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The oxidative addition of the sal{ FC(NMe),}2]Cl,-2H,O (1), the disulfide-like dimerized form of 1,1,3,3-
tetramethylthiourea (tmtu), to Pt(ll) chloro am(m)ine compounds is described. Oxidation of the(INF€)]~
anion with 1 in methanol yieldsis-[PtCls(NHz)L] (2; L = tmtu) as the result of therans addition of one tmtu
and one chloro ligand. The same mode of oxidation is found in reactiorisvath [PtCl(dien)}t (dien =
diethylenetriamine) andrans[PtClx(NH3),]. In these cases, however, the oxidation is followed by (light-
independentgis,transisomerizations, givingrans,mef[PtCl(dien)L]Cl, (4) andfac-[PtCl3(NH3),L]CI-0.5MeOH

(6), respectively. The single-crystal X-ray structures2oéind trans,mef[PtCly(dien)L](BFs), (4@) have been
determined.2: monoclinic, space grouB2,/n, a = 6.280(1) A,b = 13.221(3) A,c = 16.575(2) A = 96.45-
(1)°, Z = 4. 4a monoclinic, space groug2/m, a = 21.093(5) A,b = 8.9411(9) A,c = 14.208(2) A5 =
124.65(2), Z = 4. The tmtu ligands are S-bound. 2Zra pronouncedransinfluence of the S-donor ligand on
the P+Cl bond (2.370(1) A) trans to sulfur is observed. The unusual acidity of the Pt(IV) complexes exhibiting
tmtu coordination trans to chloride is attributed to hydrolysis of the labilizeddRt.nsbond, which is supported
by ion sensitive electrode measurements. An upfield shift of¥# resonances is found on changing the ligand
combination from NCJS (2) to NsCl,S (4). This order correlates with theansinfluences of the ligands: tmtu

> am(m)ine> chloride. The cytotoxicity oR and6 in L1210 cell lines is reported and discussed in terms of a
possible mechanism of action of the compouimdsizo. It is suggested that tmtu may act as a lipophilic carrier
ligand and therefore enhance the cellular uptake of the new potential Pt(IV) drugs.

Introduction Pt(IV) complexes do not form bifunctional adducts with DNA
(the putative cytotoxic lesion o€is-DDP) unless they are
reduced to divalent species after addition of glutathione.

Until recently, axial coordination in Pt(IV) antitumor com-
lexes was restricted to chloro and hydroxo ligands which are
ormally introduced through oxidation of suitable Pt(Il) precur-

sors with chlorine or hydrogen peroxide, respectivelyetra-
platin, tetrachlorad,I-trans-1,2-diaminocyclohexane)platinum-
(IV), was found to exert promising activityn »ivo and to be
non-cross-resistant tws-DDP & Unfortunately, this drug proved

Since the early studies of Rosenberg and co-wotketsas to be too neurotoxic to be a candidate for further clinical tfals.
been known that antitumor activity is not restricted to complexes  t1a recent development of acid-stable, lipophilic Pt(ins

containing divalent platinum but is also observed for analogous g4 hoxyiato complexes stimulated interest in the effects of

hexacoordinated PY(IV) complexes with additional chloro or 6| axial ligands on the biological properties of Pt(IV)-based
hydroxo ligands In the axial positions. Pt(IV)_ complexes in 5 virymor compounds.QC-6-43)-bis(acetat@)amminedichlo-
general are coordinatively saturated, kinetically inert 18-electron ro(cyclohexanamine)platinum(1V) (JM-216) is the most likely

compounds which, unlike PY(ll) species, do not undergo yeiyative to become the first orally administered Pt-containing
associative substitution reactiohgor that reason it is generally anticancer drug and is currently undergoing worldwide clinical

assur’lned that tlhe mgchan(;sm_of actrilon oflPt(IV) antitL;mor trials1° Interestingly, these compounds show enhanced cyto-
complexes involves prior reduction to the analogous PH(I) form qicir with increasing lipophilicity of the carboxylato ligan#s.

by intracellular bioreductants such as glutathibrieurthermore, It has been demonstrated that the variation of axial ligands
it has been concluded from DNA unwinding experiments that

Cisplatin, cis-diamminedichloroplatinum(ll) qis-DDP), the
most widely used platinum-based antitumor drug, has been in
clinical use for about two decades. In spite of its impressive
therapeutic success in the treatment of urogenital cancers, dru
resistance and severe toxic side effects remain the major
limitations® Thus, the development of novel Pt antitumor drugs
with an overall broader spectrum of activity and reduced toxicity
is still a synthetic goal in this area of bioinorganic chemistry.

(5) Keck, M. V,; Lippard, S. JJ. Am. Chem. S0od 992 114, 3386.
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® Abstract published ifAdvance ACS Abstractgugust 1, 1996. de Putte, PStruct. Bondingl987, 67, 53.
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significantly changes the redox properfie such compounds,
which might exert an influence on the reduction kinetics and,
consequently, on the biological activity of the Pt(IV) (pro)drugs.
We recently reported on a new class of water-soluble cationic
Pt(IV) complexes of general formufac-[PtCls(am)L]Cl (Chart
1; am= NHjs, (am) = diamine, L= 1,1,3,3-tetramethylthiourea
(tmtu))12 Compounds of this type were accessible via an
unusual oxidative addition of the dithiobis(formamidinium)
dichloride saltt3 the disulfide-like oxidized form of tmtu, to

Bierbach et al.

Na[PtClg] in D,O as external standard. IR spectra were obtained as
KBr pellets on a Perkin-Elmer 1600 FTIR instrument. Elemental
analyses were performed by Robertson Microlit Laboratories, Madison,
NJ. Changes in pH and chloride concentrations of aqueous solutions
of 2—4 and 6 were followed in time with a Beckman combination
electrode and a chloride-sensitive electrode (Fisher Scientific solid-
state ISE) equipped with an Ag/AgClI reference electrode, respectively.
All compounds were dissolved in 20 of DMF and were injected
into 50 mL of gently stirred demineralized water of pH-6:82, making

the resulting solutions either 1®or 10°2 M in platinum compound.
Hydrolysis was then followed during the first 30 min after injection
with an Accumet 925 pH/mV meter equipped with a suitable electrode.

