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Chemical and Biological Properties of a New Series of cis-Diammineplatinum(II)
Antitumor Agents Containing Three Nitrogen Donors: cis-[Pt(NH;),(N-donor)CI]*
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A series of 32 cationic platinum(II) complexes of the form cis-[PtA,(Am)Cl]*, where A is a monodentate (NHj; or
i-PrNH,) or A, is a bidentate (ethylenediamine or 1,2-diaminocyclohexane) amine and Am is either a heterocyclic
amine based on a pyridine, pyrimidine, purine, piperidine, or a saturated amine (RNH,) ligand, was prepared and
screened against in vivo murine tumor models. Each compound was tested against Sarcoma 180 ascites (S180a)
in mice, with 20 members of the series showing activity (ILS >50%). Antitumor activity also was demonstrated
in 4 of 16 compounds tested in the L1210 murine leukemia model (ILS > 25%) and in 3 of 3 tested in the P388
murine leukemia model (ILS > 30%). The most active and potent analogues of the series were obtained when A
was NH; and Am was NI-pyridine, N1-4-methylpyridine, NI-4-bromopyridine, N1-4-chloropyridine, N3-cytosine,
or N7-2’-deoxyguanosine. Complexes containing chelating and saturated amine ligands (A), as well as two trans
isomers of active cis analogues (trans-[Pt(NH,)5(Am)Cl]*, where Am = NI-pyridine or N1-4-methylpyridine), were
inactive in the S180a screen. All complexes were characterized by means of elemental analysis, HPLC, and %Pt
NMR spectroscopy, and the structure of one analogue, cis-[Pt(NHj),(IN3-cytosine)Cl](NOs), was determined by using
single-crystal X-ray diffraction methods. While members of this series of compounds demonstrate antitumor activity
in vivo, these new agents are not classical analogues of cisplatin (i.e. cis-[PtA,X,] complexes), as they contain three
nitrogen donors and only one leaving group. The results of these studies suggest that further work should be conducted

to better define the limits of the structure-activity relationships among platinum(lIl) complexes.

While cisplatin, cis-[Pt(NH;),Cl,], has proven effective
in treating a variety of forms of cancer,! a continuing effort
is being made in analogue development programs to
broaden the spectrum of activity and to improve the
therapeutic properties of platinum-based antitumor agents.
Specific goals in this area include developing agents that
are active against unresponsive diseases, such as colon and
breast cancer, improving the activity in tumor systems that
presently respond to cisplatin, such as lung and bladder
carcinomas, and reducing the major toxicities, such as
myelosuppression and nephrotoxicity.? In our efforts to
develop a new platinum-based antitumor agent that will
display a different activity profile, we have chosen to in-
vestigate complexes that do not possess structural features
that are characteristic of standard cisplatin analogues.?

The search for new platinum complexes that possess
improved therapeutic properties has spanned a 15-year
period. During this time, several thousand platinum
complexes have been prepared and evaluated in animal
tumor screens. While some success has been achieved in
identifying compounds that are less toxic than cisplatin,
little progress has been made toward improving the activity
of platinum complexes against both responsive and un-
responsive forms of the disease. The search for new agents
has relied heavily on the structure—activity relationships
that were first summarized by Cleare and Hoeschele in
1973% and, to date, these guidelines continue to influence
synthetic efforts in this area. In general, the majority of
the analogues that have been examined are neutral plat-
inum(II) complexes of the form cis-[PtA,X,], where A is
an amine ligand and X is an anionic leaving group.®* In
all cases, the related trans-diamine complexes (irans-
[PtA,X,]), which are simple isomers of active cis-diamine

(1) Loehrer, P. J.; Einhorn, L. H. Ann Intern. Med. 1984, 100,
704.

(2) Carter, S. K. In Platinum Coordination Complexes in Cancer
Chemotherapy; Martinus-Nijhoff: Boston, 1984; p 359.

(3) (a) Cleare, M. J.; Hoeschele, J. D. Bioinorg. Chem. 1973, 2, 187.
(b) Cleare, M. J.; Hydes, P. C.; Hepburn, D. R.; Malerbi, B. W.
In Cisplatin, Current Status and New Developments; Pres-
tayko, A. W., Crooke, S. T., Carter, S. K., Eds.; Academic
Press: New York, 1980; p 149. (¢) Macquet, J. P.; Butour, J.-L.
J. Natl. Cancer Inst. 1983, 70, 899.

(4) Rose, W. C.; Bradner, W. T. In ref 2, p 229. (b) Calvert, A. H.
In Biochemical Mechanisms of Platinum Antitumor Drugs;
McBrien, D. C. H,, Slater, T. F., Eds.; IRL Press: Washington,
DC, 1986; p 307.

0022-2623/89/1832-0128301.50/0

Scheme I
Method a
.
A C: A Arn
N NS
Pt + Am @ — /Pt\
&7 N P A o
Method b
~/o
A Ci A O
N N Td
) /Pt + AgNO ———— Pt
A Cl DMF A/ \c
+/0 +
A @) Ay Am
N Td \P/
2) Pt + Am t
AN
A/ e DMF A/ cl

analogues, lack activity in animal tumor models. The
importance of the cis geometry of the leaving groups (X)
in these square-planar complexes has been stressed on the
basis of mechanistic studies, which suggest that cis-
[PtA,X,] complexes produce bifunctional lesions on DNA
that are capable of disrupting cellular replication pro-
cesses.’

Excluding those complexes that conform to the cis-
[PtA,X,] structural class, relatively few platinum com-
pounds have demonstrated activity in murine tumor sys-
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Table I. 1%5Pt Chemical Shift and ®*Pt-1*N Coupling Constant
Data for the Products of the Reaction of cis-[Pt(!*NH,),Cl;] with
AgNO,

concn,®
complex % $ (ppm)® J, Hz J, Hz
In DMF
cis-[Pt(15NH,);Cly] 12 -2088 303
cis-[Pt(15NH,)(01-DMF)- 56 -1808 3649  338°
ClI(NO3)
cis-[Pt(®NH,),(NO;)Cl] 23 -1794 341/ 335¢
cis-[Pt(15NH,),(01-DMF),]- 3 ~1590  366¢
(NOy)y
cis-[Pt(15NH,),(NOg)(01- 5 ~1585 3750
DMF)1(NOy)
cis-[Pt(1SNH,),(NOy);] 1 ~1577  380¢
In HQOG’
cis-[Pt(1NH,);Cly] 4 -2136 326
cis-[Pt(1®NHj;),(H,0)Cl]- 57 -1824 368 345°
(NO,)
cis-[Pt(15NH,)o(H,0),]- 39 -1580 388
(NO3)

%Relative concentration as % total Pt based on integrated in-
tensities. ®Measured relative to HyPtClg at 0 ppm. ¢Coupling
constants were measured from !N spectra, except were noted.
4Trans to DMF. ¢Trans to Cl. /Trans to NO,. #Coupling con-
stants measured from %Pt spectrum. *Average value. ‘Trans to
H,0.

tems. In this report, we present chemical and biological
data on a new series of platinum antitumor agents that
violate some of the classical structure—activity relation-
ships. These compounds are cationic triamine complexes
of the form I, where A is ammonia and Am is either a

A Am
N
Pt
e \CI
1

heterocyclic amine based on pyridine, pyrimidine, purine,
or piperidine substituents or a saturated amine. Members
of this series of compounds show activity in a number of
murine tumor screens, including S180a, P388, and L1210.
These complexes, which represent a potentially broad class
of antitumor agents whose activity has been unsuspected
until now, also possess desirable physical properties, such
as high stability and solubility in aqueous media. The
results of these studies suggest that the structure-activity
relationships among platinum-based antitumor agents
should be reexamined to determine if additional structural
classes have been discounted as inactive, based on test
results that were obtained on a limited number of example
compounds.

Results

Chemical Studies of the cis-[Pt(diamine)(Am)CI]*
Complexes. The platinum-triamine complexes were
prepared by using one of the two general reaction se-
quences outlined in Scheme I. In method a, the starting
materials, cis-[PtA,Cl;] and the selected Am ligand, were
heated in water at 50-60 °C for a period of 1-3 days to
promote Am substitution. The desired products were
typically recrystallized (from water or methanol) to remove
unreacted starting materials and disubstituted byproducts
of the form cis-[PtA;(Am),]?*. In method b, the reactive
monochloro intermediates cis-[PtA,(OI-DMF)CI](NO3)
and cis-[PtA,(NO;)Cl] were first prepared from the reac-
tion of cis-[PtA,Cl;] with 1 equiv of AgNO; in DMF (eq
1). In step 2, the oxygen-bound ligands (DMF and NO3)
were readily displaced by the nucleophilic Am ligand,
yielding the desired platinum-triamine complex. After
removing the DMF and extracting unreacted ligand with
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CH,CI,, the products were purified by recrystallization
from methanol or water.

