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AB3REVIATIONS 

acac acetylacetonate anion, CH&O.C-H.CO.CHa 

DMG dimethylglyoxime 

St80 Sarcoma 180 
mp 6-mer~ptop~~e 

t&Tn thioguanine 

butP butylthiopurine 
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Et 
o-p&n 
OAC 

.!dY 
DMSO 
DMBA 

Cancer c~~rn~th~r~~y is a field of cancer treatment which has largely evolved in 
last thirty years_ The esse~ti~ baGkb~ne of the s~b~~~t has 

ening ~r~~~ss~s ern~~~~ed as tests for drug activity. ~~~sta~di~g among these 

has been the work of the U_S, national Cancer lnstit 

~uund t SU,UOO ~~mp~u~d~ in t e past two decades. 
a result of specific biok#cal observations but others, 
been screened on a purely empirical basis. The intelligent application of the empiri- 
cal approach has led to the discovery of useful “families” of anti-cancer drugs, Once 
random screening has unearthed a potent I systematic screening of compaunds 

with related structures enables any struct viity re~~tiu~shi~s to be exploited in 
order to ma~mise the a~t~-t~rn~~~ effect- Perhaps not surprise $ pricrr to 1969 
very few af the screened c~rn~~~~ds were in~r~a~~~ in satire ( than 20 out sf 

0 for the N.C.I.). However, in 1969 ~~s~~b~rg and Van Camp dern~~str~~ed 
tivity far c~~~a~~ Pt ~~~rd~~at~~~ c and tkds key 

p a new class of anti-~urn~ur agen 
nation complexes, Work is now in progress in several l~b~r~t~ries to redress the 
balance of screening more towards inorganic compounds, and it is hoped that this 
review will encourage the trend. 

Chemotherapeutic research depends heavily on the screening and testing prose- 
dures and it is imp~~ant to have some knowledge of these in order to interpret the 

~s~lts~ and to deter-?&K the em~~as~s to be put on tiem in the ~~~t~~t of a 
aitic testing ~ru~amrne. Thus it is ~e~essa~ to out&-~ these pr~eed~re~. Seve 

ved this aim in mure detail than is 

proved to be elusive and a common property Arnold 

versa1 cure is to be 

ncers is needed if a uni- 

chemicals are selectively toxic towards cancer cells of a particular type, but this is a 

property of cell type rather than a general property of cancer. The term cancrer em- 
braces many different di es which differ from one another biochemically. This 
child not be quite such uge ~r~b~ern if each h 
tetrad which could be US for tra~s~~a~ta~~~~ a 

~jfes~~y not the case. 



The immune response to advanced cancers is believed to be very small and the 
~ytoto~ic agent must kill virtually every neoplastic cell if a recurrence is to be pte- 
vented- Drugs tend to kill a faced percentage of cells (in a~rn~~s) and single admin- 
~trati~ns rarely bring about complete eradication of a ~~rno~~~~ 
trations are necessary and these should be continued after the tu 

ently disappeared. Thus the dru must be reasonably well tolerated. 

Most anti-tumaur agents have proved to be selectively toxic far cells undergoing 

DNA synthesis and not surprisin y there is some correlation between anti-tumour 
effects and effects on microbial or other rapidly growing organisms. Rosenberg’s 
~sc~ver~ of the anti-cancer plati urn ~ompu~~ds hinged on an ubse~atio~ of bacte- 

riological activity6*’ (see below), f-I owever, in general these systems are most useful 

for detailed mechanistic studies after initial detection of anti-tumour activity. 

Human or animal cells in culture are used as screens but these give only cell toxicity 
data and no information on the drug’s overall effectiveness. 

Ideally animals beating spontaneous turnouts should be used but these tend to 
arise late in the lifespan and are inconsistent from animal to animal. Thus in practice 
they are used only as a secondary or more specialised screen. Most spontaneous or 
c~~mi~~~y-induced t~~our~ can be transplanted to other animals by tumour frag- 
ments, which graw ~mm&d~ately. This is the basis for almost I screens and such sys- 
tems have been at least partly responsible for the discovery all the anti-tumour 
drugs in use today (Table 1). A large number of tumour lines been transplanted 
but there are a few which are most commonly used (Table 2) e NationaI Cancer 
Institute has now set up protocols for 20 in vivo test tumo 
muurs are most pop ar for primary screens as relatively smaU a~tit~~~ of drug are 
required, especially by comparison with rats. Mice of the s 
generally with as much in-breeding as possible to give an approximately “homoge- 
neous set” of animals. Particular tumours often appear to be more sensitive to a 
partic ype of drug (Table 2). No particular men seems to be suffic 

Sitk? known drugs to br! used as a ~~~ver~ 

mia L.1210 is most widely used and would have detected the majur~ty of tile drugs 
in clinical use). In this situation it seems wise that a variety of screens should be em- 

ployed even on the same family of compounds. 

Screening should determine whether any anti-tumour effect is present up to the 
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Name Origirr 

Sarcoma 180 

(also known as the 
Cracker) 

Leukemia L-1 210 

Ehrlich ascites 

6C3HED lymphosar 
coma (also known 
as the Gardner) 

Yoshida s~com~ 

Mouse 

(various strains) 

Moustl 
(C-5 7 Black) 

Mouse 
(f)BA and Ft hybrids) 

Mouse 

(various strains) 

Mouse 

(C3H and CBA strain) 

Rat 
(various strains) 

Rat 
(mrious strains) 

Arose spontaneously in the axilta of a wl4te 
mouse. Initially described as a carcinoma 
but after many transplantations it has the 
features of a sarcoma. Moderately sensitive 
ta a number of agents and is used ia a solid 
and a&tic form 

Arose spontaneously as ir mammary adeno- 
carcinoma. Slow growing and sensitive to 
antimctabolites 

CItemically induced by cutaneous applica- 
tion of Z&methylcholanthrene. Grows from 
a single cell and d~ssemjnat~s rapidly in both 
Sslid and ascites forms. Very sensitive to 
many classes of agent, particularly anti- 
metabolitcs 

One of the earliest known transplanted 
tumours. Arose as a spontaneous mammary 
tumour in a stock mouse. Solid and ascitic 
furm~ used. Not very sensitive to k~~~v~ 
c~emothera~~~ti~ agents 

Induced in a female C3H mouse by equiIin- 
benzoate. Solid and asci,tes forms used. Sen- 
sitive to many classes of anti-cancer drug 
but especiaIly asparaginase 

Arose as a spontaneous mammary t~~o~r in 
a stock rat. Rapidly growing tumour which 
quickly becomes necrotic. Solid and ascites 
used and both are particularly sensitive to 
alkylating agents 

Arose in the scrotum of a rat fed with 
~-a~ido-~zotoI~e~e_ Sofid and ascites forms 
used_ ~~~d~~~te~y s~~s~~~ve to many agents, 
but particularly sensitive to alkylating agents 

toxic dose, and should enable comparisons to be made with other compounds. lm- 
purtant para~~~~rs are defined as fullows: 

~~~~~ doses are represented by LCI,, where tz is the per~~~ta~e of animals killed 
at that dose. I.J&,, is most commonly used. 

Similarly effe@ue or ihX’r;ory dosesare represented by E.D, or I.DP1 respec- 
tively. i.D&s are most commonly quoted. 

The r~e~~~e~~c itrdex (T.1,) is the ratio of a lethal dose (usuaIEy LD,,) to an 

hitory dose ~~s~aIIy I.D&) and this i~di~~tgs the seI~ctivity of the 
For solid tumours the amount of inhibition is measured by a comparison of the 
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weights of treated and untreated (control) tumours. This is expressed as a percentage 

and termed T/C. Values less than SO are generally considered significant. 

In mice the drugs are usually administered intraperitoneally dissolved or sus- 

pended in a suitable solvent, either as a single dose or on a daily basis. Four widely 

spaced tests can rougfily determine the toxicity. Six closeiy spaced tests up to the 

toxic fevel should t en enable the SrD5(1 and IX& to be ~a~~~lated~ Drugs are ad- 

ministered either the day after transplzmtation, when the tumour is just palpable, or 

sometimes when the tumour has reached an advanced state. At the end of a fixed 

time the test animals and controls are killed and the tumours are dissected out and 

weighed. Screens are routinely checked against compounds of known T.1, which act 

as a positive control against histological ~han~~~ in the t~mou~ line. 

B. A SURVEY OF RESEARCH PRIOR TO THE DISCOVERY OF ANTI-TUMQUR PLATINUM 

COMPOUNDS (1969) 

relatively little systematic research in this area was attempted prior to 1969. 

Much of the interest was eentred on the potential carcinogenicity of metals and 

their s&s, rather than on any potential anti-cancer properties. There are several ex- 

tensive reviews on metal carcinogenesis ‘sl’_ Another important area involved &e 

study of relative ~on~e~t~ations of essential metals in neoplastic and normal tissue 

with the aim of ~~~d~~~ ~ff~re~~~s which aide be e~~~~~table in terms of cancer 

c6ntroi”““5. It is intended that this review should concentrate on transition metal 
complexes, although other inorganic compounds will be, mentioned where pertinent. 

The first metal-based remedy to undergo extensive clinical testing was Fowler’s 

solution, which originally consisted of a suspension of lead arsenate in benzene? 
~~~~arl~ ~o~~oida~ lead and Eead p ate have been tested witfi some reported 
success’? The use of combinatio these leads one to presume that less empha- 

sis was placed on general toxicological studies than is the practice today. However, 
arsenic, in the form of sodium or potassium arsenite or various organoarsenicals, is 

still used clinically to a limited extent and particularly in the treatment of leukae- 

mia~‘“~~. elemental ger nium has shown some activity adjust s~~~ta~eo~s mouse 

tumours but tin and va urn were found to be inactive’” _ Small doses of copper, 

bismuth, ruthenium and selenium have also been administered clinicaUy”6. 

