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The compound [Pd(en)(5'-IMP-"?'),].ll HzO, where 5'- 
IMP = inosine 5'-monophosphate, crystallizes in the tetrago- 
nal space group P4322 with the unit cell parameters: a = b = 
12.060(5) and c = 28.510(5) A,  V =  4147(3) A3, Z = 4. A head- 
to-tail orientation with A configuration is observed for the 
nucleotides which are coordinated through the N(7) positions 
such that d[Pd-N(7)] = 2.053(8) A. The s u g a  moieties exhi- 
bit anti orientations toward the purine bases while their puk- 
kers adopt C(3)'-endo coniormation. The overall conforma- 
tion about the phosphate backbone is gauche+. Intramolecu- 

lar hydrogen bonding is observed between the phosphates 
and the NH groups of the en ligand with a donor-acceptor 
distance of 2.88 A. The coordination mode of the solid-state 
structure is shown to be identical to that observed by IH- 
NMR spectroscopy in solution under slightly acidic condi- 
tions, where the N ( l )  positions of the nucleotides are proto- 
nated. The results are discussed in reference to closely re- 
lated systems reported in the literature with emphasis on the 
importance of hydrogen bonding in such complexes. 

Introduction 

The interaction of D N A  building blocks with Pt(l1) and 
Pd(I1) complexes has been a widely studied field in under- 
standing the mechanism of action of Pt(T1) antitumor 
drugs. Various structures of nucleobases111[21and oligonucle- 
~tidcs['l[~] with platinum amine coniplcxcs have been re- 
ported. Recently the crystal structure of cisplatin-bound 
duplex DNA['] confirmed the GG intrastrand crosslink as 
the main binding mode in DNA. N M R  ~tudies'~11~1 on am- 
(m)ine platinum nucleotide adducts provided evidence for 
intramolecular hydrogen bonding between the phosphates 
of the aucleic acid components and the NH protons of tbc 
am(m)ine ligands. This was initially postulated from a de- 
crease in the pK, values of the phosphates. Phosphate-am- 
mine interactions were also found in the crystal structure of 
ci.s-[Pt(NH,),{d(pGpG)}],[*] and the possibility for duplex- 
bound cisplatin was considered. L51 However, only few Pt(I1) 
or Pd(l1) structures of niononucleotidc adducts rcvealed the 
presence of intramolecular hydrogen bonding between the 
phosphate groups and thc amines.r91 This intcraction is 
thought to be of major importance for the antitumor-ac- 
tivity of Pt(I1) complexes. It has been shown that the ma- 
jority of complexes with cis geometry having at least one 
NH group are active, whereas complexes without NH 
groups are generally although some exceptions 
have been reported." 1j[121[13] 

Complexes of the type [Pd(R4en)(HzO)2]2' (R = H1 Me: 
Et) have been used in our laboratories to study the substi- 
tution kinetics of such complexes with nucleosidcs and nu- 

cleotides.[141 The substitution lability drastically decreased 
on increasing the steric hindrance from H to Me and Et, 
due to the axial sites being blocked for the incoming ligand 
by steric hindrancc. A significantly higher reactivity for the 
nucleotides 5'-IMP and 5'-AMP over their corresponding 
nucleosides was ascribed to a transition state stabilization 
induced by the phosphate.['s] Hovvever. the introduction of 
the n-accepting 2-picolylainine ligand resulted in a higher 
reactivity for inosine than for 5'-IMP.1'61 

Here we report the crystal structure of [Pd(en)(5'- 
IMP),].I 1 H20, which clcarly exhibits the presence of this 
NH...OP hydrogen bonding. A comparison with rclated 
systems is made. 

