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ABBREVIATIONS 

ACNU l-(4-amino-2-methylpyrimidin-5-yl)methyl-3-(2-c~oroethyl~-3- 
nitrosourea 

AMMN acetoxymethyl-methylnitrosamin~ 

bipy 2,2’-bipyridyl 
Bu” n-butyl 

CY cyclohexyl 
DMSO dimethyl sulfoxide 
Et ethyl 
6-HMP purine-Gthiol 
HTG thioguanine 
ILS increase in life span 
i.m. intramuscular 
i-p. intraperitoneal 
Me methyl 
Ph phenyl 
phen l,IO-phenanthroline 
Pi-’ isopropyl 

PY pyridine 
S.C. subcutaneous 

A. INTRODUCTION 

Chemotherapy is one of the main weapons in the fight against cancer. 
Until recently the majority of antitumor drugs were organic compounds or 
natural products including alkylating agents, antibiotics, alkaloids, enzymes 
and hormones. Inorganic compounds, especially metal-containing com- 
pounds, were not systematically investigated since most metals were consid- 
ered to be potential carcinogens. 

A crucial event happened in 1969 when Rosenberg et al. discovered that 
platinum complexes exhibit a~titumor properties [I]. Following this dis- 
covery, an explosion of research occurred in this area. As a first major result, 
one of the earliest platinum complexes, cis-diamminedichloroplatinum(II), 
cam-[Pt(NH~)*Cl~] (I), later known as cisplatin, has passed all the screening 

HN' ‘Cl 3 

phases and is now used in the clinical treatment of several types of human 
cancer. This carbon-free coordination compound, first synthesized more 
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Fig. 1. Metals and metalloids whose compounds have been screened as antitumor agents. 

Fig. 2. Metals and metalloids whose organomet~lic compounds have been screened as 
anticancer agents: @ TV metal-C compounds; A, n complexes. 

than a century ago by Peyrone [2], has become the first member of a new 
class of metal-based antitumor drugs. 

The discovery of cisplatin prompted the search for novel potent antitumor 
agents among metallic compo~ds. Although platinum complexes have been 
the most intensively investigated, research has extended to practically all 
metals (Fig. I). Purely inorganic compounds (those not containing organic 
fragments), coordination complexes and organometallic compounds (Fig. 2) 
are now extensively and systematically screened as antitumor agents. 

Increasing interest in the antitumor properties of metal compounds is 
reflected by the large number of scientific papers and reviews published in 
specialized journals or collected in topical volumes [3-U]. 

3. INORGANIC AND COMPLEX COMPOUNDS 

(i) Main group metal compounds 

Unlike transition metals, few inorganic compounds of main group metals 
have been found to be highly active as anticancer agents. 

(a) Aluminum, gallium, indium and thallium 
Several salts of group 13 metals have been screened in vitro and in vivo 

towards a range of animal tumors [16-18). The nitrates strongly inhibited 
the growth of i.p. transplanted Walker 256 carcinosarcoma but were only 
slightly active against leukemia cells (L1210, P388, K1964), Ehrlich 



256 

carcinoma or plasma cell YPC-1. Greater activity was found against S.C. 
transplanted solid tumors. The most efficient was gallium nitrate which was 
selected for further screening and even reached phase II of clinical trials, 
with promising results against refractory lymphoma [19]. 

(b) Boron 
In contrast with these results, most inorganic compounds of boron (the 

first element of group 13) including boric acid esters, borazine derivatives, 
amine complexes of boron hydrides etc., showed no significant antitumor 
activity. However, some boron compounds containing alkylating groups 
inhibited the development of Walker 256 c~cinosarcoma in rats, but were 
less active towards L1210 leukemia and sarcoma 180 in mice [20]. They were 
also too toxic. Other compounds, i.e. benzoxazaborines, have inhibitory 
properties against various tumors in mice and rats [21]. The boron hydride 
complexes of benzothiazepinole derivatives were found to inhibit P388 
leukemia cells in mice [22f. 

cc) Silicon, germanium, tin and lead 
Inorganic compounds of group 14 metalloids and metals seem to be of 

little interest as antitumor agents. However, silicic acid produces strand 
breakage of DNA 1231, and some octahedral tin complexes, SKI, - L 
(L = bipy or phen), have shown reproducible activity against P388 leukemia 
(ILS is 30% and 23% for complexes with L = bipy and L = phen respec- 
tively) [24]. The /?-diketone tin(IV) dihalide complexes, [PhC(O)CHC(O)- 
Me],SnX, (X = Cl or Br), are reported to increase sig~ficantly the life span 
of mice bearing sarcoma 180 tumor (ILS is 130% for X = Cl) [25]. 

The effects of tin compounds upon animals, mainly the influence of tin 
upon thymus gland activity, suggest that compounds of this element may 
play a role in preventing carcinogenesis and could also be useful for cancer 
treatment [26-291, 

Although inorganic lead compounds have been used for the treatment of 
human cancers, the results were doubtful [30], and their high toxicity 
considerably reduces any potential antitumor value. 

(d) Arsenic, antimony and ~isrn~t~ 
Inorganic arsenic compounds are generally considered to be carcinogenic 

agents, although their action has not been fully confirmed f31,32]. Some 
arsenic(II1) derivatives, e.g. KAsO, and As&$, and colloidal arsenic were 
used in the treatment of some types of cancer [33,34] in spite of their 
toxicity, but they never achieved any clinical value. 

Antimony compounds have been largely used as emetics and in the 
treatment of tropical diseases. Some of them have also been screened as 
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antitumor agents and have been found active in vivo. Thus antimony(II~} 
complexonates, e.g. ethylenedia~netetraacetate, propylenedi~uetetraace- 
tate and nitrilotriacetate, increase the life span of mice bearing Ehrlich 
ascites tumor and spindle cell sarcoma [35-373. A tungstoantimoniate, 
namely (NH,),,Na[NaW&Sb,O,] - 14H,U, has strong antiviral and anti- 
tumor activity [38,39]. 

Inorganic bismuth(II1) compounds have been used less extensively in 
screening trials. However, significant activity was reported for bismuth 
complexes of 6-mercaptopurine (B-HMP) and thioguanine (HTG), i.e. 
Na,[Bi0(6-MP),] - 3H,O and [Bi(TG),(H,O)] .3.5H,Q, in mice bearing 
adenocarcinoma 755 and sarcoma 180, and in rats bearing Dunning ascitic 
leukemia [40,41]. 

(a) Scandium, yttrium, ~anthanides and ac~~~ide~ 
Compounds of sc~dium and yttrium have scarcely been investigated as 

antitumor drugs. One of the first reports on this topic mentioned the 
inhibition of transplanted tumors in mice or rabbits produced by scandium 
inorganic derivatives [42]. Scandium trichloride, ScCl,, was reported to 
inhibit strongly the growth of lymphatic leukemia BW5147, subcutaneously 
inoculated in mice, but its toxicity was also high [43]. 

Although some lanthanides, e.g. lanthanum, cerium, praseody~um, 
neodymium etc., were proposed to have some carcinogenic effects in vitro 
and in vivo 144,451 studies on the antitumor properties of certain compounds 
of these metals were also performed. Inhibiting activity was found towards 
mice or rabbit transplanted tumors for cerium and ytterbium compounds 
[42] but negative results were reported for erbium, praseodymium and 
cerium nitrates against rat sarcoma 10 and Hyde rat carcinoma [46]. 

