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The molecular and crystal structure of [Pt(Nfl'-dimethylethylenediamine)(H20)(S04)].H20 has been determined. The compound 
crystallizes in the monoclinic P2,/c space group with a = 8.472 (3) A, b = 8.495 (4) A, c = 15.794 (10) %I, f l  = 100.05 (4)O, 
and Z = 4. Data were collected with Mo Ka radiation and a Syntex PI diffractometer. The structure was refined on 2172 observed 
reflections to R = 0.037 and R, = 0.039. The square-planar environment of Pt includes the bidentate ligand, one molecule of 
water, and a monodentate sulfate ion boeded through an oxygen atom. The Pt-N bonds are 2.009 (6) and 2.01 1 (7) A, and the 
Pt-0 bonds are 2.078 (6) 8, for the water molecule and 2.052 (5) A for the sulfato ligand. The coordinated S-0 bond is 
significantly longer (1.525 (6) 8,) than the other three S-0 bonds (1.450 (7), 1.454 (6) and 1.457 (7) 8,). The crystal is stabilized 
by extensive hydrogen bonding. The coordinated aquo ligand is involved in two hydrogen bonds where it donates the protons. 
The lattice molecule of water plays a crucial role in stabilizing the crystal. The stability of the crystal was explained on the basis 
of Brown's valence model. 

Introduction 
Terminal aquo or hydroxo complexes of platinum(I1) are known 

to occur in solution, but the existence of these compounds in the 
solid state has been confirmed only recently. In 1982, the crystal 
structures of cis-[Pt(NH3)2(1-methylcytosine)(H20)]2+ and 
cis-[Pt(NH3),( 1-methylcytosine)OH]+ were reported.' Hy- 
droxo-bridged oligomers have been known for several 
but compounds of platinum(I1) with terminal aquo or hydroxo 
ligands are more difficult to isolate. 

Aquo compounds are important intermediates in almost all 
aqueous reactions. cis-[Pt(NH,),(H,O)(OH)]+ is probably the 
active intermediate in the reactions of cisplatin and related drugs 
in cancer chemotherapy. Cisplatin is believed to hydrolyze inside 
the cells and react with N(7) of two close guanine residues in 
DNA, forming intrastrand d(GpG) cross-links.* 

Aquo compounds of Pt(I1) can be prepared by treating the 
dihalo compounds with a silver salt. But these hydrolyzed systems 
were found to be quite c ~ m p l e x . ~  At neutral pH, the monoaquo 
monohydroxo compound is formed, but it can readily be converted 
to hydroxebridged oligomers. Several crsytal structures of dimers 
and trimers have been 

Several investigators, including ourselves, have tried to isolate 
[PtA,(H20),]2+, [PtA,(H,O)(OH)]+, or [PtA,(OH),] without 
success. Lock et al.loJ1 tried to explain why it was not possible 
to isolate these monomeric hydrolyzed species. The explanation 
is based on a valence model of B r o ~ n , ' ~ ~ ' ~  which in turn is an 
extension of Pauling's valence concept. The formation of two 
crystalline compounds cis-[Pt(NH3),( l-methyl~ytosine)(H~O)]~+ 
and cis-[Pt(NH3),( 1-methylcytosine)(OH)]+, which were not 
isolated as exclusive products, were later explained on the basis 
of two reasons: first, the specific hydrogen-bonding properties 
that stabilize OH- and H,O ligands in the two above complexes 
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(as predicted previously by the same authors) and, second, the 
poor nucleophilicity of O(2) of 1 -methylcytosine toward Pt(I1) 
in aqueous solution.' 

Hollis and LippardI4J5 have reported the crystal structure of 
a very interesting Pt(II1) compound, containing also a Pt-H,O 
bond. This complex [Ptz(NH,)4(C,H,NO)2(HzO)(N03)](N- 
O3),.2HZO contains a metal-metal bond with a-pyridonate ligands 
in a head-to-head arrangement. The coordinated water molecule 
is also involved in hydrogen bonding with a nitrate anion and with 
a lattice water molecule. Another Pt(II1) compound Kz[Pt2(S- 
04)4(HzO)2] was reported,16 but no information on the environ- 
ment of the water molecules is available. One Pt(1V) compound 
[Pt(bipyridine)(triaminocyclohexane)(H20)]C1,, containing a 
coordinated water ligand, was also reported." Again the water 
molecule fully utilizes its hydrogen-bonding capabilities. 