One of the earliest extensive surveys ‘* of the ant~-t~~o~~ actions of ~~~~~a~~~ 
compt\unds was made by CoUier and Krause (1931). Sixty four assorted metal com- 
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TABLE 3 
Effect of metal chlorides on a sarcoma [DBA 131) in DBA mice (ref. 23) 

Compound Drinking water Daily injections (5 days) . 

Dose T/C Percentage Dose T/C ~e~ce~~~e 

Cmg/dayI ch>sge in w%/~aY) change in 

body wt. body wt. 

0.7 65 -8 0.1-0.2 
0.3 68 -10 0. L-O.2 
0.3 63 -9 aos -0.75 
O-4- 1 .O 81 +2 0.2 
0.2 76 +-7 0.1 
0.4 76 -7 0.5 

1.0 
0.1 

0.4 59 -8 6.1 

73 -2 
75 -2 
85 4-3 
64 +3 

100 +5 
99 -1 
65 -4 
71 -3 
96 -2 

IThe c~mpuu~ds were often not tested up to toxic levels) 

pounds including oxides, halides, cyanides and ammines (Cu, Pb, Cr, Mn, Fe, Co, Ni, 
Ru, Rh, OS) were dissolved or suspended in physiological saline or oIive oil and were 
injected ~b~ut~~ous~y into mice bearing an im~Ia~ted Ebr~i~~ ~~r~i~~rna. Unfor- 
tunately no quantitative data were given, but some salts of Iead, ~~~~~i~rn and 

manganese were described as slightty active while Cs2 [Rh&] l H, 0 in oil was con- 
sidered distinctly active. K,fRu(CN),] and OsOz in oil also registered marginal effects. 
Taytot and Carmichael (1953) assessed 37 metaI chlorides and nitrates, noting their 
effects on the embryo and tumour of t~mour-beanbag eggs23 (the implanted tumour 

was a mouse mammary adenucar~~~om~~ and also on DBA mice gearing a sarcoma 
transplant. The compounds were generally ineffective (Table 3), showing a maximum 

of 41% inhibition against the sarcoma, and this was when administered in the 
drinking water. Platinum chloride, tCl,, showed little effect (< 20%) and proved to 
be very tcrtic towards the embryos, Cescbickter and Reid (1947) synthesised oil- 
soluble pht~al~te compIexe$’ (Fig. I) of cobalt, nickel, iron, copper and ~a~ga~~~~, 

ali in the bivalent state. No preparative or analytical details are given for these eom- 

Funds and their actual stoichiometry must be in doubt. However, the coPper, 

Fig. l. Oil-sofubie phthalate complexes (R = alkyd group, mast commonly butyl)_ 
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nickel and cobalt buthylphthalate complexes were tested on humans. Twenty cases 
of kukaemia were treated and it w s claimed that seven benefited from this treat- 
ment. Although the compo s appear to have had sume sele ive toxicity towards 
the ~~ukaemic phase of the te ceil &~~~t, the ~~~~~~~~ to t rapy, when f’avour- 
able, produced a regression which lasted only 3-6 weeks. Following this it was 
necessary to employ 2-5 times the original dose to secure a second regression. The 
nickel compounds showed an effect against spontaneous iymphomas in D&A. mice 
and oes t rogen- mammary carcinomas in rats, giving a considerable increase 
in ~~fes~a~ in e , ~~~~~~ the ~~~~~r ~~rn~i~ed static rat than d~cFeasi~~ 
in size. Subsequently nickel b~ty~~h~~a~~ showed useful clinic ffects on some 
solid human tumo This apparently promising research appears to have been dis- 
continued; in the 1 t of recent work (particularly on carboxylates, p. 371) it would 

seem worthy of re-investigation including a complete characterisatian of the com- 

plexes. 
alo and bangs (1957), wurk~~~ OR the theory that the oxidative metabolism in 

tumour eelIs is suppressed, looked for autoxidisable Gomplexes which might promote 
the oxidation mechanism and hopefully inhibit the tumour growth”. They claimed 

to have prepared same fifty different complexes of the metaIs found in enzymes, 
with ascorbic acid and the metaboiites of the Krebs cycle (carboxylic acids) as 
figands. however, restrlts for only three such complexes are detailed. These are iran 

anCr cadmium ascorbate and manganese malate complexes, which were tested against 
an Ehrlich mouse carcinoma and a Guerin rat carcinoma. The iron complex enhanced 

the growth of the mouse tumour, while the cadmium one, at identical doses, showed 
an inhibitory effect but was very toxic. The manganese mafate was active against 

tumour~ and was fess toxic. The iron ~~~~~bat~ ~~~~~~~d the ~~datiu~ of p- 
y~e~edian~ne which had been added to the carcinoma tissue, whereas the cad- 

miu,m complex enhanced the corresponding oxidation. The manganese malate 
formed a coloured complex with pphenylenediamine which decoIourised quickly in 
normal organs but only slowly in tumour tissue. Although these tests appear to sup- 
port the original hy~othesis~ they Qbvious~y constitute insuf~c~e~t evidence for it to be 
co~s~d~r~d proven. However, this approach seems overly of further investigation. 

flu” and Cu’” complexes with 3,4,7,8-tetramethyl- 1, IO-phenanthroiine (phen) were 
evaluated against the Landschutz ascites tumour in mice26_ [Cu(phen)J Cl, and 

[Ru(phen),lC12 caused significant inhibition while [Ru(phen)z(acac)]C1 was less ef- 
’ fective27- Similar W&-chelates have shown neuromuscular toxicity (p. 380). 

Simple copper safts appear to have some cytostatic properties, and CuSO4 has pro- 
duced significant inhibition of the tumour growth rate of S.180 and various experi- 
mental carcinomas (including Ehrlich) . 28 However, no significant prolongation of 

survival time was recorded. cargoes oximes were tested a~a~Rs~ the ~~r~~c~ ascites 
sarcoma 180 turn&s with little effective increase in lifespans (P.L.S. C 3~~~~~~. 



In vitro studies indicated that same of these compounds had an injurious effect on 
the selective permeabihty of the tumour cell membranes, and this effect appeared to 
be increased m the presence of Cu’I and Felt salts. For copper and iron ar-ketogluta- 

rate complexes the effect was apparent at 25 burns as opposed to 100 rng~~ for 

the free ligand, ~~hy~~yo~~~, DMG (< SO ~g~kg~d~y~, &wed no ~~~~i~~ 
of the test turn but gave good results in the presence of Cu” although not with 
NifI CCP zn*1 s Mn’l Mg” or Hg” . The [CU(DMG)~] chefate 
lifesban 0; 200--30076 and showed activity even on a single inj 
These cu~po~~ds were init~~~y tested OR the basis that the metal might mask the 
hydrQ~h~~c group of the axime and ~~cr~as~ its per ity torque the f mem- 

brane. Once in the cell, the anti-tumour activity of e oxime (which pears 
to be quite small in viva) might be displayed. A sinGJar approach was adopted later 
by Kirschner using antimetabolite drugs as ligands3’y32, Anti-tumour activity has 

also been recorded for copper chelated with t~~~sem~carba~o~es. The most investi- 
gated system involves 3-et~oxy~~-ox~b~tyr~dehyd~ b~~-~iu~rn~~~b~one (known 
as kethoxai his-thiosemicarbazane, KTS) (Fig. 2), the activity and toxicity of which 

was found to be directly proportional to the dietary intake of 0.1” for rats bearing 

the Walker 256 carcinosarcoma. The copper alone had no effect while Co” ions 
reduced the activity and toxicity of both KTS and the Cu-KTS combination. The 
Cu-KTS cheJate was sy~~es~sed and gave d~~-de~end~~t t~rn~~r regression of the 
Walker 256 in rats, althou~ the results do not appear to be si~ni~cant~y better than 
those for KTS a20ne33-35. Other workers have reported activity for the Cu-K 
&elate against S.180 in mice while chloride and stearate salts of Cur1 have no ef- 
fect ‘U Cu” ions had a similar gffect on pyruvaldehyde bis-thiasemicarbazone s 

~~a~~st a variety of tumou~ while Zn” also enhanced the activity against the Walker 
ss effective were Mn If, Mg”, Fe”, Nil’ and Cd!’ in decreasing order. 