Results 

Crystrrl Structure: The molecular structure of [Pd(en)(5'- 
IMP-N7)2].1 1 H20 is shown in Figure 1 and selected bond 
lenghts and angles in Table 1. The Pd atom has a nearly 
square-planar coordination sphere and lies on a two-fold 
symmetry axis. The 5'-IMP molecules are coordinated 
through the N(7) positions with a Pd-N(7) distance of 
2.053(8) A and an N(7)--Pd-N(7)#1 angle of91.6(5)". The 
Pd-N( l)en distance is 2.01 I@) A and Lhc N( 1 )-Pd-N( 1)#1 
angle 81 .h(6) ". The mean deviation from the lcasl-squares 
plane of the five atoms describing the square planar coordi- 
nation sphcrc is 0.063 A. The dihedral angle of this plane 
with respect to that of the purine systems is 48.2". The pu- 
rine bases exhibit a head-to-tail orientation with their di- 
hedral angle having a magnitude of 33.3". Furthermore, a 
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A configuration is ascribed to th! purine orientatio~i.[’~] Thc 
N(7)...N(7)#1 distance is 2.943 A. A notably short distance 
of 2.957 A exists between the O(6) and C(8)#1 atoms of 
the two 5’-1MP moieties. 

Figure 2. Unit cell diagram of [Pd(en)(5’-lMP)z].ll H?O, looking 
down the z axis; H atoms are omitted for clarity 

Figure 1. X-ray crystal structure of [Pd(en)(5’-IMP-N7)2]. 11 € 1 2 0 ;  
water molecules are omitted for clarity 

The backbone angle y [O(S)‘-C(S)’-C(4)‘-C(3)’] of 
50.5” suggests a gauche ’ conformation for the phosphate 
backbone.[’*] The glycosidic torsion angle x [0(4)’ ~ 

C(l)’-N(9)-C(4)] has a value of -156.0’ resulting in an 
anti orientation for both purine bases with respect to the 
ribose sugars. The sugar conformation is C(3)’-enn’o, since 
the C(3)’ atom is located above the plane which is described 
by C( l)’, C(2)’. C(4)’ and O(4)’. 

The shortest Pd...Pd* distance is 8.575 A which is shown 
in the unit cell diagrams (Figures 2 and 3). It has to be 
mentioned that close contacts exist between the pyrimidine 
rings of two 5‘-IMP units of neighboring molecules. The 
N( I)..C(2*) distance of 3.26 and the N(3)..C(6*) distance 
of 3.35 A are strongly indicating intercomplex base-base 
stacking interactions. 

The possibility of intramolecular hydrogen bonding be- 
tween the nucleotides and the ethylenediamine ligand arises 
from an 0(3)...N(l),,, distance or 2.88 A. 

Furthermore, the phosphate oxygen atoms O( I), O(2) 
and O(3) are involved in hydrogen bonding to the surround- 
ing lattice-water molecules. Water O(1) is close to O(13) be- 
ing separated by a distance of 2.62 A, as are O(2) to O(11) 
(2.71 A), and O(3) to O(8) and O(9) (2.69 and 2.93 A, 
respectively). The O(6) at the base is in close contact to 
O(9) with 2.85 A. The sugar O(2)’ is close to O(12) (2.74 
A) and the O(3)’ close to O(10) and O(11) separated by 
2.72 and 2.67 A, respectively. An intensive hydrogen bond- 
ing network between the water molecules also surrounds 
[Pd(en)( 5’-IMP-N7)2]. 1 1 H,O. 

NiMR Spectra: If crystals of the complex [Pd(en)(S’-IMP- 
N7)2].11 H20 are dissolved in D20 the lormalion of various 
species, depending on pH*, is observed. At pH* = 2.2 and 
4.3, the most predominant species is the complex formed 