We have recently attempted to prepare hydroxo-bridged oli- 
gomers from the reaction of [Pt(N,N'-dimethylethylenedi- 
amine)X,] with a silver salt. When silver sulfate was used, we 
isolated a sulfate monomer, which was analyzed by X-ray dif- 
fraction. The results have shown that the chosen crystal was 
[Pt(NH(CH3)C,H4NH(CH3))(S04)(H20)]-Hz0, with a mole- 
cule of water and a monodentate sulfate ligand bonded to Pt(I1). 
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Table 11. Final Refined Coordinates and Temperature Factors 
(xin4) 

atom X Y 2 U,," A2 

Pt 2577.6 (3) 
S 1894 (2) 
N ( l )  2016 (7) 
N(2) 3737 (7) 
0 ( 1 )  1212 (6) 
O(2) 2856 (6) 
O(3) 513 (7) 
O(4) 2880 (7) 
O(5) 3176 (7) 
C ( l )  3277 ( 1 1 )  
C(2) 3105 ( I O )  
C(3) 2018 (12) 
C(4) 3447 (14) 
O(6) 1175 (8) 

912.5 (3) 14.5 (2) 270 
-1093 (2) -1696 ( I )  328 

-541 (8) 921 (4) 332 
2189 (8) 1004 (4) 368 
-328 (6) -964 (3) 336 

-2448 (7) -1364 (4) 44 1 
-1558 (8) -2324 (4) 544 

74 (7) -2034 (4) 495 
2403 (6) -924 (4) 405 
1580 (1 1) 1832 (6) 456 
-153 (11) 1759 (5) 402 

-2279 ( I O )  723 (6) 528 
3941 (10) 897 (8) 660 

217 (7) 3766 (4) 565 

U, = I jsCiCjui ja*ia*jcri .~j , .  

This is the first example of a Pt(I1) compound containing mon- 
odentate sulfate in its coordinating sphere. A few Pt(II1) and 
Pt(1V) compounds containing a Pt-Pt bond and bridging sulfato 
ligands have been reported.16J8 The crystal structure of the 
compound [Pt(NH(CH3)C,H,NH(CH3))(S04)(H20)].H20 is 
described below. 
Experimental Section 

Synthesis. The compound was synthesized from the aqueous reaction 
of [Pt(NH(CH,)C,H,NH(CH,))I,] with Ag2S04 (1:l ratio). After the 
AgI precipitate was filtered out, the filtrate was concentrated under 
reduced pressure (40 "C) and left to crystallize slowly. The isolated 
compound was recrystallized from water. 

Collection and Reduction of X-ray Data. A brown plate was selected 
after examination under a polarizing microscope for homogeneity. The 
crystal was mounted along the a axis. Precession photographs showed 
that the crystal was monoclinic with the systematic absences of P2,/c. 
The unit cell parameters were obtained by least-squares refinement of 
angles 28, w ,  and x for 15 well-centered reflections (28 range 10-22') 
on a Syntex P i  diffractometer using graphite-monochromatized Mo Ka 
radiation. Crystal data and other information are summarized in Table 
I. Scan rates and data treatment have been de~cr ibed . '~  Corrections 
were made for absorption and Lorentz-polarization effects. Anomalous 
dispersion terms were also included in calculations. 

Solution of the Structure. The coordinates of the platinum atom were 
found from a three-dimensional Patterson synthesis. The positions of all 
the other non-hydrogen atoms were obtained by structure factor and 
Fourier-map calculations. The refinements were done by using full- 
matrix least squares minimizing X w ( F ,  - F J 2 .  Isotropic secondary-ex- 
tinction corrections20 were included in the calculations. The H atoms 
were fixed at the calculated ositions with isotropic B = 6.0 A2 (N-H 
= 0.85 8, and C-H = 0.95 1). Individual weights w = l/a2(F) were 
applied. The refinement of the scale factor, coordinates, and anisotropic 
temperature factors of all atoms converted to R = 0.037 and R, = 0.039. 
The ratio of maximum least-squares shift to esd in final refinement cycle 
was <0.18. There were a few residual peaks (<0.9 e 8,-') in the close 
environment of the Pt atom. The calculations were done on a Cyber 830 
with programs already de~cr ibed . '~  A listing of final observed and cal- 
culated structure factors (Table S 5 )  is available as supplementary ma- 
terial. 

