trends of crystalline metal-nucleoside 
complexes are s u m ~ n a r i z e d , ' ~ - ~ ~  and the relevant new structures 
that have appeared from 1980 until the end of 1991 are described. 

PURINE NUCLEOSIDE AND NUCLEOSIDE 
MONOPHOSPHATE DERIVATIVES 

Structures of purine nucleosides and nucleoside monophosphates 
published from 1980 to the end of 1991 are summarized in Table 
I. These data are complementary to those previously p ~ b l i s h e d . ~ . ' ~  

Purine Nucleoside Complexes 

The structures of some new complexes of Hg, Pd, Pt, Au and 
Zn26-27,32755*56,76 have been studied (Table I). Nucleoside complexes 
with 3d metals both in d i ~ a l e n t ~ ~  and tnvalentl8 oxidation states 
were reported in the seventies in structural studies by Marzilli and 
Kistenmacher. The Cu(I1) cytidine complex was the first nucleo- 
side complex crystallized and structurally characterized with bind- 
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FIGURE 1 Formulae and atom labeling for the common nucleotides. 
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FIGURE 2 View of the [Zn(xao),(H,O),] structure (Ref. 76). 

ing relevant to metal-DNA interactions. More recently, the com- 
plex [Zn(xao),(H,O),] a 2H,O was reported to be the first divalent 
3d metal purine nucleoside complex with a known crystalline struc- 
t ~ r e , ~ ~  where the xao* ligands occupy trans octahedral coordina- 
tion positions (Fig. 2). This conformation differs from the usual 
cis square arrangement of other bis nucleoside complexes, e.g., 
Pt(guo), c ~ m p l e x e s , ~ ~ . ~ ~  and also from the usual cis octahedral 
M(NMP), for 3d metal purine nucleotide complexes (Table 11). 

Complexes of Purine Nucleotides of the Type 
[M(NMP)(H@),I . nHzO 
To the previously known s t r ~ ~ t ~ r e s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  of 1: 1 M-NMP 
complexes, some new c ~ m p l e x e s ~ ~ . ~ ~ . ~ ~  of this type (Fig. 3) with 
M-N(7) bond and hydrogen bonding between phosphate and a 
coordinated water molecule and with C(3')-endo and anti- 

*See list of abbreviations at end of article. 
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0 

N 

FIGURE 3 Molecule structure of [Fe(5’-GMP)(H,0),].H20. Dashed lines indicate 
intramolecular hydrogen bonds (Ref. 34). 

conformationw have been obtained by Goodgame. With Ni(I1)- 
cGMP, C O ( I I ) - ~ G M P ~ ~ @  and Co(I1)-(sugar-broken) IMP, with 
a sugar oxidized similar structures have been obtained. 
The first Fe(I1)-S‘GMP and 5’-IMP complexes have been ob- 
tained. The complexes [Fe(S‘-IMP)(H,O),] . 2H2057358 and [Mn(5’- 
IMP)(H20)5-2H2034 crystallize with a unit cell in which there are 
three independent molecules, two of which have the ribose ring 
C(3’)-endo and one C(2’)-endo. Goodgame supports the sugges- 
tion that at least in some of the [M(NMP)(H,O),] systems there 
may be little energy difference between the two conformations and 
both may coexist in solution; the C(3’)-endo normal conformation 
in these complexes may derive from the crystallization conditions, 
especially the temperature employed.” 

Complexes of Purine Nucleotides of the Type cis M(NMP), 

One major novel type of X-ray structure published in the last 
decade is represented by 3d metal ion cis M(NMP):! complexes. 
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OK 

FIGURE 4 Stereochemistry in the Zn(Me-5‘-IMP), complex (Ref. 51). 

In these complexes, the cation has a distorted octahedral coordi- 
nation and is bound to two N(7) of each nucleotide, and the phos- 
phate group is interacting through a hydrogen bond with one water 
molecule of the first coordination sphere of the metal ion (Fig. 4). 
Previously only Pt(II)72-75 and C d 9  complexes and a polymeric 
Cd(I1) were known; several data of these complexes are 
summarized in Table 11. These structures are relevant to under- 
standing the coordination of divalent metals with DNA and RNA. 