While both reactions can be used to prepare platinum-—
triamine complexes, better overall yields were obtained by
using the AgNO;/DMF method. This procedure was first
used by Lippert et al. to prepare the related thymine
complex cis-[Pt(NH;),(NI-thymine)Cl].1®  There are
several reasons why this method provides higher yields.
First, in aqueous solution (method a), the concentration
of platinum during the reaction is limited by the relatively
low solubility of the cis-[PtA,Cl,] complexes. This leads
to an increase in disubstituted products (cis-[PtA,(Am),]*")
as the Am to platinum ratio is large during the initial
stages of the reaction. Second, the oxygen-bound ligands
in the intermediate complexes, cis-[PtA,(O)CI]* (04 =
O1-DMF and NOj), are much better leaving groups than
the chloride ligand. This leads to faster substitution ki-
netics and a reduction in the amount of disubstituted
byproducts. Furthermore, as discussed below, a more fa-
vorable distribution of monochloro intermediates is ob-
tained when DMF is used as the solvent,

19%5Pt NMR studies of the reaction between cis-[Pt-
(1NH;),Cl,] and 1 equiv of AgNO; in DMF (0.2 M) show
that six platinum species remain in solution following AgCl
filtration (after 24 h). As shown in Table I, the monochloro
complexes, cis-[Pt(1NH,),(01-DMF)CI1]* and cis-[Pt-
(15NH,),(NO,)C1], constitute ~80% of the platinum in -
solution under these conditions. The favorable distribution
of these monochloro species improves the yield of the
cis-[PtA,(Am)Cl]* complex upon reaction with the chosen
Am ligand. When the analogous reaction between AgNO,
and cis-[Pt(**NH,),Cl,] is conducted in water, a lower yield
of the reactive monochloro intermediate, cis-[Pt-
(15NH,),(H,0)CI]*, is obtained (57%, see Table I). Fur-
thermore, the relatively high concentration of the dia-
quadiammine complex, cis-[Pt(!*NH;),(H,0),]%* (39%),
produces a larger proportion of disubstituted byproducts
when the reaction is conducted in water. The oxygen-
bound nitrate complexes, cis-[PtA;(NO,)Cl]* and cis-
[PtA;(NO,),], are also formed to a lesser extent in water
than in DMF (apparently a result of the enhanced ionic
strength of the aqueous medium).

Using the methods described above, we have prepared
a total of 34 platinum—triamine analogues of the form cis-
or trans-[PtA,(Am)CI]* for evaluation in murine tumor
screens. While a number of reports on triamine complexes
of this type, where Am is a pyrimidine,!34 purine,'® or a
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J. L. Inorg. Chem. 1980, 19, 295. (g) Britten, J. F.; Lippert, B,;
Lock, C. J. L.; Pilon, P. Ibid. 1982, 21, 1936. (h) Raudaschl-
Sieber, G.; Lippert, B. Ibid. 1985, 24, 2426. (i) Neidle, S.;
Taylor, G. L.; Robins, A. B. Acta Crystallogr., Sect. B 1978,
B34, 1838. (j) Schollhorn, H.; Thewalt, U.; Raudaschl-Sieber,
G.; Lippert, B. Inorg. Chim. Acta 1986, 124, 207. (k) Stetsen-
ko, A. I; Sel'derkhanova, L. B.; Mokhov, A. I. Koord. Khim.
1985, 11, 816. (l) Stetsenko, A. I.; Adamov, O. M,; Titov, V. E,;
Dmitrivea, E. S.; Yakovlev, K. L. Ibid. 1983, 9, 851. (m) Stet-
senko, A. L; Alekseeva, G. M.; Yakovlev, K. 1. Zh. Neorg.
Khim. 1985, 30, 2592. (n) Nee, M.; Roberts, J. D. Biochemistry
1982, 21, 4920. (o) Inagaki, K.; Tamacki, N.; Kidani, Y. Inorg.
Chim. Acta 1980, 46, L93. (p) Lim, M. C.; Martin, R. B. J.
Inorg. Nucl. Chem. 1976, 38, 1915.
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Table II. %Pt NMR Data for cis-[Pt(RNH;)2(Am)Cl])*
Complexes®

8 (195Pt),b

compound ppm
cis-[Pt(NH;)o(N1-pyridine)Cl]CI (1) -2289
cis-[Pt(NH;)o(N1-2-OH-pyridine)Cl]Cl (2) -2287
cis-[Pt(NH,)o(IN1-6-Me-2-OH-pyridine)Cl]Cl (3) -2264
cis-[Pt(NHg)o(N1-3-OH-pyridine)C1]CI (4) -2291
cis-[Pt(NH;)o(N1-6-Me-3-OH-pyridine)Cl]Cl (6) -2277
cis-[Pt(NH3)o(N1-4-Cl-pyridine)Cl]Cl (7) -2279
cis-[Pt(NHg)o(N1-4-Me-pyridine)CI]CI (11) -2289
cis-[Pt(NHy),(N1-4-Et-pyridine)Cl]CI (12) -2290
cis-[Pt(NH3)o(N1-4-Br-pyridine)C1]Cl (13) —-2280
cis-[Pt(NHg)o(N1-4-N(Me),-pyridine)C1](NOg) (14) -2273
cis-[Pt(NH;),(N1-Me-isonicotinate)CI]1Cl (15) -2285
cis-[Pt(NHj)o(N1-4-Me-piperidine)C1) (NOg) (24) -2410
cis-[Pt(NH3)o(N1-cyclohexylmethylamine)CI1(NO.1(27) -2408
cis-[Pt(NHjz)o(N2-isopropylamine)C1](NO;) (28) -2410
cis-[Pt(NHjz)o( N1-octylamine)C1](NO3) (29) -2406
cis-[Pt(NH;)o(N1-quinuclidine)C1](NO;) (30) -2304
cis-[Pt(NHj)o(N2-1-MeO-isopropylamine) C1}(NO.(31)  -2407
cis-[Pt(NHjg)y(N3-cytosine)C1]Cl (10) -2379
cis-[Pt(NHjz)o(N3-1-Me-cytosine)Cl1]Cl (16) -2365
cis-[Pt(NHg)o(N3-5-Me-cytosine)Cl]Cl (17) -2358
cis-[Pt(NHjz)o(N9-DHPT)CI}(NO;) (18) -2234
cis-[Pt(NHg)o(N3-cytidine) C1}(NO;) (19) -2358
cis-[Pt(NHj)o(N7-guanosine) CI1(NO;) (20) -2290
cis-[Pt(NHj)o(IN3-2’-deoxycytidine)CI]Cl (21) -2357
cis-[Pt(NHj)y(N3-ara-C)C1](NO;) (22) -9355
cis-[Pt(NH3)o(N7-2/-deoxyguanosine)C1]Cl (23) -2280
cis-[Pt(NH;)o(N1-4-Me-pyridine) Br](NO;) (33) -2409
[Pt(en}(N1-pyridine}Cl]Cl (8) -2523
[Pt(dach}(N1-pyridine)C1}(NO;) (9) -2465¢
-2490°¢

cis-[Pt(i-PrNHy),(N1-4-Me-pyridine) C11(NQ;) (25) -2381
[Pt(en)(N1-4-Me-pyridine)C1}(NO;) (26) ~-2517
[Pt(trans-(R,R)-dach)(NI1-4-Me-pyridine)C1](NO.(32)  -2487
trans-[Pt(NHj)o(IV1-pyridine) C1]Cl (5) -2310
trans-[Pt(NH;)y(N1-4-Me-pyridine)C1](NOg) (34) -2312

2 Abbreviations: DHPT = 7-(2,3-dihydroxypropyl)theophylline;
ara-C = 1-8-D-arabinofuranosylcytosine. ®Chemical shifts are ref-
erenced relative to HyPtClg at 0 ppm. ¢Unresolved cis and trans
dach isomers.

pyridine!® base, have appeared in the literature, these
analogues do not appear to have been tested for antitumor
activity. In this study, all platinum—triamine complexes
were characterized by means of NMR (%Pt and 13C),
HPLC, and elemental analysis. HPLC and %Pt NMR
studies were conducted to insure that the samples were
not contaminated with cis-[PtA,Cl;]-related products.
A listing of the %Pt chemical shifts for each compound
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L. G. Ibid. 1985, 24, 2421. (d) Goulotti, M.; Pacchioni, G;
Pasini, A.; Ugo, R. Ibid. 1982, 21, 2006. (e) Okamot, K.; Beh-
nam, V.; Gauthier, J. Y.; Hanessian, S.; Theophanides, T.
Inorg. Chim. Acta 1986, 123, L1. (f) Peresie, H. J.; Kelman,
A. D. Ibid. 1978, 29, L247. (g) Scovell, W. M.; O'Connor, T.
J. Clin. Hematol. Oncol. 1977, 7, 487. (h) Kulamowicz, L;
Olinski, R.; Walter, Z. Z. Naturforsch., C: Biosci. 1984, 39C,
180. (g) Robins, A. B.; Pasini, A. Inorg. Chim. Acta 1981, 56,
L17.