Discussion 
The refined atomic parameters are listed in Table 11. A labeled 

diagram of the molecule is shown in Figure 1. As expected, the 
coordination around the platinum(I1) atom is square planar. The 
sulfate ligand is monodentate and is bonded through Ojl). Besides 
the diamine ligand, one molecule of water, 0 (5) ,  occupies the 
fourth position in the platinum(I1) coordinating plane. The de- 
viations (A) from the weighted best plane are as follows: Pt, 
0.0004 (3); N(1), 0.012 (6); N(2), -0.101 (6); O( l ) ,  -0.063 ( 5 ) ;  
0 ( 5 ) ,  0.006 (6). The angles around the platinum atom are close 
to the expected values of 90 and 180' (Table 111), but there are 
a few deviations caused by a slight strain inside the chelate ring. 
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Of61 

Figure 1. Labeled diagram of the molecule [Pt(NH(CH,)C,H,NH(C- 
HJ)(H,O)(SO,)I.H,O. 

C &' 

Table 111. Interatomic Distances (A) and Angles (deg) 

Pt-O(l) 
Pt-O(5) 
Pt-N(1) 
Pt-N (2) 
S-O(l) 
s-O(2) 
S-0(3) 

O( l)-Pt-0(5) 
O( 1)-Pt-N(1) 
O( l)-Pt-N(2) 
O(5)-Pt-N( 1) 
0(5)-Pt-N(2) 
N (  l)-Pt-N(2) 

Pt-N( 1)-C(2) 
Pt-N( l)-C(3) 
Pt-N(2)-C( 1 ) 
Pt-N(2)-C(4) 

Pt-O(I)-S 

2.052 (5) 
2.078 (6) 
2.009 (6) 

1.525 (6) 
1.454 (6) 
1.450 (7) 

2.011 (7) 

87.2 (2) 
92.8 (2) 

175.0 (2) 
179.5 (2) 

85.5 (3) 
123.5 (3)  
107.8 (5) 
116.4 (5) 
108.7 (5) 
113.3 (6) 

94.5 (2) 

S-0(4) 1.457 (7) 
N(l)-C(2) 1.512 (11) 
N(l)-C(3) 1.509 (11) 
N(2)-C(I) 1.519 (11) 
N(2)-C(4) 1.513 (11) 
C(l)-C(2) 1.482 (13) 

N( I)-C(2)-C( 1) 
N(2)-C(l)-C(2) 
C(1 )-N( 2)-C(4) 
C(2)-N( I)-C(3) 
O( 1)-S-0(2) 
O( l)-S-0(3) 
O( 1)-S-O(4) 
0(2)-S-0(3) 
0(2)-S-0(4) 
0(3)-S-0(4) 

108.7 (7) 
107.9 (7) 

111.8 (6) 
109.0 (3) 
105.5 ( 3 )  
107.7 (3) 
11 1.4 (4) 
110.5 (4) 
112.3 (4) 

111.7 (7) 

The chelate angle N( 1)-Pt-N(2) is only 85.5 ( 3 ) O ,  while the angles 
O( 1)-Pt-N( 1) and 0(5)-Pt-N(2) are slightly larger than normal 
(92.8 (2) and 94.5 (2)O), as observed in other platinum(I1) 
chelates. The Pt-N bond distances (2.009 (6) and 2.01 1 ( 7 )  A) 
are normal, and the two methyl groups on the bidentate ligand 
have the trans configuration (Figure 1). The torsion angles have 
been calculated (Table S2, supplementary material). 

