Inorg. Chem. 1985, 24, 1065-1069 1065

We rationalize these observations in the following way: The
rate of thioether inversion will be enhanced by stabilization of the
intermediate, and this will be favored by a greater charge density
on the metal atom to which the thioether is coordinated. In early
discussion of this problem, Haake and Turley’! had proposed a
lone pair displacement mechanism for inversion at platinum in
a square-planar complex. More recently, Abel and co-workers™2
have provided a more satisfactory approach in which they apply
classical treatments of pyramidal inversions¢ to inversion at
sulfur. The inversion process is assumed to proceed through an
intermediate involving a planar, three-coordinate sulfur atom with
sp? hybridization and a lone pair of electrons accommodated in
a p orbital perpendicular to the bonding plane. This model leads
to the conclusion that the barrier to inversion should be raised
by the presence of more electronegative substituents X in X-SR,
but Jowered by an increased degree of = overlap between X and
S in the transition state. Thus, in both ways the more strongly
electron-withdrawing groups trans to coordinated sulfur would
be expected to raise the barrier to inversion. (Variations between
ligands are, however, still small in comparison with the large
reduction in AG* occurring when a sulfur-containing ligand is
coordinated to a metal atom.) Our results therefore suggest that
the fluorinated alkoxy group is more strongly electron withdrawing
than CI-.

The concept of a more strongly electron-withdrawing group
implies a higher degree of ionic character to the bond, which seems
at first sight to be incompatible with an observation of greater
trans influence. However, we suggest that it would be an over-
simplification to infer from the higher trans-influence of alkoxide

(51) Haake, P.; Turley, P. C. J. Am. Chem. Soc. 1967, 89, 4611.

(52) (a) Abel, E. W.; Farrow, G. W.; Orrell, K. G.; Sik, V. J. Chem. Soc.,
Dalton Trans. 1977, 42. (b) Abel, E. W ; King, G. D.; Orrell, K. G,;
Sik, V. Polyhedron 1983, 2, 1363.

(53) Rauk, A; Allen, L. C.; Mislow, K. Angew. Chem., Int. Ed. Engl. 1970,
9, 400.

(54) Lambert, J. B. Top. Stereochem. 1971, 6, 19.

over chloride a greater degree of covalency in the Pt—O over the
Pt—Cl bond. Rather, it is due to an inductive electron-withdrawing
effect by the ligand, which robs the trans ligand of electron density
from its o orbital and thus leads to smaller values of the coupling
constants. Concentration on the covalent interactions of ligands
in discussions of the trans influence has perhaps been overem-
phasized, and we would suggest that other factors are involved.
This is particularly the case when the ligands in question bond
to the metal through atoms of significantly different character.
First-row donors, such as oxygen and nitrogen, are hard to compare
with second-row and later elements (P, S, CI', Br~, I") that possess
w-acceptor character.

In virtually all bonding situations, bond effects are dependent
on both the electronegativities of the linked atoms (“ionic
character™) and effective orbital overlap between them (“covalent
character”). Within the series of ligands bonding through oxygen,
the increasing trans influence parallels the increasing basicity of
the ligand and the associated increase in the covalent character
of the metal-ligand bond. Overlap is more significant than
electronegativity change in this group. Similarly, within the halide
series, the order of increasing trans influence runs ClI~ < Br~ <
I"; this is the converse of the increase in electronegativity but
corresponds to the increase in the covalent character of the
metal-halide bond. In contrast, the greater trans influence of
—C(CF;),07, OH", and N relative to CI” may then be attributed
to their greater electronegativity, leading to the withdrawal of
electron density from the metal o orbitals.

The generalized order of trans influence usually presented®
is therefore a composite of these two effects, and hence it is not
surprising that many small inversions of the sequence are observed
when different metal complexes are used to establish a comparative
trans influence.
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A ternary metal-nucleotide complex, Na,[Cu(5’-IMP),(im)q(H,0), ,(H,0),]-12.4H,0, has been prepared and its structure
analyzed by X-ray diffraction (5-IMP = inosine 5’-monophosphate; im = imidazole). The complex crystallizes in space group

€222, witha = 8.733 (4) A, b = 23.213 (5) &, ¢ = 21.489 (6)

,and Z = 4. The structure was solved by the heavy-atom method

and refined by full-matrix least-squares technique on the basis of 2008 observed reflections to a final R value of 0.087. Sym-
metry-related 5-IMP anions coordinate in cis geometry through the N(7) atoms of the bases. The other cis positions of the
coordination plane are statistically occupied by nitrogen atoms of disordered im groups and water oxygens with occupancies 0.4
and 0.6, respectively. Water oxygens in axial positions complete the octahedral coordination of Cu(II). The complex is isostructural
with cis-[Pt(5-IMP),(NH;),]*, a model proposed for Pt(II) binding to DNA. The base binding observed in the present case
is different from the typical “phosphate only” binding shown from earlier studies on metal-nucleotide complexes containing various

other w-aromatic amines.