Structures of these nucleotide complexes are known for 5‘-GMP 
and 5’-IMP and for octahedral Co(III), Ni(II), Cu(II), Zn(1I) and 
square planar Pt(I1) complexes. The glycosidic bond is normally 
anti but the sugar pucker can be either C ( 2 ’ ) - e n d 0 ~ ’ . ~ ~ , ~ ~  or C(3‘)- 
endornz41 and, for the Zn-(Me-5‘-GMP) complex, C(3’)-endo and 
C(2’)-endo for each nucleoside molecule.51 

Some of these complexes for Ni(I1) and Cu(I1) show coordi- 
nation properties essentially identical to the analogous platinum 
c o m p l e ~ e s ~ ~ ~ ~ ~ ~ ~ ~  with NH3 or ethylendiamine ligands in the equa- 
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FIGURE 5 Drawing of the [Cu(S'-GMP),(en)(H2o),1Z- complex. Single broken 
lines indicate hydrogen bonds (Ref. SO). 

torial plane where the N(7) of purines are bound (Fig. 5 ) .  From 
a stereochemical point of view only, copper and nickel appear as 
potential candidates for platinum substitution in antitumor active 
metal c o m p l e ~ e s . ~ ~  

The dihedral angle between the purine bases (Table 11) is nor- 
mally between 26.141 and 44.4".42 These values are well within 
the range 30-40" for Pt(NMP), purine monophosphate com- 
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plexes.53~72-75 The exception to the rule is the Ni(GMPH), B mol- 
ecule with a dihedral angle of only 2 1 . 7 O S 4 l  

Some of these structures present intramolecular base stack- 
Since it is known that the stacking between mononu- 

cleotides follows the order 5'-AMP > 5'-GMP > 5'-IMP > 5'- 
CMP > 5'-UMP,lo2 the known X-ray structure, which indicates 
for GMP derivatives a stacking between the purine bases in cis 
coordination, is in agreement. No structure of this type is yet 
known for 5'-AMP derivatives, but the complex [Ni(5'-AMP),Iz- 
was described in solution,'03 and the enthalpies of formation mea- 
sured by calorimetric methods at 25°C; a difference between the 
enthalpies of formation between [Ni(S'-AMP)] and [Ni(5'-AMP)J2- 
of -11.6 kJ/mol can be assigned tentatively to the stacking en- 
thalpy between the adenine rings in cis positions. 

In the formation and isolation of some of these c o m p l e x e ~ , ~ ~ ~ ~ ' ~ ~ "  
the replacement of coordinated ethylenediamine molecules by two 
water molecules has been attributed to the strong trans effect of 
N(7)-bonded purine.37 One ethylenediamine displaced is retained 
in the crystalline structure for the Ni(S'GMPH), complex (Fig. 
6),41 where intermolecular stacking can also be observed. 

Ternary Complexes M(NMP)(L), Where L Is a 
Heterocyclic Ligand 

Although ternary compounds are very important to understand 
the active center of enzymes or the interactions of metals com- 
plexes with nucleic acids, no X-ray structure of a ternary M-amino 
acid or peptide-purine nucleoside or nucleotide compound is known. 
It was mentioned above that the first relevant nucleoside ~ornplex '~  
of a divalent metal (Cu(I1)) contained cyd, a pyrimidine nucleo- 
side. In the previous section, ternary complexes with ligands as 
NH, or ethylendiamine were discussed. However, ternary com- 
pounds with ligands such as dpa, terpy, bim, bpy or  phen are also 
known. 

These structures present three structural types: 

(a) Ternary complexes M(NMP)(L)  where there is stacking between 
the purine base and L ,  but no direct bonding between the metal ion 
and the nucleot ide.  T h e  first  s t ruc ture  of this  t ype  was 
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FIGURE 6 Cell projection of [Ni(S'-GMPH),(en)(H,o),l(en)*6.SH20 parallel to 
b (Ref. 41). 

[Pt(terpy)C1],(5'-AMP),.4.5H,O published by L i~pa rd . '~  Now 
three other compounds are known: [Pt(bpy)(en)l2+ -[5'-AMP]2-25 
(Fig. 7), [Cu(phen),(H,0)][3' ,5'c-GMP],.9H2O and [Cu(bim)- 
(H,0)5)]2+[5'-IMP]2~~.3H20.63.64 Figure 7 shows the structure de- 
scribed by YamauchP; the distance between the bases is 350 pm, 
the average value for all these compounds. These compounds are 
very important to understand the interaction of intercalating com- 
pounds with nucleic acids. 1*9~105-.106 These structural studies also 
agree with the solution studies with ligands such as tryptophan, 
leucine or histidine and nucleotides; such studies indicate that an 
increase in formation constants is due to hydrophobic or solvo- 
phobic interactions.'"-1w Recently, Yamauchi has measured the 
enthalpy for the stacking between [Pt(bpy)(en)12+ and 5'-AMP, 
obtaining a value of - 25.6 kJ/mol1l0 by calorimetric methods. 

