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I. Introduction

The scope of this paper is limited to cytostatically
active complexes including at least one metal atom. In
principle, three different groups of metal-containing
antitumor agents can be distinguished: inorganic com-
plexes composed of a central metal atom surrounded
by inorganic ligands [The most famous example of in-
organic cytostatics is cis-diamminedichloroplatinum(II)
(cisplatin).]; organometallic complexes containing one
or more metal atoms as well as organic ligands, the
ligands being linked to the metals by direct carbon-
metal bonds [Many of the non-platinum-group metal
antitumor agents known are typical organometallic
compounds. ]; complexes also including metal atoms and
organic ligands but lacking carbon-metal bonds,
therefore not defined as organometallic [Interestingly,
many of the antitumor platinum complexes of the
second and third generation as well as some non-plat-
inum-group metal cytostatics belong to this group of
compounds.].

II. Platinum and Platinum-Group Metal
Antltumor Agents

The recent history of metal-containing antitumor
agents began with the detection of antitumor properties
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for the inorganic compound cis-diamminedichloro-
platinum(II) (cisplatin, 1) in 1969.! In the meantime,
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the considerable clinical success of this inorganic cy-
tostatic drug against numerous human malignancies,
especially against urogenital tumors and carcinomas of
the head and neck, initiated a broad search for further
antitumor platinum compounds. Numerous platinum
complexes of the second generation have been devel-
oped; about 10 of them entered clinical studies in the
late 1970s.2 The main representatives of second-gen-
eration platinum complexes are diammine(cyclo-
butane-1,1-dicarboxylato)platinum(II) (carboplatin, 2)
and aquo[1,1-bis(aminomethyl)cyclohexane](sulfato)-
platinum(II) (spiroplatin, 3), which like cisplatin are
four-coordinate, planar complexes, and bis(isopropyl-
amine)-cis-dichloro-trans-dihydroxoplatinum(IV) (ip-
roplatin, 4), which in contrast contains platinum(IV)
in an octahedral coordination sphere. These platinum
complexes, which contain organic ligands but lack
carbon-metal bonds, are in comparison to 1 charac-
terized by a similar clinical spectrum of activity, by
reduced nephrotoxicity, and obviously by increased
myelotoxicity.34
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Not only platinum complexes exhibit antitumor
properties; numerous complexes coritaining platinum-
group metals such as ruthenium, rhodium, or palladium
are characterized by cytostatic activity. This was shown
for octahedral, binuclear rhodium(II) carboxylates® such
as rhodium(II) propionate (5, R = CH,CHj;) and rho-
dium(II) butyrate (5, R = CH,CH,CH,), octahedral
ruthenium (II) and ruthenium(III) complexes® such as
cis-[(NHg) sJRuCl,]Cl (6) and cis-[(dmso),RuCl,] (dmso
= dimethyl sulfoxide), and planar and octahedral pal-
ladium(II) and palladium(IV) complexes’ such as cis-

0009-2665/87/0787-1137$06.50/0 © 1987 American Chemical Society



1138 Chemical Reviews, 1987, Vol. 87, No. 5

Professor Dr. Hartmut Kopf was born in 1937 in Esslingen, Ger-
many, began his chemical education at the University of Munich,
and received his Ph.D. in 1963 under the supervision of Professor
Dr. Max Schmidt at the University of Marburg. In the following
years, he performed research work on titanocene pentasulfide and
related complexes in the group of Professor Schmidt at the Univ-
ersities in Marburg and Wirzburg. 1975, he was appointed Pro-
fessor of Inorganic Chemistry at the Technical University of Berlin.
His current research interests are still concerned with metallocene
complexes, e.g. dithiolene and dichalkogenolene chelates, of the
early transition metals and with the antitumor properties of such
species. Professor Kopf's work is published in about 100 papers.

Professor Dr. Petra Kopf-Maier was born in 1952 in Hof, Bavaria,
Germany. She studied medicine in Wiirzburg and Berlin, became
a physician in 1977, and received her M.D. degree from the Free
University of Berlin in 1978. Professor Kopf-Maier was appointed
Professor of Anatomy at the University of Uim in 1984, at the Free
University of Berlin in October 1986. She is the author of over 70
publications. Her current research interests involve the biological
properties of platinum and non-platinum-group metal antitumor
agents, especially of metallocene and metallocenium compounds.
She is performing antitumor testing in vivo and in vitro, toxicologic
investigations, and morphologic and cytokinetic studies into the
influence of inorganic and organometallic antitumor agents upon
experimental and human tumors.

[(en)Pd(NO3),] (en = 1,2-diaminoethane) (7) and cis-
[(NH;),PdCl,]. Interestingly, against some experi-
mental tumor systems, rhodium complexes effected
equal antitumor activity as 1, their toxic features being
more favourable than those of 1.8

II1. Non-Platinum-Group Metal Antitumor
Agents

Regarding non-platinum-group metal cytostatics,
main-group metal compounds can be distinguished
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from transition-metal complexes.

A. Main-Group Metal Compounds

Gallium salts® were the first main-group compounds
for which antiproliferative activity was described (in
1975). Other important main-group cytostatics contain
metals neighboring gallium, i.e. germanium and tin.