(18) (a) Hollis, L. S.; Lippard, S. J. Inorg. Chem. 1983, 22, 2708. (b)
Kukushkin, Y. N.; Kotel'nikov, V. P.; Spevak, V. N. Zh.
Obshch. Khim. 1973, 43, 2352. (c¢) Tikhonova, L. S.; Stetsenko,
A. L. Koord. Khim. 1983, 9, 1550. (d) Stetsenko, A. L.; Yakov-
lev, K. L; Vais, A. L. Ibid. 1979, 5(8), 1229.
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Figure 1. oRTEP illustration of the cis-[Pt(NH3)o(/N3-cytosine)Cl]*
cation in 10. Non-hydrogen atoms are shown by using 40%
probability thermal ellipsoids; hydrogen atoms are depicted as
spheres, with B set to 1 A2 for clarity.

in this series is presented in Table II. Since the position
of the 5Pt resonance is influenced by the donor strength
of the ligands attached to platinum,!” this information can
be used to gauge the relative donor strengths of the amine
ligands in this series. A comparison of the %Pt NMR data
for the various cis-[Pt(NH3)o(Am)Cl]* complexes shows
that the analogues containing pyridine bases have chemical
shifts that are ~100 ppm downfield relative to those
containing pyrimidine bases (a result of the enhanced
donor strength of the pyrimidine ligands). The ordering
of ligand donor strengths for the Am series generally
follows the sequence alkylamine > pyrimidine > purine
~ pyridine. The %Pt resonances of the alkylamine com-
plexes, cis-[Pt(RNH,),(Am)Cl]*, also appear upfield,
relative to the diammine analogues, as a result of the in-
creased donor strength of the amine ligands (en > dach
> i-PrNH, > NH;). As discussed below, a clear relation-
ship between the donor strength of the Am ligand and
antitumor activity has not emerged from the results of
these studies.

One member of the series, cis-[Pt(NH;),(IN3-cytosine)-
CI]CI (10), was chosen for X-ray crystallographic studies
in an attempt to determine which of the two potential
binding sites on the cytosine ligand, N1 or N3, is attached
to platinum. As illustrated in Figure 1, the results of these
studies show that the metal is bound to the N3 site. The
structural data obtained on 10 are very similar to those
reported for the related pyrimidine complexes: cis-[Pt-
(NH,),(N3-1-methylcytosine) C1](NO5) (16),140 cis-[Pt-
(NH;),(N3-1-methylcytosine)Cl];[Pt(CN),] (36),!4 and
[Pt(en)(N3-ara-C)Cl].}4 The geometry of both the plat-
inum coordination plane and the cytosine ligand in 10
compares favorably with that found in 1-methylcytosine
complexes 16 and 36. The N3 binding site on cytosine has
also been implicated as a potential binding site for plat-
inum on double-stranded DNA.!® Further details of the
X-ray crystallographic study on 10 are given as supple-
mentary material in Tables S1-S3 and Figure SI.

Biological Studies of the cis-[Pt(diamine)(Am)CI1]*
Complexes. All of the subject compounds were tested
against Sarcoma 180 ascites (S180a) in female CFW mice

(17) (a) Pregosin, P. S. Coord. Chem. Rev. 1982, 33, 512. (b) Ap-
pleton, T. G.; Hall, J. R.; Ralph, S. F. Inorg. Chem. 1985, 24,
4685,

(18) (a) Roberts, J. J.; Pera, M. F., Jr. In ref 14b, p 3. (b) Macquet,
J. P.; Butour, J.-L.; Johnson, N. P. In ref 14b, p 75. (c)
Chottard, J.-C.; Girault, J.-P.; Guittet, E. R.; Lallemand, J.-Y.;
Chottard, G. In ref 14b, p 126.
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Table III. Optimum Screening Results for Platinum-Triamine Complexes vs S180a

optimum
best dose,?
compound %ILS mg/kg
cis-[Pt(NH,)o(N1-pyridine) C1)CI (1) 103 40
cis-[Pt(NHj)o(N1-2-OH-pyridine)Cl]Cl (2) 97 160
cis-[Pt(NH;)o(N1-6-Me-2-OH-pyridine) C1]Cl (3) 93 160
cis-[Pt(NH,),(N1-3-OH-pyridine)C1]CI (4) 69 80
trans-[Pt(NH3)o(N1-pyridine)Cl]Cl (5) 26 80
cis-[Pt(NHg)o(N1-6-Me-3-OH-pyridine)C1]Cl (6) 93 80
cis-[Pt(NHy)o(N 1-4-Cl-pyridine)Cl]Cl (7) 77 40
[Pt(en}{(NI-pyridine)CI](NOg) (8) 17 80
[Pt(dach}(N1-pyridine)Cl1]Cl (9) 25 80
cis-[Pt(NH;)o(N3-cytosine)Cl]Cl (10) 92 80
cis-[Pt(NHj)o(N1-4-Me-pyridine)Cl]Cl (11) 83 40
cis-[Pt(NHg){(N1-4-Et-pyridine)C1]Cl (12) 24 80
cis-[Pt(NHj),(N1-4-Br-pyridine)CI]CI (13) 102 80
cis-[Pt(NH,)o(N1-4-N(Me),-pyridine) C1] (NO3) (14) 78 40
cis-[ Pt(NHjg)o(IN1-Me-isonicontinate)Cl1)Cl (15) 31 80
cis-[Pt(NHj)o(N3-1-Me-cytosine)C1](NOg) (16) 73 40
cis-[Pt(NH;)o(N3-5-Me-cytosine)C1]C1 (17) 84 160
cis-[Pt(NH3)o(N9-DHPT)CIN(NO;) (18) 95 320
cis-[Pt(NH3),(N3-cytidine)Cl](NOg) (19) 30 320
cis-[Pt(NH;)o(N7-guanosine)C1](NO;) (20) 79 160
cis-[Pt(NH;)o(N3-2-deoxycytidine)CIICI (21) 85 80
cis-[Pt(NHj),(N3-ara-C)C1](NO,) (22) 51 160
cis-[Pt(NH;)o(N7-2/-deoxyguanosine)Cl]Cl (23) 88 80
cis-[Pt(NH;)o(N1-4-Me-piperidine)C1](NO;) (24) 76 80
cis-[Pt(i-PrNH,),(N1-4-Me-pyridine)C1](NO;) (25) 16 80
[Pt(en}(N1-4-Me-pyridine)C1](NO;3) (26) 14 10
cis-[Pt(NHjz)o(N I-cyclohexylmethylamine)C1](NOg) (27) 81 80
cis-[Pt(NH;),(N2-isopropylamine)Cl](NQ,) (28) 13 40
cis-[Pt(NH3)o(N1-octylamine) C11(NO;) (29) 25 20
cis-[Pt(NH,)o(N1-quinuclidine) C1] (NO3) (30) 59 80
cis-[Pt(NH;)o(N2-1-MeO-isopropylamine)C1](NOg) (31) 34 40
[Pt(trans-(R,R)-dach)(N1-4-Me-pyridine)CI}(NO;) (32) 42 160
cis-[Pt{NH;)o(N1-4-Me-pyridine)Br](NOs) (33) 43 80
trans-[Pt(NHj)o(N1-4-Me-pyridine)C1](NOy) (34) 2 20
cisplatin 81 (12)® 8

¢ Compounds given over 6 dose-doublings up to 320 mg/kg. ®Average (std dev) for positive control.

(see Table III). Of the 34 compounds tested, 20 achieved
an ILS of 50% or more in the S180a screen. While these
compounds displayed activities comparable to or greater
than that obtained with cisplatin, they were from 2.5 to
20 times less potent on a mole-equivalent basis. The
compounds showing the best combination of activity and
potency were cis-[Pt(NH;),(N1-pyridine)Cl]CI (1), cis-
[Pt(NH;),(N1-4-chloropyridine)Cl]Cl (7), cis-[Pt(NH3),-
(N3-cytosine)Cl]Cl (10), cis-[Pt(NH;)o(NI-4-methyl-
pyridine)Cl]Cl (11), cis-[Pt(NH;)o(NI-4-bromopyridine)-
Cl]ClI (18), and cis-[Pt(NH;),(N7-2/-deoxyguanosine)Cl1]Cl
(23). In a few cases, relatively minor structural changes
were found to produce inactivity in this series. For ex-
ample, cis-[Pt(NHj),(N1-4-ethylpyridine)Cl]Cl (12) and
cis-[Pt(NH3)5(IN1-4-methylpyridine) Br](NO;) (33) were
inactive while the related 4-methyl analogue, cis-[Pt-
(NHj)5(NI1-4-methylpyridine)Cl]Cl (11), was active. The
corresponding trans isomers of active cis-diammine com-
plexes, in which the Am ligand is pyridine (5) or 4-
methylpyridine (34), as well as compounds containing
chelating diamine ligands, [Pt(en)(IN1-pyridine)Cl](NO;)
(8), [Pt(dach)(N1-pyridine)Cl]Cl (9), [Pt(en)(NI-4-
methylpyridine)CI](NO;) (26), and [Pt(trans-(R,R)-
dach)(IN1-4-methylpyridine) C1](NO;) (32) or a saturated
amine, cis-[Pt(i-PrNH,),(N1-4-methylpyridine)Cl](NO5)
(25), also were inactive in the S180a screen.