Lanthanum compounds have been more extensively studied. The anti- 
tumor properties of lanthanum trichloride, LaCl,, or a lanthanum glycinato 
complex were demonstrated in mice bearing S.C. BW5147 leukemia or 
lymphosarcoma 6C3 HED [43]. Tumor growth inhibition was also observed 
against DS sarcoma, subcutaneously injected in mice, after treatment with 
LaCl, [47], The mechanism of antitumor activity produced by lanthanum 
compounds seems to involve cation-cell membrane interaction [47,48]. 

Although thorium compounds were screened as early as 1913 [49], actinide 
inorganic compounds seem to have no therapeutic value as antitumor 
agents, since their carcinogenicity due to the radiation emitted by these 
elements cannot be ignored. 
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(b) Titanium, zirconium and hafnium 
Titanium compounds are among the metal derivatives most investigated 

and the results are very promising in certain cases. Titanium /?-diketonato 
complexes exhibited strong antitumor activity in mice and rats bearing 
various animal transplanted tumors and chemically-induced tumors [50-521. 
Structure-activity studies focused attention towards bis(l-phenyl-1,3- 
butanedionato)titanium(IV) derivatives, 2 (M = Ti, X = Cl or OEt), and the 
diethoxy derivative 2 (X = OEt) was selected for more detailed investigation. 

Ph 

2 

The antitumor properties of this compound have recently been reviewed 
[52,53]. Bis(l-phenyl-1,3-butanedionato)diethoxytitanium(IV), also known as 
budotitane, was active in vivo towards various animal tumors (Table 1) 
[53-561 and sometimes its effects were better than those obtained with 
cisplatin or 5-fluorouracil. The compound was also active against some 
human tumor xenografts in nude mice [57]. Preclinical investigations revealed 
that mild but reversible hepatotoxicity is the unique toxic side effect at 

TABLE 1 

Antitumor effects of budotitane against various in vivo animal tumors 

Tumor Dose 

(mg kg-‘) 
Antitumor activity (%) 

ILS Growth 
inhibition 

Ref. 

L1210 leukemia a 92 28 54 

P388 leukemia a 200 72 54 

Sarcoma 180 (ascites) a 92 200 54 

Sarcoma 180 (solid, s.c.) a 20 100 54 

Sarcoma 180 (solid, i.m.) a 50 II 55 

Colon ascitic adeno- 200 100 53,55 

carcinoma MAC 154 a 
Walker 256 carcinosarcoma b 
AMMN-induced colorectal 

tumor b 

300 117 54 

10 46 81 56 

a In mice. b In rats. 



therapeutic doses (lo-20 mg kg-‘, applied twice per week over several 
weeks) [52,53]. No myelotoxicity and mutagenicity were observed in this 
case [55], and nephrotoxicity and lung toxicity appeared only at a single high 
dose. 

On the basis of the results obtained in animal screening, budotit~e was 
used in phase I studies (started in 1986) on colorectal carcinoma patients, 
with at least acceptable results [58]. 

Analogous zirconium and hafnium complexes, e.g. the six-coordinate 
bis~l-phenyl-1,3-butanedionato)metal(I~ dihalides, 2 (M = Zr or Hf; X = 
halogen), or the seven-coordinate t~s(l-phenyl-1,3-butanedionato)metal(I~ 
halides, 3 (M = Zr or Hf; X = halogen), were also found to be highly active 

Ph \ 
MC c d t Me 

O\\ ,o 
o,r ---dx 

0 r-, Ph 
Ph 

Mi? 

3 

against the ascitic form of sarcoma 180 in mice, the best ILS value reaching 
200% in some cases [59]. However, zirconium and hafnium derivatives were 
generally less active than the titanium analogs. Compound 2 (M = Zr; 
X = Cl) was inactive (9% in~bition) against che~cally-induced autoch- 
thonous colorectal tumors in rats, while the hafnium complex was margi- 
nally active (37% inhibition) 1561. 

(c) Vanadium, niobium and tantalum 
Metallic vanadium was inactive towards spontaneous mouse tumors, but 

vanadium(IV) salts decreased the incidence of spontaneous tumors in mice 
[60]. Some alkali and alkaline-earth metal vanadates were found to inhibit 
the in vitro growth of tumor cells [61,623. In vivo, growth inhibition 
produced by NaVO, and sodium tartrato vanadate on Landschutz hyper- 
ploid subline of Ehrlich ascites tumor and Dba mouse leukemia in mice was 
observed, but the life span of mice was not affected [61]. However, am- 
monium vanadate did not affect the incidence of colon tumors induced by 
1,2-dimethylhydrazine in mice [63]. Vanadyl sulfate, VOSO,, was reported 
to inhibit the induction of murine mammary carcinogenesis produced by 
1-methyl-l-nitrosourea in rats, and was suggested to be an efficient non-toxic 
drug for preventing breast cancer in these animals [64]. 

No significant antitumor activity was reported for inorganic niobium and 
tantalum compounds. 
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(d) Chromium, molybdenum and tungsten 
Many reviews discuss the carcinogenic effects of chromium and its 

compounds [G-68] since occupational inhalation of chro~um(V1) com- 
pounds is associated with lung cancer [65,66]. In view of these well-estab- 
lished toxic effects, only few chro~um compounds have been screened as 
antitumor agents, and positive results have seldom been obtained. 

By contrast, molybdenum and tungsten may exhibit strong antitumor 
properties. Thus Na,MoO, (2-20 ppm in drinking water) sig~fi~tly 
inhibits the incidence of esophagus and forestomach cancers induced by 
~-nitrososarcosine ethyl esters in Sprague-Dawley (SD) rats 1691. Molybde- 
num was demonstrated to exert an inhibiting effect on the mammary 
carcinogenesis in SD rats produced by intravenous injections with 
nitrosomethylurea 1703. Polymolybdates, e.g. {NH~Pr’)~~Mo~O*~] + 3H,O, 
exhibited antitumor properties in mice bearing chemically-induced sarcoma, 
HM 46 aden~ar~noma or MX-1 human breast carcinoma [71]. Surpris- 
ingly, the molybdenum complex of l-phenyl-~,3-butanedio~e, 2 (M = MO; 
X = Cl), was found to enhance the growth of autochthonous chemicalily-in- 
duced colorectal adenocarcinoma in SD rats, thus providing an effect 
opposite to that of titanium analogs [72]. 

Many polytungstates and heteropolytungstates (containing boron, silicon, 
antimony etc. as the heteroatom) were demonstrated to exhibit antiviral and 
antitumor properties. One of the most extensively investigated compound 
was an ~monium tungsto~timoniate (coded HPA-23) with the composi- 
tion (NH,)17NaCNaSb,W,,0,,l s 14H,O 1731. This compound was active 
against various virus-induced tumors, e.g. Friend leukemia virus or Moloney 
sarcoma virus 138,741. It was, however, inactive towards L1210 leukemia in 
mice [38]. The antitumor effects may involve the action of HPA-23 on the 
viral polymerase and the NK activity stimulation 1751. 

(e) Manganese, technetium and rhenium 
Many manganese complexes have been screened for ~titumor activity 

but no significant effects have been obtained. However, manganese dust was 
shown to exhibit anticarcinoge~c effects upon the tumo~ge~c action of 
nickel subsulfide, cu-Ni,S, [66,763, and manganese complexes of some thio- 
semicarbazones were found to be potent antileukemic agents [77,78]. 