Antitumor gallium compounds are inorganic salts
regarded to be composed of Ga®* cations and anions of
different kind. The most effective gallium compound
is gallium(III) nitrate (8).° Its antiproliferative activity
was established against Walker carcinosarcoma and
various experimental sarcomas. Clinical studies, which
have been performed since 1976 against numerous hu-
man tumors, only revealed limited activity against
Hodgkin’s and non-Hodgkin’s lymphomas.* The pat-
tern of side effects of 8 is similar to that of 1, renal and
gastrointestinal toxicities being the main and dose-lim-
iting side effects.*!°

Within main-group IV (14),% germanium compounds
were the first ones for which antiproliferative properties
were detected. Presently, there are two main repre-
sentatives of antitumor germanium compounds: the
monomeric 8,8-diethyl-2-[3-(N-dimethylamino)-
propyl]-2-aza-8-germaspiro[4.5]decane (spiro-
germanium, 9)!' and the polymeric bis[(carboxy-
ethyl)germanium] trioxide (germanium sesquioxide,
Ge-132, 10).12 In contrast to gallium salts, both 9 and
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10 are typical organometallic complexes containing
carbon-metal bonds. Their antitumor activities have
been established against various experimental tumors
such as Ehrlich ascites tumor and Lewis lung carcino-
ma. In clinical studies, limited value was revealed for
antitumor germanium complexes. In the case of 9, tu-
mor-inhibiting effects were observed against advanced
ovarian carcinomas and lymphocytic lymphoma.* In-
terestingly, the antitumor activity of organogermanium
compounds is apparently not based on direct cytotoxic
effects, but on host-mediated, immunopotentiating
mechanisms.!® Especially, activation of interferon
seems to be an important factor. This was confirmed
for 9 as well as for 10. Therefore, both compounds are
currently undergoing clinical studies as biological re-
sponse modifiers.

The third group of antitumor main-group metal
complexes detected so far is represented by diorgano-
tin(IV) derivatives such as the octahedral diorganotin
dihalide complexes R,SnX,L, [11: R = alkyl, phenyl;
X = F, C], Br, I, NCS; L. = unidentate ligand, (e.g.
pyridine); L, = bidentate chelating ligand (e.g. 2,2-
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bipyridyl or o-phenanthroline)] and di- and triorganotin
complexes of nitrogenous bases and amino acids, e.g.
R,Sn[adeninate(1-)], and R,Sn[L-cysteinate(2-)].}415
Their antiproliferative activity was detected in 1980 and
later against P388 leukemia.l* Though this activity is
strong and comparable to that of 1, further studies
showed that there is obviously no activity against other
experimental tumor systems, for example against leu-
kemia 1.1210, B16 melanoma, colon 38 carcinoma, and
heterotransplanted human tumors.l® Nevertheless, it
is worth considering that antitumor tin complexes
structurally resemble 1 or other cytostatic platinum-
metal complexes with respect to the presence of a cis-
dihalometal moiety.

B. Transition-Metal Compounds

Antitumor compounds of transition metals other than
platinum-group metals either contain early transition
metals like titanium and vanadium, medium transition
metals like iron, or late transition metals like copper
and gold. Early-transition-metal compounds showing
tumor-inhibiting efficacy are mainly represented by
metallocene complexes of type 12 (M = Ti, V, Nb, Mo;

e.g., X = C1).17 These are organometallic complexes,
the cyclopentadienyl ring ligands being bound to the
central metal atom M by carbon-metal bonds. Me-
tallocene complexes 12 have shown antiproliferative
activity against various experimental tumors, e.g.
Ehrlich ascites tumor, sarcoma 180, B16 melanoma,
colon 38 carcinoma, and Lewis lung carcinoma, as well
as against xenografted human carcinomas.1718

Other antitumor titanium complexes are the six-co-
ordinate bis(benzoylacetonato)titanium(IV) dihalides
and bis(alkoxides) 13 (R = CH;, R’ = CgH,, X = F, C],
Br, OC,H;). Their antitumor activity has been estab-
lished against Walker 256 carcinosarcoma, leukemia
L1210, and sarcoma 180;!° some similar zirconium and
hafnium complexes have been found to be active against
sarcoma 180.20

R
MV
O\T|_/X
{
o7 | x
rR—¢ 0
o
13

Chemical Reviews, 1987, Vol. 87, No. 5 1139

Whereas the antitumor metallocene dihalides 12 are
neutral compounds, the cytostatically active medium-
transition-metal agents are saltlike metallocenium
complexes 14 (M = Fe, Co; e.g., X~ = FeCl,") containing
in the cation the coordinatively saturated central metal
atom interposed between two parallel cyclopentadienyl
ring ligands. Thus, metallocenium compounds are also
organometallic complexes. Their antitumor activity was
detected in 1984 against Ehrlich ascites tumor.?!
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Regarding late-transition-metal antitumor agents,
numerous compounds of copper are known that contain
organic ligands exhibiting antiproliferative activity by
themselves. Prominent examples of this type of cy-
tostatic compounds are bleomycin- and thiosemi-
carbazone-copper complexes.?? Besides these, many
other copper complexes containing, e.g. ligands of the
Schiff base type, have shown antiproliferative activity.
Thus, efficacy against experimental animal tumors was
revealed for the neutral complex trans-bis(salicylald-
oximato)copper(II)® as well as for the copper(II) com-
plex salt 15 of the macrocyclic ligand tetrabenzol[b,f,-
7.n]-1,5,9,13-tetraazacyclohexadecene.?*
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From certain gold(I) complexes like auranofin it is
known that they are clinically well-approved thera-
peutic drugs against rheumatoid arthritis.2> Reports
upon in vivo antitumor activity of gold complexes,
however, are comparably rare.? Complexes for which
in vivo antitumor activity has been described recently
are gold(I)-phosphine complexes such as the neutral
binuclear 16 containing a bridging dithiolate ligand?’
and the saltlike, mononuclear, tetrahedral chelate com-
plex 17 comprised of two bidentate 1,2-bis(diphenyl-
phosphino)ethane ligands.?2 They effected antiproli-
ferative effectivity against Ehrlich ascites tumor or,
respectively, against P388 leukemia, M5076 reticulum
cell sarcoma, and mammary adenocarcinoma 16/c.