Synthesis of Dithiobis(1,1,3,3-tetramethylformamidinium) Dichlo-
ride Dihydrate (1). The compound was synthesized according to a
procedure published earliérbut was isolated as the dihydrate salt.
Removal of the crystal water is possible by prolonged heating at 60
70°C in vacuo but was found to result in partial decomposition of the
compound.*H NMR (D;0): 6 3.39 (24 H, s). IR:v,{CN) 1606 cn*.
Anal. Calcd for GoH2sN4Cl,0.S,: C, 32.34; H, 7.59; N, 15.08.
Found: C, 32.41; H, 7.57; N, 15.19.

Synthesis of OC-6-32)-Amminetetrachloro(1,1,3,3-tetrameth-
ylthiourea-S)platinum(lV) (2). A mixture of 1.79 g (5 mmol) of
K[PtCI3(NHs)] and 1.95 g (5.25 mmol, slight exess)bin 150 mL of
anhydrous MeOH was stirred in the dark. The formation of a clear
orange-red solution indicated completion of the reaction (ca-2.5
h). The solution was then concentrated to a volume of 50 mL at room
temperature under reduced pressure. Precipitati@octurred after

cisplatin and analogous compounds. The parent compoundstoring the mixture at 4C for 24 h. Fine orange needles ®fwere

(derived fromcis-DDP) was tested for its antitumor activity in
mice bearing P388 leukemia and showed a significant activity
comparable witltis-DDP at equitoxic dosagé$. As a continu-
ation of our synthetic studies we were now interested in
analogous Pt(IV) compounds derived from Pt(Il) precursors
exhibiting either no or only minor cytostatic activity. We
therefore extended our novel oxidative addition to the ionic
species [PtG(NH3)]~ and [PtCl(dien)} (dien= diethylenetri-
amine) and totrans[PtCly(NHs)o], transplatin. This paper

collected by filtration and were subsequently washed with small portions
of water, EtOH, and diethyl ether and dried: yield 1.67 g, 69%d.
NMR (DMF-dy): 6 3.37 (12 H, s), 5.95 (3 H, septJ(**N—1H) = 53
Hz, 2J(*%%Pt—1H) ~ 50 Hz). IR: »(NH) 3252, 3148, 3078 cm; va¢
(CN) 1579 cmt. Anal. Calcd for GH1sNsCl4PtS: C, 12.49; H, 3.14;
N, 8.55; Cl, 29.17; S, 6.59. Found: C, 12.35; H, 3.11; N, 8.64; Cl,
29.37; S, 6.51.

Synthesis of OC-6-33)-N-(2-Aminoethyl)-1,2-ethanediamine-
k3N,N’,N"")dichloro(1,1,3,3-tetramethylthiourea-S)platinum(IV)
Dichloride —Hemi(methanol) (3) To a solution of 0.4 g (1.1 mmol)

reports on synthetic aspects as well as on effects of the S-donomwf 1 in 15 mL of anhydrous MeOH was added 0.369 g (1 mmol) of

ligand on structure and reactivity of the novel Pt(IV) complexes.
Their cytostatic activity will be discussed and related to their
molecular structures.

Experimental Section

Materials and Procedures The starting complexes K[Pt§{NH3)]
and [PtCI(dien)]CI were synthesized by the published methods of
Abramg® and Roat’ The salt fac-[PtCly(NH3z){ SC(NMe)2}]-
Cl-0.5MeOH 6) was synthesized by the published procedérall

crystalline [PtCl(dien)]Cl. After it was stirred in the dark at room
temperature for ca. 15 min, the solution had turned yellow and became
turbid, indicating the start of precipitation of poorly solulie The
mixture was allowed to react for anothe h and was then placed in

an ice bath fo1 h tocomplete precipitation. The reaction afforded

as a microcrystalline orange-yellow solid, which was filtered off,
washed with small portions of hot MeOH, and finally dried in vacuo:
yield 0.480 g, 81%. IR:»(OH) 3391 cn1t; »(NH) 3179, 2991 cmt;
vadCN) 1586 cmi’. Anal. Calcd for GsH27/NsClsOosPtS: C, 19.39;

H, 4.63; N, 11.90; Cl, 24.10; S, 5.45. Found: C, 19.35; H, 4.70; N,

other reagents and solvents were obtained commercially and used ad1.68; Cl, 24.24; S, 5.57.

supplied All syntheses and physical measurements in solution reported
below were performed in the dark to exclude the influence of light on
product formation and reactivity of the new compounds.

Physical Measurements 'H NMR spectra were recorded on a
General Electric QE-300 spectrometer at 300 MHz. All chemical shifts
are referenced to TMS, except for spectra taken i® Dvhere DSS
(4,4-dimethyl-4-silapentanesulfonic acid) served as internal standard.
19%Pt NMR spectra were taken at 64 MHz at 295 K with a solution of

(11) McKeage, M. J.; Abel, G.; Kelland, L. R.; Harrap, K. . J. Cancer
1994 69, 1.

(12) Bierbach, U.; Reedijk, Angew. Chem., Int. Ed. Endl994 33, 1632.

(13) Bierbach, U.; Barklage, W.; Saak, W.; PohlZSNaturforsch 1992
47B, 1593.

(14) T/C% of 236-240 @ the maximum tolerable dose of 8 mg/kg. For
comparisorncis-DDP gave T/C% of 256300 @ 4mg/kg (mode of
delivery ip/ip and dose schedulexdl, 2, 3): Bierbach, U.; Keppler,
B. K.; Reedijk, J. unpublished results.