Figure 3. Unit cell diagram of [Pd(en)(5’-IMP)2].1 1 HzO, looking 
down the x axis; H atoms are omitted lor clarity 

by [Pd(en)12’ coordinated to the N(7) sites of two 5’-1MP, 
which is characteriLed by signals at 6 = 8.82 and 8.21 for 
the H(8) and H(2) protons of the purine bases, respectively. 
From the large downfield shift of the H(8) signal with re- 
spect to the free ligand at 6 = 8.44, N(7) coordination with 
the N(1) site remaining uncoordinated [signal of the N(1) 
site of the free ligand is observed at 6 = 8.241 is obvious. 
Thc H(1)’ proton is only shifted slightly from 6 = 6.16 to 
6.10 for the free ligand and the complex, respectively. These 
observations correspond well to those reported in the litera- 
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t ~ r e . ~ ’ ~ ]  A species, previously being assigned as an 
N(I).N(7)-bridged polymeric represcnted by 
signals at 6 = 8.86, 7.98 and 6.93 for H(8), H(2) and H(l)’, 
respectively, is only present in minor concentrations. Here 
the largest shift is observed for the H(1)‘ signal, being 
shifted downfield by 0.77 ppm with respect to the free li- 
gand. The observation of such large shifts corresponds well 
to the influence of two-coordinated Pd(T1) per 5’-IMP. It 
was suggested before, that stacking interactions between 5‘- 
IMP bound through N(l) and N(7) to two differcnt 
[Pd(en)lz+ units bound to two different 5’-IMP units ac- 
count for the shifts, since monofunctional [Pd(dien)]‘+ did 
not show such The coupling constant 
J[H(l)‘-H(2)’] for the N( l),N(7)-coordinated adduct ( J  = 
2.6 Hz) is much smaller than those for [Pd(en)(5’-IMP- 
N7),] (J = 4.1 Hz) or free 5’-IMP (J = 5.3 Hz). This adduct 
is similar to a previously proposed cyclic adduct containing 
four Pd(en)(guanine ring) moieties.[”] On increasing the 
pH* further to 6.9 the N(l).N(7)-coordinated species be- 
come the major adduct whereas no singly N(7) coordinated 
5‘-IMP is detected. Since the N(1), N(7) species has a metal 
to ligand ratio of 1 : 1, one molar equivalent of non-coordi- 
nated 5’-IMP is present. 

Discussion and Conclusions 

The coordination mode of the 5‘-IMP molecules in solution 
as observed by ‘H-NMR spectroscopy under acidic con- 
ditions and in the solid state as shown by X-ray crystal- 
lography, are in good agreement as expected. It is evident 
from the X-ray structure and the lowfield-shift of the H(8) 
signal that the 5’-IMP molecules are coordinated through 
the N(7) position (p& = 1.3 for the free which is 
the preferred binding site under the chosen pH. The N(l) 
position is not accessible under these conditions (pKa = 
9.27 for the free base).rZ21 The Pd-N(7) distance of the 
solid state structure is in close agreement with that of the 
closely related complexes [Pd(en)(5’-GMP)2].Y H20. 1’1 tmns- 
[Pd(in0)C1~].5H,O[~~] and [Pd(dien)(gu0)]’+.1~~’ The Pd- 
N(l)eIl distance also corresponds to that of other [Pd(en)]’ ’ 
complexes with a PdN4 coordination sphere. [91[251 

The dihedral angle bctwcen the purine bases, [‘I as well as 
that of the purine bases and the square-planar coordination 
sphere,[26] are rather small in comparison to those of related 
Pt(1l) complexes. However, the corresponding octahedral 
Ni(T1) complex, [Ni(en)(5’-IMPH),(H,0)2].13H,0,[271 is an 
exeption by exhibiting a dihedral angle of cven less than 
30”. The structure of [Pt(en)(5’-IMP)2]2p also shows a 
small dihedral angle of 31” with an N(7)...N(7) distance of 
3.26 ,&.[281 

The small dihedral angle and the short distance between 
the two coordinated purine bases strongly indicate intra- 
complex interbase stacking interactions as observed for czs- 
[Pt(tn)(Me-5’-GMP)2].[29] The purines stack with one py- 
rimidine ring overlapping with the pyrimidine ring of the 
other purine base. Intercomplex base stacking interactions 
were also found between the pyrimidine moieties OK two 
neighboring [Pd(en)(S’-lMP)z] units. 