The use of technetium compounds in cancer treatment is due to the 
radioactivity of this metal rather than to their chemotherapeutic properties. 
Indeed, 99Tc compounds are frequently used in medical diagnostic imaging 
(79-831. 

Rhenium compounds have not been extensively screened for antitumor 
properties. Alkali rhenates were active against Brown-Pierce tumor in 
rabbits or M-l sarcoma in rats. Only two types of rhenium carboxylato 
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4 5 

complexes, 4 and 5, both containing metal-metal bonds, were tested against 
transplanted tumors in mice. The most active were the propionato deriva- 
tives [84,85]. 

Many iron inorganic and coordination compounds have been screened in 
vitro and in vivo, and several, including some thiosemicarbazonates 
[X$86-89], ascorbates and dehydroascorbates [90,91] exhibited antitumor 
properties towards animal tumors. The iron complexes were even used with 
some beneficial effects in the treatment of human cancer [92]. Certain 
studies reported the influence of iron on the antitumor properties of some 
clinically used anticancer drugs, e.g. 6-mercaptopurine [93], anthracycline 
drugs (adriamycin and daunomyc~) [94-971 and bleomycin [9.5,98-1021. It 
seems that this metal plays an important role in the mechanism of action of 
bleomycin. 

The implications of ruthenium complexes in cancer treatment have been 
reviewed [ 103-1051. “Ruthenium red”, a mixed-valence ruthenium(III,IV) 
trinuclear complex, [~NH~)~Ru-O-RU(NH~)~-O-RU(NH~)~]~+, is an ac- 
tive antitumor agent, e.g. it inhibits the growth of S.C. transplanted Lewis 
lung carcinoma in mice (72% inhibition and best ILS is 41%) [106,10’7]. 
Many ruthenium(I1) and ruthenium(II1) complexes with ammonia and 
organic amines as ligands were tested, but generally they were less active 
than platinum analogs [103,108-llO]_ The doses at which most ruthenium 
(III) complexes displayed antitumor activity are close to the toxic doses, 
thus leading to a low therapeutic index. The current available data suggest 
that such ruthenium(II1) complexes play a role as prodrugs, the in viva 
reduction to more sensitive ~thenium(I1) complexes being necessary for 
exhibiting antitumor activity [103,108]. 

The antitumor properties of a new class of ~thenium(III) complexes 
containing imidazole or other heterocyclic derivatives as ligands were studied 
recently [ 1 1 1 - 115 1. These are generally anionic water-soluble complexes 
such as 6 and 7 and display ~titumor effects against a broad spectrum of 
animal tumors (Table 2). 
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TABLE 2 

Antitumor effects of ruthenium compounds 6 and 8 towards various animal tumors (in mice) 

Tumor Dose 

(mg kg-‘) 
Antitumor activity (%) 

ILS Growth 
inhibition 

Ref. 

Compomd 6 
B36 melanoma 
ALMS-induct colorectal 

carcinoma a 
P388 leukemia 
Walker 256 carcinosarcoma 
Sarcoma 180 

Compound 8 
Lewis lung carcinoma (s.c.) 
Lewis lung carcinoma (i.m.) 
B16 melanoma (i.m.) 
MCA mammary carcinoma (i.m.) 
L1210 leukemia 
Ehrlich ascites tumor 

8 87 111 
14-28 80 112 

71 94 115 
50 130 115 
81 55 115 

610 
610 
610 
610 
565 
400 

25 
26 
30 
2s 
-d 

68 b 

$.C 

43b.c 

400 
400 
400 
400 
393 
393 

a In rats. b Expressed as decrease in primary tumor weight. ‘After surgical amputation of 
primary tumor. d 100% cure rate. 

6 7 

H 

A water-soluble ruthe~um{II) complex which has been subjected to 
numerous ~tit~or studies is ~~~-dic~orotetr~s(~methyI sulfo~de)ruthe- 
~~(11) (structure 8, with DMSO molecules bonded to the metal atom both 
through the oxygen and the sulfur atom) [116,117]. This complex exhibited 
significant tumor growth inhibition of Ehrlich ascites tumor, Lewis lung 
carcinoma, B16 melanoma and MCA mammary carcinoma in mice, but was 
less active in mice bearing I;1210 leukemia. 

Osmium compounds seem to have no practical value as anticancer agents, 
since none of the complexes tested exhibited more than marginal activity 
[118-1211. 
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Me s/’ ‘Cl 
2O ! 

SOMe 

8 

(g) Cobalt, rhodium and iridium 
Many cobalt complexes with various ligands, e.g. amino-acids [122], 

phenanthroline derivatives [123,124], thiosemicarbazones [125,126], salicyl- 
aldoximes [127,128], bis(diphenylphosp~no)ethane [129] etc. were tested as 
anticancer agents, but the degree of tumor inhibition was not spectacular. 
Cobalt(I1) complexes of Schiff bases also exhibited only marginal effects in 
animals (mice or rats) bearing various tumors [130-1331. However, inorganic 
cobalt complexes containing porphyrinic ligands, i.e. protoporphyrin, were 
found to be powerful inhibitors of sarcoma 180 (solid or ascitic forms), 
Ehrlich ascites tumor (solid form) in mice and Yoshida sarcoma in rats 
[134]. In human patients, the protopo~hy~n complex of cobalt clearly has 
an inhibiting effect [135]. 

Among rhodium(II1) complexes with ammonia and organic amines as 
ligands, mer-[Rh(NH,)3C13], with leaving groups in the cis position as in 
cisplatin, was the most active in animal tumor systems [4,136]. 
Tetr~is(carboxylato)dirhodium(II) complexes, 9, represent a class of com- 

R 

9 

pounds with promising activity [136-1381. Their effectiveness towards animal 
tumors increases with increasing lipop~licity, although a charged mixed-va- 
lence rhodium( 11,111) complex, [ Rh *( 0,CCH ,CH 3) 4] +, which is water solu- 
ble was more active than the corresponding neutral complex [139,140]. The 
observed inhibition of DNA synthesis may be due to the blocking of some 
thiolic enzyme involved in DNA synthesis, since the rhodium(II) carboxy- 
lates do not bind to double-str~ded DNA [141,142]. 
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Iridium compounds have generally been little studied as antit~or agents; 
iridium(IfI) complexes with amine ligands are practically inactive towards 
sarcoma 180 and ADJ/PC6A leukemia in mice [4,136]. However, antitumor 
properties have been observed for hexac~oroi~date(I~ salts 1143-1451. 

(h) Nickel, palladium and platinum 
In group 10, there is a striking difference between the behavior of the first 

element, nickel, and the following two, palladium and platinum. In spite of 
the fact that nickel compounds are generally considered as potentially 
c~cinoge~c, several nickel complexes were tested for antit~or properties; 
they were found inactive, or the results were not encouraging [40,127-129, 
136,146-1481. Only bis(diethylditbiophosphato)nickel(II) was reported to be 
more active than the ~rresponding platinum or palladium derivatives 
against Walker 256 c~cinosar~oma 11491. 

Various palladium~I1) complexes were tested in animals bearing trans- 
planted tumors, but generally their activity was lower than that of platinum 
analogs with similar structures [136,150,151]. In spite of this, many pal- 
ladium~I1) and palladium(1~ neutral complexes were found to exhibit 
antitumor activity [U&152]. Even some complexes with frans structures 
were active, e.g. trans-[Pd(NH,),Cl,] towards sarcoma 180 and Landschutz 
ascites in mice [151], and compound 10 against hepatoma cells in vitro [153]. 