(15) Farrell, N. InTransition Metal Complexes as Drugs and Chemothera-
peutic AgentsUgo, R., James, B. R., Eds.; Kluwer: Dordrecht, The
Netherlands, 1989; pp 6870 and literature cited therein.

(16) Abrams, M. J.; Giandomenico, C. M.; Vollano, J. F.; Schwartz, D. A.
Inorg. Chim. Actal987, 131, 3.

(17) Roat, R. M.; Reedijk, 1. Inorg. Biochem1993 52, 263.

Synthesis of OC-6-13)-(N-(2-Aminoethyl)-1,2-ethanediamine-
k3N,N’,N"")dichloro(1,1,3,3-tetramethylthiourea-S)platinum(IV)
Dichloride (4). The reaction was set up as described¥onowever,
instead of isolation of the insoluble isomer the suspension was stirred
for an additional 30 h in the dark. To the resulting yellow solution
was added 20 mL of diethyl ether, affording a light yellow microc-
rystalline powder which was collected by filtration. The crubihus
obtained was recrystallized from MeOH/diethyl ether and dried in
vacuo: yield 0.500 g, 87%!H NMR (MeOH-d,): 6 2.85 (2H, m),
3.29 (12H, s), 3.363.70 (6H, m), 7.44 (2H, b), 7.65 (2H, b). IR:
v(NH) 2943, 2839 cm; »(CN) 1583 cnm’. Anal. Calcd for
CoH2sNsCI4PtS: C, 18.89; H, 4.40; N, 12.24; Cl, 24.78; S, 5.60.
Found: C, 18.82; H, 4.58; N, 12.19; ClI, 25.25; S, 5.47.

Synthesis of OC-6-13)-(N-(2-Aminoethyl)-1,2-ethanediamine-
k3N,N’,N")dichloro(1,1,3,3-tetramethylthioureaS)platinum(lV) Bis-
(tetrafluoroborate) (4a). Solutions of 0.426 g (0.74 mmol) gfand
0.290 g of AgBFR (1.49 mmol) in 75 and 25 mL of anhydrous MeOH,
respectively, were combined and stirred thoroughly. The mixture was
allowed to stand in the dark for 2 h. Precipitated AgCl was filtered
off over a Celite pad, and the solution was concentrated to a volume
of 15 mL under reduced pressurda crystallized, after the mixture
was kept at £C for 12 h, as bright yellow prisms which were filtered
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Table 1. *%Pf{H} NMR Data for2, 4, 6, and Chemically Related Pt(IV) Complexes

compd, solvent Opt (Ppm) LJ(**Pt=1“N) (Hz) mult, ratio
cis-[PtCI4{(NH3)L] (2),2 DMF-d; —492 192 triplet, 1:1:1
fac-[PtCly(NH3),L]CI-0.5MeOH 6),> MeOH-d, —-721 173 quintet, 1:2:3:2:1
trans,mef[PtCl(dien)L]Cl; (4),2 MeOH-d, —1110 not resolved
Cis{PtCl4(NHs)2], H.0° —-145 176
mer[PtCls(dien)]Cl, D,O® =747

a This work.? Reference 12 Reference 31¢ Calculated fromtJ(19Pt—15N) = 247 Hz by applying the relation of gyromagnetic ratid&\/

1N = 1.4.¢ Reference 17.

Table 2. Crystal Data forcis-[PtCls(NH3)L] (2) and

Table 3. Positional Parameters fais-[PtCly(NHs)L] (2)

trans,mef[PtCly(dien)L](BFs). (4a)

X y z Beq
2 4a Pt(1) 0.09050(2) 0.68036(1) 0.421224(9) 2.088(4)
space group P2,/n C2/m CI(1) 0.4025(2) 0.75440(9) 0.38878(7) 3.12(2)
a A 6.280(1) 21.093(5) Cl(2) 0.2070(2) 0.52578(8)  0.37728(7) 3.12(2)
b, A 13.221(3) 8.9411(9) CI(3) 0.2526(2) 0.64457(9)  0.55421(7) 3.61(3)
c, A 16.575(2) 14.208(2) Cl4) —0.0261(2) 0.83483(8)  0.46494(6) 3.27(2)
B, deg 96.45(1) 124.65(2) S(1) —0.0784(2) 0.73115(8)  0.29372(6) 2.46(2)
v, A3 1367.5(3) 2206.1(8) N(1) —0.1819(7) 0.6140(3) 0.4547(3) 2.96(9)
fw 486.16 674.98 N(2) —0.1532(5) 0.5476(3) 0.2248(2) 2.82(8)
Dealcas g €T3 2.361 2.028 N(3) 0.0709(5) 0.6532(3) 0.1633(2) 2.96(8)
empirical formula GH1sCl4N3PtS GH2sB2ClFgNsPtS Cc(1) —0.0478(6) 0.6345(3) 0.2226(2) 2.30(8)
z 4 4 C(2) —0.3499(9) 0.5340(5) 0.2628(4) 4.0(1)
abs coeff, cm? 111.23 67.43 C@3) —0.0655(10)  0.4530(4) 0.1979(4) 4.2(1)
temp,°C 21 21 C4) 0.023(1) 0.6076(5) 0.0824(3) 4.5(1)
A A 0.710 69 0.710 69 C(5) 0.2356(9) 0.7323(5) 0.1675(3) 4.0(1)
R(Fo)? 0.016 0.041
R.P 0.016 0.042 Table 4. Positional Parameters forans,mef[PtCly(dien)L](BFs)
43)
AR = S(IIFol — IF)/X(IFo)-* Ry = [(XW(IFol — IFel)¥ 3
Sw(|Fo|)? M2 X y z Beg
o ) Pt(1) 0.42176(3) 0.0000 0.66495(4) 2.61(1)
off and washed with diethyl ether: yield 0.319 g, 64%H NMR Cl(1)  0.3036(2) 0.0000 0.6397(3) 4.24(8)
(MeOH-d,): identical with spectrum o#f. IR: v(NH) 3272, 3225, cl(2) 0.5401(2) 0.0000 0.6928(3) 4.13(8)
3189, 3142, 3025 crd; v,{CN) 1590 cm?; v(BF,) 1073 cntt. Anal. S(1) 0.4734(2) 0.0000 0.8604(3) 5.8(1)
Calcd for GH2sNsB,ClFgPtS: C, 16.01; H, 3.73; N, 10.37; Cl, 10.50; N(1) 0.4193(4) —0.2286(7) 0.6459(6) 4.1(2)
S, 4.75. Found: C, 16.07; H, 3.75; N, 10.35; CI, 10.92; S, 5.01. N(2) 0.3645(5) 0.0000 0.4893(8) 2.9(2)
Cytotoxicity Assays These were performed as described previ- N(3)  0.6108(6) 0.128(1) 0.9748(9) 7.1(3)
ously!® 2was dissolved in DMF and diluted by serial dilution in saline ~ C(1) ~ 0.3704(6) =~ —0.2643(10)  0.5202(8) 4.3(2)
solution to a final concentration of 0.5% in DMF. All other compounds ggg 82;238; _O(-)lgg(()%)) 00432(15((8 4;’5%%)
We)r(erglssolved in saline s.oluglon. . . c(4) 0.576(1) 0.273(2) 0.950(1) 10.2(5)
-ray Structural Determination . Suitable single crystals &were
rown by slow liquid-liquid diffusion of THF into a concentrated (50 () 0.691(1) 0.109(3) 1.104(2) 7.8(7)
9 y quia-iiq C(5) 0.678(2) —0.151(4) 0.976(2) 12(1)