A number of the compounds were evaluated in two
murine leukemia screens (see Table IV). Of the 16
platinum-triamine complexes that were tested in the
L1210 leukemia screen, 4 of these analogues, cis-[Pt-
(NH;3),(N3-cytosine)CI]Cl (10), cis-[Pt(NH;)o(NI-4-
bromopyridine)C1]Cl (13), cis-[Pt(NHj)o(NI-2-deoxy-

cytidine)C1]Cl (21), cis-[Pt(NH;),(NI-4-methyl-
piperidine)CI](NO;) (24), were active. Three platinum-
triamine compounds, cis-[Pt(NH;),(IVI-pyridine)Cl]Cl (1),
cis-[Pt(NH;),(N1-2-hydroxypyridine)CI]Cl (2), and cis-
[Pt(NH;),(N3-cytosine)Cl]Cl (10), were also screened and
found active vs P388 leukemia. While all of the plati-
num-triamine complexes were less active and less potent
than cisplatin in these screens, the best combination of
activity and potency was observed with the pyridine (1),
4-bromopyridine (13), and 4-methylpiperidine (24) ana-
logues.

Examination of the screening data presented in Tables
IIT and IV shows that the observed activity is dependent
on both the nature and the orientation of the amine ligands
within the [PtA,(Am)X]* series. In general, a cis config-
uration of NHj ligands is required for activity, as all
chelating diamine (A, = dach and en) and trans-diammine
analogues that have been tested to date are inactive. Both
the amine ligand (Am) and the leaving group (X) also
influence the antitumor activity. The active analogues
contain heterocyclic, secondary, or tertiary Am ligands,
while those containing primary Am ligands (28, 29, and
31) are inactive. Additional relationships between anti-
tumor activity and nature of the Am ligand are not evident
from the data that are currently available on these com-
pounds. As for the effect of the leaving group, in the one
case where the chloride ligand in the active complex
cis-[Pt(NH;),(N1-4-methylpyridine) Cl]* (11) was replaced
with bromide, the resulting complex (33) was inactive.
Clearly, further examples will be required to gain a better
understanding of the structure-activity relationships
within this series of complexes.
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Table IV. Optimum Screening Results for Platinum—Triamine Complexes vs L1210 and P388

L1210 P388
optimum dose,® optimum dose,®
compound best %ILS mg/kg best %ILS mg/kg
cis-[Pt(NH,),(N1-pyridine)C]CI (1) 72 80
cis-[Pt(NH;)o(N1-2-OH-pyridine)Cl1]Cl (2) 82 150
cis-[Pt(NHy)y(N1-4-Cl-pyridine)C1]CI (7) 23 80
[Pt(en}(N1-pyridine)C1](NO,) (8) 7 80
cis-[Pt(NH;),(IN3-cytosine)Cl]Cl (10} 38 160 90 300
cis-[Pt(NHj),(N1-4-Me-pyridine)Cl]Cl (11) 13 40
cis-[Pt(NH;)o(N1-4-Et-pyridine)Cl1]Cl (12) 21 80
cis-[Pt(NH;)o(N1-4-Br-pyridine)C1]Cl (13) 51 20
cis-[Pt(NHy)y(NI-4-N(Me),-pyridine) C1](NOy) (14) 8 20
cis-[Pt(NH;)o(N1-Me-isonicontinate)Cl]ClI (15) -5 10
cis-[Pt(NHy)o(IN3-5-Me-cytosine)Cl]Cl (17) 9 20
cis-[Pt(NH,),(N9-DHPT)CI](NO,)® (18) 24 160
cis-[Pt(NHjz)o(N7-guanosine)Cl}(NO;) (20) 8 160
cis-[Pt(NHj),(N3-2'-deoxycytidine) C1]Cl (21) 59 320
cis-[Pt(NH;)o(N3-ara-C)C1}(NO;)® (22) 10 160
cis-[ Pt(NHy)o(N1-4-Me-piperidine)CI1](NO;) (24) 60 40
cis-[Pt(NHy)o(NI-cyclohexylmethylamine)C1)(NOg) (27) 5 10
[Pt(trans-(R,R)-dach){(/N1-4-Me-pyridine)C1}(NO3) (32) 9 160
cisplatin 87 (39)¢ 8

¢ Compounds given over 6 dose-doublings (maximum dose was 320 mg/kg for L1210 and 300 mg/kg for P388). ®See Table II for abbre-

viations. ¢Average (std dev) for positive control.

Discussion

The majority of the active cisplatin analogues are neutral
cis-[PtA,X,] complexes that are capable of binding to their
proposed biological target, DNA, in a bidentate fashion.’
While in vivo antitumor activity has been reported for a
small number of charged platinum compounds, these
complexes are typically anionic species of the form [Pt-
(amine)Cl;]~, where the amine ligand is ammonia® or
tert-butylamine.!® A few cationic complexes, which con-
tain three nitrogen donors, such as [Pt(NH;);Cl]CI* and
[Pt{dien)CI]Cl,3 also have been screened, but they were
found to be inactive in the S180a and L1210 screens. In
contrast, the complexes described in this report are cationic
platinum-triamine analogues that display good activity in
murine tumor screens, even though they contain only one
leaving group and are expected to bind to DNA in a
monodentate fashion. Most of what is known about
monofunctional binding of platinum complexes to DNA
has been elucidated by using [Pt(dien)Cl]* as a model
compound.!®20  The results of these studies have served
to help establish the importance of bidentate Pt—-DNA
lesions in the mechanism of action of cisplatin.® While it
is generally believed that platinum—triamine complexes
lack activity as a result of their inability to produce bi-
dentate lesions on DNA, the data presented here suggest
that further studies will be required to explore the mech-
anistic implications of active monofunctional agents.

With respect to a possible mechanism of action, three
of the platinum-triamine complexes, cis-[Pt(NH3),(N3-
cytosine)Cl]Cl (10), cis-[Pt(NH3)o(NI-4-methylpyridine)-
ClICI (11), and cis-[Pt(NHj3)5(NI-4-bromopyridine)Cl]Cl
(13), have been found to bind to DNA in vitro,?! and the
details of this interaction are presently being examined.
Since the cis-[PtA,(Am)CI}* complexes are expected to
bind DNA in a monodentate fashion, and this type of
binding is not expected to result in antitumor activity, it
is tempting to speculate that these complexes could achieve
bidentate binding to DNA through an ammonia loss

(19) Berganetti, E.; Pasini, A.; Pezzoni, G.; Pratesi, G.; Savi, G.;
Supino, R.; Zunino, F. Inorg. Chim. Acta 1984, 93, 167.

(20) (a) Inagaki, K.; Tamaoki, N.; Kidani, Y. Inorg. Chim. Acta
1980, 46, 193. (b) Raudaschl-Sieber, G.; Schollhorn, H.; The-
wald, U,; Lippert, B. J. Am. Chem. Soc. 1983, 107, 3591.

(21) Unpublished results.

pathway. While facile ammonia release has been reported
to occur when cis-[Pt(NHy),(N3-1-methylcytosine)Cl]Cl
is heated in aqueous solutions,?? the ammonia loss occurs
at the site trans to the chloride ligand. In this case, it is
difficult to envision that the resulting complex, trans-
[Pt(NH,) (N3-1-methylcytosine)Cly], would be responsible
for the observed antitumor response as, historically,
trans-diammine complexes are devoid of activity. One can
also conceive of bifunctional lesions occurring as a result
of ammonia release at the site cis to the chloride ligand.
In this case, it would be expected that the donor strength
of the Am ligand would affect the antitumor properties,
as a better Am donor should promote ammonia release and
thereby enhance the activity. However, no such correlation
is evident when the screening data are examined in relation
to the %Pt NMR data, which can be used to gauge Am
ligand donor strength. Furthermore, there is no indication
that ammonia release occurs in the reaction between
cis-[Pt(1*NH,;),(NI-pyridine)Cl]* and 2’-deoxyguanosine,
as determined by N NMR studies.?!