Introduction

During the past few years interaction of metal ions with nucleic
acid constituents has been a field of active research.! This activity

(1) (a) Marzilli, L. G. Prog. Inorg. Chem. 19717, 23, 255-378. (b) Martin,
R. B.; Marium, Y. H. Met. Ions Biol. Syst. 1979, 8, 57-124. (c) Spiro,
T. G., Ed. “Nucleic Acid-Metal Ion Interactions”; Wiley: New York,
1980; Vol. 1. (d) Hodgson, D. J. Prog. Inorg. Chem. 1977, 23, 211-254.
(e) Gellert, R. W.; Bau, R. Met. Ions Biol. Syst. 1979, 8, 1-55. (f)
Swaminathan, V.; Sundaralingam, M. CRC Crit. Rev. Biochem. 1979,
6, 245-336.

is motivated, in large part, by the well-recognized role of metal
ions in the biochemistry of nucleic acids? and by the speculation
that the antineoplastic agents, notably cis-[Pt(NH,),Cl,], exhibit
their activity by binding to DNA.> Metal-nucleotide complexes
containing heteroaromatic N bases are of special interest since

(2) Eichhorn, G. L. In “Inorganic Biochemistry™; Eichhorn, G. L., Ed.;
Elsevier: Amsterdam, 1973; Vol. 2, Chapters 33 and 34.

(3) Roberts, J. J.; Thomson, A. J. Prog. Nucl. Acid Res. Mol. Biol. 1979,
22, 71-133.
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Table I. Crystal Data

mol formula Cu(C,(N,O.PH,,),(C;N,H,), :Na,-15.6H,0

space group €222,

cryst size, mm 0.15 x0.375 x0.65
a, A 8.733 (4)

b, A 23.213 (5)

¢, A 21.489 (6)

v, A3 4356.6

4 4

mol wt 1136.7

Dealeds 8 cm™3 1.73

Dpeasd, 2 cm™ 1.72
radiation (A, A) Mo Ka (0.7107)
uMo Ka), cm™! 6.64
temp, °C 23
26 upper limit, deg 50
no. of reflcns measd 2297
no. of reflcns used 2008
(= 30))
@ 0.087
RyP 0.098

R =Z(IFy | —1F)/ZIFyl. ® Ry = [Ew(IFy !~ Fg1)*/
EwlFy?1Y?

these complexes can be considered as models for the substrate—
metal ion—aromatic amine centers found in proteins.* Solution
studies** on such ternary complexes have shown that, in the
presence of the w-aromatic amine, the metal—nucleotide interaction
takes place at the phosphate group and not at the base. Crys-
tallographic studies on metal-nucleotide complexes containing
diverse w-aromatic amines like bpy, dpa, and o-phen have pro-
vided direct evidence for the existence of such a binding mode
of nucleotides in the solid state.”!!

The im group, which is an important and versatile binding site
for metal ions in many biological systems,'>!* is expected to exert
a similar influence on the coordination behavior of nucleo-
tides.!>!1416  However, no X-ray crystallographic studies have been
carried out so far on a metal-nucleotide complex with im. We
have now isolated a Cu(II)-5'-IMP complex containing the im
group, and in this paper we report its X-ray structure, wherein
the metal ion binds to the N(7) atoms of the nucleotides.

Experimental Section

Synthesis. The complex [Cu(im);(H;0)](NO,;), was prepared by
mixing copper nitrate (BDH) and im (BDH) in a 1:3 ratio in aqueous
solution at laboratory temperature. Slow evaporation of the resultant
solution yielded violet crystals. The nucleotide complex was then pre-
pared by mixing solutions of Na,-5-IMP (Sigma) and [Cu(im),-
(H;0))(NO3),, both at 5 X 10 M, and adjusting to pH 6.8. Vapor

(4) Naumann, C. F,; Sigel, H. J. Am. Chem. Soc. 1974, 96, 2750~2756.

(5) (a) Sigel, H. Angew. Chem., Int. Ed. Engl. 1975, 14, 394-402. (b)
Mitchell, P. R.; Sigel, H. J. Am. Chem. Soc. 1978, 100, 15641570 and
references cited therein.

(6) Abbreviations: bpy = 2,2’-bipyridyl; dpa = 2,2-bipyridylamine; o-phen
= 1,10-phenanthroline; im = imidazole; 5-AMP, 5-IMP, 5-UMP, and
5’-CMP = the 5’-monophosphates of adenosine, inosine, uridine, and
cytidine, respectively; 3-GMP = guanosine 3’-monophosphate; 5'-ATP
= adenosine 5'-triphosphate; 5-IMPH = inosine 5’-monophosphate
(protonated form); en = ethylenediamine; dien = diethylenetriamine;
tn = trimethylenediamine.