A consistent inhibition of S. 180 in mice has been reported using copper, palladium 
and cadmium complexes with dithioxamide (rubeanic acid)3g, The tumour diameter 
is quoted as :--i of the controls. The Cu compound was inactive against a leukaemia 
(L4946 in AKR mice) but the lead anaiogue gave some increase in lifespan. The Iat- 

ter also caused some ~~h~b~t~on of a melanoma ~a~d~~~-~~sy~, but was ineffective 
against a carcinoma (RC in DBA mice). Dithiox ide was inactive in all cases, 
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Japanese researchers have studied a series of CoJ” and CrII’ ammine complexes 

which were evaluated against the Yoshida sarcoma40*4’. Some forty compounds were 

examined but none showed better than rn~~~~~ a~tjvity_ Currr hexa~~~e and 

pentammine salts were very toxic (confirming the earlier of Dryer et al. lo5 on 
inert complexes with positive charges - see p. 380) but [Co(NH3)&12]Clt [CO(NH~)~- 

CO~]NO,. lHzO and [Cr(NH3)&Z204)] [Cr(C@4)~(NH3)z] showed some inhibition of 

tumour growth- It is interesting to compare the con~g~ration of these complexes 

(all cis except the chloride, which is not ide~ti~ed as & or trans) with those of plat- 

inum which are described in the next section, It is reported that a 1 : 1 complex be- 

tween bis-histidinecobalt(l1) and 8-azaguanine is somewhat effective against Ehrkh 

ascites in mice. It was excreted unchanged in the urine and it is claimed that tfZe OX- 

idation of succinic acid by liver cells was normal whiIe in the cancer cells it was depressed. 

The complex had a specific effect on cytochrome oxidases42 _ ~~~~~~ a cobalt 

complex with cysteine and phenyithiourea prolonged the life of mice with an Ehr- 

lich carcinoma . 43 Cobaltous chloride, CoC12 and Na2[Co(N0&] did not affect the 

owth of established epithelial tumours induced by methylcholanthrene, although 

bsth were inhibitory when given during methylcholanthrene administration44. 

Several naturally occurring cobalt-containing molec~Ies such as cyanocobalam~~ 

(vitamin 13;2)45 and cobalt protoporphyrin~ have found occasiona use in the treat- 
ment of specific tumours. 

ZnClz has fotmd a specific application in the chemosurgical treatment of skin 

cancers ~~0~s tcchni~~e~~~~43. Surety removal of the turnour is folIowed by 

topical application of ZnClz to kill remaining cancerous cells. Mercuric chloride is 

used as an irrigant solution for eradicating malignant cells from surgical wo~nds”~, 

and mercuric iodide has also been tried as an anti-cancer agent? 

No discussion of the earlier work in this field would be complete without men- 

tioning the extensive review work of Furst *6p5r_ He has postulated a relationship be- 

tween chelation, carcinogens and anti-cancer agents. Later a baok on the chemistry 
BF chelation in cancer was produced, but this does not appear to have been widely 

read by chemists . 16 In this book Furst points aut that the majority, if not dl, of 

non-metallic carcinogens, or their proposed primary metabolic products, are psten- 
ents. This suggests the possibility that their action is due to inter- 

actions with essential metals particularly with respect to removing them from 

specific celfufar Iscations; inhibition of enz~rn~s could occur in this manner. 

also remarks that some metals are Kiowa to cause cancer and that most ch@mo~er- 
apeutic agents used experimentally and clinically are potential metal binding agents. 



Metals may be best transported into a cell in a chelated form, as most chelates have 
a relatively high lipid solubility and the human body is capable of concentratin 
only the essential metals but also other abnormal ones. Thus a carcinogenic cheiate 
may penetrate the cell wall and bring with it an abnormal metal (active cell transport 

usualIy involves small proteins - p~~ocytosis). Within the cell a equilibrium can 
take place between normal metal, abnormal metal, enzymes and complexing agents. 
Under carcinogenic conditions the abnormal metal concentration may be higher 

(there does not appear to be any significant evidence to support this) and the pertur- 
bati~n of cell metabolism could result in transformation to a neop~asti~ cell. Anti- 

Car%er agents may be metal birding agents ~~~~c~ ina~tiva~c the ~bn~~ai metal. more 

than the normal metal in the cell. As most agents are non-selective and bind many 
metals, they may inactivate some of the enzymes which are necessary for rapid 
growth. At the same time anti-cancer metal binding agent? would be likely to aid 

the entry of abnormal metals into normal cells and would be themselves somewhat 
~rcinoge~i&~ These speculations are based on ge erat obs~~ations on ~ar~~~og~~s 
and anti-cancer agents and some seem somewhat unlikely, particularly as many artti- 
cancer agents have been shown to react with nucleic acids and inhibit DNA synthe- 
sis, which appears to be the general mode of action. However, Furst had the fore- 

t to suggest using Pt”’ and Pd”’ complexes (1962) particularly with su~ph~r 
stards as ~~ga~ds~ althou he seems to have been thinking in terms of using these 

complexes to brick about entry of the figands into the cells. 

Kirschner et al, partially adopted Furst‘s suggestions and .nthesised complexes 

with either naturally occurring biological molecules or known antiatumour agents as 
the ligands 31 ,32*52. They worked on the assumption that all cancers may be virally 
caused and that selective reaction with the virus might be possible. In fact m 
same chemical armaments wift apply whatever the site(s) of reaction. In this case 

metal ions of class “a” and “b”’ nature (see p. 382) were used ‘Od, and it is suggested 
that reaction with a virus would release the biologically active ligand to further in- 
hibit tumour growth. Three of the five active complexes (Table 4) consisted of 
Pd”” or PtfV boned to an S-donor ~igand (6-mer~ap~opuri~e), and such stron 

TABLE 4 
Screening results for some complexes with bioIcrgically active ligands (ref. 311 

Complex Turnour* Dose range 6 Optimum T/C DoseC Toxic leveld 

Nq (M3-npl2Q E -2W, 0 S.180 44-150 7 150 > liso 
G-755 4-280 <f 16 > 32 

~~2~Pd(mp)2~2~-~~~ S.18Q fOV 13 100 100 
Ca.755 9-36 <I 18 g-368 

Na2[Bi(O)(mp)2] .3H2O S. 180 14-112 16 II2 > 112 
a.755 OS-46 <l 23 45 

[I*dWqWW ea.755 3-1000 4 IOOU 3 IO00 

[Bi~t~)~~2~] 3.5 &of <1 5 S-IO 

%ke Table 2. ‘Daily dose (reft 8). ‘Dose at which optimum T/C was obtained. %osc at which 
survivors are > 83%. %niy one dose tested. fonly two doses tested. gVariabIe toxicity, 
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TIME 1N HOURS 

Fig. 4. Filamentous growth curve as measured by turbidity of E‘. coli bacteria 

chemically defined edium. Concentrations of cis-[Pt(NH~)2C12 1 vary frarn 

p_p*m_f arId after 1 all the bacteria are in thr: rbrm of ~~~~e~t~ {ref. 7t). 

in 

10 

test tubes 

-1OOCricf 

in a 
(2-20 

ammonium sait in C medium, Fresh solutions of (NH4)2 [PtCl, ] are bacteriostatk 

and inhibit cell grawth at these concentrations (- 10 p.p.m_). Van Camp and CO- 
workers noticed that aged solutions (2-3 days] were very effective in producing fila- 
ments at Iow platinum concentrations ‘. Spectroscopic and ionophoretic studies con- 
firmed the photo~he~ica~ reaction ’ 

[ptCI,]‘-+n NH; ~cis-[PtC1,_,{NH~)~1(2-“)-+rz H’+/t Cl- 

which in the time period studied did not proceed much beyond the IZ = 2 stage. The 
pentachloro species, [PtCl&IH,)] , - is neither an effective growth inhibitor nor cell 

~v~s~oR ~~~~~~to~~ but as it readily ~~nv~~~ to the ~~~t~~~ species in the ~re~e~~~ of 
C medium and Ii t it does appear to force f~~~~~tous growth. The neutral species 

cis- [Pt(NH,),CI IS a potent inhibitor of cell division while having only a small in- 
hibitory effect on the growth rate (Fig. 4)_ Testing of synthesised cis and D-~~Y~ 
* 

ers confirmed that the cis species is biologically active while the ~TQ~ZS isomer 
relatively little effect on the eel1 growth processes. At the same time the corre- 

s~~~~~~~ ch and ~?~~~~ Pt”’ species, ~Ft~~~~)~~~~~, wefe tested and again only t 
c& compound caused filamentation (Fig, 4). This is also likely to be formed in small 
quantities during the electrolytic and photochemical reactions due to reduction of 
z:z- [Pt(NH&Q,j. 
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TABLE 5 
Distribution of “’ Pt among the various classes of cellular compounds extracted from bacteria 
(expressed as a percentage of r~d~aactivity) (ref. 66) 

Metabolic intermediates 19 74 60 1 
LifSids 6 2 f 3 
Nucleic acids 30 19 20 1 
C$toplasmic protems 4s 5 19 96 

“Contains mainly cis-[Pt(NH3)~614]. 

studied the ~j~~~~~~~~~~ of ~~~~~~~~ ~from irradiated 

(l++l&)2 [PtCl,]) in A!?_ co/i and two gram-posit&+ bacteria B. cereus and S. aureus 
(Tvble 5). In the latter case most of the platinum was bound to metabolic interme- 

diates, whereas in E. coli it was distributed amongst the cytopksmic proteins and 

nu%leic acids. A clue to the mode of action was given by a comparison with the dis- 

tCl, ] solution, where nearly StEl the pIat- 
inurn was in the cytoplasmic protein little was associated with the nucfek 
acid (Table 5). 