The SO4 ligand is bonded to platinum(I1) through one of its 
oxygen atoms. The bond distance Pt-O(1) is 2.052 (5) A. The 
sulfate ligand is monodentate, and the coordinated S-O( 1) bond 
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Table IV. Distances and Angles of Atoms Possibly Involved in Hydrogen Bonds 
transformn 

atoms (on 2nd atom) dist, A atoms angle, deg - 
N(1)---O(1) -x, -y, -z 2.845 (8) Pt-N(1)---O(1) 101.9 (3) 

C(2)-N(l)---O(l) 111.4 (5)  
C(3)-N(l)- --O(1) 
N(1)-H(1)---O(1) 

C(l)-N(2)-- -0(2) 
C(4)-N(2)-- -0(2) 
N(2)-H(2)- - -0(2) 

N(2)---0(2) 1 - x ,  -y, -2 2.851 (8) Pt-N(2)- - -0(2) 

O(5)- - -0(6) x ,  - y, 2 - ' 1 2  2.629 (8) Pt-0(5)- - -0(6) 
O(5)- - -0(4) x ,  Y ,  z 2.627 (8) Pt-0(5)- - -0(4) 

O(6)- - -0(3) -n, -y, --I 2.719 (9) O(2)- - -0(6)- - - 0 ( 3 )  
O(6)- - -0(2)  x , - 1 / 2 - y , 1 / 2 + z  2.776 (8) 

107.1 (s j  
172.3 (5) 
122.5 (3) 
104.9 (5)  
94.9 ( 5 )  

158.4 (5) 
111.8 (3)  
90.6 (2) 

119.7 (3) 

A 

Figure 3. Packing of the molecules in the crystal [Pt(NH(CH3)C,H4NH(CH3))(HzO)(S0,)].Hz0 ( z  axis vertical; down y axis). 

is significantly longer (1.526 (6) A) than the other three S-0 
bonds (1.450 (7), 1.454 (6), 1.457 (7) A). The six 0-S-O angles 
vary from 105.5 (3) to 112.3 (4)'. The plane defined by atoms 
S-O(l)-Pt makes an angle of 120' with the platinum coordination 
plane so that the sulfate group is twisted away from the methyl 
carbon C(3). The S-O(l)-Pt angle of 123.5 (3)' clearly reduces 
local anion symmetry below C,". This is the first report of a crystal 
structure of a monomeric platinum(I1) compound with coordinated 
sulfate ion. But this geometry of the sulfate ligand has been 
observed in other metal complexes as in [Cu(N(CH3),C2H4N- 
(CH3)2)@04) (HzO),] 

The Pt-OH, bond distance is 2.078 (6) A. It agrees with the 
value of 2.052 (8) A found for cis-[Pt(NH,),(H,O)( l-methyl- 
c y t o ~ i n e ) ] ~ + . ~  The values found for the two Pt(II1) compounds 
are 2.122 (6) AI4 in [Pt2(NH3)4(C5H4NO)2(H,0)(N03)]3+ and 
2.12 AI6 in K,[Pt,(S04)4(H,0),]. For the Pt(1V) compound a 
value of 2.001 (7) AI7 was found in [Pt(bipyridine)(triamino- 
cy~lohexane)(H,O)]~+. Our value seems slightly longer than the 
Pt(I1)-OH distances (2.027 (9) A)' found in cis-[Pt(NH3),- 
(OH)( 1-methylcytosine)]+ and in a Pt(1V) compound [Pt(N- 
H,),Cl,(OH),] (2.00 (1) A).22 For hydroxo-bridged oligomers, 
the reported Pt-0 bond distances vary from 1.99 to 2.17 A.2-7 
Therefore, the bond lengths do not give any information on the 
weakness of the Pt-0 bonds that has been suggested by the rapid 
rate of reaction of square-planar d8 complexes. It has been 

(21) Balvich, J.; Fivizzani, K. P.; Pavkovic, S. F.; Brown, J. N. Inorg. Chem. 
1976, IS, 71. 

(22) Faggiani, R.; Lippert, B.; Lock, C. J. L.; Rosenberg, B. Can. J .  Chem. 
1982, 60, 529. 

suggested that the rapid rate of reaction of OH and OH2 groups 
on platinum was associated with a marked weakening of the Pt-0 
bond in the five-coordinate state.' 