(7) Aoki, K. J. Am. Chem. Soc. 1978, 100, 7106~7108.

(8) Wei, C.-Y.; Fisher, B. E.; Bau, R. J. Chem. Soc., Chem. Commun.
1978, 1053-1055.

(9) Gellert, R. W; Fisher, B. E.; Bau, R. Biochem. Biophys. Res. Commun.
1979, 88, 1443-1448.

(10) Aoki, K. J. Chem. Soc., Chem. Commun. 1979, 589-591.

(11) Fisher, B. E.; Bau, R. J. Chem. Soc., Chem. Commun. 1977, 272-273;
Inorg. Chem. 1978, 17, 27-34.

(12) Sundberg, R. J.; Martin, R. B. Chem. Rev. 1974, 74, 471-517.

(13) Sigel, H.; Fisher, B. E,; Prijs, B. J. Am. Chem. Soc. 1977, 99,
4489-4496.

(14) Sigel, H. Inorg. Chem. 1980, 19, 1411-1413 and references cited
therein.

(15) Saha, N.; Sigel, H. J. Am. Chem. Soc. 1982, 104, 4100~4105.

(16) Sigel, H. Met. Ions Biol. Syst. 1973, 2, 63-125.
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Figure 1. Structure of the (5-IMP),Cu! complex ion with imidazole
coordination (~40% imidazole occupancy). Broken lines indicate hy-
drogen bonds.

diffusion of the reaction mixture against ferf-butyl alcohol yielded
greenish blue platelike crystals after about 2 weeks. Anal.'’ Caled for
C,24Hs64CuNg ¢Na,0,, 6Py C, 23.65; H, 4.96; N, 11.82. Found: C,
24.89; H, 5.33; N, 11.5.

Collection and Reduction of the X-ray Intensity Data. Crystal data
are given in Table I. Unit cell dimensions and their associated standard
deviations were derived from a least-squares fit to the setting angles for
20 carefully selected and centered reflections on a CAD-4 diffractometer.
The intensities of 2297 reflections were collected up to § = 25° on the
diffractometer employing graphite-monochromated Mo Ka radiation.
Data were collected in the w/20 mode with a scan speed of 1°/min.
Intensities of two control reflections measured after every 3000 s showed
no significant variations during the course of the experiment. The data
were corrected for Lorentz and polarization effects but not for absorption.

Solution and Refinement of the Structure. The positional parameters
of the Cu atom were deduced from a three-dimensional Patterson syn-
thesis. A subsequent difference Fourier synthesis revealed the positions
of all the non-hydrogen atoms except the atoms of the im group and
lattice water molecules. Several cycles of isotropic refinement reduced
the conventional R value to 0.15. Successive difference Fourier maps
yielded positions of three oxygens of lattice waters in general positions
and one water oxygen lying on a twofold axis parallel to a. The atoms
of the im moiety could still not be clearly located, suggesting that they
are disordered. Two further cycles of refinement based on anisotropic
thermal parameters for all the atoms gave an R value of 0.12. A dif-
ference Fourier map at this stage revealed positions corresponding to
atoms of im and also peaks at O(W3) and O(W4). The electron density
for these atoms was approximately 50% of that observed for corre-
sponding atoms of the nucleotide group. Further, the atoms at O(W3)
and O(W4), while being close to the im group (O(W3)--C(12) = 1.41
A; O(W3)N(13) = 1.49 A; O(W4)-.C(14) = 2.04 A; O(W4)...C(15)
= 1.38 A), could not be explained on the basis of alternative positions
of disordered im atoms. This observation suggested the nonstoichiometry
of the structure with respect to im content. The following structural
model was developed to account for these features: When O(W1) co-
ordinates to Cu(II), the lattice waters O(W3) and O(W4) link the co-
ordinated water through a hydrogen bond of the type O(W4).-O-
(W1)--O(W3). In the absence of these three water molecules, the im
nitrogen at nearly the same position as O(W1) coordinates to Cu(II).
The contribution from O(W1), O(W3), O(W4), and the atoms of the im
group were included in further cycles of refinement with partial occu-
pancies of 0.5 each. Inspection of bond lengths and bond angles in the
im molecule showed considerable distortions from expected geometry. A
difference Fourier computed with the removal of the im group resulted
in its reappearance at the same position. It was noticed that the map also
contained some peaks higher than the mean noise level in the vicinity of
disordered atoms of im group. Attempts to identify atoms of the im
molecule in alternative positions were unsuccessful, as they made no
chemical sense. Therefore, the im moiety was refined as a rigid group'®