1V. Antitumor Propertles of Metallocene and
Metallocenlum Complexes

The following chapter focuses on the current status
of development of metallocene and metallocenium
complexes as examples of non-platinum-group metal
cytostatics.
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Antitumor early- and medium-transition-metal com-
pounds are mainly represented by titanocene and fer-
rocenium complexes that fundamentally differ from
cytostatic platinum metal complexes. Their antitumor
activities were detected in 197917 and 1984, respec-
tively. In the meantime, it was possible to confirm the
antiproliferative properties of both groups of com-
pounds against a series of fluid and solid experimental

tumors as well as against human malignancies.!®

A. Metallocene Complexes against Experimental
Animal Tumors

Metallocene complexes 12 are characterized by the
following structural features: They are organometallic,
neutral complexes of distorted-tetrahedral coordination
geometry. Their organic ligands are represented by two
n®-cyclopentadienyl ring ligands in tilted arrangement.
They contain early transition metals of subgroups IV,
V, or VI (4-6).5% Strong antitumor activity was shown
for metallocene complexes containing Ti, V, Nb, or Mo
as central atoms M. The two acido ligands X are ar-
ranged in adjacent, cis-like positions.

The main representatlves of antitumor metallocene
complexes are given by titanocene dihalides such as
titanocene dichloride [(C5H5)2T1012, 18]% and titanoc-
ene dibromide [(C;H;), TiBr,, 19],% titanocene carbox-
ylates such as titanocene bis(hydrogen maleinate)
[(CsH;);Ti(OCOCH=CHCOOH),, 20]°! and tltanocene
bis(trichloroacetate) [(CsHj;)oTi(OCOCCl3),, 21],% and
vanadocene dihalides such as vanadocene dichloride
[(CsH;)2VCly, 22].17b,32

Compounds 18-22 exhibited strong antiproliferative
activity against fluid Ehrlich ascites tumor.?-3! After
application of optimum doses, they all induced cure
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rates of 100% whereby the values of the therapeutic
index, indicating the relation between lethal and ef-
fective doses, ranged between 3.3 and 5.5. In Figure 1,
the dose-activity and dose-lethality relationships of
18-21 are illustrated after administration to mice
bearing Ehrlich ascites tumor. Similar results were
obtained against this tumor system with other metal-
locene dihalides 12 (M = Ti, X = F, I, NCS, N;;*¥ X =
Cl, M = Nb, Mol17ed),

In spite of the pronounced antitumor activity against
fluid Ehrlich ascites tumor, 18 and 22 showed only
marginal activity against the experimental leukemia
systems 1.1210 and P388.3 This behavior is not limited
to metallocene complexes but was also observed with
several other promising metal-containing cytostatics,
which turned out to be active in test systems other than
leukemias.?22¢28 Tn the case of numerous solid exper-
imental tumors, metallocene complexes were able to
clearly suppress tumor proliferation and development.
This was shown, for example (Figure 2), for sarcoma
180,'8 the growth of which was reduced by about 80%
after threefold application of 50 mg/kg of 18, thus that
the mean size of treated tumors decreased to 23% of
that of control tumors (100%). Similar results were
obtained for 19 and 20.

In the case of solid B16 melanoma (Figure 3), 18 also
effected significant and dose-dependent inhibition of
tumor growth.!®® The best T/C values induced by
single or threefold doses ranged between 37 and 41%.
After application of five doses, the size of treated tu-
mors amounted to only 20% of control tumors. When
cisplatin (1) was applied in equitoxic doses for com-
parison purposes, similar values were found. Fivefold
injections of 30 or 40 mg/kg of 19 provoked similar
tumor inhibition, the T/C ratios amounting to 30 or
26%.

Another animal solid tumor investigated, colon 38
adenocarcinoma, is known from the literature to be
inhibited by only few common cytostatics, such as 5-
fluorouracil or cyclophosphamide. It was found that
18 (Figure 4) as well as other titanocene derivatives (e.g.,
19 and 20) suppressed tumor proliferation by about
60—80% to 40-20% of control tumor size in a clearly
dose-dependent manner.!8

Analogous results were obtained for Lewis lung car-
cinoma.l® The growth of this tumor was also signifi-
cantly reduced by treatment with 18 (Figure 5), 19, and
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Figure 1. Dose-activity and dose-lethality relationships of titanocene complexes 18-21 against Ehrlich ascites
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tumor in mice.

m Treatment with 1 = ¢
T/C 190 4 cl
(%)
80} / -[
66
I / % 58
60} %
r— \
I / 7 N
L N 2'5
20} \
0 N
c 1x 3x
40 50 40 50mg/kg

Figure 2. Mean T/C values (tumor weight of treated ani-
mals/tumor weight of controls X 100%) determined on day 9 after
treatment of mice bearing solid sarcoma 180 with 18 on day 1 (40
or 50 mg/kg, respectively) or on days 1, 3, and 5 (40 or 50 mg/kg)
after tumor transplantation.

related compounds. The T/C values that were induced
amounted to 70-40%.