Only one aquoplatinum(I1) complex, cis-[Pt(NH3),(H20)( 1- 
methylcytosine)12+, has been reported' before this structure. 
Brown's bond-valence conceptI2J3 has been used to suggest con- 
ditions under which it may be possible to obtain aquo or terminal 
hydroxoplatinum(I1) Brown's model is an extension 
of the Pauling bond order-bond length relat ion~hip.~~ But Brown 
assigned bond valences to all neighboring interactions, regardless 
of whether they are ionic or covalent bonds or just van der Waals 
interactions. The only requirement is that the sums of the bond 
valences should be equal to the modulus of the formal oxidation 
state of each atom. 

The bond valences in [Pt(NH(CH,)C,H,NH(CH,))(S- 
04)(Hz0)] .H20 were calculated as suggested by Brown and 
Altermatt24 and are shown in Figure 2. The Pt-0 valences were 
calculated from the bond lengths, and the Pt-N values were chosen 
to give the correct sum at  the Pt atom. Bond valences for S-0 
bonds were calculated from the bond lengths. The 0---H-0 
valences were calculated from the 0- - -0 distances (sum at  H 
= 1 .O) while the 0- - -H-N values were assumed to be 0.2 and 
0.8. The atoms of the diamine ligand should be electrically neutral. 
The total valence used for base bonds is 2 X 0.57 = 1.14, which 
should equal the total valence used for acid bonds, namely 2 H 

(23) Pauling, L. Nature of the Chemical Bond, 3rd ed.; Cornell University 
Press: Ithaca, NY, 1960; p 239. 

(24) Brown, I. D.; Altermatt, D. Acta Crystallogr., Sect. B Struct. Sci. 
1985, B41, 244. 
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(on N )  and 10 H (on C). Since the residual valence on N H  is 
0.2, the residual valence on the remaining H atoms is 0.74, or 0.074 
valence unit per H atom. 

As suggested earlier," in order to form aquo complexes of 
platinum, certain hydrogen-bonding requirements must be fulfilled. 
The coordinated water molecule must form two strong bonds, 
where it would donate the protons. This was observed in the 
structures described in the I n t r o d ~ c t i o n . ' ~ ~ ~ , ' ~  In our compound, 
the aquo ligand also forms two strong bonds, the first with one 
oxygen atom of the intramolecular sulfate ligand (O(5)- - -0(4)  
= 2.627 (8) A) (Table IV) and the second with a molecule of 
lattice water (O(5)---0(6) = 2.629 (8) A). Therefore, the lattice 
molecule of water O(6) plays a very important role in the sta- 
bilization of the crystalline structure. On the basis of the valence 
sums in Figure 2 ,0(3) ,  0(4), and O(6) are underbonded (1.80, 
1.81, and 1.84). Therefore, these atoms must be hydrogen bonded 
to the C H  groups. The application of Brown's theory to the crystal 
structure of [Pt(NH(CH,)C2H4NH(CH3))(S04)(H20)]-H20 
seems very interesting, and a more detailed theoretical study, 
including van der Waals interactions, should improve the results. 

Sulfate ions are usually believed to be bidentate ligands toward 
Pt(I1) in the solid state. In aqueous solution, Ig5Pt N M R  has 
shown the presence of [PtL2(S04)(H20)]  specie^.^^,^^ In crys- 
talline [Pt(NH(CH3)C2H4NH(CH3))(H20)(S04)]-H20, the 

Rochon, F. D.; Girard, L. Can. J. Chem. 1986, 64, 1974. 
Dabrowiak, J. C.; Balakrishman, M. S.; Clardy, J.; Van Duyne, G. D.; 
Silviera, L. Platinum Coordination Complexes in Cancer Chemother- 
apy; Martinus Nijhoff Boston, MA, 1984; p 63. 

1987, 26, 992-997 

hydrogen-bonding system is probably much more efficient when 
the sulfate ligand is monodentate and a water molecule occupies 
the fourth coordination site of the platinum(I1) atom. The four 
oxygen atoms of the sulfate ligand are involved in the hydro- 
gen-bonding system, where they accept protons from the water 
molecules or from the -NH groups (Table IV). 