(6) Ternary complexes M ( N M P ) ( L )  where there is a direct bond 
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FIGURE 7 View of [Pt(bpy)(en)]z+-[5‘-AMP]2+(Ref. 25). 

M-O(phosphate) to the nucleotide. Some new complexes of this 
type have been structurally characterized. In addition to the pre- 
viously known [Cu(S’-AMPH)(bpy)(H,O)]$ + with intramolecu- 
lar stacking between the adenine ring and bipyridine (d = 340 
pm),,’ [Cu(5‘-IMP)(dpa)(H20)2J2-4H2067 and [Cu(3‘-GMP)- 
(phen)(H,O),] -7H2049 without intramolecular stacking, other ter- 
nary structures have been studied. The complexes [Cu(S’-AMP)- 
(phen)(H,O)]: + ,22 [CU(S’-GMP)(~~~)(H,O)],-~H,O,~~ and [Cu(5’- 
IMP)(dpa)(H20)]265.M present a dimeric (Cu - 0- P- O), unit with- 
ou t  intramolecular stacking in the 5’-GMP and 5‘-IMP derivatives 
and with intramolecular stacking in the 5‘-AMP derivative. Figure 
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FIGURE 8 Drawing of the ICu(5'-1MP)(dpa)(HZO)j, molecule (Ref. 65 and 66). 

8 shows the structure of [C~(5'-1MP)(dpa)(H~0)]~, in which in- 
termolecular stacking is important in the packing of this crystal. 

This structure type also occurs with pyrimidine nucleotides. The 
presence of intramolecular stacking in the case of the 5'-AMP 
derivatives can be explained by thermodynamic factors owing to 
the greater importance of stacking for adenine nucleoside com- 
pared to the other purine nucleosides.lo2 

(c) Ternary M(NMP)(L)  complexes where the metal rS bound to 
the N(7) of the purine ring. This structure type is present for the 
complexes [Cu(5' -IMPH)( bpy)(H,O),](NO,). H20 61 and [Cu(3' ,5 '- 
~1MP)(phen)(H,O),](N0~).~~ In Fig. 9 the Cu-N(7) bond and the 
lack of Cu-phosphate interaction can be observed. 

The reasons for preferences between (a), (b) or (c) structures 
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FIGURE 9 Molecular structure of [C~(3’,5‘-1MP)(bpy)(H,O)~]+ (Ref. 48) 

are not easy to explain; normally the metal is Cu(I1) and the ligands 
are very similar. However, it can be inferred as a rule that in these 
ternary complexes with pyridine ligands, metallic bonding with 
O(phosphate) prevents direct bonding with the base, especially 
with 5‘-AMP derivatives where the stacking energies are impor- 
tantlo2; when the stacking interaction is not so important the N(7) 
is preferred for metal coordination (for 5’-IMP or 3’,5’-cIMP de- 
rivatives with phen or bpy). Also the pH and temperature con- 
ditions can play an important role. (Note that is the complex [Cu(5’- 
IMPH)(bpy)(H,O),](NO,).H,O the nucleotide is protonated with 
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FIGURE 10 Structure of the ([PMe,)Au(AZT-)] complex (Ref. 96). 

a direct M-N(7) bond but not in [Cu(5’-IMP)(dpa)(HzO)1, with 
a M-O(ph0sphate)bond.) 

Other Metal-Purine Nucleotide Structures 

Other different types of structures have been described, especially 
for polymeric structures. A relevant Cu(I1)-O(5’) of the ribose 
ring interaction is described47 for the [Cu(2’-GMPH),(HZO)]-5H,O 
polymeric structure. The polymeric Cd-5’-IMP complex71 also 
presents these rare metal-ribose interactions in its polymeric struc- 
ture. 

PYRIMIDINE NUCLEOSIDE AND NUCLEOSIDE 
MONOPHOSPHATE DERIVATIVES 

The number of X-ray structure of metal pyrimidine nucleo- 
side77-80,95,” and monophosphate nucleotide ~ o m p l e ~ e s ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~ ~ ~  
is limited. Table 111 shows data for the several structures described 
from 1980; this table is complementary with those previously pub- 
lished .6,13 
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FIGURE 11 View of the Zn(Me-5’-CMP),.9H20 complex (Ref. 84) 

Pyrimidine Nucleoside Metal Complexes 

The complex [Cu(cyd)(glygly)]-2H2O is the unique example of 
metal-peptide-nucleoside or nucleotide compound until now,77.78 
and it is relevant for understanding peptide-metal-nucleic acid 
interactions. Two more cyd complexes bound by N(3) were de- 
scribed later but before 1980.7’~.x0 These have Pt(I1) as the central 
metal. 