(17) The discrepancy in the values for carbon is probably due to the non-
stoichiometry of the complex. It is possible that within any given batch
of crystals a variation exists in the im content and the usual batch
elemental analysis is an average value. The stoichiometry is assigned
on the basis of structural analysis on a single crystal, and this formula
is used to calculate the chemical content.
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Table II. Final Fractional Parameters (X 10*) for Non-Hydrogen
Atoms with Their Esd’s in Parentheses
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Table ITl. Bond Lengths (A) Involving Non-Hydrogen Atoms
with Esd’s in Parentheses

Cu-N(7)
Cu-O(W1)
N(1)-C(Q2)
N(3)~C(4)
C(5)-C(6)
C(6)>-N(1)
N(7)-C(8)
N(@©)>C@“)
C(1")-C(2")
C(2')-0(2")
C(3'»0(@3")
o)-Cc"
C(5'y0(5")
P-0(7)
P-0(9)
C(12)-N(13)
C(14)-C(15)

2.089 (7)
1.961 (10)
1.330 (11)
1.346 (10)
1.419 (11)
1.381 (11)
1.311 (11)
1.369 (10)
1.520 (10)
1.412 (9)
1.442 (9)
1.427 9)
1.418 (9)
1.522 (6)
1.514 (6)
1.370 (15)
1.370 (16)

Cu-N(11)
Cu-0(W2)
C(2)-N(3)
C(4)-C(5)
C(6)-0(6)
C(5)-N(7)
C(8)-N(9)
N(9)-C(1")
C(2")-C(3")
C(3")-C(@4")
C(4')-0(1")
C(4')-C(5")
P-0(5")
P-0(8)
N(11)-C(12)
N(13)-C(14)
C(15)-N(11)

1.961 (10)
2.700 (8)

1312 (11)
1.378 (10)
1.252 (10)
1.375 (10)
1.334 (10)
1.494 (10)
1.512 (10)
1.502 (10)
1.441 (9)

1.531 (11)
1.611 (5)

1.508 (6)

1.370 (16)
1.370 (16)
1.370 (15)

Table IV, Bond Angles (deg) Involving Non-Hydrogen Atoms
with Esd’s in Parentheses

atom X y z
Cu 0 1538 (1) 2500
P 3922 (2) 1212 (1) 4681 (1)
Na 3612 (6) 4572 (2) 4368 (2)
0" 4023 (6) 1891 (2) 4514 (2)
o(7) 4508 (7) 1160 (2) 5346 (3)
0(8) 4949 (7) 901 (2) 4232 (2)
0©9) 2240 (6) 1073 (2) 4609 (3)
N() 1453 (7) 3398 (3) 1430 (3)
CQ2) 2306 (12) 3744 (3) 1781 (4)
NQ@3) 2896 (9) 3629 (3) 2329 (3)
C@4) 2582 (8) 3082 (3) 2492 4)
C(5) 1721 (8) 2678 (3) 2178 (3)
C(6) 1114 (9) 2837 (3) 1590 (4)
0(6) 428 (8) 2523 (3) 1206 (3)
N() 1685 (9) 2177 (3) 2519 @)
C(8) 2544 (9) 2268 (3) 3009 (4)
N@©9) 3094 (7) 2804 (3) 3014 (3)
cQ1) 4014 (8) 3092 (3) 3510 (3)
C2") 3156 (8) 3165 (3) 4121 (3)
02" 2260 (6) 3670 (2) 4075 (3)
Cc(@3") 4464 (8) 3182 (3) 4582 (4)
0(@3") 5140 (8) 3747 (2) 4534 (3)
c@) 5548 (9) 2747 (3) 4310 (3)
oa) 5259 (6) 2716 (2) 3651 (2)
C(s") 5491 (9) 2142 (3) 4592 (4)
oW1l 1627 (13) 959 4) 2447 (5)
oW2) 33(9) 1359 (3) 3741 (4)
oWw3)e 4099 (26) 1344 (9) 1910 (9)
0O(W4)2 2388 (36) 315 (12) 3440 (13)
O(Ws) 2068 (8) 578 (3) 486 (4)
oWweé) 4107 (13) 5000 0
ow7) 4 (41) 4777 (3) 1053 (6)
oWw8) —-1086 (29) =327 (6) 3250 (8)
O(W9)P 5505 (57) 4977 (26) 3781 27)
O(W10)P 5801 (59) -399 (22) 2922 (26)
N(11)¢ 1627 (13) 959 (4) 2447 ()
C(12)¢ 2686 (13) 1055 @) 1988 (5)
N(13)¢ 3965 (13) 738 4) 2124 (5)
C(14)° 3697 (13) 445 (4) 2666 (5)
cQ5)¢° 2252 (13) 581 (4) 2866 (5)