It is possible that the cationic cis-[PtA,(Am)CI]* com-
plexes produce monofunctional lesions on DNA that are
cytotoxic as a result of the interaction between the Am
ligand and DNA. Perhaps an Am ligand, such as cytosine
or pyridine, is positioned externally in the major grove of
DNA, as a result of monofunctional binding at N7 sites
of guanine bases, in such a fashion as to produce a dis-
ruptive and nonrepairable lesion on DNA. Or, perhaps
these complexes act on intracellular targets other than
DNA, and a different mechanism of antitumor activity is
operative in this case. Further experiments that are de-
signed to shed light on the possible mechanism of action
of these novel complexes are in progress.

Conclusion

Chemical and biological studies have been presented on
a new series of platinum(II) antitumor agents that appear
to violate some of the classical structure—activity rela-
tionships that have been established for platinum com-
pounds. These new agents, which have demonstrated

(22) Lippert, B.; Lock, C. J. L.; Spiranzini, R. A. Inorg. Chem. 1981,
20, 808.
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activity against S180a, P388, and L1210 in mice, are
cis-[Pt(NH3)o(Am)Cl]* complexes, where Am is a hetero-
cyclic amine based on pyridine, pyrimidine, purine, or
piperidine substituents.

Experimental Section

Physical Methods. NMR spectra were recorded with a Varian
XL-200 spectrometer by using a 10-mm tunable probe (20-80
MHz). 9Pt spectra (42.935 MHz) were collected by using a 9
us (70°) pulse and a 0.06-s acquisition time with a spectral width
of 80 kHz (19.6k data points). Spectra were processed with line
broadening (200 Hz) and zero filling (64k). %Pt chemical shifts
were referenced relative to an external sample of 0.1 M K,[PtCl,]
in D,O at -1624 ppm. The position of K,[PtCl,] was measured
relative to HyPtClg (1 g/3 mL D,0) at 0 ppm. A Waters HPLC
system, equipped with a Model 440 UV-vis detector system, was
used to check sample purity. Analytical samples were run in water
or 0.1 M ammonium acetate (pH 6), at a flow rate of 6 mL/min
using a Novapak C,g radial compression column (Z module), and
absorbance was monitored at 254 nm. Elemental analyses were
performed by Galbraith Laboratories, Knoxville, TN.

X-ray Crystallography. The unit cell parameters and in-
tensity data for compound 10 were measured with an Enraf-
Nonius CAD-4F single-crystal diffractometer. Compound 10
crystallizes in the monoclinic space group P2,/c (C3;, No. 14),8
as determined from systematic absences and axial photographs,
with the following unit cell parameters: a = 6.6708 (4), b = 7.6446
(5), and ¢ = 20.340 (2) A; 8 = 98.470 (5)°; V = 1025.9 A% Z=4.
Full details of the data collection and refinement are presented
as supplementary material (Table S1). The structure was solved,
by means of standard Patterson and Fourier methods, using 2122
unique reflections (26 < 50°). Neutral atom scattering factors,
anomalous dispersion corrections,” and hydrogen atom scattering
factors® were used in conjunction with SHELX-76° for structure
refinement. Anisotropic thermal parameters were used for all
non-hydrogen atoms. Hydrogen atoms were placed at calculated
positions and constrained to “ride” on the atoms to which they
are attached, using a common thermal parameter for N-H and
C-H hydrogen atoms. Full-matrix least-squares refinement using
138 parameters converged at R; = 0.038 and R, = 0.045.1° The
function minimized during refinement was > w(|F | - |F|)%, where
w = 0.408/[o%F,) + 0.000625F 2]. The largest peaks (<2.1 e A9)
on the final difference map were in the vicinity of the Pt atom
(<10 A). Further details on the refinement, including a complete
listing of atomic positional and thermal parameters, a table of
interatomic bond lengths and angles, a crystal packing diagram,
and a listing of observed and calculated structure factors are
availabe as supplementary material (Tables S1-S3, Figure S1).

Compound Preparation. All cis-[Pt(amine),Cl,] starting
materials were prepared from K,[PtCl,] (Engelhard) by using the
method of Dhara.!! All other reagents were obtained from com-
mercial sources. All compounds were analyzed by using HPLC
techniques to insure that the products were free of cis-[Pt-
(amine),Cl,] starting materials. Compounds were considered to
be pure when less than 0.1% impurity was detected by HPLC.

cis-[Pt(NH;)o(N1-pyridine)CHCI (1). cis-[Pt(NH;),Cly] (6.00
g) and pyridine (1.6 mL) were added to 1 L of water and heated
to 60 °C with stirring for 2 h. The reaction mixture was cooled
to room temperature and stirred for 72 h. The volume was then
reduced to 100 mL, at which time unreacted cis-[Pt(NH3),Cl,]
was removed by filtration. The filtrate was taken to dryness and
the resulting yellowish white solid was recrystallized once from
0.1 N HCI, once from 0.5 N HC], and once from methanol (yield
1.92 g, white crystals). Anal. (PtCs;H;;N;Cl,) Pt, C, H, N, Cl.

cis-[Pt(NH;),(NI-hydroxypyridine)CI1]JCI-H,O (2). cis-
[Pt(NH3),Cl,] (15.0 g) and 2-hydroxypyridine (10.7 g) were stirred
in 1.35 L of water at 60 °C for 48 h. The resulting solution was
cooled and evaporated to a volume of ~ 150 mL and filtered to
remove a greenish solid. The solution was then evaporated to
dryness and the solid was stirred in 500 mL of CH,Cl, to remove
unreacted ligand. After the solid was filtered and air-dried, the
crude product was dissolved in 650 mL of methanol, and a small
amount of yellow solid was removed by filtration. The filtrate
was evaporated to dryness and the solid was recrystallized from
30 mL of 0.1 N HCI (yield 6.2 g, white crystals). Anal. (PtC,-
H,;N;0,Cl,) C, H, N, ClL
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cis-[Pt(NH;),(NI-6-methyl-2-hydroxypyridine)CI]CI (3).
cis-[Pt(NH;3),Cl,] (10.0 g) and 6-methyl-2-hydroxypyridine (5.0
g) were stirred in 900 mL of water at 60 °C for 48 h. A dark brown
solid was filtered from the reaction mixture and the filtrate was
evaporated to a volume of ~450 mL. The yellow precipitate that
formed was removed by filtration, and the filtrate was evaporated
to dryness. The crude product was treated with methanol (500
mL) and the insoluble portion was removed by filtration. The
filtrate was taken to dryness and the resulting solid was treated
with CHCl; (100 mL). The chloroform-insoluble portion was
collected and air-dried. The resulting product (6.4 g of khaki green
solid) was recrystallized from methanol/0.1 N HCI (yield 2.6 g,
white crystals). Anal. (PtCgH;3N3OClL) Pt, C, H, N, Cl.

cis-[Pt(NH;),(NI-3-hydroxypyridine)CI]Cl (4). cis-[Pt-
(NH;),Cly] (10.0 g) and 3-hydroxypyridine (7.2 g) were stirred in
900 mL of water at 60 °C until the solution became clear (48 h).
The solution was evaporated to a volume of ~450 mL, and a
yellow solid was removed by filtration. The filtrate was taken
to dryness and the solid was dissolved in methanol (25 mL). The
insoluble portion was removed by filtration and the methanol
solution was evaporated to dryness. The remaining solid was
recrystallized from hot 0.1 N HCI (yield 3.30 g, white crystals).
Anal. (PtC5H11N3OCIQ) Pt, C, H, N, Cl

trans-[Pt(NH;),(NI-pyridine)CI]C]l (5). trans-[Pt-
(NH,),Cl;] (2.05 g) and pyridine (0.66 mL) were stirred in 500
mL of water at 60 °C for 24 h. The resulting solution was
evaporated to dryness under vacuum. The remaining solid was
dissolved in 30 mL of hot water (steam bath). After the solution
was cooled to 5 °C for 1 h, a white solid was collected by filtration
and it was washed with a small quantity of cold water and
methanol (yield 1.3 g, white crystals). Anal. (PtC;H;;N4Cl,) Pt,
C,H,N, ClL

cis-[Pt(NH;),(NI-6-methyl-3-hydroxypyridine)CIl]Cl (6).
A mixture of 6.0 g of cis-[Pt(NHj3),Cl,] and 2.4 g of 6-methyl-3-
hydroxypyridine in 1 L of water was heated at 55 °C for 3 days.
The resulting solution was cooled to room temperature and then
evaporated to a volume of 35 mL on a rotary evaporator. This
solution was mixed with 100 mL of methanol and filtered to
remove unreacted cis-[Pt(NH;),Cly]. The filtrate was evaporated
at room temperature, which produced a white crystalline solid.
This material was further recrystallized from methanol (yield 1.4
g). Anal. (PtCsH3N;OCL) Pt, C, H, N, Cl.

cis-[Pt(NH;),(NI-4-chloropyridine)Cl]Cl (7). cis-[Pt-
(NH3),CL] (6.0 g) and 4-chloropyridine (3.1 g) were added to 1
L of water and the mixture was stirred at 60 °C for 48 h. After
cooling the mixture on ice, the unreacted cisplatin was removed
by filtration and the filtrate was concentrated and refiltered. The
filtrate was taken to dryness and the residue was recrystallized
from hot methanol (yield 2.1 g, white crystals). Anal. (PtC;-
H,;(N:Cls) Pt, C, H, N, CI.