Other Group VIII metal compounds were tested against bacteria and some ruthe- 
nium and rhodium compounds were found to cause filamentsus growth in A’. cali 6*67 

t to the same extent as for the platinum compounds- 0th 
owth can be reversed and break up of the ~arne~ts c~yt 

ddition of various agents such as pa.ntoyI laetone and s 

cations68g6g. In this case none of these agents had any effect and cytokinesis could 
orJy be initiated by removal or decrease of the platinum in the culture. This suggested 
th’at the cause of Pt-induced inhibition of cell division might differ from thuse pre- 
v&sly reported_ 

Another aspect of the bacterial activity was reported by Reslova et al_ 7p*71, who 

found that lysagenic strains of E. coli (i.e. E. eoii which have previously been in- 
fected by bacteriophage, from which genetic material has been incorporated into 

the bacterial cell and become repressed and not normally detectable) can be in- 

duced by the ~~~t~~~rn ~urn~~~~d~ ta d~v~~o~ ~~~t~~ a- ~0~~~~~~ viruses tead~~~ to 
iysis (destruction) of the eelf (Fig- 5). Other a nts such as UV and X-rays and chem- 
icals, including nitrogen mustard and other known anti-tumcrur agents, are also known 
to have this effect *. 

The property of inhibiting cell division but not cell growth suggested that these 
compounds might have anti-tumour properties and this was emphasised by the fact 
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TABLE 6 
The effects of some Group VIII complexes on bacterial growth (E. co0 I3 - refs. 6,7,109) 

l3acterb Filame it-inducing filaments Elongation 
static con- concentration P%) 
centration (rglmi) 
Ccrglml) 

20-30 

20-60 
30--100 
2s 
25 

20 2.5 
Inactive 

15-30 
40-100 

> 25 5 
Inactive 

IIXWSiW 

Inactive 
Bacteriocidal 

75 

to 
75 

10 
a 
a 

10 
SO 
a 

25-75 

Bactcriocidal 
Bacteriocidal 

Bacteriocidal 

Inactive 
inactive 

5 

5-25x 

3-5x 
5-25 x 
0-5x 
S-LOX 

5-10x 

5-20x 
s-10x 

3 25x 

3-5x 

=Not estimated. bFsr more data see ref. 11 I. Widely differing results have been obtained far 

~riious samples of hydrated rhodium trich!oride. 

strain of mice and were found to be effective in inhibiting the tumour growth’, 

leaving some animals tumour-fre (Table 7). As had been predicted by the bacterio- 

fq$cal results, ne,ither of the tram isomers @+I or PtEV) showed any appreciably 

activity, The two c& ~urnpo~~d~ were ~~bm~tte~ to the U.S. nations Cancer Insti- 
tute and were screened against L.1210 leukaemia in mice’. They&owed potent 



TlME IN HOURS 

Fig. 5. Growth curve for a lysogenic strain of E. cacti grown in the presence of a 10 p-pm- soiu- 
tion of cis-[Pt(NH3)2CIs 1. After 3 h the induced viruses cause complctc lysis of the bacteria. 

Most anti-tumour complexes show this property, whereas many compounds which are not ap 
preciably active cause simple filamentation (ref. 72)_ 

anti-tumour activity and effected several cur s with single injections at the thera- 

peutic dose of 8 mg per kg of body weight. Rosenberg and Van Camp went on to 

show that cis- [Pt(NH&C12] was capable of regressing large solid Sarcoma 180 

tumours (8 days ohi) in Swiss white mice 2_ A single intraperitoneat dose of 8 mg per 
kg caused the complete regression of at least 60% of the tumo~rs- As with most 

cures of transplanted tumour systems, this produced long-term immunity to this 
Particular turnour. As cis-[Pt(NH&C12] appeared to be the most potent of the orig- 
inal compounds it has now been extensively tested against many other transplantable 

tumours, and has been shown to have a wide spectrum of activity (Table It is 

ROW ~~dergo~~g extensive human clinical trials in the U.S.A, under the a ices of 

the National Cancer Institute, Although these trials are far from ~ornp~et~o~, the 

preliminary clinical results are promising and show definite tumour growth inhibi- 

tion7iv74. These results coupled with some of the earlier reports, suggest that inor- 

TABLE 7 
The original anti-tumour results for platinum complexes (ref. 1) 

Complex Turnso@ Dose ra.nseg Optimum r/C (%I.L.S.) Dose b 

cis- [ Pt(NH&f12 ] 5.180 OS-2C 1.8 2.0 
L.1210 1.256 87 1.25 

S-IO e > 83f 10 

4% 1 Pt(NH &Cl4 S.i80 2.5-tOC 29 10 
L.r2ro 2.5d 49 2.5 

[PtCcn)Cl2 1 S.180 1.25~5c 3.6 5.0 

[ PtCen)Q 1 S.186 0.6~5.0= 20 5.0 

%ee Table 2. bfEoses at which opt~rn~m T/C (LLS,) was registered. “Daily for ten days_ $‘X.ly 
for 9 days, %%ngle dose only. f3 af 10 mice were alive and turnout-free at termination of test, 
g All doses in rndkg. 
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TABLE 8 
Some twnaur types tested in animals with cis-(Pt(NH3)2C12 IQ 

nit coordination compounds form a new class of anti-tumaur agents which is still 
argety ~~~~~~~~~~~_ This should allow the considerable knowledge of c~ord~ation 

try beech has been built up over the last treaty ~~~~~ to be a~~~~e~ to this 

hat ~~~~~~~~~ field, Two major areas wilt be (i) sy~t~~t~c studies with a view 
to d~terrn~nin~ what relationships exist between chemical structure and a~t~-t~rnour 
activity and with a view to finding better anti-tumour ents, and (ir”) physico-ehem- 
ical studies on the interaction of coordination comple with metabolites and 

A reasonable startin supposition is to assume that if a camplex is to show anti- 
tumour activity then it reactivity should fall between certain undefined knits, Thus 
it shoutcl. be s~f~c~~~~~ inert SO as not tu react ~~~~~~~~~y with. the 

ava~ab~e metabolic sites, yet it must be s~~~~~~nt~~ realtime to ind to some extent 
at the s~t~~s~ o~a~t~-t~rno~r action ~w~~~b is likely to b 
of the binding will obviously depend on the nature of this final. product. ~~~~ meta- 
bolic intermediates and macromolecules are capable of reactin with a coordination 
complex - for examp most every compound in the Krebs cycle 
acids) is a ~~e~ti~ li ~~d~ed~ one of the keys to the b~o~o~c 
the ~~~~ti~~ transition rn~t~s is likely to be the 
stants of such complexes, 



Et is important to emphasise that the biological results obtained for a compound 

apply only to the particular tumour system used (including the breed of animals) 

and do not necessarily indicate activity against other turnours_ It is goad practice for 

institutes to use different tumours as discussed earlier, and in the early stages of 

s~ree~~~~ we can consider that activity against any known tumou~ system indicates 

that the compound shows potential even rhough it may be shown subsequently that 

the activity is limited to one or two systems only. 