% Qccupancy 0.6. b Disordered water molecule. O(W10) has
occupancy 0.5. € Atoms of the imidazole group with occupancy
0.4. The imidazole moiety is refined as a rigid group.

with isotropic thermal parameters. Refinement of the population pa-
rameters of im atoms and the water molecules suggested that they were
present with occupancies approximately 0.4 and 0.6, respectively. Two
more lattice waters were identified in a subsequent Fourier map,'® one
of them, viz. O(W10), being disordered over two positions related by a
twofold axis and separated by 2.3 A. Refinement of this model with
occupancy 0.5 for O(W10) reduced R to 0.089. The hydrogen atoms of
the 5-IMP ligand were placed in calculated positions with the temper-
ature factors (B values) 1.5 A? greater than those of the atoms to which
they are attached. Finally, two cycles of refinement were performed,
holding the hydrogen atom parameters fixed. This led to convergence
with final R and R, values of 0.087 and 0.098, respectively. The
weighting scheme employed was w = 0.27/(o5* + 0.046|F]%). A final
difference Fourier showed no significant residual peaks with the exception
of peaks near the disordered atoms of the order of 0.2 ¢/A? and a peak
at 1.2 e/A? near the Cu site.

Neutral scattering factor curves for copper and sodium were taken
from ref 20. The scattering factors as available in SHELX-76 were used

(18) A regular pentagon with bond distances of 1.37 A and bond angles of
108° was fitted to the atoms N(11), C(12), N(13), C(14), and C(15)
and refined as a rigid group with N(11) as a pivot atom. The param-
eters refined were the positional parameters of the pivot atom, three
orientation angles, and individual isotropic thermal parameters. The
program used was SHELX-76.

(19) The positions of all the water molecules, except O(W4), in the present
case correspond closely to those present in the structure, [Pt(5’-
IMP),(NH;),]*.

(20) Cromer, D. T.; Waber, J. T. “International Tables for X-ray
Crystallography”; Kynoch Press: Birmingham, England, 1974; Vol. IV,
Table 2.2A, p 72.

N(7)-Cu-N(7") 89.6 3) N(7)-Cu-O(W1) 88.7 (3)
N(7)»Cu~-0(W2) 94,7 (3) N(7)-Cu-O(W1') 175.2 (3)
N(7)-Cu-O(W2") 97.8 (3) O(W1)-Cu~O(W2) 86.8 (4)
O(W1)}-Cu-O(W1") 93.4 (4) O(W1)-Cu-O(W2’) 81.1 (4)
O(W2)-Cu-O(W2')  162.3 (3) Cu-N(7)-C(5) 127.3 (6)
Cu~N(7)-C(8) 1222 (6) N(1)-C(2»N(3) 127.4 (8)
C(2)-N(3)-C(4) 110.1 (7) N@3)-C@4)-C(5) 128.8 (7)
C(4)-C(5)-C(6) 117.6 (7)  C(5)-C(6)-N(1) 112.7 (7)
C(6)-N(1)-C(2) 123.3(7) C(5)-C(6)-0(6) 127.9 (7)
N1 )-C(6)-0(6) 119.2(7)  C@4)>-C(5)-N(7) 109.1 (7)
C(6)-C(5)-N(7) 133.2(7)  C(5)yN(7)>-C(8) 106.2 (6)
N(7)-C(8)-N(9) 111.2 (7) C(8)»-N(5)-C(4) 108.4 (6)
N(9)-C(4)-C(5) 105.0 (6) N(9)>C(4)-N(3) 126.3 (7)
C(8»-N(9)>-C(1") 128.0 (6) C(4)-N(9)-C(1") 123.4 (6)
0(1)-C(1'»C2") 105.1 (6) CQA")CQ'»C(3") 101.3 (6)
C(2"C(3')-C4") 101.8 (6) C(3')-C(4")-0(1") 107.7 (6)
C@4H-0(1")-C1" 1082 (5) N(9C(1)»-0(1" 106.7 (6)
N($)»-C(1")-C(2") 113.7(6) C(2')-C(3")-0(3") 106.7 (6)
0@3")-C(3")-C@") 109.0 (6) 0O(2')-C(2)-CQ1") 107.8 (6)
02" »C2'»C@3") 116.3 (6) C(3')-C(4)-C(5") 116.3 (6)
C(5'»-C@'»001" 109.7 (6) C(4)-C(5")-0(5") 111.0 (6)
C(5'y-0(5")-P 115.0 (5)  O(5')-P-O(7) 105.9 (3)
O(5"»-P-0(8) 107.2 (3)  O(5")-P-0(9) 104.0 (3)
O(7)-P-0(8) 111.1 (3)  O(7)-P-0(9) 113.9 (3)
O(8)-P-0(9) 113.9(3)