[Pt(en)(NI-pyridine)Cl]Cl (8). A mixture of 6.52 g of
[Pt(en)Cl,] and 3.38 g of AgNO, was stirred in 200 mL of DMF
for 16 h at room temperature. The resulting solution was filtered
to remove the AgCl precipitate and the filtrate was treated with
1.1 mL of pyridine. After stirring the solution for 16 h under N,,
it was added to 500 mL of ether and the resulting mixture was
stirred for an additional 30 h. The solvent was then decanted,
leaving a gummy solid which was recrystallized once from 0.1 M
HCI (20 mL) and twice from water (20 mL). The resulting solid
was dissolved in 20 mL of methanol, filtered, and evaporated to
dryness (yield 1.1 g, white crystals). Anal. (PtC,H,3sN,04Cl) Pt,
C,H,N, ClL

[Pt(dach)(NI-pyridine)CI1]Cl (9). [Pt{dach)Cl,] (3.8 g) and
AgNO; (1.7 g) were stirred in 100 mL of DMF for 2 h at room
temperature. The AgCl precipitate was removed by filtration and
0.8 g of pyridine was added to the filtrate. After stirring the
solution for 18 h, it was refiltered and the filtrate was poured into
300 mL of ether. The supernatant was decanted and the oily
precipitate was stirred in 2-propanol and filtered. The filtrate
was evaporated to dryness and the resulting solid was washed with
ethanol. The product was recrystallized from methanol (yield
0.6 g, white solid). Anal. (PtC;;H,,NsCly) Pt, C, H, N, CL

cis-[Pt(NH;),(N3-cytosine)Cl]Cl (10). A solution of 6.0 g
of cis-[Pt(NH;),Cl,] and 2.3 g of cytosine in 1 L of water was
stirred at 60 °C for 2 days. The solution was then cooled to room
temperature and filtered, and the filtrate was evaporated to a
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volume of 30 mL using a rotary evaporator. A light purple solid
was removed from this solution after cooling at 4 °C for 2h. The
solid (10) was recrystallized two times from 0.5 M HCI (15 mL)
and once from water (yield 1.1 g). Anal. (PtC,H;;N;0Cl,) Pt,
C,H, N, ClL
cis-[Pt(NH;),(NI-4-methylpyridine)CI]CI (11). cis-[Pt-
(NH,),Cl;] (6.0 g) and 4-methylpyridine (1.95 mL) were stirred
in 750 mL of water at 55 °C for 36 h. The volume of the solution
was then reduced under vacuum to 50 mL and the insoluble
material was removed by filtration. The filtrate was taken to
dryness and the residue was stirred in 20 mL of ethanol. The
resulting mixture was filtered and the filtrate was evaporated to
dryness, leaving 2.1 g of product, which was recrystallized from
water and methanol. Anal. (PtCgH;3sN4Cl,) Pt, C, H, N, Cl.
cis-[Pt(NH;),(NI-4-ethylpyridine)CI]Cl (12). Cisplatin (6.0
g) and 4-ethylpyridine (2.14 g) were stirred in water (750 mL) for
20 h at 50 °C. After cooling the solution, it was reduced to dryness
under vacuum, and the residue was extracted with 100 mL of hot
methanol. The methanol solution was filtered while hot and taken
to dryness, and the remaining solid was stirred under 150 mL of
CH,C], for 15 min. The solid was filtered, air-dried, and re-
crystallized twice from a small volume of hot water (yield 0.97
g, white solid). Anal. (PtC,H;sN,Cl,) C, H, N.
cis-[Pt(NH,),(NI-4-bromopyridine)C1]Cl (13). Cisplatin
(6.0 g) and 4-bromopyridine hydrochloride (3.89 g) were stirred
in water (750 mL) for 36 h at 50 °C. The solution was cooled and
the volume was reduced to ~30 mL. The unreacted cisplatin was
removed by filtration, and the filtrate was taken to dryness. The
residue was extracted with 100 mL of hot methanol, and the
extract was filtered and evaporated to dryness under vacuum.
The remaining solid was stirred under CH,Cl, (150 mL) for 30
min, filtered, and air-dried. The product was recrystallized from
20 mL of hot water (yield 2.34 g, light yellow solid). Anal.
(PtCs;H;(N4sCL,Br) C, H, N.
cis-[Pt(NH;),(NI-4-(N,N-dimethylamino)pyridine)Cl]-
(NO3) (14). Cisplatin (6.0 g) and AgNO; (3.39 g) were stirred
in 100 mL of DMF for 24 h at room temperature. The resulting
AgCl precipitate was removed by filtration and 4-(N,N-di-
methylamino)pyridine (2.443 g) was added to the filtrate. After
the solution was stirred for an additional 24 h, the DMF was
removed under vacuum, and the remaining oil was stirred under
150 mL of CH,Cl, for 1 h. The resulting solid was filtered and
extracted with hot methanol (100 mL). The methanol extract
was filtered while hot and the filtrate was refrigerated at 4 °C.
After 24 h, a white crystalline product was collected by filtration,
washed with a small quantity of methanol, and vacuum-dried
(yield 3.10 g). Anal. (PtC,H;(N;04Cl) C, H, N.
cis-[Pt(NH;),(N1-methyl isonicotinate)C1]Cl (15). Cis-
platin (6.0 g) and methyl isonicotinate (2.74 mL) were stirred in
750 mL of water at 60 °C for 24 h. Upon cooling, the mixture
was filtered and the filtrate was concentrated to a volume of ~30
mL under vacuum. After a second filtration, the remaining filtrate
was taken to dryness. The resulting solid was treated with 100
mL of hot methanol and the solution was filtered while hot. The
filtrate was evaporated to dryness under vacuum and the solid
that remained was shaken with 50 mL of CH,Cl, for 30 min. The
product was then filtered and recrystallized from 10 mL of hot
water (yield 1.05 g, white solid). Anal. (PtC,H;3N30,CL) C, H,
N

cis-[Pt(NH;),(N3-1-methylcytosine) C1](NO3) (16). Cis-
platin (3.0 g) and AgNO; (1.69 g) were stirred in 50 mL of DMF
at room temperature for 24 h. After the AgCl was removed by
filtration, 1-methylcytosine (1.25 g) was added to the filtrate and
the mixture was stirred for 24 h. During this period, a white solid
formed. The solid was collected by filtration and it was recrys-
tallized once from hot methanol and three times from hot water
(vield 0.75 g). An additional 1.34 g of crude product was obtained
by taking the DMF filtrate to dryness and shaking the residue
with 150 mL of CH,Cl,. Anal. (PtCsH,3N¢O,Cl) C, H, N.