The riboses exhibit C(3)’-cndo (N-type) conformations, 
which is in reasonable agreement with the nucleotide 5’- 
GMP in cis-[Pt(NH& 5’-GMP)2]2+ which adopts a pre- 
dominantly C(3)’-~izdo,anti conformation.[30] For the bind- 
ing of cisplatin to GpG sequences in oligonucleotides, a 
change in the sugar conformations from C(2)’-endo to 
C(3)’-endo was proposed.[’] These observations of a predo- 
minatly C(3)’-endo conformation correspond well to the 
structure reported here. The sugar puckers contrast those 
of the crystal structure of cis-[Pt(NH&(5’-TMP),lzp exhib- 
iting a C(2)‘-endo pucker.[”] The latter complex was crys- 
tallized from an aqueous solution at pH = 6.9 wherc the 
phosphate groups remained deprotonated (pK, = 6.00)[22] 
and were involved in close contacts with the sodium coun- 
terion. A c ( 2 ) ’ m d o  sugar pucker was also observed for 
two 5‘-dGMP units coordinated to a Ni(en) Here 
the sugar pucker also led to intermolecular rather than in- 
tramolecular hydrogen bonding of the phosphates. The 
complex [Pd(en)(5’-IMP-N7)2]. 1 1 H20 was crystallized un- 
der acidic conditions with the phosphate groups being mo- 
noprotonated leading to a neutral complex. 

In the analogous structure ci~-[Pt(NH~)~(5‘-1MP)~l*-. no 
intramolecular H bonding was found between the phos- 
phates and the NH groups.[”’ The structures of [Pt(en)(5’- 
GMP-N7)2].9H20 and [Pd(en)(5’-GMP-N7)2].9H20[91 ex- 
hibited this kind of intramolecular hydrogen bonding be- 
tween the phosphates and the en ligands. With an O.,.N 
distance of 2.92 A there does not seem to be a major differ- 
ence to the structure of [Pd(en)(5’-IMP-N7),].1 1H20 re- 
ported in  this study. By way of comparison, the latter 5’- 
GMP structures are nearly identical to the 5’-IMP structurc 
reported here. Intermolecular hydrogen bonds between the 
O(6) and the en ligands of neighboring molecules were 
found to stabilize the structure of Na2[Pt(en)(5’- 
GMP)2].6H20.[33] A strong hydrogen bond formed between 
the phosphate group of the nucleotide and the NH group 
of the en ligand was reported for the dimeric structure of 
[Pt(en)(5’-CMP)2],[341 Here one oxygen of the phosphate 
was directly bonded to the Pt( 11) atom, whereas another 
oxygen atom was*involved in NH hydrogen bonding with 
d(O...N) = 2.75 A. With the N ( 3 )  site coordinated to an- 
other Pt( 11) moiety two nucleotides functioned as bridges 
between two [Pt(en)12’ groups. Crystallographic evidence 
for intramolecular H bonding of the phosphate group was 
also reported for 5’-IMP complexes of Co and Ni.[351 Close 
contacts were round bctween the phosphate and the metal 
bound H,O molecules. The conformation of the 5’-TMP 
units are very similar to the one reported here. The struc- 
ture of [Pd(cn)(S’-I M P-N7)2]. 1 1 H20 does not exhibit the 
kind of hydrogen-bonding interaction between the N( I),,, 
and the O(6)  atoms as reported for other Pt-purine struc- 
tures. [361[371 