An obvious s~rn~ar~ty between R~s~~b~rg’s original active compkxes is the cis 

arrangement of the ctioride ligands. This feature has remained constant in the two 

major studies reported to date75‘77 and where a tram isomer exists and has been 
tested, it has been found to be inactive (and usually non-toxic) in ~orn~~rison to an 

active cis isomer stable 9). Thus for platinum complexes this had fed to a coneen- 

tration of effort on cis complexes of the general type eis-[PtA2X2 f , where A2 is two 

monodentate or one bidentate amine ligand and X2 is two monodentate or one 

bidentate anionic l&and. A notable feature of the chemistry of these complexes is 

that the tram isom are consistently more reactive than their cis analogues. Thus 

quates approximately four times faster 78 t cis- ~Pt(N~~~~~ 

mutation some thirty times faster (aitho the corre- 

sponding cis equilibrium constants for these reactions are larger)791 Thus trms com- 

pounds are likely to react more quickly and with a wider variety of body constitu- 

ents and should be rather less specific irr their action than cis compounds. Indeed 

~str~b~t~~n and ~xcret~~~ studies using ‘9’“Pt-e ~Pt~N~~~~~~~~ isomers 

indicate that the CLS is in~ti~~y excreted faster fat the whale body r~tenti~n 

after 5 days is Gomparable), and the relative levels of the isomers in the blood indi- 

cates a higher initial concentration for &am (- 3 X) coupled with a higher retention 

after 5 days 80*81 _ Since only cis compounds have the potential to form chelates, 

this might imply that the anti-tumour act’ ‘ty is largely associated with a chelating 

~tera~t~~~ (p. 393). Ch~rn~ca~ studies on e ~Pt~~~ MS f 
established that the chlorides are the reactive ligandsS2v83. ~thou~ NH3 is Iow in 

the trans-effect series, the Pt-NH3 bond is very stable@ and ranks close to CN’ in 
affinity for Pt” . This stability, coupied with the fact that NH3 is a poor Ieaving 

group, dominates t chemiSry of these complexes, overriding the slightly greater 

frarrs-effect of the orides ~wh~~h are ood leaving cruets)_ 

Compounds of the type ci~-[PtfNIi~)~X~] have been prepared via the aquo species, 

~~~~~ is formed when c& [Pt &&Ill is reacted with silver 

nitrateas 1 The new complex is prod#Ged by addition of the appropriate anion [X = 



m.mS ss 

2.5--40’ 

5-20 

cis A + 

1.6 8.1 

> 27,u < 1.0 

2.6 21.7 

gOnl~ dd’per cent sufviv~rs %&nry at higher concentrations_ cSpmadic toxicity ovw this range. 

mm A 2.5-160 - 18.0 > 18.0 K 1.0 

cis A + 246 17.5 13.7 

truns A - 72 > 72 < 1.0 
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TABLE 10 

Variation oi X in cis-[Pt(NH3)2X2 ] with Sarcoma 180 tumour (ref. 75) 

Soivcnt 

W 

s 

IV 

S 

B 

S 
W-S. 

S 

S.S. 

Dose mnge Dose Toxic level T/C Dose 

~mg~k~) r~~~on~ (m~~k~~ {~~~~~) 

6-12 F 54 6 

2.5-12 + 11 8 10 

2-20 - s= 

0.5-m + 9 I 8 

5-20 + IS 30 I4 

2-6’ + 5-49 13 5 

10-x - > 25 110 I@-25 

s-lCOQ - - 50 70 20-3s 

S-100 - - > 100 99 5-100 

Br, I, SCN, l’$&, NCO; X2 = ox, ma1 (substituted malonates) 75. 

Table 10 shows the effect of varying X on the activity against Sarcoma 180 in 
Swiss white mice 75_ enera ehem~stry of platinum ~mmine complexes, it 
is likely that biological reactions will occur with X as the leaving group_ The order of 
leaving ability has been established for the reaction= 

[Pt(dien)X] * f py 4 [Pt(dien)py] 2 + + X’ 

where the order of decrwsing rate constants is X = NO, > H&l > Cl- > Br- > I- > 

$$24- > NO,“- The spread in rates for this series of reactions is about 106, showing 
that the leaving group, and consequently bond breaking, has a substantial effect on 
the reaction rate. Even though the nature of the incoming moieties in the biological 
reactions cannot be defined (even if one specific DNA reaction is essential for anti- 
Armour activity many other’ reactions will ubv~o~~y occur to some extent), t 

For Tables 9-2i. 

(Q The solvent is ~~d~~ted by: S = saline C&IS M NaCI), S.S. = saline slurry, W = water, W.S, = 
water slurry, B = sodium bromide (0.04 Aft, 3.S. = sodium bromide slurry. 

(ii) Dose r~s~ns~ is termed positive (i-1 for cases where a consistent decrease in T/C value oc- 
curred with increasing doses up to the toxic level. Where the decrease of T/C with dose was 
inconsistent (but values < SO were obtained) the response is termed +I. 

(‘K] Toxic level is the highest dose at which survivors are > 83%. 
(&,I The T/C value is the lowest obtained for compounds with a positive dose response. In cases 

of marginal w negative response the T/C values are averages over the dose range given in the 
final column. 
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screening results reflect the order of leaving ability. Where the ligands X are readily 
replaced (H20, NfJj) the complexes only show activity when administered in saline, 
when the cNoro species has been partially reformed prior to and during innoculation, 
When objected in aqueous so~~ti~~ they show a high and ~rnrnedia~~ tox~~~~y which 
appears to be due to action at the neuromuscular junction (p. 379). The nitrato 
species is rapidly hydrolysed ” in water to give [Pt(NH3)t(HZ0)2 ] 2+ in equilibrium 

with [Pt(NH3)2(H20)(OH)]’ (pKa 5.63) but very little86 [Pt(N 
9.25) at neutral pH. Recent studies on Fowl Pox virus in embr 

that this s~lu~i~~ has p~t~~~j~l as an ~~t~-y~~~~ agent “. ~orn~o~~ds wl 
intermediate leaving ability (Cl-, Br-) show considerable anti-t 

activity parallels the leaving abiiity, with chloride more effective than bromide, 
&Brzj requires a higher dose (in terms of Pt) to be effective and 

has a higher toxic level. The iodide follows the trend and is inactive up to high 

doses; it is insoluble and requires a slurry injection- The same order of halogen 
complex activity has been observed for other cis amine comp~u~ds7~* The stroppy 
bonded --SCN and -No2 ligands @ve compounds with no anti-tumour effect while 
the toxic doses are relatively high, It seems likely that these ligands are so strongly 
attached that little or no reactian takes place within the animal*s body. 

Thus the active corn~o~~ds lie within a “window ctivity” which is at least 

by the nature of the Pt-X bon& Co exes with mixed mon8- 
igands, i.e. cis- [Pt(‘NH&XY ] (X, Y Br, I, NC& SCN) have 

been tested but the activity was not enhanced and the toxicity was high and rather 
variable 75 _ 

Complexes with chelated dicarboxylate ligands (oxalate and malonates) show 
considerably activity ‘$ against Sarcoma 180 (Table 1 I), The malonate, ~P~(NH~~~- 
mall, has also been successfully tested against the ADf/PCfjA tumour “. This corn- 

nd is active against L.f21088 and against advanced S-180 tumoursa9. Except for 
e oqalate these are new complexes and consequently no kinetic data have been 

reported_ However, they are expected to be relatively inert to substitution WV91 and 
this has been c~~~~rned for aqueous solutions by UV spectral and conductivity 

studies 75 Thus it is dif~cui~ to explain the ant * tumour effect in terms of leaving 
ability. Studies on their reactions with chelati nitrogen ligands, especially those 
found in DNA, are highly desirable. If the rat f reptacement are as slow as might 
be expected (I& [Pt(ox),] shows a rate constant Wp91 for oxalate exchange of the 
order of 1W7) then enzymatic removal may be operating. Free malonate and oxalate 

ions can be bound by several cellular ~nzyrne~ (e,g. s~ccjnate de~yd~ogenase~ an 
study of in vitro reactions with a selection of pure enzymes is desirable. Malonic 
acid and several of its derivatives have been shown to have some tumour-inhibiting 

tiesgl-” against several different mouse systems although they were inactive 

S.i80 and some human neoplasms 90*9? Complexation of malonate is known 

to activate the m~thyle~e group p~otuns w E~~yrn~-c~n~roll~~ in situ release of the _ 

reactive platinum moiety may well be advantageous regardiess of the carcinostatie 



effect of the free ligand. It may be significant that carboxylafe or closely related 
ncis have often been involved in older reports of metal complex activity (Section 

B, e.g. butylphthalates, ascorbates, dithioxamides, malates). A systematic study of 
~rboxy~ates in relation to ante-tumou~ (or general b~oIog~c~) properties would be 

extremely ~~te~esti~g_ 

The [Pt(en)&] series has also been investigated using the Sarcoma I80 system 

(Table 12)75. Again the diaquo species is toxic and gives rise to neuromuscular dis- 
turbances. The effectiveness of the halogen0 complexes falls in the order Cl > Br > 

1. The malonate and substituted malonate complexes show good activity (compa- 

rable to the c~~~~~~~~, but the oxalato complex is ~~orn~~o~s and shows extremely 

high toxicity, with neuromuscular effects similar to those found with the diaqus 

species but somewhat worse, Conductivity and W/vis spectral studies indicate that 

X SOI- 
vent 

Dose 
range 
(mg/k.I 

Dose re- Toxic T/C Dose 
sponsc level 

(mg/k@ 

DhlSO 
(slurry) 
W.S. 
W 

W 

w. s. 10-m 
w 5-24” 
W 1-7b 

?V 

5-20 -i- 16-20 9 15 

12-18 
lo-2oc 

0.5-6b 

IO-80 f 

17 24 14--16 
10 0 lua 

3-4 25 2.5 

35 7 30 
24 28 20- 24 

8 12 7 

6S 7 60 

w 30-80 + > 80 17 70-=80 

W 20-160 + 150 18 120 



TABLE 11 (continued) 

Bose re- L.Dso i.Dgo T-1. 
spf3222 big/k& (mdk& 

f,f-CyCIObUtZHK! 

dicarboxylate 
A 4-256 

f 225 18.5 

+ 150 4.9 30.6 

82.1 

12.4 

12.2 

-Pb9%survivors only. IiDaily injections for 9 days. ChIultiple injections due to low solubility. 

TABLE 12 
anges in activity on varying X in [Pt(en)Xz ] and iPt(en)Xj for Sar~~~~ 180 in Swiss white 

mice [ref. 75) 

X Sslvcnt Dose 
response 

Toxic 
level 
64 kg> 

w*o= 
a- 
a- 
&- 

i- 

X3- 

NO, 
OX”_ 

ml*- 

md2- 

d2- 

Nemal”- 

Etmal? 

w Z-16 

S 2.5-32 

s l-log 

S 8-16 

S.S. 5-40 

W 10-40 

S.S. 25-100 

W O-25-16 

W S-80 

S 45-66 

S 5-2ua 

W 3@-90 

w,s. 48-120 

f 5b 
+ 14 
+ -6 
+ > 16 
- >40 

> 40 
- > 100 

35 
+ 45-60 

?s > 60 
+ 6-10 

c > 90 

* > 120 

2.5 4 

27 12 

4 5 

31 16 

82 5-40 

83 10-40 

71 7%la.3 

73 ix&-2 

18 40 

41 m-60 
24 5 

4 90 

51 go--lt20 

‘Daily injections for 9 days; $-Ii@ly toxic - cmnvu~sions. Vationic comptex ion (2+). 



acid s~~~t~~ns of the oxalata c~rn~~ex have not hydru~ys~d to any ap~re~~ab~~ ex- 
the equivalsnt dose of so 

did not give these symptoms 
ions of an aq~~e~~s sa~ut~~~ f ) did 

product sake minor signs of ~eur~~us~~~~~ toxicity, but these were mild ~~rnpa~~d 
with those eficited by the corres~~nd~n~ ethy~enediamine c~m~~e~. This again indi- 

tes some sort of in vivo biological activation of oxalate ligands. In other amine 
systems, the halogen0 complex activity falls in the same order as described above. 
~e~era~~y if a chloro complex exhibits activity the corresponding maionate (and 

ua~~ ~xa~ate~ also shows a goo 
eric ~yro~~os~hate co A~~~~~~~ 3 have 

tittrr: sign of act~~ty7~ (see page ~~~~* 

whereas the figands X will largely determine the werali ~~~~~~v~~y of these corn- 
plexes, the nature of the l&and A should modify this in a secondary manner due to 
different steric, electronic and basic properties. In cases of extreme steric hindrance 

the rate of substitution can be greatly lowered. However, the A groups have a pri- 

rn~ry effect on the anti-tu our pr~~e~~~ ~T~b~e~ 13 and 14) and this is dif~~u~t to 
~~rre~at~ with any chemic reactivate effects. This is ~art~~~~ar~~ a arent in the 

system, ~orn~~~x~s with ~~irna~y am&s (R _ %; R = alkyds retain 

reduced level compared wi the parent ammi~e- 
t) the response was only ma 

rent 75- On the plasma cell tumour, gave rise to greatly reduced 
ivity but with no change in toxicity. ffects like this indicate that toxicity may 

not be SQ closely related to anti-tumour ctivity as to prevent the existence of other 
compounds with a low toxicity and a high activity, at least against this tumour 76. 
In Fact complexes with the heterocyelic amines, ethyleneimine ;md pyrrolidine, are 
two to threw times more selective than the bereft compoun . ~~~~~~~, relativity 

s to ~~~rp~~~~~e am! ~~-~ydr~~y~t~y 
The ethy~e~e~m~~e ~orn~~e~ has 

ethyleneimines are a TV-tum~ur agents in taper awn 
d on ~oord~~at~~n a it is unXikely that the et~yle~ 

plays a de in the response. 
The most ~tere~~~ng results have come complexes with a~~cycl~~ amines. 

The sequence from ~yciopropylam~e thr ydoocty~amine ves exceffent results 
against the AIM/PC4 system, with those for the cyclopentylamirre and cyclohexylamine 
particularly outstanding 76. These have the best therapeutic indices ever reparted for 

our system. The indices appear to rise to a maximum at the C5 and Ca com- 
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TABLE 13 
Changes in activity on varying A in cis- [PtAzC& 3 

Solvent Dose 

=*!F 
(WI@%) 

Dose 
response 

Toxic 
level 
(~g/~g) 

s 4-15 + 9 3 8 
S 10-30 + 12-X@ 14 14= 
S 30- 150 + - 100 25 80 
S Z-SO + - 40 14 40 
S.S. 15-60 > 60 75 60 
S 20-225 f - 125 22 125 
S.S. 20-50 i: > 50 33 30 

W.S. 5-40 >40 94 5 

WC 4-80 f > 80 51 40-60 

s.s_ 10-m + 

Solvent IBase DOStZ 

range response 
hglkg) 

13.0 1.6 8.1 
18.5 18.5 1.0 
4S,O 17.5 2.6 

56.5 2.6 21.7 

141 10.8 13.1 

90 > 90 < 1.0 

153 > 18 < 1.0 

lz-+ A l-80 

NMZ A 6-750 

+ 56.5 2.3 24.6 

+ 90 2.9 31.0 
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TABLE 13 @ontinued) 

N% A I-3200 + 565.6 2.4 235.7 

A l-3200 + > 3200 12 > 267 

A 5-625 + > 625 18 > 35 

Q66% survivars. bVariable toxicity_ hjected as sodium salt_ 

TABLE 14 
Changes in activity on varying A in [PtAClz ) 

A Salvent Dose 
range 
(m&kg) 

Dose re- Toxic 
spnse level 

T/C Dose 

@w/kg) 

HzN.CH2.CHZ.NH~ S 
Ethylenediamine 

H~XH2.CH~.NH~ S 

CHJ. 
~~~t~yl~~hy~~~~ 