This behavior contradicts the usual generalization that the cis structure is a 
prerequisite for the antitumor activity of platinum complexes. Ionic pal- 
ladium@) and palladium(IV) derivatives were also found to be antitumor 
active, in spite of the expectation that such compounds would be rapidly 
eliminated from the body. These results suggested that useful anticancer 
drugs might be found among p~ladium complexes and that a more detailed 
investigation of the structure-activity relations~p is necessary for these 
metal compounds [154]. As a result, following preliminary antitumor screen- 
ings, some palladium complexes are now in stage II of clinical testing [lSS]. 

Since the an~tumor properties and the mechanism of action of 
platinum(I1) and platinum(1~ complexes have been the subjects of many 
detailed reviews and books [g-12,156-166], we only briefly mention here a 
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series of second-generation platinum antitumor agents, 11-14, which to- 
gether with cisplatin are now in clinical use. The last two complexes are 
platinum~1~ derivatives, thus suggesting that the oxidation state II is not a 
general condition for platinum complexes to exhibit very powerful anti- 
tumor activity. 

Corboplotin (CBDCA, JM 8) Spiroplotin (TN0 6) 

11 12 

OH 

H3NLpt/C’ I 
H.g.4’ 1 ‘Cl 

OH 

OH 

pIiNli2,+CI 

I=& NH/ 1 ‘Cl 
OH 

oxop1atin 

13 

Iproplotin, (CHIP,JM 91 

14 

fi) Copper, silver and gold 
Inorganic copper compounds and coordination complexes have been the 

subjects of numerous antitumor studies and many of them have been found 
to be active as anticancer or anticarcinogenic agents in animal systems 
[167-1691. Such complexes include bist~ose~carbazonates and monothio- 
semiearbazonates [87,89,170-1741, oximes, imines and hydrazones [175-1791, 
salicylates [180-1841, a~noc~boxylates {40,185-1871 and other complexes 
with various N-donor ligands [168,188,189]. Compounds 15-18 represent 
some of the most active copper complexes. 

The interaction of copper ions with antibiotic compounds, e.g. bleomycin 
[95,99,1~,102,190-1921 and anthracycline drugs [193-1951, was also exten- 
sively investigated, and it seems that metal ions are essential in the mecha- 
nism of action of such antitumor drugs. 

Silver compounds have been investigated less extensively and none of 
them showed any promising antitumor activity [168,196]. 

Many gold compounds were recently found to be strong antitumor 
agents. Thus auranofin (2,3,4,6-tetra-O-acetyl-l-thio-1B-D-glucopyranosato- 
S)( t~ethylphosp~no)gold(I), a known anti-inflammato~ drug, was screened 
in vitro and in vivo towards various types of animal cancer. Although it has 
a broad spectrum of cytoto~city in vitro, this compound displayed in vivo 
antitumor activity only against P388 leukemia in mice [197-2001. Much 
more promising were the binuclear gold(I) complexes of 1,2-bis(diphenyl- 
phosphino)ethane, Ph,PCH,CII,PPh2 [129,201-2031. Thus the chloro de- 
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I 
EtO-CH 

\ 

rivative 19 was eight times more potent in vitro against BI6 melanoma than 
the free ligand, and was active towards P388 and L1210 leukemias. The gold 
complexes of this class were also active against other mouse tumors (M5076 
reticulum cell sarcoma, mammal adenocarcinoma 16/c, ADJ/PCB 
plasmocytoma) (Table 3), thus exhibiting a broader spectrum of action than 
auranofin [204], Generally, gold(II1) complexes were less active than the 
gold(I) analogs. 

/ 
CX2----CH, 

Ph,P 
\ 

PPh2 

z i 
AU AU 

I I 
Cl CL 

19 

ti) Zinc, cud~~~~ and mercury 
The implications of zinc in tumor growth inhibition have been extensively 

studied [167,205,206], and many zinc inorganic and complex compounds 
have been screened as antitumor agents, e.g. b~sthiose~carb~onates and 
monothiosemicarbazonates [87,89,125,206,207], amino-acids {40,208] anti- 
biotics [95,102,192,209] and other complexes with various amine ligands 
[40,123,127,189]. However, no spectacular results were obtained with any of 
them. 

Cad~~rn and mercury are considered to be major poll~t~ts of the 
environment and may have definite carcinogenic properties. For some 
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TABLE 3 

Antitumor effects of Au(Ph~PCH~CH~PPh~)*Cl against mice tumors [201] 

Tumor Dose 

(mg kg’-*) 
Antitumor activity (5%) 

ILS Growth 
inhibition 

P388 Ieukemia (i.p.) 29.8 87 
P388 leukemia (c&pIatin 

resistant) (i.p.) 
M5076 reticulum ce’fl 

sarcoma (i.p.) 
Bf6 melanoma fig.) 
Mammary adenocarcinoma 16~ (s.c.) 

3 77 

1.95 59 

39 
84 

compounds of cadmium, e.g. 3-ethoxy”2~oxob~tyraldehyde bis( N4, N4-di- 
methylt~ose~carb~onato)cad~um(II) [210], and the cadmium chloride 
complex of poly( ~nyli~dazole)-poly(~nylpyrrolidone~ copolymer [ 2111, 
antitumor properties were established, while inorganic mercury compounds 
were generally found to be too toxic for living organisms. 

C. ORGANOMETALLIC COMPOUNDS 

(i) Main group metal compound 

{a) Boron, a~~~~~~~ ga~~~~~, i~diu~ and ~h~~~~~~ 
The implication of organoboron compounds in cancer treatment was 

mainly related to their use as neutron capture agents [212-214]. The direct 
antitumor activity of organoboron compounds has been less investigated, 
but some exhibited significant antineoplastic behavior. Thus mixed 
anhyd~des of di~ylborini~ acids with ff-amino-acids, 20, inhibited HeLa 
and L-16 cells in vitro and sarcoma 180 and Ehrlich ascites tumor in mice 
[215-2171. Boron analogs of a-amino-acids, especially a~n~yanoborane, 
21, and a~~ocarboxyborane, 22, were found to be active against Ehrlich 

1 

R2&r q a”* 0 

3 
“P R 

20 

up * H2B--CN R3N * H,B-COOH 

21 22 
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ascites tumor in mice and many of them inhibited the development of this 
tumor system 1218-2221 by more than 90%. Some other compounds, Me,N . 

H,B-CN and Me,N * HUB-C(~~N~Et, also exhibited antitumor activity 
towards Walker 256 carcinosarcoma, B16 melanoma and Lewis lung 
carcinoma, but were inactive or marginally active against P388 leukemia in 
mice [218,220]. The mechanism of action of this type of compound seems to 
be related to their action upon the enzymes required for rapid pro~feration 
of cancerous cells [221]. 

No org~omet~~c derivatives of the other elements of group 13, i.e. 
alu~num, gallium, indium and thallium, were screened for antitumor 
activity since such compounds are very sensitive to moisture and the 
atmosphere. 

In contrast with inorganic compounds, organosilicon, org~ogerm~ium 
and org~otin derivatives have been extensively investigated from the point 
of view of their antitumor activities [24,223,224]. 

The antitumor-active organosilicon compounds can be divided into three 
classes: (a) silylated derivatives of organic compounds of known antitumor 
activity; (b) silicon analogs of organic compounds of known biological 
activity (one or more carbon atoms replaced by silicon atoms); (cl organo- 
silicon compounds without organic analogs. 