Recently the crystalline structures of [(PMe,)Au(AZT- )] yh and 
[CH,Hg(thd-)]” where the metal shows linear coordination and 
is bound to the  N(3) of a deprotonated thymine (Fig. 10) have 
been published. The interest in finding good anti-AIDS drugs will 
increase the number of studies with thymidine and thymidine de- 
rivatives like AZT with metals.’“ 
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FIGURE 12 The polymeric structure of [Cd(5’-UMP)(H,0),].2HZ0 (Ref. 95). 

Pyrimidine Nucleotide Metal Complexes 

In addi t ion to  the  previously known crystalline s t ruc-  
t u r e ~ ~ ~ , ~ ~ - ~ ~ , ~ ~ - ~ , ~ - ~ ~  some new crystalline structure are known for 
Zn(I I ) ,  Cd(I1) and Cu(I1) pyrimidine nucleot ide com- 

but still now the number is not very high. These 
structures are normally polymeric. 

The metal bonds to two O(phosphate)and the N(3) of the py- 
rimidine base in the Zn-(Me-5‘-CMP) and Zn- (Me-5’-dCMP) 
complexesw where a Zn(I1)-O(2) intramolecular interaction also 
exists. Such interactions present values from 208 pm for Mn(II)81 
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to 299 pm for Pt(II),74.91 and about 270-272 pm for these Zn(I1) 
complexes (Fig. 11). 

The structures of two Cd(I1) complexes with (5'-UMP) and (5 ' -  
dUMP) are linearly polymeric (Fig. 12), with Cd(I1) interacting 
only with the phosphate group. These structures show some sim- 
ilarities with the [CO,(~ ' -UMP)~(H~O)~],  structure described by 
Goodgame et al .92 

Some ternary complexes with dpa and 5'-UMP or 5'-dUMP are 
k r ~ o w n . ~ ~ . ~ ' . ~ ~  The structures are dimeric and are similar to the type 
b ternary purine nucleotide complexes with a (Cu-0-P-0-), 
bridge described in Fig. 8. 

CONCLUSIONS 

Nucleoside and nucleotide complexes exhibit diverse structures. 
This diversity has, to some extent, precluded a full understanding 
of factors influencing the structural types formed. However, a 
number of features have been identified, including stacking inter- 
actions, which explain some of these features. Additional structural 
types are needed to gain a full understanding of such interactions. 
Mixed-ligand complexes are of interest because they reveal inter- 
Kgand interactions which form the basis of molecular recogni- 
tion.'" There is a paucity of mixed-ligand complexes, especially 
with amino acid and peptide ligands. Crystallization of nucleoside 
and nucleotide complexes continues to be a challenge. 112 However, 
in some cases the crystalline architecture can be exploited to pre- 
pare mixed-metal complexes.l12 More recently, several laborato- 
ries, such as those of Sigel,lo7 Rizzarelli,'og and Yamauchi1Io are 
providing valuable data to aid in uncovering the factors that influ- 
ence the solution structures. 

ABBREVIATIONS 

For the nucleotides and nucleosides: ado: adenosine; 5'-AMP: 
adenosine 5'-monophosphate; 5'-AMPH: protonated adenosine 
5'-monophosphate; 3'-AMP: adenosine 3'-monophosphate; 2'- 
AMP: adenosine 2'-monophosphate; 5'-dAMP: deoxyadenosine 

83 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
2
:
5
4
 
1
5
 
J
a
n
u
a
r
y
 
2
0
1
1



5’-monophosphate; AZT: 3’-azido-3’-dThd; AZT- : deprotonated 
AZT; guo: guanosine; 5’-GMP: guanosine 5‘-monophosphate; Me- 
5’-GMP: guanosine 5’-monophosphate methyl ester; ino: inosine; 
5‘4MP: inosine 5’-monophosphate; xao: xanthosine; cyd: cytidine; 
5’-CMP: cytidine 5’-monophosphate; 5’-UMP: uridine 5’-mono- 
phosphate; thd: thymidine; thd- : deprotonated thymidine; NMP: 
nucleoside monophosphate in general. 

For other ligands: en: ethylenediamine; dien: diethylenetria- 
mine; tn: triethylenediamine; dpa: 2,2’ dipyridylamine; im: im- 
idazole; bim: benzimidazole; phen: 1,lO phenanthroline; bpy: 2,2’- 
bipyridine; terpy: terpyridine; R,S-dach: 1R,2S diaminocyclo- 
hexane. 
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