mg/mL) solution of the compound in DMF. Crystals4s#were grown
by evaporation of a methanolic solution at room temperature.
Cell constants were determined by least-squares fits té tfeues

Table 5. Selected Bond Lengths (A) and Angles (deg) with
Standard Deviations fatis-[PtCl,(NH3)L] (2)

of 25 independent reflections, measured and refined on an Enraf-Nonius
CADA4-F diffractometer with a graphite monochromator. The crystal-

Bond Lengths

lographic data for2 and 4a are summarized in Table 2. Data were E:gﬁg:g; %g%g; :Z:Egg:g; ggigg;
reduced, and Lorentz, polarization, and absorption corrections were Pt(1)-S(1) 7_'.354(1) Pt(£yN(1) 2:053(4)
applied using the Enraf-Nonius Structure Determination Package. The S(1)-C(1) 1.764(4) N(2)-C(1) 1.327(5)
structures were solved by heavy-atom methods using SHELXS-86, N(3)-C(2) 1.322(5)

and the solutions were extended by difference Fourier methods.

Hydrogen atoms were refined with group isotropic thermal parameters, Bond Angles

and all other atoms were refined anisotropically. Full-matrix least Cl(1)—Pt(1)-CI(2) 89.67(4)  CI(1y-Pt(1)-CI(3) 90.82(4)
squares was used to refine an overall scale factor and positional and g:%:gig)):ﬁl(%) 1322?51) g:g;i:g)):gl((ls)) ggsgg((j))
thermal parameters. Neutral atom scattering factors were taken from CI(2)—Pt(1)-CI(4) 179'92(4) CI(2)Pt(1)-S(1) 95'51(4)
Cromer and Wabe¥. Anomalous dispersion effects were included in CI(2)—Pt(1-N(1) 90'6(1) CI(3)-Pt(1)-Cl(4) 90 '19(4)
Fc;?! the values foAf' andAf"” were those of Creagh and McAuléy. CI(3)—Pt(1)-S(1) 174..58(4) CI(3}Pt(1)-N(1) 87:0(1)
The values for the mass qttenuanon coefficients are those of Creagh CI(4)—Pt(1)}-S(1) 84.41(4)  CI(4¥Pt(1)-N(1) 89.4(1)
and HubbelP?® All calculations were performed using the teX%an S(1)—Pt(1-N(1) 93.4(1) Pt(13S(1)—C(1) 108.8(1)

crystallographic software package of Molecular Structure Corp., and
plots were drawn using ORTEP.

(18) Farrell, N.; Qu, Y.; Hacker, M. Rl. Med. Chem199Q 33, 2179.
(19) Sheldrick, G. M. SHELXS-86. IrCrystallographic Computing ;3
Sheldrick, G. M., Kiger, C., Goddard, R., Eds.; Oxford University

Positional parameters and selected bond lengths and angles are given
in Tables 3-6. Listings of atom coordinates, thermal parameters, and
details of least-squares planes calculations have been deposited as
Supporting Information.

Press: New York, 1987; pp 174.89.

(20) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, Kynoch Press: Birmingham, U.K., 1974; Vol. 4.

(21) Ibers, J. A.; Hamilton, W. CActa Crystallogr.1964 17, 781.

(22) Creagh, D. C.; McAuley, W. J. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer: Boston, 1992; Vol. C, Table
4.2.6.8, pp 219222.

(23) Creagh, D. C.; Hubbell, J. H. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer: Boston, 1992; VVol. C, Table
4.2.4.3, pp 206-206.

(24) teXsan, Crystal Structure Analysis Package; Molecular Structure Corp.,
1985, 1992.