d&nine 

H~.CH2.CH2.NH 
I 

S 

Cl-b CH3 

H3C. 

r 

.CHzLL.CH2.NH S.S. 
I 

CH3 GHS 

~,_~~D~~eth~~-~~ 
ethyiethylenediamine 

HN*CH2*CH2*YH 
S.S. 

I 
C!2H5 C2h 

N,,V’-Diethylethyfene- 
ornate 

2-32 

7-S-20 

20-80 

2s--IO0 

50-125 

75-225 
, 

+ 16 

+- lib--1s 

t 25-35’ 

- 75-100 

k - 120 62 

> 22s 

27 

51 

26 

60 

96 

12 

ISa 

30 

25-75 

100 

75-225 



TABLE 14 (continued) 

A Solvent Dose 
range 
(m~/k~~ 

Dose Fe- L.DQ-J 
sponse Cmgf k9) 

H5C2_N.CH2.CH2rNH2 S 
I 

C2H5 

PAN-Diethylethylenc 
~~rn~~e 

S.S. 

I ,ZPropyIencdiamine 

t12N.CH2.C112.C112.NH~ S-S. 
1 ,PPropylenediamine 

NH2 

S.S* 

N&z 

t,2_Diaminucyclohcxane 

IO-100 

s-20 

8-30 

IO-30 

k > 100 

s.s, XI-80 - > 80 

I5 

54 7s-100 

62 1P 

58 15-30 

62 25-30 

I20 20-86 

69 10 

Solvent Dose 
range 

bwlkg) 

ADJ/PC6 plasma cell tumour (ref. 76) 

A 0.3-40 + 141 2.1 6-9 

1,2-Diaminocyclohexane 

A 0.6-80 + 48 2.4 20.4 

*132 
A 12-1500 f 680 c 12 > 56.7 

Nf%? 

u66% survivors. ‘Variable toxicity. 