In summary of the results of antitumor testing of
titanocene complexes against various experimental an-
imal tumors (Figure 6), it becomes evident that (C,-
H;),TiCl, (18) effected good antitumor activity against
fluid Ehrlich ascites tumor and sarcoma 180 as well as
against a series of solid tumors but that it exhibited only
marginal activity against the experimental leukemia
systems L1210 and P388. A similar spectrum of activity
was recorded for (CsHs),TiBr, (19) as well as for the
titanocene derivatives 20 and 21, which were modified
by introduction of hydrophilic carboxylate ligands as
acido ligands X. When the effects caused by the four
titanocene complexes 18-21 are compared, slightly su-
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Figure 3. Mean T/C values determined on day 10 after treatment
of mice bearing solid B16 melanoma with 18 on day 1 (40, 50, or
60 mg/kg, respectively) or on days 1, 3, and 5 (40 or 50 mg/kg)
or determined on day 15 after treatment with 18 on days 1, 3,
5, 7, and 9 (20 or 30 mg/kg).

5x
20 30 mg/kg

perior antitumor activity is detectable for the dichloro
derivative 18 in relation to 19-21.

These results underline that the introduction of hy-
drophilic groups at the position of the acido ligands X
within the (CsH;),TiX,; molecule can be an appropriate
method to modify antitumor titanocene complexes and
to improve the biological properties of the compounds.®!
Recently, this was confirmed for certain types of ligands
other than carboxylato groups.®? Thus, it is apparently
possible to reduce toxic properties, to improve antitu-
mor potency, and to ameliorate water solubility of ti-
tanocene complexes. ‘

In this connection it is worth mentioning that the
possibility to modify metallocene dihalides at the pos-
ition of the acido ligands X without loss or affection of
the antitumor potency contrasts with the effects re-
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Figure 4. Mean T/C values determined on day 15 after treatment
of mice bearing solid colon 38 carcinoma with 18 on day 1 (40,
50, or 60 mg/kg, respectively), on days 1, 3, and 5 (30 or 40 mg/kg),
or on days 1, 3, 5, 7, and 9 (20 or 30 mg/kg).
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Figure 5. Mean T/C values on day 10 after treatment of mice
bearing solid Lewis lung carcinoma with 18 on day 1 (40, 50, or
60 mg/kg, respectively), on days 1, 3, and 5 (30 or 40 mg/kg), or
on days 1, 3, 5, 7, and 9 (20 or 30 mg/kg).

sulting from chemical modification at the cyclo-
pentadienyl ring ligands. Substitution of C;H; hydro-
gen atoms by organic or elemento-organic residues R
generally diminishes tumor inhibition, whereby the
extent of reduction of antitumor potency is clearly de-
pendent on the degree of modification. This was shown
for (CsH;),TiCl, (18) as a model system against fluid
Ehrlich ascites tumor in mice:3® Monosubstituted ti-
tanocene dichloride derivatives 23, where one hydrogen
atom of one cyclopentadienyl ring is formally substi-
tuted by a residue R, effected reduced cure rates of
60-80%. 1,1’-Disubstituted (24) as well as 1,1’-bridged
(25) titanocene dichlorides, where both rings are sym-
metrically modified by introduction of R or connected
by a bifunctional group Z, included only sporadic cure
rates of 10-30%. Titanocene complexes containing
pentamethylated cyclopentadienyl ring ligands, finally,
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were cytostatically inactive against Ehrlich ascites tu-
mor.

This means that the cyclopentadienyl ring ligands
apparently represent noli-me-tangere elements and
their presence seems to be important for the realization
of potent antitumor properties of titanocene complexes.

B. Moetallocenium Complexes against
Experimental Animal Tumors

Another group of antitumor transition-metal com-
pounds consists of metallocenium complexes 14 showing
the following structural characteristics: They are or-
ganometallic complexes. They contain two 7°-cyclo-
pentadienyl ring ligands in parallel arrangement. As
central metal atom M, they include medium transition
metals of subgroup VIII (8)% like Fe or Co. Pronounced
antitumor activity was shown for ferrocenium com-
pounds. They are ionic, saltlike, and therefore water-
soluble complexes composed of metallocenium cations
and anions X~. They do not contain halide ligands
covalently bound in cis or cis-like positions and are
therefore lacking the cis-dihalometal moiety typical for
metallocene dihalides (12) as well as cisplatin (1).

Antitumor ferrocenium complexes [(C;H;),Fe]*X™ are
represented by compounds with various anions X", such
as the trichloroacetate 262 with X~ = CCl;COO-, the
picrate 272! with X~ = 2,4,6-(NQ,);C¢H,0", the x-oxo-
bis[trichloroferrate(III)] (28)%! with X~ = 1/,-
[Cl;FeOFeCl;1%, or the tetrachloroferrate(III) (29)%
with X~ = [FeCl,]". 26-29 showed marked antitumor
properties against fluid Ehrlich ascites tumor and in-
duced cure rates of 70-100% over a broad dose range
(Figure 7). The appertaining values of the therapeutic
index amounted to 1.7-2.0. Other tumors, inhibited by
ferrocenium compounds, were solid B16 melanoma,
colon 38 carcinoma, or Lewis lung carcinoma.?* As an
example, Figure 8 illustrates tumor inhibition of colon
38 carcinoma by 28. Tumor growth was clearly sup-
pressed by more than 50 and 70% to T/C ratios of
about 30% after application of three- or fivefold in-
jections. Tumor inhibition of similar strength was ob-
served in the case of colon 38 and Lewis lung carcino-
mas, whereas there was no or only marginal activity
against the leukemia systems L1210 and P388. These
results confirm that ferrocenium complexes apparently
exhibit a spectrum of antitumor activity against ex-
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Figure 6. Optimum therapeutic effects of titanocene complexes 18-21 against experimental animal tumors. Parameters evaluated:
increase in lifespan (ILS), fluid tumors; inhibition of tumor growth in comparison to untreated controls (100% — T'/C), solid tumors.