Lukevics et al. [225,226] reported anticancer properties for several quino- 
line derivatives bearing a trialkylsilyl group towards a panel of animal tumor 
systems including Ehrlich ascites tumor, L5178 leukemia and Lewis lung 
carcinoma. Purely organic compounds containing the quinolyl nucleus are 
known as potent antitumor agents. 

Japanese investigators studied a large number of organic compounds with 
a trialkylsilyl (largely trimethylsilyl) group attached to a carbon atom 
[227-2331. Such compounds included derivatives of known antitumor drugs, 
e.g. ~-t~methylsilylmethyl-~-nitrosourea, 23 [232], 2-trimethylsilylethylthio- 
ethylamine, 24 [229,231], and the 5-fluorouracil derivative 25 [233,234]. 

Compound 24 inhibited the growth of cancer cells in vitro and was highly 
active in vivo [229,231]. Thus the effect of this compound against Ehrlich 
ascites tumor and sarcoma 180 in mice was 1.74 times better than that 
obtained with 5-fluorouracil, and the effect towards I316 melanoma and 
Lewis lung carcinoma was also comparable to that of this known antitumor 
drug. It exhibited an antimetastatic effect against Lewis lung carcinoma. 
However, the development of L1210 and P388 leukemias in mice was not 
affected after treatment with compound 24. 

Compound 25 (n = 2; R = Ph) was effective against leukemias (P388 and 
L1210) and solid tumors (B16 melanoma and Lewis lung carcinoma). The 
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life span of mice bearing MM46 carcinoma (ILS, 321%) was remarkably 
increased 12331. 

Compound 25 (n = 3; R = Pr i ) was twice as active against L1210 leukemia 
in mice as l-hexylcarbamoyl-S-fluorouracil and was also markedly effective 
(by oral administration) against B16 melanoma, Lewis lung carcinoma, 
colon 38 adenocarcinoma and MM46 carcinoma [234]. 

Interesting antitumor properties were found for some org~osi~con com- 
pounds without organic analogs. Thus cyclotetrasiloxane derivatives, e.g. 
cis-1,1,3,5,5,7-hexaethyl-3,7-diphenylcyclotetrasiloxane, 26, have been used 

M’\S;Io\Si/Ph 
M4- i p 

---. 1. I/M& 
pn/S1\o/Si\,, 

26 27 

as palliatives in the treatment of prostatic cancer [235,236]. Bis(trimethyl- 
silylmethyloxy)phosp~te, (Me~SiCH~~)~POH, was found to be more active 
than 5-fluorouracil and is comparable with ACNE (two established cytostat- 
its) in the in~bition of sarcoma 180 and B16 melanoma tumors 12271. 

Silatrane derivatives, 27, containing an unusual five-coordinate geometry 
at the silicon atom [237], exhibit strong antitumor properties in several 
animal tumor systems [223,224,238-2421. One of the most active silatranes 
was the methoxy derivative (27, R = MeO). This compound strongly in- 
hibited the growth of Walker 256 carcinosarcoma (59-79% inhibition) and 
Pliss lymphosar~ma (67-76% i~bition~. The ethoxy derivative (27, R = 
EtO), also known as ~gugen, exhibits 50% inhibition of Walker 256 
carcinosarcoma 12241. The structure-activity relationship in this class of 
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compound was investigated; it was observed that the introduction of sub- 
stituents at the carbon sites of the heterocycle in alkylsilatranes produces a 
decrease in the antitumor activity or a change in the spectrum of action 
[239]. Thus 3,7,1~-trimethyl-l-ch~oropropyls~latrane exhibited antit~mor 
properties against several tumors, but no dose-activity relationship could be 
established [224]. 

Generally, organosilieon compounds seem to owe their antitumor proper- 
ties to the stimulation of the immune-defensive system of the organism 
[227-229,240]. 

Organogermanium compounds have been thoroughly investigated as anti- 
tumor drugs [19,224,243,244] in the last ten years, and promising results 
have been obtained with some. The most investigated organogermanium 
compound is spirogerman~um, a hetero~ycli~ compound of structure 28. This 

N-K3i_&NMc2. 2HCI 

compound inhibited the development of a broad spectrum of cancer cells in 
vitro in a manner depending upon the dose, time, temperature and degree of 
evolution of tumor cells. The results obtained in vitro 1245-2471 and in vivo 
[248-2511 screening have suggested that spirogermanium might be useful in 
the treatment of human cancers. Passing through toxicological studies, 
spirogerm~um has entered in clinical trials on human subjects bearing 
cancerous tumors [19,252,253]. There are now many reports on its antitumor 
effectiveness on a large number of human tumor types, e.g. ovarian carcinoma 
[254-2571, cervix carcinoma 12581, breast carcinoma [259-2621, renal cell 
carcinoma [263,264], melanoma [265,266], non-Hodgkin lymphoma 
[267-269], non-small-cell lung cancer 12701, central nervous system tumors 
(glioblastomas~ 12711, colorectal carcinoma 12721, metastatic prostate cancer 
[273,274] etc. The best results were obtained against non-Hodgkin lymphoma 
[267,269,275], ovarian cancer 12541 and breast cancer [260], but since the 
majority of the trials were on patients who were previously treated (chem- 
otherapy, radiotherapy, surgical methods) and were resistant to further 
conventional therapy or were in an advanced stage of the disease, the use of 
spirogermanium in combination with other antitumor drugs, in an early 
stage of the disease and as a first line of chemotherapy, might lead to much 
better results. 

Another organogermanium compound which has received much attention 
in the last few years is carboxyethylge~anium sesquioxide, (HOOCCH,- 
CH,GeO,,,),, also named Ge-132. It has a layer structure consisting of large 
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TABLE 4 

Antitumor effects of Ge-132 against various tumors in mice 

Tumor Dose a 

(mg kg-‘) 
Antitumor activity (W) 

ILS Growth 
inhibition 

Ref. 

Walker 256 carcinosarcoma b 
Walker 256 carcinosarcoma 
Adenocarcinoma 7.55 
Sarcoma 37 
Sarcoma 180 
Lewis lung carcinoma 
B16 melanoma 
Sarcoma MN-2 {indict by 

methyl~hoIanthrene) 
Sarcoma MN-18 (induced by 

methylchol~threne) 
Meth A sarcoma (induced by 

methylcholanthrene) 
Ehrlich ascites tumor 
RL 1 leukemia 
EL-4 leukemia 

512 c 193 277 
10 25 280 

108 15 33 280 
300 28 280 
28 42 280 

100” 63 284 
300 40 280 

2.2 18 280 

6.0 18 280 

100 9 283 

loo 84 283 
100 63 283 
200 7 283 

a Oral administration. b In rats. ’ i.p. administration. 

GeeO, rings similar to “crown ethers”, with pendant -CH,CH,COOH 
groups forming interlayer hydrogen bonds [276]. This compound was in- 
vestigated in detail especially by Japanese researchers and was found to be 
active in a range of animal tumors 1277-2841. It increased the survival time 
of animals bearing ascites hepatomas, syngeneic bladder cancer, Walker 256 
carci~osarcoma, Ehrlich ascites tumor, sarcoma 380, Lewis lung carcinoma, 
L1210 leukemia, methylcholanthrene-induced sarcoma etc. (Table 4), Only 
two human clinical trials of Ge-132 are known to us at the time of writing. 
In one of them, Ge-132 was administered alone or in combination with 
other antitumor drugs, and decreases in the tumor size were obtained in the 
case of prostate and uterus carcinomas and myeloma [285]. In another trial, 
a placebo-controlled Ge-132 study on unresectable lung tumor was per- 
formed, and survival advantages were reported in some cases 12861. 