I& Dasc range ose response Toxic level T/C Dose 
(~E!/k# kg/kg) (n&kg) 

PPJ;ITJ S.S. 25-100 * > 100 --53 25-100 
*SC-DMSUb 40-l&J f > 160 -78 40-160 

DMS 6-12 > 12 -86 6-12 
Et2 s DMlSO 5-40 - > 40 -67 S-20 
I&” S IO-200 PI 125-150 79 4~-1~~ 

en the ~y~~~bex~~arn~~~ ~~~~~~t~~~ was tested a~a~~~t other t~~~~~ 

~ys~~~~ (S. 180 (ref. 991, L 12 10 8 d Waiver 256 carcinosarc 
was Isw, suggesting that its action as very tumour-specific. 

uation as they indicate that it is active 
oooI When the alicyclic ring is further removed 

om the nitrogen donor, as with cyclohexylmethylamine, the activity is completely 

e dose) but the compound was con- 
the corresponding ammine ro2_ Fila- 

e binding characteristics v$th living 
mpound prepared with tritiated 

~~r~d~~~ ra3 (p. 389). 
En the case of b~de~t~t~ ~rn~~~s, the shows a 

ainst 5.180 (as Of i~a~~y reported by ~~se~b~ 
ker 256 oma tum~~rs looI 

tested a~a~st S.180 ~~~b~~ d showed only mar@ 

~xt~~~ive the degree of a& titutlon the higher is 

obtain the! optimum effect, alths the differences in response are nst very dis- 

tinct 75. A comparison of the CCMT anding alkyI and aryl derivatives, 1 ,&diamino- 

cyclohexane and o-phenylenedi ows that both are active against the sensi- 
tive plasma cell turnour, while both ate virtuaUy inactive against SMO, 