Both parameters expressed as percentages. nd = not determined.
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Figure 7. Dose-activity and dose-lethality relationships of ferrocenium complexes 27 and 26 against Ehrlich ascites tumor in mice.

Cross-hatching indicates surviving animals.

perimental tumors similar to the case of titanocene
complexes.

C. Metallocene and Metallocenlum Complexes
against Xenografted Human Tumors

Besides antitumor activity against experimental an-
imal tumors, metallocene and ferrocenium complexes
also showed antiproliferative efficacy against human
tumors xenografted to athymic nude mice. This was
verified by pilot experiments performed recently.
Diverse human tumors were investigated. Activity was
found in the case of human colon adenocarcinomas,
human breast carcinoma, human cervix carcinoma and
human lung malignancies.

When titanocene complexes 18-20 were administered
to animals bearing a human adenocarcinoma derived
from the colon sigmoideum, strong tumor inhibition by
70% to T/C ratios of about 30% were effected.!8¢
These growth suppressions were highly significant and
lasted beyond the end of treatment period (Figure 9).
No revival of tumor proliferation took place during at
least 3 weeks after the end of treatment. For com-
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Figure 8. Mean T/C values on day 15 after treatment of mice
bearing solid colon 38 carcinoma with 28 on day 1 (150 mg/kg),
on days 1, 3, and 5 (120 mg/kg), or on days 1, 3, 5, 7, and 9 (100
mg/kg) after tumor transplantation.
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parison purposes, 5-fluorouracil, a clinically approved
cytostatic drug showing good activity especially against
human colorectal carcinomas, was also tested at equi-
toxic doses. It becomes evident from growth curves as
well as from mean values of relative tumor volume that
no stronger tumor inhibition was caused by 5-fluoro-
uracil than by titanocenes (Figure 9).

When titanocene compounds, e.g. 18 and 19, were
administered to animals bearing human breast carci-
noma, which is characterized by rapid proliferation
velocity in nude mice, again T /C ratios of about 30%
were caused. The inhibitions of tumor growth were
stable and remained constant 2 weeks beyond the end
of treatment period (Figure 10).

In Figure 11, the influence of 18 and two derivatives
containing hydrophilic ligands on the growth of a het-
erotransplanted human adenocarcinoma of the lung is
shown. All three compounds clearly reduced tumor
growth by 60-70% to T/C ratios of about 30%.% It is
remarkable that these suppressions were again per-
sistent and that the tumors even diminished in size after
the end of treatment.

Optimum inhibition values effected by titanocene
complexes 18-20 in human xenografts are summarized
in Figure 12a. There was pronounced tumor-inhibiting
activity against colon adenocarcinoma, breast carcino-
ma, and lung malignancies, whereas in analogy to the
results against animal tumors superior activity was
observed for 18. Recent experiments performed with
a greater number of individual colorectal carcinomas

heterotransplanted to athymic mice confirmed the an-
titumor activity of 18 against this particular tumor type
(Figure 12b). In the case of 9 out of 11 colorectal car-
cinomas, 18 effected growth inhibitions by 50-80%,
resulting in T/C ratios of 50-20%.

Regarding the effects induced by various ferrocenium
compounds 26-29, there was good antiproliferative ac-
tivity against heterotransplanted carcinomas of the
colon sigmoideum as well as of the rectum.” Against
these tumors, growth inhibition by 70-80% of control
values was effected by most ferrocenium compounds
(Figure 13). In the case of the rectal carcinoma, tumor
inhibition caused by ferrocenium complexes was clearly
stronger than after application of titanocene complexes.
Moreover, the growth of lung adenocarcinoma was also
significantly suppressed, whereby tumor inhibition was
most pronounced after application of the tetrachloro-
ferrate(II) and picrate derivatives 29 and 27 (Figure
13).

In summary, metallocene compounds, meaning tita-
nocene complexes of type 12 as well as ferrocenium salts
of type 14, exhibited antitumor activity against various
xenografted human tumors such as colorectal carcino-
mas and lung malignancies. These results are remark-
able because it is known from comparative studies® that
there is a high correlation between the response of hu-
man xenografts to chemotherapy and the clinical results
obtained with the same drugs. Especially, the sup-
pression of tumor growth in the case of several colo-
rectal carcinomas is a strong hint to the susceptibility
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Figure 10. Growth development of a heterotransplanted human breast carcinoma under treatment with 18 and 19. For further details,

cf. legend of Figure 9.

of this tumor type to 18. Regarding lung, breast, and
cervix carcinomas, positive responses in a greater num-
ber of xenografted individual tumors are required to
clearly underline the antitumor activity of 18 against
these human tumor types.