(25) Johnson, C. K. ORTEP, A Thermal Ellipsoid Plotting Program; Oak
Ridge National Laboratories, Oak Ridge, TN, 1965.
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Table 6. Selected Bond Lengths (A) and Angles (deg) with
Standard Deviations fdrans,mef[PtClL(dien)L](BFs). (4a)

Bond Lengths

Pt(1)-CI(1) 2.309(3) Pt(1)}CI(2) 2.295(3)

Pt(1)-S(1) 2.338(4) Pt(3yN(1) 2.058(7)

Pt(1)-N(2) 2.065(9) S(1yC(3) 1.73(1)

N(3)—C(3) 1.32(1)

Bond Angles

Cl(1)-Pt(1)-Cl(2) 179.2(1) CI(1}Pt(1}-S(1)  85.3(1)
CI(1)—Pt(1)-N(2) 92.1(2) Cl(2-Pt(1)-S(1) 93.9(1)
CI(1)—Pt(1)-N(2) 88.5(3)  S(1yPt(1)-N(1) 96.8(2)
Cl(2)—Pt(1)-N(1) 88.0(2) S(1yPt(1)-N(2) 173.8(3)
CI(2)—Pt(1)-N(2) 92.4(3)  N(1>Pt(1)-N(2) 83.4(2)
N(1)—Pt(1)-N(1)?  166.3(4) Pt(1)}S(1)-C(3) 111.0(4)

a Symmetry operatorx, —y, z

Scheme 1. Proposed Mechanism of the Oxidative Addition
of 1 to Square-Planar Pt(Il)

~N SN2
\ _k -/
N= N
/ S8 \
.
>t
Vs

Results and Discussion

Synthetic Studies The overall reaction of the dithio-
(formamidinium) dichloride salt of tmtul] with Pt(ll) chloro
am(m)ine complexes, as observed firstéeDDP and related
compoundg2was found to be an oxidation to Pt(IV) complexes
exhibiting a mixed axial chloro/tmt& coordination. The

Bierbach et al.

will be discussed on the basis of spectroscopic data. However,
cis — trans isomerization is observed after prolonged stirring
of a suspension @& in methanol, resulting itrans,mef[PtCl,-
(dien)L]Cl, (4), where the chloro ligands occupy the axial
positions and tmtu coordinatésnsto the central nitrogen of
the mer dien ligand. This reaction occurs in the absence of
light. Exchange of the counterions 4nwith tetrafluoroborate
givestrans,mef[PtCly(dien)L](BF4), (4a8). A crystal structure
determination on4a confirms the assumed isomerization,
deduced from spectroscopic data and reactivity features in
aqueous solutiorv{de infra). Oxidation oftrans[PtCl;(NHz)]

with 1 gives mixtures ofmer,trans[PtCl3(NH3),L]CI (5) and

the fac isomer6. Unlike 3 in the Pt(IV)/dien system, which
could be isolated due to its poor solubility is rapidly
transformed int® before completion of the reaction. Attempts
to separate the isomers were not successful. tiidres — cis
isomerization proves to be complete after 12 h, as could be
followed by means ofH NMR spectroscopy. Rapid isomer-
ization of Pt(IV) complexes during recrystallization is not
unusual and has been observed before for compounds of the
type [PtVC|2(OH)2(NH3)2].28

Infrared Studies. Spectra were recorded f2r 3, 4, 4a, and
6 in order to assign the asymmetric CN € thiocarbonyl
carbon) stretching vibration of the tmtu ligands. Vibration
frequencies of 1579 cm up to 1590 cm! (see Experimental
Section) are indicative of S-bound tritin Pt(IV) complexes?

IH and 9Pt NMR Studies. TheH NMR spectrum ofis-
[PtCli(NH3)L] (2) in DMF-d; was found to be similar to that
recorded of the structurally related cationic comkex[PtCls-
(NH3),L]CI-0.5MeOH 6) in MeOH-d,.12 In addition to a sharp
singlet for the methyl protons of tmtu at 3.37 ppm the ammine
protons in2 are observed as a seven-line pattern (1:4:2:4:2:4:
1) centered at 5.95 ppm due to heteronuclear couplidgsn —

proposed mechanism of this oxidation (Scheme 1), performediH) ~ 2J(19Pt1H) ~ 50 Hz), characteristic for ammine
at room temperature in weakly coordinating methanol, requires complexes of Pt(IV¥®

free chloride, introduced as the aniondit? A similar pathway
for an oxidative addition was reported for the system'{Pt
(oxalate)]?~/H,0,/H,0.26 It could be demonstrated by isotope
labeling experiments that one axial OHigand in the Pt(IV)
product originates from the oxidant,HO,, whereas the trans
OH~ ligand originates from the solvent,HO. A similar

The ethylene groups of the dien ligand 4ngive rise to
complicated multiplets centered at 2.85 ppm and between 3.30
and 3.70 ppm (Figure 2). The observed separation of the high-
field part of this ABCD system (2H3J(19%Pt—1H) = 24 Hz)
from the low-field part (6H) by ca. 0.5 ppm has been reported
to be indicative of a meridional dien coordinati$h.The H

mechanism has been established for the oxidation of Pt(ll) aquaNMR spectrum of theis isomer3 had to be recorded in £

complexes with chlorine gas ikO-enriched wate#! The

chloride dependence of the oxidation performed with the cation
of 1 might point to a mechanism where the incoming anionic
nucleophile facilitates the reaction by reducing unfavorable
positive charge on a putative five-coordinate intermediate.

due to its poor solubility in all other solvents. Irrespective of
hydrolysis of the complexi{de infra), amerorientation of the
dien ligand has also been established3or

The IH NMR spectrum of the product isolated from the
oxidation oftrans[PtCly(NHs),] with 1 in MeOH-d, exhibits

Characteristically, no oxidation was observed with the analogoustWO overlapping seven-line NH patterns centered at 5.82 and

tetrafluoroborate salt of in nonagueous solvents.
The products of the oxidations of K[P#{NHS3)], cis- and
trans[PtCl(NH3)2], and [PtCl(dien)]Cl withl ([L-L]CI »2H,0)

6.01 ppm and two singlets for the methyl protons of the tmtu
ligands at 3.35 and 3.30 ppm. In spectra taken of this solution
after 12 h the signals at 6.01 and 3.30 ppm had vanished and

and observed isomerizations are presented in Figure 1. In allthe signals at 5.82 and 3.35 ppm, attributablefac[PtCls-

cases addition of one chloro and one neutral tmtu ligand (L)
results in the formation of octahedrally coordinated Pt(IV)