cis-[Pt(NH;),(N3-5-methylcytosine)Cl]Cl (17). Cisplatin
(6.0 g) and 5-methylcytosine (3.25 g) were stirred in 600 mL of
water at 60 °C for 72 h. The mixture was cooled, filtered, and
taken to dryness under vacuum. The residue was extracted once
with CHCl; and three times with 100 mL of methanol. The
remaining solid was treated with 10 mL of hot water and stirred
briefly with decolorizing carbon, and the solution was filtered.
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The filtrate was refrigerated overnight and the resulting yellow
solid was removed by filtration. The remaining filtrate was treated
with 75 mL of ethanol and the white solid that formed after
refrigeration at 4 °C for 5 days was collected by filtration and
recrystallized from 10 mL of hot water. The yield was 1.2 g. Anal.
(PtCsH,3N;0Cl,) C, H, N.
cis-[Pt(NH;),(N9-7-(2,3-dihydroxypropyl)theophylline)-
CIJ(NO;)-0.5 H,O (18). Cisplatin (6.0 g) and AgNO; (3.39 g) were
stirred in 100 mL of DMF at room temperature for 24 h. The
mixture was filtered and 7-(2,3-dihydroxypropyl)theophylline (5.08
g) was added to the filtrate. After stirring the solution for 24 h,
it was taken to dryness under vacuum. The residue was shaken
with 100 mL of methylene chloride. A yellowish white solid was
collected by filtration and it was extracted with ~ 100 mL of hot
methanol. The methanol filtrate was taken to dryness and the
residue, which contained solid and oil, was converted to a white
solid by stirring under ethanol and removing the ethanol under
vacuum (yield 2.58 g). Anal. (PtC,,H,N;0,:Cl) C, H, N.
cis-[Pt(NH,),(N3-cytidine)C1](NO;) (19). Cisplatin (6.0
g) and AgNO; (3.39 g) were stirred in 100 mL of DMF at room
temperature for 24 h. The AgCl precipitate was removed by
filtration, cytidine (4.86 g) was added to the filtrate, and the
mixture was stirred for 24 h. The DMF was removed under
vacuum, and the residue was stirred in 150 mL of CH,Cl,. The
resulting solid, which was collected by filtration, was dissolved
in 20 mL of hot water and the solution was cooled to room tem-
perature. A small amount of yellow solid was removed by filtration
and ethanol was added to the filtrate. The resulting white solid
was collected by filtration, and recrystallized from 10 mL of hot
water (yield 2.00 g). Anal. (PtCyH;4N¢O4Cl) C, H, N.
cis-[Pt(NH;),(N7-guanosine)Cl](NO;) (20). Cisplatin (6.0
g) and AgNO; (3.39 g) were stirred in 100 mL of DMF at room
temperature for 24 h. Silver chloride was removed by filtration,
guanosine (5.66 g) was added to the filtrate, and the mixture was
stirred for 24 h. Silver chloride was removed by filtration, gua-
nosine (5.66 g) was added to the filtrate, and the mixture was
stirred for 24 h. The DMF was removed under vacuum, and the
residue was shaken in 150 mL of CH,Cl, for 1 h. The resulting
solid was filtered, air-dried, and recrystallized from 50 mL of hot
water (yield 4.88 g). Anal. (PtC;gH4NzOgCl) C, H, N.
cis-[Pt(NH;),(N3-2’-deoxycytidine) C1]Cl1 (21). Cisplatin
(3.0 g) and 2’-deoxycytidine (2.27 g) were stirred in 500 mL of
water at 60 °C for 16 h. After the solution was cooled, unreacted
cisplatin was filtered off and the volume was reduced to ~50 mL.
Following a second filtration, the solution was taken to dryness
and the residue was extracted with 200 mL of hot methanol. The
extract was refrigerated overnight, and the resulting solid was
collected by filtration and dried (yield 1.41 g). Anal. (PtC,-
H,,N;05Cly) C, H, N.
cis-[Pt(NHj3),(N3-1-8-D-arabinofuranosylcytosine)Cl]-
(NO3)-H,0 (22), Cisplatin (3.0 g) and AgNO, (1.69 g) were stirred
in 50 mL of DMF for 24 h. After the AgCl was filtered, 1-3-D-
arabinofuranosylcytosine (1.11 g) was added to the filtrate and
stirring was resumed for 24 h. The mixture was taken to low
volume under vacuum, and 150 mL of CH,Cl, was added to the
concentrated mixture. The product was filtered off and dissolved
in 10 mL of water, and the solution was filtered. The filtrate was
treated with ethanol and the resulting precipitate was collected
by filtration (yield 0.63 g). Anal. (PtCoHyNgOoCl) C, H, N: caled,
15.12; found, 14.70.
cis-[Pt(NH;),(N7-2-deoxyguanosine)C1](NO;)-H,O (23).
Cisplatin (1.01 g) and AgNO; (0.571 g) were stirred in 25 mL of
DMTF for 24 h. The resulting AgCl precipitate was filtered off
and 2’-deoxyguanosine (0.90 g) was added to the filtrate. After
the mixture was stirred for 24 h, the DMF was removed under
vacuum and the residue was stirred for 2 h in 100 mL of CH,Cl,.
The resulting solid was collected by filtration and recrystallized
once from hot water. This material was added to 5 mL of cold
water and the undissolved cisplatin was removed by filtration.
The product was recovered by removing the water as an azeotrope
with ethanol (yield 0.28 g). Anal. (PtC;oHNgOgCl) C, H, N.
cis -[Pt(NH;), (NI -4-methylpiperidine)CI](NO;) (24).
Cisplatin (6.0 g} and AgNO; (3.39 g) were stirred in 100 mL of
DMF for 48 h at room temperature. After the precipitate was
filtered, 4-methylpiperidine (2.28 mL) was added to the filtrate
and the solution was stirred for 72 h at room temperature. The
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solution was then filtered and taken to dryness under vacuum.
The residue was stirred in CH,Cl, for 4 h. A yellow solid was
filtered off and recrystallized from 30 mL of hot water. The
resulting crystals were treated with 100 mL of hot methanol and
the solution was filtered while hot. Evaporation of the filtrate
gave a white solid (yield 2.25 g). Anal. (PtCzH;4N,04Cl) C, H,
N.
cis-[Pt(i-PrNH,),(N1-4-methylpyridine)Cl](NO;)-0.5H,0
(25). cis-[Pt(i-PrNH,),Cl,] (2.0 g) and AgNO, (0.88 g) were stirred
in 40 mL of DMF for 24 h at room temperature. The resulting
AgCl was removed by filtration and 0.51 mL of 4-methylpyridine
was added to the filtrate. After 24 h, the DMF was removed under
vacuum and the remaining yellow oil was stored under vacuum
(0.1 mm Hg) for 3 days. This material was recrystallized from
15 mL of hot water (yield 1.02 g). Anal. (PtC;,H,4N,035Cl) C,
H, N.

[Pt(en)(NI-4-methylpyridine)CI](NO;) (26). [Pt(en)Cl,]
(3.26 g) and AgNO; (1.69 g) were stirred in 50 mL of DMF for
24 h at room temperature. After the precipitate was filtered,
4-methylpyridine (0.97 mL) was added to the filtrate. After 24
h, the DMF was removed under vacuum, and the residue was
shaken in 150 mL of CH,Cl, overnight. The resulting solid was
recrystallized twice from hot methanol (yield 0.69 g, white solid).
Anal. (PtCgH,;N,04Cl) C, H, N.

cis-[Pt(NH;),(NI-cyclohexylmethylamine)CI](NO;) (27).
cis-[Pt(NH3),Cly] (6.0 g) and AgNO; (3.39 g) were stirred in 100
mL of DMF for 24 h at room temperature. The solution was
filtered to remove AgCl, and cyclohexylmethylamine (2.60 mL)
was added to the filtrate, and the mixture was stirred for 24 h
at room temperature. The resulting solution was taken to dryness
under vacuum and the remaining yellow solid was stirred for 2
h in 100 mL of CH,Cl,. The solid collected on a filter and this
material was extracted with 200 mL of hot methanol. The
methanol was evaporated under vacuum and the residue was
recrystallized once from hot water and once from hot methanol
(yield 0.82 g). Anal. (PtC;H,N,0.Cl) C, H, N.

cis-[Pt(NH;),(N2-isopropylamine)Cl](NO;) (28). cis-
[Pt(NH,),Cly] (6.0 g) and AgNO, (3.39 g) were stirred in 100 mL
of DMF for 24 h at room temperature. After the AgCl was filtered
off, isopropylamine (1.7 mL) was added to the filtrate and the
solution was stirred for an additional 24 h. The DMF was then
removed under vacuum and the residue was stirred in 150 mL
of CH,Cl, for 1.5 h. A yellow solid was collected and it was
dissolved in 10 mL of water and this solution was filtered to
remove cisplatin. The filtrate was treated with 150 mL of ethanol
and the volume was reduced to ~20 mL under vacuum. The
white solid that formed after 18 h at 4 °C was collected by fil-
tration. The solid was recrystallized twice from hot water (yield
1.67 g, white solid). Anal. (PtC;H;;N,04Cl) C, H, N.

cis-[Pt(NH;),(NI-octylamine)CI](NO3) (29). cis-[Pt-
(NH,),Cly] (6.0 g) and AgNO, (3.39 g) were stirred for 24 h in 100
mL of DMF at room temperature. After AgCl filtration, 1-
octylamine (3.3 mL) was added to the filtrate and the reaction
mixture was stirred for 24 h. The DMF was removed under
vacuum and the residue was shaken in 150 mL of CH,Cl, for 3
h. The resulting solid was extracted with 100 mL of hot methanol.
Upon evaporation of the methanol filtrate, a precipitate formed
and it was collected by filtration. Further concentration of the
filtrate (~30 mL) gave 2.36 g of 29. Anal. (PtCgH,sN,04Cl) C,
H, N.

cis-[Pt(NH3),(N1-quinuclidine)CI1]J(NO3) (30). cis-[Pt-
(NH,),Cl,] (6.0 g) and AgNO; (3.39 g) were stirred in 100 mL of
DMF for 72 h at room temperature. The resulting AgCl pre-
cipitate was removed by filtration and quinuclidine (2.22 g) was
added to the filtrate. The reaction mixture was stirred at room
temperature for 24 h. The DMF was removed under vacuum and
the residue was stirred in 100 mL of CH,Cl, for 2 h. The crude
product was collected by filtration and it was extracted with 200
mL of hot methanol. Upon cooling the extract, a solid crystallized
and it was removed by filtration (a second crop of solid was
obtained from the filtrate). The crude product was recrystallized
from water/ethanol and methanol (yield 0.46 g). Anal. (PtC,-
H;,N,04Cl) C, H, N.

cis-[Pt(NH;),(N2-1-methoxyisopropylamine)C1](NO;)
(31). cis-[Pt(NH;),Cly] (6.0 g) and AgNO; (3.39 g) were stirred
in 100 mL of DMF for 24 h. After the AgCl was removed by
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filtration, 2-amino-1-methoxypropane (2.1 mL) was added to the
filtrate and stirring was continued for 24 h. The DMF was
removed under vacuum and the residue was shaken in CH,Cl,
for 2 h. The crude product was filtered and dissolved in 15 mL
of water and refiltered. Ethanol (150 mL) was added to the filtrate
and the volume was reduced under vacuum. The solution was
cooled to 4 °C (18 h) and the solid was collected by filtration and
recrystallized twice from hot methanol/decolorizing charcoal (yield
0.98 g, white needles). Anal. (PtC,H;;N,0,C]) C, H, N.