Figure 2. Structure of the (5-IMP),Cu!! complex ion with water coor-
dination (~60% water occupancy). Broken lines indicate hydrogen
bonds.

for all other atoms. Anomalous dispersion corrections were applied to
the scattering factors of all non-hydrogen atoms.?' Final atomic posi-
tional parameters for the non-hydrogen atoms are given in Table I1.22

(21) Cromer, D. T.; Liberman, D. J. Chem. Phys. 1970, 53, 1891-1898.
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Table V. Comparison of the Structural Parameters of the
Sodium Salt and Metal Complexes of 5'-IMP

dihedral
angle
interligand  between
N(7) - -N(7)  purine %

complex dist, A planes, deg metal ref

Na[5'-IMPH] 3.48 22.0 0 27
[Pt(5'-IMP),(en)}*" 3.26 31.0 ca, 38 23
[Pt(5'-IMP),(tn)]*" 2.93 38.2 ca, 74 25
[Pt(5'-IMP),(NH,),1*" 2.88 407 ca. 86 26
[Pt(5-IMP),(NH,),1*" 2.83 43.0 100¢ 24
[Co(5-IMP),(H,0),]" 2.89 39.9 100 32
[Cu(5'-IMP),(dien)] >~ 3.23 30.4 100 29
[Cu(5"-IMP), (im), 4~ 2.97 35.5 100 present

(H,0),,,(H,0),)*" work

@ Originally reported to be 56%.

Results and Discussion

Description of the Molecular Structure. In the crystal structure
the Cu(II) ion lies on a twofold axis along b and has an octahedral
coordination. The symmetry-related 5’-IMP anions coordinate
to the metal ion in cis position through the N(7) atoms of the bases,
the Cu~N(7) distance being 2.089 (7) A. The other cis positions
of the coordination plane are statistically occupied by nitrogen
atoms of disordered im groups (Figure 1) and water oxygens
(Figure 2) with occupancies 0.4 and 0.6, respectively. The Cu~
Nj/Cu-O(W1) bond lengths (1.961 (10) A) are shorter than
the Cu—N(7) distances. The remaining axial coordination sites
are occupied by water oxygens (O(W2)) at longer distances (2.700
(8) A). The axially coordinated water O(W2) forms two hydrogen
bonds with O(6) of the base and O(9) of the phosphate belonging
to the same molecule (Figures 1 and 2). The hydrogen-bonding
scheme that links the ligand water O(W1) with phosphate oxygen
O(8) (through O(W3) and its symmetry equivalent O(W3’)) and
with O(W4) (Figure 2) is observed only in the absence of the im
group.

The structure of Na,[Cu(5-IMP),(im)qg(H,0), ,(H,0),]-12.4
H,0, like the Pt(I) complexes with 5-IMP,2>-2 bears a strong
resemblance to the structures of sodium salts of 5-IMP.Z"'® In
the structure of Na-5-IMPH? a water molecule lies on a crys-
tallographic twofold axis and links two symmetry-related 5-IMP
anions via hydrogen bonds of the type OH,+N(7). In the Pt(II)
complexes, the metal ion links the two symmetry-related 5’-IMP
ligands through cis-Pt—N(7) coordination bonds. An important
and interesting aspect of these complexes is that most of them
are nonstoichiometric with respect to the metal content. Although
the present structure is very similar to the Pt(II) complexes, it
is nonstoichiometric only with respect to imidazole occupancy.
The possibility of this structure also having fractional occupancy
of the metal ion was considered. However, results from an oc-
cupancy refinement of copper seem to rule out this possibility.
The only other Cu(II) complex where such a cis binding of nu-
cleotides has been observed is Na,[Cu(5-IMP),(dien)]-10H,0.%

(22) All computations were carried out on a DEC-10 computer. The
structure was solved and refined with: Sheldrick, G. M. “SHELX-76";
Cambridge University: Cambridge, England, 1976. Diagrams were
prepared with: Johnson, C. K. “ORTEPII”, Report ORNL-5138; Oak
Ridge National Laboratory; Oak Ridge, TN, 1976. Calculations other
than those specifically noted were performed with locally written pro-
grams.
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Figure 3. Coordination around the sodium ion, showing water bridges
between the two sodium ions related by twofold symmetry. Note the
five-membered chelate involving the sodium ion and sugar atoms.

In this case, the complex is stoichiometric, but the copper positions
were found to be disordered between two positions related by a
twofold axis. Thus, the Cu(II) ion alternatively forms a strong
equatorial bond to N(7) of one 5-IMP ligand and a weaker axial
interaction with N(7) of the related ligand and vice versa.