The X-ray crystal structure of [Pd(en)(5’-IMP-N7)2].1 1 
H 2 0  showed that the N(7) position of 5’-IMP is the main 
binding site for Pd(I1) at pH < 5 similar to that observed 
in solution by NMR studies. The N(1) position, which is 
also an attractive target for Pd(I1) at neutral pH. is only of 
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minor importance since it is protonatcd under the acidic 
conditions used for crystallization and NMR measure- 
ments. If the hclical structure of duplex DNA is considered, 
the N(1) position of guanine is involved in intensive base- 
pairing and unlikely to serve as a coordination sitc for Pt(I1) 
anticanccr drugs. The C(3)’-mdo sugar pucker and anti 
conformation about the glycosidic torsion angle correspond 
well to those observed for the cisplatin adducts of larger 
DNA fragments. whereas the head-to-tail orientation of the 
nucleotides is biologically improbable. The nucleotide 
orientation is mainly controlled by intracomplex interbase 
interactions and intramolecular hydrogen bonding. Hydro- 
gen bonding between the phosphate of the nucleotides and 
the NH groups of the etliylenediamine ligand strongly sug- 
gests that this interaction is of major importance for the 
mechanism o f  action of cisplatin and related antitumor 
drugs. 

The authors gratefully acknowledge financial support from the 
Dcutsche ~(~r,~chimn~s~euneinsc.lluft and [he Fond der Chnischen h- 
dustrie. We also kindly thank Dr. G Liehr from this Institute for 
collection of the X-ray data and determination of the structure. 

Experimental Section 
PdC12 was donated by Degussa, and inosinc S’monophos- 

phate (disodium salt; 5’-IMPNa2) was obtained from Sigma. 
[Pd(en)CI,][’*] was prepared by standard methods. Demincralizcd 
water was used for all preparations. - Chemical analyses were pcr- 
forinad on a Carlo Erba Elemental Analyscr 1106. - ‘H and I3C 
NMR measurements were performed on a Bruker Avance DPX 
300 spectrometer at 300.1 MHz and 75.5 MHz, respectively, using 
D 2 0  as solvent. Spectra were recorded at 25 f. 1 “C with TSP 
(sodium 3-trimetliylsilylpropionate) for ‘H and as an internal 
reference. - pH values of solutions were measured with a Mcttlcr- 
Toledo electrode on a Methrohm 632 pH meter. Standard buffers 
of pH = 1.68.4.00 and 6.87 were used for calibration. - Measure- 
ments of NMR samples in D 2 0  wcrc performed directly in the 
NMR tube with an Aldrich 4 min combination electrode, and pHY 
values were adjusted using diluted DNO, and NaOD. These values 
were not corrected for thc dcuteriuni isotope effect and are desig- 
nated as pH* values. 

Crystallographic data (excluding structure factors) for the struc- 
ture(s) reported in this paper haw bccn deposited with the Cam- 
bridge Crystallographic Data Centre as supplcinentary publication 
no. CCDC-100526. Copies of the data can be obtained frcc of 
charge on application to The Director, CCDC,12 Union Road. 
Cambridge CB2 IEZ, 1JK [fax: int. code +44(1223)336-033, 
e-mail: deposit@chenicrys.cam.ac. uk]. 

(Pd(enJ(j’-IMP-N7)2].9 H20: 67 mg (0.28 mmol) of 
[Pd(en)CL] wcrc reacted with 293 mg (0.56 mmol) of 5’-IMPNa2 
in 15 ml of H20 for 30 inin at 60 “C. After cooling to room temp., 
0.56 ml of 1 N HC1 was added to the solution. The final yellow 
solution was stored for one week at 4 “C which allowed yellow 
needles suitable for X-ray crystallography to be obtaincd. - 
C22N,,H,,025P2Pd: calcd. C 25.83, H 4.93, N 13.69; foulld C 

[C(6)], 150.7, 150.5 [C(2),C(4)], 144.0 [C(S)], 125.1 [C(5)]. 92.1 
[C(l)’], 86.8 [C(4)’], 77.6 [C(2)’], 72.6 [C(3)’]. 67.0 [C(S)’], 50.2 
(G“). 