[Pt(trans-(R,R)-dach)(N1-4-methylpyridine)Cl](NO;)
(32). [Pt(trans-(R,R)-dach)Cl,] (3.4 g) and AgNO; (1.52 g) were
stirred in 50 mL of DMF for 24 h. After filtering the solution
to remove the AgCl precipitate, 4-methylpyridine (0.87 mL) was
added to the filtrate and the mixture was stirred for 24 h. A small
amount of precipitate was removed, and the filtrate was reduced
to a volume of ~15 mL under vacuum. This residue was treated
with 150 mL of CH,Cl, and the resulting yellow precipitate was
filtered. Upon evaporating the CH,Cl, filtrate to dryness and
shaking the residue in an additional 150 mL of CH,CIl, for 3 h,
a white solid formed. This was collected and recrystallized from
10 mL of hot methanol/decolorizing charcoal. The yield was 0.83
g. Anal. (PtC;,H, N,04C]) C, H, N.

cis-[Pt(NH;),(NI -4-methylpyridine) Br](NO;) (33). cis-
[Pt(NH4),Br,] (3.9 g) and AgNOj; (1.69 g) were stirred in 50 mL
of DMF for 24 h. The resulting AgBr was removed by filtration,
4-methylpyridine (0.98 mL) was added to the filtrate, and the
mixture was stirred for 24 h. After the volume was reduced to
~5 mL under vacuum, 150 mL of CH,Cl, was added and the
mixture was stirred for 1 h. The resulting precipitate was collected
by filtration and it was extracted with 100 mL of hot methanol.
The methanol extract was evaporated under vacuum and the
residue was dissolved in 10 mL of water. The solution was filtered
and the filtrate was treated with ethanol. The volume was reduced
under vacuum and the resulting solid was collected by filtration
and washed with CH,Cl, (yield 0.61 g). Anal. (PtC¢H;3N,O;Br)
C, H, N: caled, 12.07; found, 12.52.

trans-[Pt(NH;),(NI-4-methylpyridine)C1](NO3) (34).
trans-[Pt(NH3),Cl,] (3.0 g) and AgNO, (1.69 g) were stirred in
50 mL of DMF for 16 h. After the AgCl precipitate was filtered,
4-methylpyridine (0.98 mL) was added to the filtrate and the
mixture was stirred for 1 h. The solution was then filtered to
remove a small quantity of solid and the filtrate was stirred for
an additional 7 h. The volume of the solution was reduced to
~5 mL under vacuum and 100 mL of CH,Cl, was added. The
light yellow precipitate that formed was collected by filtration.
The product was recrystallized from water/ethanol (yield 0.93
g). Anal. (PtC4H,3N,04C]) C, H, N.

Antitumor Screening. L1210 Leukemia. 11210 screening
was conducted according to previously described methods.!?
Female CDF, mice (16-22 g) were implanted with 1 X 108 tumor
cells ip on day 0 and compounds were administered ip (in 0.5 mL
of water) on day 1. Tests were conducted by using groups of 6
mice for each dose, with a control group of 6 mice receiving only
tumor cells and 0.5 mL of water. A positive control group received
tumor cells and 8 mg/kg of cisplatin in 0.5 mL of 0.15 M NaCl.
The test was terminated after three times the mean survival time
(MST) of the control group; surviving mice were counted as dying
on that day. Activity was determined based on the percent
increase in MST of test mice over controls (%ILS). An ILS of
>25% represents activity. The tumor line was maintained through
weekly transfers of 5 X 10* tumor cells in DBA/2 mice.

Sarcoma 180 Ascites. Female CFW mice (18-25 g) were
implanted with 2 X 10 tumor cells ip on day 0. Compounds were
administered in 0.5 mL of water ip on day 1. Groups of 6 mice
were used for each test dose, by using control groups as defined
above. The test was run for twice the MST of the control group,
with survivors counted as dying on that day. An ILS of 250%
indicates activity. The tumor line was maintained through weekly
transfers of 4 X 10% tumor cells in CFW mice.

P388 Leukemia. BDF) mice (female, 5 weeks of age) were
implanted with 2 X 10° tumor cells ip on day 0. Compounds were
administered ip on days 1, 5, and 9. Groups of 5 mice were used
for each dose, with a control group of 10 mice receiving tumor
cells but no drug. An ILS of >30% indicates activity in this screen.
The tumor line was maintained through weekly transfers of tumor
cells in BDF; mice. P388 testing was conducted by Mitsubishi
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O-Benzyl and O-ethyl derivatives of 2’-deoxy-5-(trifluoromethyl)uridine (F3Thd) and 2’-deoxy-5-fluorouridine (FUdR)
were synthesized. The oral antitumor activity of the compounds against sarcoma 180 in mice was examined. The
5/-O-ethyl (3b), 3’-O-ethyl (3¢), 5-O-benzyl (3e), and 3’-O-benzyl (3f) derivatives of F;Thd were 4-fold more active
than F3Thd itself. Among the substituted-benzyl derivatives of F3Thd, 3’-O-(p-chlorobenzyl)-F;Thd (3h) showed
the highest activity, with an EDj; less than one-tenth of that of F;Thd. The activities of 5-O-benzyl (7¢) and 3'-O-benzyl
(7d) derivatives of FUdR were equal to those of the effective O-alkyl derivatives of F3Thd.

2’-Deoxy-5-(trifluoromethyl)uridine (F3Thd) was first
synthesized by Heidelberger and his co-workers in 1962.2
It has shown considerable biological activity through the
actions of its metabolites in a number of systems.>” For
example, the antitumor activity of F3Thd against trans-
planted tumors such as adenocarcinoma 755 and L 1210
leukemia is equal to or higher than that of 2/-deoxy-5-
fluorouridine (FUdR).7

However, FyThd showed unsatisfactory results in clinical
cancer chemotherapy, because of its short half-life in
plasma.! Rapid metabolic degradation by thymidine
phosphorylase has been reported.?® Thus, depot forms
of F3Thd which resist degradation by the enzyme would
be expected to maintain higher concentrations of F;Thd
in plasma and thus show greater antitumor activities in
vivo.

Recently, we have reported the synthesis and antitumor
activity of acyl derivatives!® and O-alkoxyalkyl derivatives!
of F3Thd. Acylation of F3Thd has been shown to enhance
antitumor activity, but the acyl derivatives were easily
hydrolyzed to FyThd by intestinal homogenate. O-Alk-
oxyalkyl derivatives of F3Thd resisted degradation by
thymidine phosphorylase, were activated by NADP-de-
pendent microsomal drug-metabolizing enzymes after ab-
sorption, and thus showed greater antitumor activity.
O-Ethoxymethylation and O-benzyloxymethylation in-
creased the in vivo antitumor activity of F3Thd 6-fold.
Closer studies of the metabolic pathway of these deriva-
tives suggested that O-benzyl or O-ethyl derivatives of
F3;Thd might also be activated by the NADP-dependent
microsomal drug-metabolizing enzymes.

tKodama Institute.
tTokushima Institute.

If the depot form of FyThd were activated slowly after
absorption, it would be expected to decrease toxicity to
the gastrointestinal tract and give rise to an increase in
the area under the curve for the F3Thd concentration in
plasma. The overall result would be an improved thera-
peutic index. Since FUdR has a similar disadvantage in
vivo,!! because of its short half-life in plasma,'? O-alkyla-
tion of FUdR might also be effective in enhancing the
antitumor activity of FUdR in vivo.

On this basis, various O-benzyl and O-ethyl derivatives
of F3Thd and FUdR were synthesized, and their antitumor
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