Molecular Conformation and Dimensions. In the structure, the
Cu(II) ion is significantly out of the plane of the purine ring (0.75
A). Thus, although the angle N(7)-Cu-N(7) is 89.6°, the di-
hedral angle between the two bases is only 36.8°. This value is
close to that observed for the Pt(II) complexes of 5’-IMP. (Table
V). The corresponding angle in the sodium salt of 5/-IMPH is
22°. The interligand N(7)-+N(7) distance in the present molecule
is 2.9 A. The ribose moiety displays the C(2") endo®® puckering
mode. The orientation of the sugar with respect to the purine
framework is anti (xcn = 51.2°). The conformation about the
C(4)-C(5) bond is gauche—gauche. These conformational pa-
rameters are similar to those observed for other metal complexes
where the nucleotides are in cis position.

In view of the fact that the esd’s in bond lengths and bond angles
of the 5-IMP ligand are comparatively large, a detailed discussion
of these parameters is unwarranted. However, they agree well,
within the limits of experimental error, with the reported values
for other complexes in this series. The purine plane is approxi-
mately planar, with the exocyclic atoms O(6) and C(1") deviated
by 0.14 and 0.03 A, respectively, out of the plane. The imidazole
and pyrimidine rings of the purine framework are inclined to each
other by 2.6° about the C(4)—-C(5) bond.

Sodium Coordination. The present structure, like most of the
other structures in this series, has sodium as a counterion. The
complex [Pt(Me-5-GMP),(tn)}*! and (en)Co""®? complexes of
oxopurine nucleotides, however, do not have such a counterion.
The sodium ion is seven-coordinate. Two of the coordination sites
are occupied by the ribosyl hydroxyl atoms O(2’) and O(3’). The
atoms O(2"), C(2)), C(3’), O(3’),and Na* ion constitute a five-
membered chelate. The remaining five sites of the sodium co-
ordination are occupied by water molecules. The nearest sodium
ion is related by a twofold axis and separated by a distance of
3.37 A. These two sodium ions share three water oxygens. Among
these, the water O(W6) lies on the crystallographic axis along
a, and the other two are symmetry-related O(W5) sites (Figure
3).

Stacking Interactions and Hydrogen Bonds. In the absence of
intercomplex base~base interactions, the structure is dominated
by intracomplex interactions between twofold symmetry-related
nucleotides. The notable interaction is between O(6) and C(8)
of the twofold-related ligand (C(8)~-O(6) = 3.15 A). This type
of interaction is typical of (nucleotide),Pt"! complexes. Apart from
this contact, there are significant intracomplex sugar-base in-
teractions involving the sugar oxygen atom O(1’) (O(1”)--C(5)
= 3,18 A, O(1)-C(4) = 3.21 A, O(l’)--C(6) = 3.22 A, O-

(29) Chiang, C. C,; Sorrell, T.; Kistenmacher, T. J.; Marzilli, L. G. J. Am.
Chem. Soc. 1978, 100, 5102-5110.
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X-ray Structure of a Ternary Metal Complex

4. Packing of the molecules in the unit cell viewed down a. Water
molecules O(W1) (not marked in the Figure), O(W3), and O(W4) have
occupancy ~0.6, and atoms of imidazole group have occupancy ~0.4.

&1')---N(1) =3.28 A, O(1")-~C(2) = 3.33 A, O(1")-~N(3) = 3.39
). It can be seen from the above values that the sugar oxygen
O(1’) interacts approximately equally with the pyrimidine atoms.
Similar sugar-base interactions were also observed in the structure
of Na-5-IMPH.

The packing of molecules is shown in Figure 4. The phosphate
group is rigidly held through a network of intermolecular hydrogen
bonds. In addition to coordination to the sodium ion, the two
hydroxyl oxygens of the ribose form hydrogen bonds with the
oxygens of symmetry-related phosphate groups. The N(1) atom
donates its proton to the phosphate oxygen O(7), which is of
significance since it represents a base—phosphate interaction.