(NH3),L]CI (6),*2had increased in intensity. These observations
imply a trans— cis isomerization, as depicted in Figure 1.

complexes which consequently carry an extra positive charge Proton-decoupled®Pt NMR spectra were recorded for the

compared to the Pt(ll) precursors. Oxidation of the [FiCH3)]~
anion with1 gives the poorly soluble neutral compleis-[PtCl,-
(NH3)L] (2). A cisorientation of the ammine and the S-bound
thiourea ligand has been established crystallographicailie (
infra). Similarly, oxidation of the [PtCl(dien}] cation leads

to cis,mer[PtCly(dien)L]Cl0.5MeOH ). In 3 retention of
the meridional coordination of the dien ligand is observed, as

(26) Dunham, S. O,; Larsen, R. D.; Abbott, E. IHorg. Chem1993 32,
2049.
(27) Graning, O; Elding, L. 1. Inorg. Chem.1989 28, 3366.

new complexe<is-[PtCly(NH3)L] (2) and trans,mef[PtCly-
(dien)L]Cl, (4). The data are compared 6band structurally
related Pt(IV) species (Table 1). These compounds represent
a series of mixed-ligand Pt(IV) complexes which was regarded
as a useful case for studying the influences of variations in the

(28) Kuroda, R.; Neidle, S.; Ismail, I. M.; Sadler, Pldorg. Chem1983
22, 3620.

(29) Miller, G.; Riede, J.; Beyerle-PfnuR.; Lippert, B.J. Am. Chem.
Soc 1984 106, 7999.

(30) Frommer, G.; Preut, H.; Lippert, Biorg. Chim. Actal992 193 111.
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Figure 1. Oxidative addition and isomerization reactions on square-planar Pt(ll) complexeSQ@(NMe),; [L-L] 2" = [(NMe).CS—SC(NMe)z]?").

Counterions and crystal solvents have been omitted for clarity.
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Figure 2. Proton resonances of the ethylene groups of the dien ligand
in trans,mef[PtCly(dien)L]Cl, (4), showing the characteristic ABCD

pattern. The asterisk indicates a truncated peak, assigned to methyl

protons of tmtu. K shows Pt satellites; gbverlaps with methyl protons
of tmtu.

ligand combination on'®Pt chemical shifts and one-bond
heteronucleal®®Pt—1“N couplings. As can be clearly seen from
the dp; shifts, stepwise replacement of a chloro ligand with an
amino or ammine ligand on going frord to 4 results in a
shielding of the Pt core and, consequently, in an upfield shift
of the 19t resonance. However, a plot of the variation in
195t chemical shifts with the number of N-donors does not show

Ocz/}

Figure 3. View of one of the molecules @iis-[PtCl,(NH3)L] (2) giving
atom numbering. Ellipsoids are drawn at the 30% probability level.

of —363 ppm. Considering all the data stated in Table 1, the
order of shielding is thioureaz am(m)ine> chloride, which
has been previously observed for other mixed-ligand systems
and was found to correlate with theans influence of the
ligands?®?

Pt—N couplings are mainly influenced by the nature of the
ligands trans to the am(m)ine ligand, and coupling constants

the linear substitution pattern usually observed for systems SUChusually decrease with increasing labilizing influence oftthas

as [Pt (NH3)x(H20)s—x]2" (x = 1—4)3! and does not allow for
the definition of shift incrementsAd). The difference indp;
between2 and 6 (—229 ppm) was determined to be smaller
than that betwee® and 4 (—389 ppm). These findings are
probably due to the fact thdtexhibits tmtu coordination trans
to the amine ligand, whereas thand6 tmtu and the ammine
ligand(s) show acis orientation. %Pt chemical shifts of
differentcis/transandmer/facisomers of Pt(IV) complexes are
usually well-separatetl. The accumulation of positive charge
may also contribute to the strong shielding of the Pt coré. in
Formal substitution of the chloro ligand trans to dienmier
[PtCls(dien)]Cl by tmtu (L) givestrans,mef[PtClx(dien)L]Cl,
(4). This ligand exchange causes an upfield substitution shift

(31) Ismail, I. M.; Sadler, P. J. IfPlatinum, Gold and Other Metal
Chemotherapeutic Agent&CS Symposium Series 209; American
Chemical Society: Washington, DC, 1983; p 171, and literature cited
therein.

donor atom. However, small effects lays-oriented ligands
(including axial ligands in Pt(IV) complexes) have also been
discussed? Comparison oftJ(1%Pt—14N) coupling constants
of both 2 and6 with that of the structurally relatecis-[PtCl,-
(NH3)2] (Table 1) implies the following order o€is influ-
ences: thiourea= chloride < NHs.

X-ray Crystal Structures of cis-[PtCl4(NH3)L] (2) and
trans,mer[PtCl(dien)L](BF 4). (4a). The X-ray structure of
cis[PtCly(NH3)L] (2) is depicted in Figure 3.2 consists of
neutral complex molecules with an octahedral coordination
geometry of Pt(IV) which appears slightly distorted due to the
bulky peralkylated thiourea derivative. The ammine ligand and
the S-bound tmtu show ais orientation. The most striking
structural feature o2 is the difference in PtCl bond lengths
between chloro ligands bound cis and trans to sulfur. The Pt

(32) Appleton, T. G.; Hall, J. R.; Ralph, S. Forg. Chem1985 24, 4685.
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Figure 4. View of one of the complex cations @fans,me#[PtCl- " 3
(dien)L](BF4)2 (4@) giving atom numbering. Ellipsoids are drawn at _" :
the 30% probability level. 0.6 ;
c(mol/ly '," o
Clirans bond (2.370(1) A) is considerably longer than the-Pt 10 oed .
Clgis distances (2.312 A, mean), which points to a pronounced 10 ' . hs
transinfluence of the sulfur donor. To our knowledge, this is . a
an unprecedented finding of structural impact caused by a sulfur 0.2 Sogn
donor ligand in Pt(IV) complexes. Interestingly, thioether .'! D.D’
ligands do not exert a comparable lengthening of tHé-Pt H)ga“
Clirans bond3® For ligands with third-period donor atoms an o
effect of similar magnitude has been observed in phosphine . : : : : .
complexes of Pt(IV) such as [PPEL)] .34 0 5 10 15 20 25
Figure 4 shows one view of the cation wéns,mef[PtCl,- t(min)