25.77; H 4.83, N 13.47. - 13C NMR (DlO; pH* = 1.0): F = 159.2 

Table 1. Selected bond lengths [A] and angles [“I for [Pd(en)(S‘- 
IMP)2] ’ 11 H20 

Pd - N( 1 )cn 
Pd-N(7) 
F O ( 3 )  
PFO(2) 
P-O(1) 
P-O(SY 

2.01 l(8) 
2.053(8) 
1.495(9) 
1.511(9) 

1.583(91 
1.535(10) 

N( 1 )cn# 1 -Pd -N( l)en 

N( 1 ),,, -Pd-N(7) Y3.6(4) 
N U -  Pd-N(71#1 91.6(5) 

8 1.6(6) ’ 
N(I)el,#l -Pd-N(7) 173.3(4) 

0(3)-P-0(2) ’ 
O(3)- P-O(l) 
O(2)- P-O(l) 
O(3)- P-O(5)’ 
O( 2) - P - O( 5 )  ’ 
O(I)- P-0(5)’ 

I 17.?(5) 
113.0(6) 
104.9(6) 
104.2(4) 
109.9(5) 
106.8(6) 

Symmetry transrormations used to generate equivalent atoms: 
#~-Y,-x.-z+ 3/4. 

Table 2. Crystallographic data for [Pd(e11)(5’-1MP-N7)~1 . 11 H 2 0  

Formula 
/wr 
Cryst dimensions 
Cryst system 
Space ggoup ( N o  ) 
u : b [A] 

V [A ] 
Z 

c [GI 
0: =* y = y [“I 

0 ran,, [“I 
Radiation (Mo-K,) [A] 
R,,, 
Data/restraints/parameters 
Goodness-of-fit on F2 
R , b’ 
W R p  

tetragon a1 
P4?22 (No. 95) 
12.060(5) 
28.5 lO(5) 
90.000 
4147(3) 
4r.1 
4236.37 
293(2) 
1.696 
0.63 

2192 
- 1 2 5 h 5 1 2 .  0 5 1 ~ 5 1 2 ,  0 5 1 5 3 0  

1 . 540 
0.0744 (for observed data) 
0.2054 (for observed data) 

rd] A formula of C11H27N5013 sPPo.5 with il4r = 529.55 and Z = 8 
was resolved; since Pd IS  located on a unique osition. For con- 
sistency it is niultiplicated by the factor of 2. - IhJ)R, = E(lFql$l)/ 

(0.1000P)’ + 0.00P1, where P = [max(C) + 2(c)] /3 .  
CIFol. - “1 M.K~ = [ ~ ~ ~ [ ( F ; ; - P ~ ) 2 ] / C [ ~ ~ ~ ( F ~ ) 2 ] ] ” ’ ;  11’ = 1/[0-( ”) + 

Crystal Structure Deternzination: A yellow crystal was mounted 
on a glass rod and used for data collection. X-ray structural data 
wcrc obtained on a Philips PW 1100 diffractometer with a graphite 
inoliochromator at 20°C using Mo-K, radiation. A total number 
of 5514 reflections with 3 < 0 < 22” using ~$28 scans was collected, 
of which 2305 were considered observed [I > 2 0  (01. At t) > 22” 
thc decrease in intensity was too high in order to collect further 
rcflcctions. Data refinement was conducted using the programs 
SIR-92 and SHELXL-93.[391 The fullmatrix least squares reline- 
ment resulted in final agreenient factors R = 0.0744 and R,., = 
0.2054. No absorption correction was applied. Hydrogen atoms 
were fixed on the basis of geometrical considerations. The location 
of the H(1) [P-O(1) group] was estimated by considering the differ- 
ence electron density in 15” intervals around O(1). A 2.25 e A-? 
peak was found in the final difference Fourier map. which was lo- 
cated at a distance of 0.95 A from the Pd atom. Selected bond 
lengths and angles are given in Table 1 and crystal data and details 
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on data collection in Table 2. The X-ray structural data indicated 
11 H20 molecules per formula unit of [Pd(en)(5'-IMP)2].l 1 HZO 
which disagrees with the 9 H 2 0  molecules per forinula unit found 
using C, H, N analysis. Hence, we assume that the crystals loose 
H 2 0  on standing. 
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