The mechanism of action of Ge-132 involves the stimulation of y-inter- 
feron production by T-lymphocytes and activation of ma~rophages by 
y-interferon [283,287-2901. 

A large number of other organogermanium sesquioxides have been men- 
tioned as having antitumor properties, sometimes even better than those of 
Ge-132 [280,291,292]. These derivatives were obtained by substitution of the 
CH, group or by m~ification of the carboxylic groups (carbamoyl, esters, 
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nitriles etc.), e.g. (X~H*~H~GeO~.~)~ or (XCH,CHRGeO,,),, with X = 
COOH, COOMe, CONH,, COCI etc. and R = Me or Ph. 

Analogous sesquisulfides also exhibited antitumor activity in animal 
tumor systems. Thus compound 29 was more active than Ge-132 against 
IMC carcinoma in mice, although it lacked in vitro activity towards this 
tumor and L1210 and L5178Y leukemias [291]. 

W -C-CH2-CH-GeS,.5 

3 n 

29 

Several other organogermanium compounds containing four, three, two or 
one Ge-C bonds were screened for antitumor activity and many of them 
exhibited inhibitory effects. Thus diorganogerm~ium compounds 30 (R = 
Me or Et; R’ = 3,5-di-beak-butylphenyl), containing a substituted porphyrin 
nucleus, were active against carcinomas in mice [293]. The dimethyl deriva- 
tive 30 (R = Me) was cytotoxic in vitro towards HeLa cells, inhibited the 
solid form of B16 melanoma and IMC carcinoma (33% and 39% inhibition 
respectively) and produced a complete remission of tumors in 50% of rats 
bearing Walker 256 carcinosarcoma [293]. 

Some germatranes have also been screened and seem to possess antitumor 
properties similar to those of the silicon analog [280]. 

Recently, monomeric air-stable decaphenylgermanocene, 31, containing 
7~ Ge-C bonds, was reported to produce 40-80% cure rates in mice bearing 
fluid Ehrlich ascites tumor [294]. 

Ph 

30 31 

The biological properties of organotin compounds have been extensively 
investigated. Such compounds are now largely used in agriculture as pesti- 
cides 1295-2971. In recent years, much attention has been focused on their 
a~titumor properties, and in the 1980-1982 period alone, more than 1200 
organotin compounds were screened at the National Cancer Institute in 
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U.S.A. 12981. The best results were obtained with complexed and uncom- 
plexed diorganotin derivatives: 50% and 40% respectively of the tested 
compounds were active towards P388 leukemia in mice [299,300]. Tetra- 
organotin derivatives, SnR,, triorganotin derivatives, R,SnX, and mono- 
organotin derivatives, RSnX, were, however, significantly less active 
[299,300]. The increasing interest in the anticancer properties of tin com- 
pounds and their implications in antioncogenesis led to the organization of 
four international symposia on this subject. The antitumor activity of 
organotin compounds has been reviewed [24,301]. 

Many diorganotin dihalides and pseudohalides exhibited marginal anti- 
tumor activity against P388 leukemia in mice 13021. Dibutyltin dichloride 
was also found to be active in vivo towards other animal tumors, e.g. 
adenocarcinoma 755 (3031, chemically-induced pancreatic adenocarcinoma 
[304,305], Ehrlich ascites tumor and IMC carcinoma 13061. 

A large number of octahedral diorganotin dihalide complexes with N- 
donor ligands, 32, were reported to prolong the survival of mice bearing 

i Nhsnf x 
Nf I’x 

R 

32 

P388 leukemia, but generally the antitumor properties of such compounds 
were limited to this tumor system [302,307-3111. Thus complexes 33 and 34 
were tested on a panel of tumors, i.e. B16 melanoma, L1210 leukemia, Lewis 
lung carcinoma and colon 38 carcinoma, but were inactive [224]. However, 
both complexes were highly active towards renal adenocarcinoma (the best 
ILS is 118% for compound 33 and 73% for compound 34) [224,312]. 

33 34 

Structure-activity correlations suggested that, in contrast with cisplatin 
and metallocene dichlorides, in which the value of the Cl-M-Cl angle is 
discriminatory between active and inactive agents [313], with octahedral 



274 

diorganotin dihalides other factors seem to be involved in the formation of 
intrastrand links in nuclei$ acids via the organotin moiety; thus Sn-N bond 
lengths higher than 2.39 A are required for exhibiting antitumor properties 
[302,308,309]. 

A series of organotin derivatives with increased water solubility has been 
synthesized (300,314,315] but this property has not led to the expected 
increase in antitumor activity. Although such complexes, e.g. diorganotin(IV) 
derivatives of 2,6-pyridine dicarboxylic acid, 35, display very high activity in 
vitro against leukemia cells (P388, L1210, PW), the in vivo results were 
disappointing [314,315]. 

0 ,/lc, ,‘I 0 

i 
0-sn-0 

/\ 
R- k 

35 

Organotin complexes with biological ligands, e.g. amino-acids, dipeptides 
and tripeptides, purine bases (adenine, 6-mercaptopurine) [316-3191, 
carbohydrates [320] and steroids [321-3241, also exhibit antitumor proper- 
ties in animal systems. Di”~*butyltin glycylglycinate, 36, significantly in- 
creased the life span of mice bearing P388 leukemia (ILS, 50%) and 
exhibited marginal activity against Lewis lung carcinoma (ILS, 27%), 
mammary tumor CDSFi (50% inhibition) and MX-1 tumor (53% inhibition) 
[318]. Monoorganotin, diorganotin and t~organotin derivatives of steroids 
(cholic acid, cholesterol, testosterone, deoxycholic acid etc.) were recently 
screened for antitumor properties and best results were obtained with a 
triphenyltin cholesteryl ether, 37 (322,323]. 

36 37 

The binding of 5-fluorouracil to Et,SnCl 2 - phen improves the antitumor 
activity compared with that of the complex alone 13251. 

Recently a r-bonded organotin compound, (Ph,C,),Sn, 38, was found to 
produce 40-90% cure rates in mice with fluid Ehrlich ascites tumor, thus 
suggesting that air-stable 7~ complexes of main group metals might also 
exhibit favorable antitumor effects 12941. 
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In contrast with the organometallic derivatives of silicon, germanium and 
tin, organolead compounds seem to have no practical value as antitumor 
agents because of their high toxicity. 

{cl Arsenic, antimony and bismtrth 
The chemotherapeutic use of organo~senic{III) and arsenic(V) com- 

pounds enjoyed considerable popularity after Ehrlich discovered Salvarsan 
in 1907 and introduced it in the current treatment of syphillis [326,327]. 
Other organoarsenicals were also used in the treatment of various other 
diseases. However, after the discovery of penicillin, this class of therapeutic 
agent was removed from medical usage [328]. A number of arsenic(II1) and 
arsenic(V) compounds containing metal-C bonds were screened for anti- 
tumor activity in animal tumor systems, but none were subjected to further 
clinical tests. In recent years, many diorganoarsino derivatives of sugars, 
amino-acids, dipeptides and tripeptides, 6-mercaptopurine, steroids and 
nucleosides etc. were found to be active against P388 leukemia in mice 
[329-3341. Some produced a significant increase in the life span of tumor- 
bearing animals, thus suggesting that further investigations may lead to the 
discovery of more powerful antitumor agents. 