(dien)L](BFz)2 (4a) in the solid state 4aconsists of the complex  Figure 5. Hydrolysis of2 monitored by (a) changes in pH of aqueous
cation situated on a mirror plane and two tetrafluoroborate solutions with time at two different total concentrations in Pt(IV)
anions also located on a mirror plane. The tmtu ligand cannot compound and (b) changes in protol)(and chloride ion @)
conform to mirror symmetry due to the conrotatory twisting of ;O?ﬁgmzitfli(l) ,:SS \gf't?htémcifjjjgx 3?,??0”3%0;?22{] éﬁgr'gﬁf?gisonse
the dlmethylamlno_ groups _(free tmtu ado_pl,s symmetry in times. P P

the gas phaseand in the solid staf). The ligand is therefore

disordered over two equally occupied sites. The disorder takes
the form of two sites for one of the methyl groups (C5 and
C5). The other methyl group (C4) is an average of two nearly
coincident sites. Pt(IV) exhibits a mixed 8kS coordination
sphere with amerdien ligand and axial chloro ligation. The
dien ligand adopts a “sting ray” conformatiéhin accordance
with crystallographically imposed mirror symmetry. Deviations

Reactivity Studies in Aqueous Solution The knowledge
of the hydrolytic behavior of new Pt antitumor complexes is
one important requirement for the design of such drugs. Itis
known that the activation of Pt(Il)-based drugs in reactions with
their biological target (DNA) and other biomolecules is acco-
ciated with hydrolytic replacement of chloro ligants Analo-

. . gous Pt(IV) complexes usually show insignificant hydrolysis
from ideal octahedral geometry are mainly caused by the due to their kinetic inertness. An unusual reactivity feature is

chelating width (“bite”) of the dien ligand. Interatomic distances observed for the com - :

. plexesis-[PtCla(NH3)L] (2), cis,mer
are in the_same range as observ_echQsee Tables 5 and_6). [PtCh(dien)L]Cx0.5MeOH @), and fac[PtCl(NHs)L]-
The trans influence of the sulfur ligand on the PN bond is C0.5MeOH ). These compounds act stsong monoprotic
not as pronounced as that on the-24 bond in2. acids aqueous solutions &, 3, and6 show a pH drop within
25 min, as depicted fa2 in Figure 5a. Hydrolysis of the Pt

(33) gzgtggl\’v- N.; Muir, K. W.; Sharp, D. W. Ahcta Crystallogr.1986 Sioureabond can be excluded in all cases, sitdeNMR spectra

(34) Albinati, A.; Kaufmann, W.; Venanzi, L. Mnorg. Chim. Actal991 of 2,3, and6 in DO did not ,ShOW the presenqe of free tmtu
188, 145. ‘ (Omethy-1 3.00). In contrast, it has been established by means

(35) Fernholt, L.; Samdal, S.; Seip, R.Mol. Struct.198Q 72, 217. of ion sensitive electrode measurements that the increase in

(36) Vilkov, V.; Akishin, P. A.; Presnyakova, V. M. Struct. Chem. USSR
(Engl. Transl.)1966 7, 1.

(37) Britten, J. F.; Lock, C. J. L.; Pratt, W. M. @cta Crystallogr 1982 (38) Holler, E. InMetal Complexes in Cancer Chemotheraldgppler, B.
B38 2148. K., Ed.; VCH: Weinheim, Germany, 1993; pp 371.
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Scheme 2. Proposed Mechanism of Hydrolysis far Scheme 3. One Possible Mechanism of Action &f

SCg‘:Mez)z N ch\:Mez)z s;tigluvlez)2 _— S(.:((;r\'lMez)z omiion SC(NMez)qv

CI—P(—NHs dissociation CICT/PfLNHg +CI csc—yFif—-NH3 —_— Clc—rFl’t“—NHa prTnaﬁo—n—» Chk— Pt—~NH,

or C':I L OH, ZI or H H
2 DNA, 1. step
Tcg‘llMez)z 1. aquation

C(r;PfLNHa + H¥ 2. deprotonation - i(;(::/lez)z N7 C\pt/SC(NMez)2
J’H N - DMAZ b 77 N

Table 7. Cytotoxicity of 2, 4, and6 in L1210 Leukemia Celks

IDso, ,LtM
complex L1210/0 L1210/DDP . .
S PICLNHILL (2 019 12.15 (68 The most interesting case was found to be the neutral complex
141 3, . . . . ..
fac-[PtCH(NH2),L]CI (6) 011 18,01 (172) cis-[PtCl4(NH3)L] (2), which shows enhanced activity compared

trans,mef[PtCly(dien)L]Cl (4) >50 >50 to Ei)ftinionlic precursor, ?[pCE(NEB)].-lS 'Th(ta ZtrUCtiJrel tOQt

. . ) exhibits onlyoneammine ligand and eis-oriented neutral tmtu
CiSPICR(NHs)] (cisplatin) 0.19 1163 (61) ligand, which proves to be an unprecedented structural feature