V. Toxic Propertles of Metallocene Complexes

Another important point for the evaluation and de-
velopment of new cytostatic drugs is the problem of
organ toxicity. Four questions must be considered:
What is the dose-limiting organ toxicity? Does the
pattern of toxicity resemble that of other cytostatics?
Do the drugs severely damage bone marrow function?
Is there embryotoxic and teratogenic influence in
mammals?

These problems were investigated in mice after ad-
ministration of single doses of (C3H;),TiCl, (18) at
different dose levels (EDg, 40 mg/kg; LDy, 60 mg/kg).
For comparison purposes, the inorganic cytostatic drug
cisplatin (1) applied at the EDy, level (10 mg/kg) was
used as control compound. The pattern of organ tox-
icity including myelotoxicity was analyzed by exami-
nation of blood and urine chemical parameters and by
determination of peripheral hematologic counts.

It is known that 1 is burdened by severe nephrotox-
icity,?® which is manifested by structural lesions of
proximal and distal tubular cells and by functional
disturbances such as an increase of blood retention
values or proteinuria and glucosuria. In contrast to
these effects, no functional impairments of the kidneys

were detectable after application of 18.4° This is doc-
umented in Figure 14 for the values of blood urea ni-
trogen (BUN) and creatinine. Whereas after applica-
tion of 1 significant elevations, especially of BUN val-
ues, manifested 1-16 days after treatment, no long-
lasting increases were observable after treatment with
18 at the EDgy and LD, levels. The short-lasting in-
crease of creatinine in the serum immediately after
application of 18 points to a transient impairment of
renal blood perfusion, but not to a permanent renal
lesion. After treatment with 18 or (C;H;),VCl, (22), no
changes of urinary composition were found with respect
to the content of proteins, glucose, nitrites, ketones,
bilirubin, and urobilinogen. No appearance of cor-
puscular elements such as erythrocytes or leukocytes
was detectable in the urine.*!

Moreover, the histologic and ultrastructural analyses
confirmed the apparent nonaffection of the kidneys by
18 and 22.4142 Neither epithelial cells of the proximal
and distal tubules nor other cellular elements of the
kidneys showed any pathologic lesions; their appearance
was inconspicuous and identical with that of control
kidneys even after application of an LDy, dose of 18
(Figures 15-18).

Whereas the kidneys were not injured even by toxic
doses of 18, the serum levels of some liver enzymes, such
as glutamate dehydrogenase (GLDH), glutamic-oxalo-
acetic transaminase (GOT), and glutamic-pyruvic
transaminase (GPT), increased within 1 day after
treatment with 18 to significantly elevated values
(Figure 19), indicating an injury of the integrity of liver
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cells.® It is worth mentioning that these findings were
reversible and of transient character and that 8 days
after substance injection the enzyme values of GLDH,
GOT, and GPT had again normalized and were no
longer elevated over control values.

These functional findings correlated to the morpho-
logic appearance of liver cells after treatment with 18.
The occurrence of small lipid droplets in the cytoplasm
of many cells of liver parenchyma within 1-2 days after
substance application indicated ongoing fatty degen-
eration of liver cells. Single-cell necroses were detect-
able 8-12 days later.?* It is known that similar phe-
nomena usually develop under the influence of hepa-
totoxic agents. In analogy to the above-described
functional impairments, the structural alterations of
liver cells were also reversible and disappeared within
16-32 days after substance application.

The increased serum levels of liver enzymes are only
explainable by disturbances of the structural integrity
of liver cells. However, the excretion function of liver
cells was obviously not injured; thus, the bilirubin and
cholesterol serum levels remained unelevated during the
whole experimental period.%

Organ function was influenced by application of ti-
tanocene compounds, in the endocrine glands such as
the suprarenal cortex and the pancreas.®* The serum
content of some of the hormones produced in these
organs, especially of cortisol and glucagon, markedly
increased in mice by factors of 3—-4 (Figure 20). Pos-
sibly, the initial decrease of serum glucose might be the
stimulating factor for the forced output of both hor-
mones.

Another interesting point is the problem of bone
marrow depression, which mostly represents the dose-
limiting toxicity of cytostatic drugs. In contrast to this
general feature, 18 only slightly affected bone marrow
function.®* The counts of neither mature erythrocytes
nor reticulocytes and polychromatophilic erythrocytes,
which represent young red blood cells, decreased below
control range at any time after application of 18, On
the other hand, in the case of 1, the supply of young
erythrocytes from bone marrow was markedly reduced
near to zero level.

Comparable phenomena became obvious regarding
the leukocyte count.®®* No depression in the case of 18
but a significant diminution of leukocytes in the pe-
ripheral blood below control values took place after
application of 1 (Figure 21).

Finally, a decreased number of circulating platelets
was detectable after application both of 1 and 18
(Figure 21). Thus, thrombocytes apparently represent
the only cells affected by single doses of 18.43

Toxic effect patterns induced by the antitumor agents
18 and 1 in mice are summarized in Figure 22. It
becomes evident that the pattern of organ toxicity in-
duced by 18 fundamentally differs from that induced
by 1 as well as from those toxic features commonly
found for organic cytostatic agents. There is no ne-
phrotoxicity by 18; dose-limiting toxicity seems to be
an injury of liver cells. Bone marrow toxicity is re-
markably low.