In contrast with organoarsenic compounds, organoantimony derivatives 
have not been investigated extensively as antitumor agents and the majority 
were inactive. However, organoantimony(V) polyamines were found to 
exhibit inhibitory activity in vitro against HeLa, BHK-21 and L929 tumor 
cells [335], while diphenylantimony(II1) diorganodithiophosp~nates and 
dithiophosphates were the first examples of organoantimony(II1) com- 
pounds to be found active in vivo against Ehrlich ascites tumor in mice 
(3361. 

Recently, orgauobismuth(II1) compounds, i.e. thiolates, were mentioned 
as potent anticancer agents, producing a cure rate of 100% and a therapeutic 
index of 3.2-5.0 in mice bearing fluid Ehrlich ascites tumor 13371. 

Anticarcinogenic effects of diaryltellurium(IV) derivatives and of some 
amino-acids containing organotellurium(I1) groups have also been reported 
[338,339]. 
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Tr~sition metal complexes ~~tai~i~g u metal-C bonds are generally 
less stable than those with rr metal-C bonds and such compounds have only 
sporadically been subjected to antitumor screening. Only cobalamin deriva- 
tives and orga~omercury compounds have received some ate~tion, but the 
results were not encouraging. 

Vita~n B,, ~cy~ocob~a~~) is an important biological compound 
containing a (I Co-C bond (Co-CN). Its impli~tiou in cancerous disease 
has been reviewed [340], and the available data surest that it has a 
stimulating effect upon the growth of animal tumors, in a dose-dependent 
manner. A similar effect was observed with methylcobalami~, a derivative 
which contains a Co-CH, bond instead of a Co-CN bond [341-3441. 
However, other cob~a~n derivatives, i.e. 5,6-dimethylben~mid~olylco- 
balt~5’-deoxyade~osyl~bamide, chlorodi~uoromethylcobalami~, methyl- 
cobala~~ trichloropalladate complex and the hydroxycobala~n, were 
found to have an opposite effect on animal tumors [343-3521. Illethyl- 
cobalamin itself was reported to be useful in the treatment of cancer 
[353,354]. These contradictory data suggest that the antitumor properties of 
various cobalamin derivatives strongly depend on the organic group at- 
tacked to cobalt and deserve further investigation, 

Many monoorganomercury(I1) or ~org~omercu~~I1) compounds were 
screened for antitumor activity. Although some of them were found to be 
active [355-357], they do not seem to be useful for treating cancer in 
humans, since the toxicity of this element is well established. 

A ~theuium~I1) complex, [Ru(II){l,3~dimetbylx~t~ne)(NH~)~]Cl~, with 
a u Ru-C bond between the metal atom and the C(8) carbon atom of the 
xa~t~ne ligand, failed to exhibit in vivo activity against Ll.210 leukemia, 
but inhibited in vitro DNA synthesis in KB cell cultures flU3,358]. 

Recently, a-bonded Pd-C complexes such as 39 were mentioned as 
potent anticancer agents, since they were found to interact with DNA in a 
dose-dependent relation 135%.361]. 

R = COOEt 

39 

Some platinum complexes contusing both u and TT metal-C bonds or 
only CI metal-c bonds, for example 40 and 41 respectively, were shown to 
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produce filamentation or to inhibit the growth of Escherichia coli, and to 
interact with DNA, but in vivo antitumor screening has not yet been 
performed [362-3641. Water-soluble platinum ascorbate complexes with 
cis-diaminocyclohexane, which may contain u metal-C bonds, depending on 
the procedure used for obtaining them, were also shown to increase signifi- 
cantly the life span of mice bearing the a&tic form of sarcoma 180 
[365,366]. 

Some gold(I) and gold(II1) compounds containing CI Au-C bonds, e.g. 
[Me, AuCl ,]AsPh, and [Me, AuSCN], , were evaluated in vitro and in vivo, 
but only marginal effects have been observed [168]. 

(iii) Transition metal wcomplexes 

(a) Titanium zirconium and hafni~~ vanadium, niobium and tantalum 
Transition metal +rr-complexes are very common. In recent years some 

have been extensively studied as potential antitumor agents. Among these, 
bis( n5-cyclopentadienyl)metal dihalides (metallocene dihalides), 42, are re- 
markable [7,313,367-3771. One of the most thoroughly investigated com- 
pounds is titanocene dichloride, 42 (M = Ti; X = Cl), which exhibits anti- 

ix 
@ M\X 

42 

M = Ti, Zr, Hf, V, Nb, Ta, MO, W. 

tumor properties against a broad spectrum of solid and ascitic tumors (Table 
5). Other titanocene derivatives, including water-soluble compounds, e.g. 42 
(X = -O(O)C-CH=CH-C(O)OH, -O(O)C-Ccl, or -S-C,H,-NHcCl--p), 
were also potent antitumor agents against animal tumors. 

Titanocene dichloride is less toxic than cisplatin and at least as active as 
this clinically used drug. Cytologic investigations suggested that intracellular 
DNA is the primary target of titanocene dichloride attack, and immunologi- 
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TABLE 5 

Antitumor effects of titanocene dichloride against various in vivo animal tumors {in mice) 

Tumor Dose 

(mg kg-‘) 
Antitumor activity (a) Ref. 

ILS Growth 
inhibition 

Ehrhch ascites tumor 60 958 - 371 
Ehrlich ascites tumor (solid) 30 86 372 
L1210 leukemia 80 26 - 372 
P388 leukemia 60 30 - 372 
Lewis lung carcinoma 40-60 65-71 7 
Sarcoma 180 (ascites) 50 184 - 373 
Sarcoma 180 (solid) 50 - 77 373 
316 melanoma (ascites) - 109 - 313 
I316 melanoma (solid) 30 - 80 374 
Colon 38 carcinoma 30 81 374 
Human colon carcinoma 30 77 375 
Human colon carcinoma (C-Stg-2) 87 7 
Human rectum adenocarcinoma 30 55 376 
Human lung aden~arcinoma L261 15 73 313 
Human cell lung carcinoma Ll82 20 73 313 
Human breast carcinoma 77 376 

caf processes also seem to be stimulated in vivo. 
In addition to titanocene dichloride, the v~adi~m analog, 42 (N = V; 

X = Cl), has also been extensively investigated and seems to be very prom- 
ising as an antit~mor agent. Its activity against various animal tumors 
(Table 6) is similar to that of titanocene dichloride, although its in vitro 
inhibitory effect against ~hr~ich ascites tumor is stronger [7,313,367-3?~,3771. 

Other metallocene dichlorides were inactive (zirconocene and hafnocene 
dichlorides) or significantly less active (niobocene, tantaiocene, molybdo- 

TABLE 6 

Antitumor effects of vanadocene dichlo~d~ against various animal tumors (in mice) 

Tumor Dose 

(m8 kg-‘) 
Antitumor activity (%) 

ILS Growth 
in~b~tion 

Ref. 

Ehrlich ascites tumor 80-90 1084 367 
Ehrhch ascites tumor (solid) 50 31 372 
L1220 leukemia 60 29 372 
P388 leukemia 40 24 372 
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cene and tungstenocene dichlorides) against Ehrlich ascites tumor in vitro or 
in vivo [‘7,313,367-3701. Zirconocene and hafnocene derivatives were also 
inactive against Lewis lung carcinoma and P388, L1210 and L61.5 leukemias 
in mice [378]. This behavior may be explained in some cases by the lability 
of the compounds, e.g. 42 (M = Zr, MO; X = Cl) in aqueous media [379,380]. 