The packing of the molecues in the crystal is shown in Figure 
3. It consists of layers of molecules parallel to the bc plane held 
together in the a direction by hydrogen bonds between the amine 
groups and the sulfate ligands. The N (  1)- - -0( 1) and N(2)- - - 
O(2) distances are 2.845 (8) and 2.851 (8) A, respectively, and 
the angles are very favorable for hydrogen bonds (Table IV). 
Besides the two hydrogen bonds already mentioned, where the 
coordinated water molecule O(5) donates protons to a sulfate 
oxygen O(4) and to the lattice molecule of water 0(6) ,  there are 
two other hydrogen bonds where O(6) donates protons to two 
sulfate oxygen atoms O(2) and O(3). The angle O(2)---0-  
(6)---0(3) is 119.7 (3) ' .  Therefore, one oxygen atom in the sulfate 
ligand O(2) seems to accept two protons, one from N ( l )  and one 
from the lattice molecule of water O(6). 

Acknowledgment. The authors are grateful to the Natural 
Sciences and Engineering Research Council of Canada and to the 
Ministhe de 1'Education (FCAR) for financial support and also 
to Dr. Brown for the calculations of bond valences. 

Supplementary Material Available: Tables S1-S4, listing anisotropic 
thermal parameters, torsion angles, weighted least-squares planes, and 
calculated hydrogen coordinates (4 pages); Table S5, listing of calculated 
and observed structure factors (12 pages). Ordering information is given 
on any current masthead page. 

Contribution from the Department of Chemistry, 
Grinnell College, Grinnell, Iowa 50 1 12 
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Rate ( k , )  and equilibrium constants (Kh) for the hydrolysis of cis(N,S)-Pt(amino acid)(dimethyl su1foxide)Cl complexes (denoted 
PtCl) have been determined for amino acids glycine, sarcosine, and N,N-dimethylglycine at  35 OC. Kh and k2, the rate constant 
for the reverse reaction, were determined by potentiometric titration (with a chloride-sensitive electrode) of the aquo species derived 
from the chloro species by reaction with AgN03. Rate constants for the base hydrolysis of P t C l  at high pH, determined by both 
N M R  and potentiometric techniques, correspond closely to those obtained from the low-pH titrations, indicating that the hydrolysis 
occurs by reaction with water solvent over a substantial pH range. For both glycine and sarcosine complexes of Pt-CI, addition 
of NaOH leads to rapid establishment of an equilibrium mixture of Pt-CI and the N-coordinated, OH-substituted species that 
results from opening of the chelate ring. This mixture slowly reverts to Pt-OH as the Pt-CI is hydrolyzed by solvent water. 
Second-order rate constants, kAg, are also reported for the silver-assisted hydrolysis of the chloride complexes, making possible 
an assessment of the relative importance of the two mechanisms of hydrolysis. Variation among the three species is less than 1 
order of magnitude for all four constants: kl  2 lo4 s-I, k2 'c 10 M-I s-l, Kh 'c M, k,, lo-* M-I s-l. 

Extensive investigations of the mechanism of the interaction 
of the anticancer drug cis-diamminedichloroplatinum(I1) (DDP) 
with DNA and with simpler nucleotides and nucleosides have 
emphasized the importance of aquo species derived from the chloro 
species by hydrolysis in a low-[chloride] medium.',* The acidic 
aquo species is readily deprotonated by bases to yield the corre- 
sponding mono- and dihydroxo  specie^.^,^ At pH values near the 

pK,, r-OH-bridged dimer and trimer species are readily formed 
from the partially neutralized aquo ~ p e c i e s . ~ , ~  

We have earlier reported N M R  evidence for isomer assign- 
ment~ ' ,~  and a detailed study of the mechanism of Cl--catalyzed 
and Me2SO-catalyzed isomerization of cis and trans (N,S) isomers 
of mixed amino acid-dimethyl sulfoxide complexes of platinum- 
(II).9 The equilibration studies included a comparison of rates 
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