Generally, cytostatic drugs suppress and inhibit
cellular proliferation processes by different mechanism.
It is therefore comprehensible that most of them induce
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Figure 12. (Top, a) Growth inhibitions of human xenografts by
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last substance application. Substance application according to
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heterotransplanted to athymic mice, after treatment with 18.

severe malformations and growth retardations in de-
veloping embryos and fetuses when pregnant animals
or women are treated with cytostatic agents.** Applying
18 to pregnant mice at various days between early or-
ganogenesis and late fetal period, however, led to sur-
prising findings:*® There was no appearance of multiple
malformations in numerous organ systems, as is typical
for other cytostatics such as alkylating agents, anti-
metabolites, or vinca rosea alkaloids. The only mal-
formation found in 10-50% of the fetuses after appli-
cation of 18 during organogenesis was the appearance
of cleft palate (Figure 23). The occurrence of this
symptom was a clearly dose- and time-dependent
phenomenon.

In looking for the causes leading to the selective ap-
pearance of cleft palate, in principle, direct as well as
indirect mechanisms may be responsible. The experi-
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ments performed in this connection pointed to indirect
mechanisms to be responsible, as no titanium-contain-
ing species was found able to traverse the placental
barrier to a mentionable extent.?* Probably, the in-
crease in the maternal serum content of glucocorticoids
is the factor causing cleft palate in mice.*® On the other
hand, there do not exist any hints that glucocorticoids
may also induce cleft palate during human gestation.*b

VI. Cellular and Molecular Mode of Action

Whereas, in the case of 1, detailed conceptions about
the probable intracellular mechanisms of action were



1148 Chemical Reviews, 1987, Vol. 87, No. 5

- . e

* -

PTQE L\ B - ey
Figure 15. Histologic appearance of the renal cortex 8 days after
application of 1 (10 mg/kg, EDg). Many dilated tubules (-—) and

numerous necrotic tubular cells with condensed nuclei are seen
after treatment with 1 (X150).

Figure 16. Histologic appearance of the renal cortex 8 days after
application of 18 (100 mg/kg, LDsy). No pathologic changes after
the application of LDy, dose of 18 (X150).

described and experimentally confirmed,*’ there exist
only some indirect indications that the nucleic acid
metabolism seems to be primarily disturbed by tita-
nocene complexes. This became evident, for example,
from incorporation studies with tritium-labeled pre-
cursors of the DNA, RNA, and protein syntheses.*®
These studies revealed (in vivo and in vitro) after ap-
plication of 18 and 22 a persistent depression of DNA
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Figure 17. Part of a proximal convoluted tubule of the kidney
4 days after application of LDy, dose of 18 (100 mg/kg). The
ultrastructural features of renal cells shown do not differ from
those of untreated cells (X11 000).

Figure 18. Part of a distal convoluted tubule of the kidney 4
days after application of LDy, dose of 22 (110 mg/kg). The
ultrastructural features of renal cells shown do not differ from
those of untreated cells (X11000),

synthesis, whereas the RNA and the protein syntheses
were inhibited only slightly and reversibly (Figure 24).

Analysis of the intracellular localization of titanium
after treatment with 18 by use of electron energy loss
spectroscopy*® demonstrated that the central metal
titanium mainly accumulated in those cellular regions
rich in nucleic acids. Most titanium was enriched in
the nuclear heterochromatin, smaller amounts were
recognizable in the euchromatin, the nucleolus, and
those cytoplasmic regions rich in ribosomes. A similar
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pattern of vanadium distribution was obtained after
treatment with 22.

The cytologic phenomena, observed in tumor cells
after treatment with 18 and 22, were in good agreement
with the supposition that metallocene complexes pri-
marily attack DNA molecules.*® Three main develop-
ments were discernible within most tumor cells treated
in vivo or in vitro (Figure 25): the formation of giant
cells; the activation and morphological expression of
endogenous viruses in the case of 18; the development
of cellular necrosis.

All these cytological phenomena are explainable by
a molecular attack of metallocene dihalides upon in-
tracellular DNA, and by this, they confirm the con-
ception of primary attack upon nucleic acids.
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To gain insight into the molecular mode of action of
metallocene dihalides, attempts have been made to
synthesize model complexes of dicyclopentadienylmetal
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Figure 23. Portion of fetuses with cleft palate on day 18 of
pregnancy after treatment of pregnant mice with 18.

moieties with nucleobases, nucleotides, and related
molecules.

Cozak and co-workers® observed monofunctional
bonding of a chlorodicyclopentadienyltitanium(IV) unit
to the N-9 atom of purine (HPur) in (C;H;),TiCl(Pur),
as well as bifunctional chelation of dicyclo-
pentadienyltitanium(III) units to the N-7 and O-6 at-
oms of theophylline (HThe) in (CsH;),Ti(The) and to
both the N-7, O-6 and the N-1, O-2 atoms of xanthine
(H;Xan) in the trinuclear (CzH;),TiCl(HXan)-
[(CsH;),Ti],, which additionally contains a monofunc-
tional dative bond of N-9 to a chlorodicyclo-
pentadienyltitanium(III) center. The value of these
models is limited by the fact that the complexes have
been obtained under nonphysiological conditions and
some of them starting from the low-valent titanium
species [(C;H;)oTiCl], or (CsHg),Ti(CO),. Marks and

Koépf-Maler and Kopf

co-workers®? investigated the aqueous coordination
chemistry of 22 with nucleotides and phosphoesters and
pointed to the coordination of [(CsH;),V(OH,),]** ions
to phosphate groups of nucleotides, mediated by strong
hydrogen bonds between aquo and phosphate oxygen
atoms.