(b) Iron and ruthenium 
Another type of cyclopentadieuyl compound, i.e. ferrocene derivatives of 

the “sandwich” structure, 43, has also been investigated 1381-3841. None of 
these neutral compounds bearing alkylating or other organic groups ex- 
hibited strong antitumor properties. On the contrary, ferricenium complexes 
44 (X = CH,COO-, 1/2[C1,FeOFeC1,]2-, [FeCl,]-, 2,4,6-(O~N)~C~~~O-) 

were strong a~tit~or agents, stopping the cellular proliferation of Ehrlich 
ascites tumor cells in vitro [385] and increasing the survival time of animals 
bearing the same tumor (ascitic form) [386]. Some ferricenium complexes 
were also found to be effective against other tumors in mice, e.g. the solid 
form of Ehrlich tumor, B16 melanoma, L1210 and P388 leukemias, although 
the tumor-inhibiting activity was less pronounced than that of titanocene 
dichloride [385]. Good results were obtained in the case of some tumor 
xenografts transplanted to nude mice, i.e. rectum adenocarcinoma, lung 
adenocarcinoma and lung small-cell carcinoma [313,376]. 

Some related neutral ruthenocene derivatives were screened, but the 
ant~tumor~ effects were not very encouraging [387-3891. Complexes of 
ru~e~urn(II~ chloride with cyclooctadiene or norbomadiene were active 
towards solid Friend leukemia, but inactive against L1210 leukemia and 
sarcoma 180 in mice [390]. 

(c) Cobalt, rhodium and iridium 
Cobalt complexes containing r metal-C bonds have only occasionally 

been tested for antitumor activity. Such unusual complexes, which also 
contain metal-carbonyl and metal-metal bonds, 45, were mentioned as 
neoplasm inhibitors in a patent [391]. For R’ = Et, R2 = Bunt the compound 
45 was strongly active in vitro against P388 leukemia cells. 
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rhodium(I) with cyclooctadiene and other dienic systems (norbornadiene, 
hexadiene) were screened as antitumor agents, and many of them were 

A 

46 47 

48 

found to be active in vivo. Thus compound 47 (L-L = bipy) was active 
against L1210 leukemia in mice (ILS, 28%), while complexes 46 (L = NH, or 
piperidine) were active in the sarcoma 180 tumor system [392]. Most of the 
complexes tested were active against fluid Ehrlich ascites tumor in mice, 
~.vJIIP;~~ +,,m,,r ~P.-WPPP;A~ r?Q1 ?OAl ‘T-h P clPc=td9rdnn~tn APriwatiwP A0 at yl”UUullb LUlll”l IV~clil.x”II LJ/J,J/-r,. ill” uu”cJIuu”~“IIuc” uvII.u*I.” TX UC 

sublethal doses produced 100% cures of mice bearing this tumor, its activity 
being similar to that of cisplatin [393]. The norbornadiene analog was also 
l.;nl-.1,, PFFP,.&.m. a”.-..;-“4 Ch&r.h o..r.;+~o +xxmrrr r’ZO&l l-h.. ,v.mel~v A0 r.,rac -hla ulgluuy GillFitdUVG a~cu”3L LIUUb11 (1JbILbz3 CUlll”l L-“J,. I lib b”LqJ”L4 -7 w 45 4”IU 

to inhibit both the growth of the primary tumor and the development of 
spontaneous and artificial lung metastases, produced by Lewis lung 
carcinoma in mice [394]. Similar effects were also noted for ionic complexes 
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47 (L-L = 2-Py-C=N-R; R = Me, Et or Pr’) against Lewis lung carcinoma 
subcutaneously inoculated in mice [396]. It seems that the mechanism of 
action of rhodium(I) organometallic complexes differs from that of cisplatin 
and rhodium(I1) carboxylates, since they lack any effect upon DNA synthe- 
sis in Ehrlich ascites tumor cells in vitro. 

When the central rhodium atom was replaced by iridium in this class of a 
complexes, the antitumoral effects of the resulting complexes were similar to 
those of the rhodium(I) analogs. Thus the cis,cis-cycloocta-l,%diene 
iridium(I) acetylacetonate produces 100% cures in mice bearing Ehrlich 
ascites tumor [3953 and is also effective in inhibiting the growth of the 
primary tumor produced by S.C. inoculation of mice with Lewis lung 
carcinoma. However, it fails to exhibit antimetastatic effects in this tumor 
system [394] probably because of rapid oxidation in the lung tissue to a 
chemically inert iridium( III) complex. 

(d) Palladium platinum and gold 
Very few r complexes of palladium and gold have been screened for 

antitumor activity. q3-Allylpalladium chloride, 50, inhibits the development 

t 

JC’\ 
-po\cI~pd - >> 

50 

of sarcoma 180 and Landschutz ascites in mice but is also very toxic [152]. 
The gold(I) complex of cyclooctene was found to be of low cytotoxicity in a 
clonogenic assay with B16 melanoma cells (IC,, = 120 ,uM) [397] but ex- 
hibited a moderate increase in the survival time of mice bearing P388 
leukemia (ILS, 41%) [397]. 

Some platinum n-complexes were included in the screening trials. Com- 
plexes of types 51 and 52 were active in vitro towards L1210 leukemia cells 
13981. Only complexes 51 of protonated primary and secondary amines 
exhibited some cytotoxicity, but always smaller than that of cisplatin. 
However, complexes 51 (R’ = R2 = H or R* = H, R2 = Et, Cy) were active 
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towards L1210 cell subline resistant to cisplatin. Complexes 51 of tertiary 
amines were always inactive, while the cytotoxicity of neutral complexes 52 
was generally lower than that of protonated amine complexes. These com- 
plexes were inactive in vivo towards the same tumor [398]. 

Organoplatinum complexes containing cyclooctadiene were found to in- 
hibit effectively the growth of Friend virus, leukemia cells HL-60 and HeLa 
cells 13991. 

D. CO~CLWSI~NS 

The conclusion that coordi~atio~ and organometallic compounds of all 
metals and metalloids may exhibit ~titumor properties seems to emerge 
from this review. In addition to platinum compounds, the coordination 
compounds of gallium, ~tanium, iron, ruthenium~ rhodium, palladium, 
copper and gold, and the organometallic compounds of silicon, germanium, 
tin, titanium, vanadium, iron and rhodium seem to be the most promising. 
Moreover, four compounds, i.e. two organomet~lic derivatives of germanium 
(spirogermanium and Ge-132), gallium nitrate and budotitane, have already 
been used clinically in the treatment of human patients with cancer diseases. 

The phase I and phase II clinical trial results were encoura~ng; since 
most of the trials were on patients with advanced stages of tumor develop- 
ment, who had already undergone surgery, radiotherapy or chemotherapy 
with traditional (organic) cytostatics, it is certainly possible that the use of 
metal-containing antitumor drugs could give much better results in earlier 
stages of the disease. Before approval of such clinical tests on humans, a 
detailed investigation of the toxicity and side effects of a new drug must be 
carefully examined, and this explains why the process is so slow. Platinum 
antitumor drugs have been in clinical use for only about 15 years and in this 
short time a remarkable amount of work has been done on other metal 
compounds fl5]. The examples cited in this review suggest that no air-stable 
organometalli~ or coordination compound should be regarded as too exotic 
for a~titumor use and the screening of any new class of such compounds is 
strongly recommended. 
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