2 All complexes in saline solution except faywhich wasin 0.5%  in Pt(IV) antitumor complexes. One explanation for the
D'MF.f’ Resistance factor, defined asshpesistant)/IRq(sensitive), is observed cross resistance Bfto cissDDP could be that,
given in parentheses. regardless of structural differences, both compounds show the
same mode of DNA binding. In the case ofts-DDP-like
lesion, altered rates of enzymatic DNA repair in cisplatin-
resistant cells would possibly also affect recognition of the
structural impact caused [8; which would explain the cross
resistancé® Bifunctional DNA binding with carrier groups
other than NH produces conformational changes similar to those
of cissDDP, with some differences depending on the nature of

proton concentration is accompanied by the formation of an
equimolar amount of chloride ions (Figure 5b). It is noteworthy
that hydrolysis oR, 3, and6 proved to be irreversible and that
neither extra chloride (10 times exess) nor catalytic traces of
Pt(Il) complex nor light have an effect on the rate of hydrolysis.
If we take into account all these observations and the labilization

of the Pt-Cl bond trans to su_lfur, the mechanism given in the carrier ligand1~* 2 exhibits two potential redox-labile axes
Scheme 2 seems to be most likely. (CI-Pt—S and C+PtCl). Considering then sitro activity

It may be proposed that aquation of the PY(IV) complexes f 2 it seems appealing to suggest a mechanism of action
involves a (thermal) dissociative stef)(rather than a Pt(Il)-  (scheme 3) which involves the formation of a bifunctional

catalyzed mechanism via 'PtCI—Pt" bridges® as usually  z4quct with DNA with tmtu as a classical nonleaving group in
observed for ligands that are low in thrnsinfluence series.  {he place of the second am(m)ine.

Finally, it should be mentioned th&ians,mef[PtCly(dien)L]-
Cly (4) with the S-donor ligand trans to the chelating amine Conclusions

does not show this pH drop, which strongly supports the The oxidative addition of [L-L]GF2H,0 (L = 1,1,3.3-

proposed .m_echanls_,m. L tetramethylthiourea, tmtu) to Pt(ll) chloro am(m)ine compounds
Cytotoxicity Studies. The cytotoxicity of complexe&, 4, 55 peen utilized to introduce an S-donor ligand into Pt(IV)
and6 was studied in murine L1210 leukemia cells both sensitive complexes. Besides a pronounced “statigins influence of

and resistant to cisplatin. Preliminary results are presented ing_pound tmtu in the solid state. tmtu coordination was found
Table 7. 1Dy values for2 and 6 in cisplatin-sensitive cells 1, 4ftect electronic properties such as heteronuclear NMR
(L1210/0) |qd|cate a remarkable activity equwalenl:lsaDDP,_ couplings as well as the reactivity (hydrolysis) of the com-

whereas4 did not show drug response at drug concentrations pounds. cis—transisomerizations in this system may also be

<50 mM and thus was considered inactive. In the cisplatin- |q|5ted to labilizing effects of the S-donor ligand.

resistant cell line (L1210/DDP), however,dfvalues for2 and Promisingin vitro activities observed focis-[PtCly(NH3)L]

6 reveal a marked decrease in cell grovyth inhibition a_nd in fact (2) and fac[PtC(NH3),L]CI (6) imply that the peralkylated
show resistance factors comparable with those for cispldtin.  hiqrea derivative might be a useful alternative lipophilic carrier
was found to be inactive in the resistant line as well. ligand in Pt(IV) prodrugs that could, for instance, facilitate
It is tempting to correlate these findings with the molecular passive diffusion of the drug through the cell membrane.
structures of the Pt(IV) complexes and to speculate on a possibleFyrthermore, it would seem to be worthwhile to test the neutral
mechanism of actiom vivo. The following discussion is based  complex2 in vivo for its resorption and cytostatic activity as a
on the assumption that compourjs4, and6 act as prodrugs
and are reduced to Pt(ll) species before exerting biological (40) Cross resistance to cisplatin is not only affected by altered rates of
activity. Bioreduction oftrans,mef[PtCl(dien)L]Cl, (4) wil DNA repair but may also be caused by factors such as altered uptake
probably result in loss of the (redox labile) tV_Cl axis and altered reactivity toward endogenous thiols. Nevertheless, the fact

that cisplatin an@ exhibit identical resistance factors encourages us

and generate the ERdien)L]2+ cation. This species should haVe to speculate that the reason for resistance lies at the DNA level. See
no affinity to guanine-N7 of DNA due to the absence of suitable also: Van Beusichem, M.; Farrell, Nnorg. Chem 1992 31, 634.
leaving groups, which would explain the observed inactivity. Farrell, N.Cancer Invest.1993 11, 578 and references cited therein.

. . 41) Hartwig, J. F.; Lippard, S. J. Am. Chem. S0d992 114, 5646.
fac-[PtCK(NH)oL1CI (6) may be considered a typical Water- (35) Skov. &' A's Adomat. H: Dosdee. M. 1. Farrell Ati-Cancer biug
soluble prodrug which, after loss of axial ligands, generates Des.1994 9, 103.
cisplatin. (43) Page, J. D.; Husain, |.; Sancar, A.; Chaney, SBiéchemistryl99Q

29, 1016.
(44) Inagaki, K.; Nakahra, H.; Alink, M.; Kidani, Yinorg. Chem.199Q
(39) Elding, L. I.; Gustafson, Llnorg. Chim. Actal977, 24, 239. 29, 4496.
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potential orally administrable drug. The observed acid stability No. DHP-2E). We thank J. Peroutka for his technical assistance
of the Pt-S bond in2 and6 suggests that the compounds may in obtaining cytotoxicity data. Thanks are also due to Johnson-
survive the gastric environment without displacement of the Matthey, Ltd. (Reading, England), and W. C. Heraeus GmbH
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of the “classical’cis-diam(m)ine coordination in Pt antitumor

complexes as well as its use of a new lipophilic group (tmtu)  sSupporting Information Available: Tables of crystallographic
instead of an alicyclic amine (cyclohexylamine) as in the data, final positional parameters, anisotropic displacement coefficients,
prototype JM-216. H-atom coordinates, and bond lengths and angle famd4a, least-
squares planes f@&, and torsional angles feta (12 pages). Ordering
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