These results again show that the interactions of
metallocene complexes with nucleic acids are possible
and may actually be responsible for the antitumor ac-
tivity of metallocenes. Nevertheless, the character of
these interactions, which presumably depends on the
linear metallocenium or pseudotetrahedral metallocene
diligand type of complex, and, within these types, on
the nature of the central metal atoms, seems to be more
or less different from that described for 1.

The assessment of the actual importance of the
mentioned model complexes with regard to the bio-
logical mode of action is rendered more difficult by the
fact that, in aqueous solution, most of the metallocene
complexes are not stable but undergo dissociation,
aquation, and hydrolysis reactions. In a kinetic study
published by Marks and co-workers,? the order of de-
creasing hydrolytic stability of the M-C;H; bond of
metallocene dichlorides in unbuffered aqueous KNO,
solution was determined to be (C;H;),VCl, (22) >
(C;H;),TiCl, (18) >» (CsH;),ZrCl,. Dissociation of the
first chloride ion was found to be too rapid to be mea-
sured. Approximate half-lives for the loss of the second
chloride amounted to 50 min for 18, 30 min for (C;-
H;),ZrCl,, and 24 min for 22, the equilibrium constants
being K, = 4.2 X 1072 (18) and 2.7 X 1073 (22).

Probably, this apparent higher hydrolytic stability of
the (C;H;);M?* framework in 22 may be responsible for
the much more pronounced growth-inhibiting potencies
of 22 in vitro in comparison to 18.5 Because, on the
other hand, 22 and 18 effect both equivalent antitumor
activity in vivo, the results point to possible stabilizing
interactions between metallocenes and blood constitu-
ents, e.g. proteins and lipid molecules, which have not
been considered in the study of Marks and co-workers.?
Because of the higher hydrolytic stability of the
(C;H;5),V** framework at physiological pH, these au-
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L-[4,5-3H]leucine (right) as a measure of DNA, RNA, and protein synthesis activities, respectively, after a 90-min treatment of Ehrlich

ascites tumor cells with 22 in vitro.
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Figure 25. Schematic representation of main morphological
phenomena within Ehrlich ascites tumor cells growing in vitro
during and after exposure to 18 or 22: a, cellular enlargement
and giant cell formation; b, activation and morphological ex-
pression of viruses after exposure; c, cellular degeneration and
development of cellular necrosis.

thors concluded®®® that 22 should be the compound of
choice for further mechanistic and antitumor studies.
In this connection, it is worth mentioning that it was
possible during the past months to develop an appro-
priate galenic preparation preventing hydrolytic reac-
tions of 18. Interestingly, the antitumor potential of
18 was unchanged and preserved under these condi-
tions.?*

VII. Conciusions

The following conclusions can be drawn from the
experimental results known about non-platinum-group
metal antitumor agents:

(1) Non-platinum-group metal antitumor agents are
represented by different groups of inorganic and or-
ganometallic compounds containing either main-group
elements such as Ga, Ge, and Sn or early, medium, and
late transition metals such as Ti, V, Fe, Cu, or Au.

(2) Most of these compounds are characterized by
spectra of activity against experimental animal and
human tumors not identical with those known from
platinum complexes. It may be expected that these
differences considering the preclinical spectrum of ac-
tivity are indicative of differences in the clinical spec-
trum of activity and that there does not exist cross-
resistance between platinum and non-platinum-group
metal cytostatics.

(3) The toxic properties of most non-platinum-group
metal cytostatic agents, especially of those containing
less heavy metals such as Ti or Fe, fundamentally differ
from those of platinum compounds. Theoretically, this
constellation opens the possibility of combination
therapy without the danger that toxic properties will
potentiate.

(4) From these biological features, it can be concluded
that non-platinum-group metal antitumor agents do not
represent analogues of antitumor platinum complexes
but that they must be considered as independent groups
of antiproliferative agents.

VIII. Perspectives

The recent detections of various, quite differing
non-platinum-group metal antitumor agents justify the
assessment that we are presently only at the beginning
of a new development and that, probably, numerous
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novel results will be uncovered during the next years.

It may be expected that other cytostatically active
complexes of Ti, V, Fe, Cu, Au, Ga, Ge, and Sn will be
detected in the near future and that further antitumor
compounds containing non-platinum-group metals
differing from these elements will be found.

This means that inorganic and organometallic com-
plexes obviously represent an arsenal of substances that
are actually only sporadically explored with respect to
cytostatic properties. The antiproliferative potencies
that have been shown for some of them during the past
few years qualify them as promising compounds for
further antitumor studies.

Moreover, it seems probable that some of these com-
pounds will also exhibit pharmacological properties
different from antitumor activity. In pilot experiments,
for example, antiviral, antiinflammatory, and antiar-
thritic activities have been revealed for titanocene di-
chloride. The search for unusual pharmaceuticals
therefore represents a fascinating and important topic
in the field of bioinorganic and bioorganometallic
chemistry.
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In this paper the periodic group notation is in accord with
recent actions by IUPAC and ACS nomenclature committees.
A and B notation is eliminated because of wide confusion.
Groups IA and IIA become groups 1 and 2. The d-transition
elements comprise groups 3 through 12, and the p-block ele-
ments comprise groups 13 through 18. (Note that the former
Roman number designation is preserved in the last digit of the
new numbering: e.g., III — 3 and 13)