General Conclusions

As mentioned earlier, the cis geometry of the nucleotides around
the Cu(II) ion in the present structure is similar to that observed
for the (nucleotide),Pt! complexes. Most of these Pt(II)-5"-IMP
complexes are nonstoichiometric. Kistenmacher and co-workers?
have shown that these nonstoichiometric complexes are made up
of two types of unit cells, one of which can be associated with the
sodium salt of 5’-IMP and the other with Pt(II) complexes of
5-IMP. The occupancy of the (amine)Pt!! moiety in the series
of complexes [Pt(5’-IMP),(amine)]? ranges from 38% to 100%
(Table V). It is clear from the table that a higher occupancy of
(amine)Pt! group results in the decrease of the N(7)-+N(7)
distance and the increase in the dihedral angle between the purine
bases of the symmetry-related 5-IMP nucleotides. As pointed
out by Chiang et al.® earlier, the comparative parameters shown
in Table V suggest that there exists a strong competition between
the crystal-packing forces operative in the sodium salts of 5'-IMP
and the distortion of the structure owing to the simultaneous
binding of two bases by the metal moiety. In the [Cu(5'-
IMP),(dien)]? complex, due to the presence of the bulkier dien
ligand, the metal ion forms a weaker bond with one of the nu-
cleotides (vide supra) and consequently effects minimal distortion.
On the other hand, with im in the cis position in the present case,
the Cu(II) ion is able to link the two nucleotides by strong bonds
and bring about greater distortion in the basic structure, com-
parable to that shown by Pt(II) complexes. The structural sim-
ilarities displayed by the sodium salts, the Pt(II) complexes, and
the Cu(II) complexes are highly significant in terms of the possible
effect on a polynucleotide structure owing to intrastrand cross-
linking by a metal complex.

Another interesting feature of the structure is that the cis
binding of nucleotides through N(7) atoms to Cu(II) has the effect
of labilizing the Cu—N;, bonds. We have observed the complete
removal of the ethylenediamine molecules from the metal site on
similar binding of nucleotides.’? This suggests that the coordinated
bases of oxopurine nucleotides have a very strong trans-directing
influence, so that even thermodynamically and kinetically inert
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amino groups can be labilized.*

The present. crystallographic study on a ternary metal-nu-
cleotide complex containing an aromatic ligand was mainly
prompted by the solution studies of Sigel and co-workers.** In
such a ternary system they have shown that the metal ion—aromatic
amine moiety prefers to bind to the phosphate oxygen donors
rather than to the nitrogen donors of the nucleotides. X-ray
structura] studies on Cu(II) and Cd(II) ternary complexes com-
posed of a nucleotide monophosphate and a w-aromatic base like
bpy, dpa, and o-phen have confirmed this mode of binding in most
cases: i.e., [Cu(5-AMPH)(bpy)(H,0)],**, [Cu(3’-GMP)(o-
phen) (H;0)],,® [Cu(5’-IMP)(dpa)(H,0)],,” [Cu(5-CMP)-
(dpa)(H,0)]5,'® [Cu(5-UMP)(dpa)(H;0)],,'" and [Cd(5'-
UMP)(dpa)(H,0)].1° All the Cu(II) complexes have a dimeric
structure, with the aromatic amines coordinating through their
nitrogen donors and the nucleotide bridging the two Cu(II) centers
through the phosphate oxygens. The nucleotide base does not bind
to the metal ion, contrary to what is observed in binary complees
of the type [M(nucleotide)(H,0);].!¢f Though the Cd(II) com-
plex is polymeric, the metal coordinates only to phosphate oxygens.
The complex [Cu(5-IMPH)(bpy)(H;0),](NO;)** in which the
binding is through the N(7) atom of the base is the only exception.
The metal-purine binding in this case, as pointed out by Bau and
co—-workers,” is most likely a consequence of protonation of the
phosphate group, making it less attractive as a ligand to the metal
ion. Metal-phosphate binding mode is also shown in the two
ternary metal complexes with 5-ATP, viz. [Cu(5-ATP)(o-
phen)],7H,0% and [Zn(5’-ATP)(bpy)]-4H,0.%* It was con-
cluded, therefore, that the “phosphate only” binding mode is typical
for ternary complexes containing m-aromatic amines. Sigel and
co-workers have suggested that the aromatic amine due to its
w-accepting properties imparts discriminating properties to the
metal jon. 1416

On the basis of the results obtained from solution studies, it
was concluded that the im moiety would also impart similar
discriminating properties to metal ions.!*'“16 Accordingly, the
(im)Cu™ or the (im),Cul’ moiety would bind to the oxygen atoms
of the phosphate rather than to the nitrogen atoms of the base.
The present study, however, shows that the (im),Cul! moiety binds
to the N(7) atoms of the base but not to the phosphate oxygens.
Thus, the structures in the solid state and solution are obviously
different. As has been pointed out earlier, the 5-IMP anions in
ternary complexes containing ammonia, en, dien, and tn prefer
to stack in the manner observed in the present structure. However,
such stacked interactions do not exist in the complex [Cu(5’-
IMP)(dpa)(H,0)],,* which contains the heteroaromatic N base
dpa instead of im in the present case. The differences in the mode
of binding of the 5’-IMP ligand in Cu(II) complexes containing
dpa and im may be due to the less pronounced w-accepting
property of im as compared to that of dpa. The present work
emphasizes the need for more crystallographic studies on ternary
metal-nucleotide complexes containing the im moiety.
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