At present there is no obvious ~xp~a~ati~~ for the variation of activity with 



esent data is complicated by tie fact that some of the compounds appear to be 
specifically active against the ADJlPC6A tumour. However, this particularly sensi- 
tive system has revealed marked variation in aMvity for relatively slight changes in 
~~~~ s~r~~t~re. Kinetic effects alone are ~~lik~~~ to account for the var~tio~s and 
it has been suggested that hydrogen bonding interactions may be important in sta- 
bilising a receptar-drug complex 75. Certainly increasing alkyd substitution of 

WU tend to decrease the H-bonding potential but this does not explain many 
variations_ Determination of reIative lipid solubihties are obviously carted for 
tion ~~ef~~i~~ts between ~~ta~o~ and water are often used) as membrane inter- 

actions are likely to be very important. 

Relatively few compounds have been tested in which the amine ligands have been 

replaced by non-N-donor iiganda and none has shown activity 75 (Table 15). T 

another area which is worthy of systematic investigation as there is no justification 
at present to sanest that these ~~rnpie~es cannot give rise to ante-tumour activity, 

although there does appear to be an empir~~l preference for amine systems. Apart 

from oxygen, most of these wi.U involve ligands which are more strongly labilising 
neutral groups (S- and P-donors and n-acceptor systems) or charged ligands which 
yield charged complexes. 

Charge type appears to play an important role in the anti-tumour property and 
as yet only neutral complexes have shown appreciable activity. Even when the crite- 

cion of c&-Ieavin groups (of intermediate Ieaving ability, i.e. chlorides) has been 

TABLE 16 

Animd testing results for some charged PtIr species (ref- 7!5)& 

Complex Solvent Dose range Dsse Toxic level T/C Dose: 
(mglkg) response (mg/kg) (mghg) 

IQ-100 40-m 
3.5-60 i: -4s 

5-160 N 40Q 
20-250 rt. > 250 

S-40 - >40 

IO-ZOO 125-150 
20-80 9 - 50 
5-200 - 7s 
5-200 > 200 
S-40 - > 40 

lo-loo > 100 
iQ-80 - ‘, 80 

5-40 ->40 

127 25 

73 15-30 

91 lO-40 
60 20-250 

122 540 
79 40-100 

35 40 
81 so 

100 S-200 

90 s-40 
71 10-100 
93 10-m 
58 540 

radic toxicity aver a wide range. %arcorna 180 in Swiss white mice. 
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TABLE 17 
Solubilities of “kctive” complexes (37” C) (ref. 75) c 

A2 = en 
i,2-pn 

IJWenjXl 
x =mal”- 

Mema12- 

Etma12- 

W 

W 

W 

w 
w 
W 

0.22 

1.38 

O-09 

0.39 

> 2.00 

0.08 

0.04 

0.04 
0.25 
0.59 

1.00 

0.50 

0.10 

8 
12-16 

35-40” 

(125) 

12-16 

(12) 

20-24 

60 

80-90 

40-60 
70-90 
(> 100)Q 

. %jected as parti;al slurry. bb¶argindly active compaunds in parentheses. CActivity shown against 
Sarcoma f80 in Swiss white mice, 

satisfied, the charged complexes tested have been inactive and relatively non-toxic 
(Table 16)“. The rates of Pt”’ substitution reactions are la eiy independent of 
charge ~4, so the explanation is presumably biophysical in nature and could be re- 
lated to membrane transport phenomena and/or to the greater ef~~ien~y with which 
charged rnole~~~es (w~cb are generalty w~t~~*so~~b~e) are ~~~~j~a~~~ from the bo 

Certainly more soluble active complexes often require higher doses to be effective. 
This is clearly seen in the malonate series (malonate, methylmalonate, ethylmalonate 
(Table 17) 75. Excretion studies on [Pt(NH&(Memal)] clearly show that it is re- 
moved from the body at a much faster rate than cis- ~Pt~~~~~~*~ but the amount 
retailed after 24 

As indicated in Tables 10 and 12, [Pt(en)oxl (p. 371) and some amine aqua 
species are toxk. The animals often go into con~~~~~ as early as 

utes after i eh they convulse pe~odic~y but lie dorman 
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spasms. The order of toxic levels 75 for aquo species examined SO far is MeNH, > 

w3 ” en >N,N’-Melen > MezNH >, py. This presumably reflects the reactivity of 
the various species; this may be increased by ~d~ctive effects and decreased by 
sterk hindrance, 

Dwyer et al. ‘04P105 have reported neuromuscular toxicity for some large inert 

chelated complexes of Co”‘, Ru”, Ni”, Fe” and OS? A comparison test using 
[Ru(o-phen)3 I (C104)2 showed that the symptoms were quite different as the mice 
injected with the Ruf’ complex were mare quickly affected than the Pt-treated ones, 
and Iost essentially aff muscular control 75. The d~ff~re~~~ in toxic symptoms is, of 
course, consistent with the chemistry of the two sets of compounds. The platinum 
species are relatively reactive while most of Dwyer’s complexes are unreactive tris- 
chelates_ The only common feature is that both sets are positively charged and 
KIwyer only observed the effect with cationic complexes. In vitro studies (on toad 
retac!al muscle) s~g~~st~d ~~rarjf~rm activity, which was supported by the synergis- 

tic effect ofatr~~ine Ias During the platinum studies ~Pt~v(~n)~ _ CXJ was shown to 
be highly toxic and had peculiar effects on mice W. This area of the biological. gctiv- 
ity of metaI complexes has attracted very little attention. More research is highly 
desirable particularly since platinum compounds may be used clinically, and also 
because metal complexes represent a potent~3~ probe for studying events at Metro- 
rn~s~u~ar jun~tiu~s. 

I It has only recently been co~~rmed that octahedral c~rnp~~xes can show anti- 
t~rn~~r activity f [ ~~~)~Cl~~, p_ 383). Thus there is nothing specific in steric 
terms about the s e-pianar stereochemistry af Pt”‘. However, PtlV is a special case 
as in a biological medium it is ta be expected that reduction to Pt” will occur. It is 

most noticeable that the two active complexes cis- [Pt(NH&CI4] and [Pt(en)Cla] 
are readily reduced to active Pt”l compiexes with removal of the axial kgands. Urine 
studies (e-g_ chroma~~gra~hy~ on animals objected with one of these com~ou~ 

ght provide more direct evidence for this assumption. It is well known that 
complexes are very inert to ligand substitution unless the latter takes place via an 
equilibrium amount of Pt”. Relatively few PtXV compounds appear to have been 

examined as yet; if one was found to be active while its reduction products were not 
then this bound tend to ~~valid~t~ this theory, As ~~~~s~~ et al. have ~~~~~d OU& 
iwrne Ptrv complexes csruid still be better anti-t~mour agents because of different 
6X19, transport properties”. 

E OTHER METALS: GENERAL CONSIDERATIONS AND RECENT RESEARCH 

e key discovery of Ro.sen$erg and his co-workers should stirnu~~t~ interest in 
the possible anti-tumour effects of other coordination complexes, particularly those 



of the heavier transition metals. At present relatively IittIe research appears to be in 
progress and it is hoped that this section might encourage more activity in this field. 
Using the elementary starting supposition that anti-tumour activity requires a com- 
plex of intermediate lability, f~~dan~ent~ co~rdi~at~o~ chemistry can h 
tuiate the metaf systems which stand a good chance of SUCG~SS. The complex ris- 
[Pt(NHs)aCl,] differs from most of the agents described in Section B in two major 

ntains simple inorganic ligands which have no carcinostatic ability in 

and cannot contribute to the anti-tumour effect, (b) it contains a 

heavy third-row transition metal which is not normally found in celis (unlike Cu, Co, 

2%) and even in very small an~ounts it is likely to form lesions in macromolecules 

(i.e. reaction with functional groups) which the cells are unable to repair. Thus we 
can study relatively simple transition metal compfexes bearing in mind their major 

kinetic and thermodynamic properties_ 

In general for metal oxidation states with the same d electronic configuration, 
inertness to substitution increases in the order 1st row < 2nd row < 3rd row for a 
given set ofligands. This property of transition metals is presumably reflected in the 
observation that of the ess~~t~a~ transition metals found in biological systems, crniy 
MO is not in the first row. It is likely that second and third row metal complexes are 
too inert to perform metabolic functions. Within a particular row, independent of 

mechanism, the contribution of crystal field energy to the activation energy predicts 
that for octahedral complexes, the following order of inertness will generally occur”: 

&(low) > 6a 3 d4 [Iow) > ds ~l~w~;~~, di, Li2, d5 (high spin), d6 {high spin), d’ 
(begs spin) are refatively fabile systems compared with the above. The ~rst~r~~v 
metals are likely to be too labile (particularly as they are generally high spin) except 
for ColI1 (d6 [low spin)) and 0”’ (d3). In the second and third rows most of the 
potentially useful systems lie amongst the platinum group metals, e.g. Rh*I’, Ru”, 

l&II, PtlV (&); RulI’ f&J; 0s”’ (8). MolIx, W”‘” and ReiV (4s) are relatively un- 

stable and are likely to hydrolyse under physiological conditions. As Thomson et 

al. have pointed out ‘I, the biological system acts at a low redox potential and many 

metals will tend to exist in their lower oxidation states, e.g. Os3*, RulI rather than 
(-$I, &III . This may well be the reason for the activity of certain PtIV complexes. 
However, introduction of the metal in a higher oxidation state might be advanta- 
geous in terms of cell transport ability. Besides Pt’“, the 8 square planar pus~ib~- 
ities are Pd’“, Au”’ 
conditions Au”l * 

, Rh’ and Ir” ~assuming Ni”’ is too labile), Under physiological 
IS IikeIy to be reduced to Au’ (Iinear or tetrahedral) and Rh’ and 

Ir’ will tend to undergo oxidative addition to the WI”’ or Ir”’ state. For comparable 

compounds the reaction rates of Ni” , Pd’I and Pt’” are in the approximate ratio 
5X 106 : t05 : 1 respect~ve~y~_ AufrK co mplexes react at a sl~~~t~y slower rate than 

those of Pd”“. 
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Regardless of the metal’s oxidation state, the iigands will affect the stability and 
the kinetic ~~Q~~~~~~~ of the compiex. The heavier transition metals are ge~er~Iy 
class ““b” (soft) in character or are intermediate tending to class ‘“b” lo6_ Thus they 

form their most stable bonds with the heavier donor atoms in Groups V, VI and 

vi1 Q f thz Period able and generally the foIlowing order of decreasing stability 

applies: s - C > I%-- > Cl > N > 0 > F. This does not imply rapid replacement 

of Iigands in the above sequence but it does mean that those fow i 
not repface those higher in the order w en the two figand c~nce~t~at~~~s are appmx- 

imately equal. This s particularly important when considering the possibIe sites of 

reaction with biolo cal macromolecules (Section F). It should be pointed out that 
COI’~ and CrlI1 are potentially useful systems on kinetic grounds, are class “a” 

nature and for these the reverse order will generally apply, The Iigands 
e ~n~ti~$ of the complex by n~~ans of their ~~avj~g ab~i~~~s. The order of 

leaving abiliry for most Pt” reactions is given on p* 369, and this corresponds to the 
stability order of the ligand bindin to the metal. In reactions where bond breakin 
is important then the order of bond stability will largely parallel the order of leaving 
ability; this will particularly appiy to octahedral camplexes whose reaction mecha- 

nisms are ge~e~a~~y dissociative. The lab~ising effect ofst~o~~y bound ~~Q~~ Iigan~s 
is especially important in square-planar systems. A more detailed consideration of 

the kinetic and thermodynamic properties of complexes related to cis- [Pt(NH&C& ] 
is ta be found in ref, 71. Williams has recently reviewed some general aspects of 
metaIs in relation t0 cancer lo7 and has also considered drug design for amino acid 
complexes IGB_ 

(a) Pulliz&rm 
d’I analogues of active Ptr ’ complexes have: been tested against S. 180 

‘s9 but no ~igni~~a~t activity was ~~s~~~~_ Some of the cornp~~~d~ were 

rested on bacteria colt B) IO9 and although they were bacteriostatic at few con- 

TABLE 18 
Animal testing results fsr palladium(if) complexes (ref. 75)* 

cis-[Pd(NH&Clz I S 1.25-10 - > 10 83 1.25-10 
[Pdlip;n)Cfz J S.S. 5-40 - I=940 79 5-40 
IWMWz I S-S. lo-SOb - > 50 78 10-50 
*Pd(NH3)zma11 W.S. 25-200 5 150-200 ss 75-150 
[ Pd(~R)ma~] w 25-100 - > 100 75 25-100 
~Pd(~~~~~~ W 1*25-75 - > 40 I04 1.25-25 
(Pd(NH&=] S.S. X.25-200 - - 100 80 12.5-80 

+33rcoma 180 in Swiss white mice. h?aur injections/day for 2 days. 
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centrations, no filamentation was induced. [Pd(dtp)l] (dtp = O,U’dimethyl dithis- 
phosphates is somewhat active against the Walker 256 ~r~ino~r~~rna in mice and 
reduced the turnouts to 6% ~e~at~~e to the ~o~tr~Is; no other details are given “e. It 
seems reasonabIe to speculate that Pd’” compIexes are too reactive in vivo and on 
this basis complexes of Ni” and Au”’ are unlikely to be effective unIess strongly 

deactivating Iigands are present. However, in this r gard the results for the presum- 
ably less reactive bis-chelated compounds in Table f 8 are not very encouraging75, 

The study of biological activity in rhodium complexes has been pioneered by 

Gillard and his co-workers r1 l, who reported on the anti-bacterial activity of a large 
number of complexes of the types @ww[R~L,X,]Y and [Rh(S,)X,j (L = pyridine 

or s~bs~i~u~ed ~yridines~ B = 2~Z’-~j~yr~~y~~ t ,X ~-~~~~~~thr~~ine, ~thyl~~e~i~m~~~; 

x = 61, k y = cl, Br, No3, c104 ). Qn!y the complexes of type frcfns- [RhL& jY 

were found to have high levels of antibacterial activity and these complexes were 

more effective against gram-; ;itive than gram-negative bacteria (except E. coli). 

The active complexes force filamentation at sub-lethal doses indicating that like the 
Pt complexes they are interfering with cefl division. When X = Br in place of Cl, the 

activity was- enacted ~approximate~y tenfold) but variations in the ~o~~ter~on Y 
had no effect. In some tests the activity against gram-positive organisms increased 
with an increasing number of carbon atoms in the alkyI side chain in either the 3,4 
or 5 position of the Pyridine ring, This was thought to be due to increased lipid sol- 
ubtiity which would give rise to increased cell wall penetratjon- Pyridine, substituted 
pyri~nes and rhodium ~r~~b~w~d~ did not affect bacterial gr~wt _ The complexes 

[EZ.hB,X, jY were inactive; they had a cis configuration. Recent suits indicate that 

a E&I species (presumabiy ]EU~(py)~]q is involved and that biological activity is 
closely reIated to the redox potentid for a given complex1*2. It is well known that 
many reactions of _truns- [Rhfpy)_J& 1” proceed via an equilibrium concentration of 
Rh’. Despite the fact that Pt”” and Rh’ are both d* systems, the rh 
are runs and a different in vivo mechanism could be involved in ea 

y),X2]X (X = Cl, Br) have tested for anti-tumour activity against the 

system but showed only m al activity (best T/C, 42%; toxic level, 40 mg/ 
kg; X = C1)r13. Further testing is desirable, especial& as two other rhodium com- 

plexes have recently been resorted as snowing a~t~ot~mour effects. M~F ~~~~~~~9 
c1a] was tested on the basis tif the criteria obtained from the p~at~~urn ~ornpo~nd~, 

namely those of neutrality and cis leaving groups. It has shown limited activity 
against S-1 80 and good activity against the Walker 256 carcinosarccrma in rats, and 

is at present underguing more extensive testing “,lr3. Several other FUI complexes 

were inactive against S. 180 (Table 19) r*3. sodium acetate, ~~~~~A~)~], has been 

used in ~ornb~natiu~ therapy with ~ra~~osy~~yt~si~e in the treatment of BDFt 
mice ‘I4 bearing L. 12 10. Arabinosylcytosine (S-80 mg/kg) and rhodium acetate 

(1.5-6.25 mgjkg) were given separately every 8 h with 4 h intervals between each 
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TABLE 19 
Anti-tumour activity of rhodium amine complexes 

M. J, CLEARE 

Sai- Dose Base re- Toxic 
rent range s~~~Sg level 

12.5-100 

5-3oC 

25-100 

SO-150 

50- 125 

25- 100 

50-200 

S-SO 

50-200 

50-200 

20-50 

50-100 

+ 7u-- 100 
+ - .20 

f > 100 

* l-25-150 48 

> 125 73 

> 100 82 

* > 206 63 

+ > SO 46 

- 200 63 

t - 100 51 

f. 40-50 45 

-t > 100 

I7 

31 

54 

2370f 
(I.L.S.) 

100b 

20 

50-100 

150 
125 

25-100 

SO-200 

so 

~U~-2~~ 

IOOb 

50b 

100 

aSwiss white mice. &66% survivors onIy. ‘%aily dose for 8 days. dBALB/c mice. eRats. 
fpercentage increase in lifespan (max = - 100%). 

mbination was found to act sy~~rg~st~ca~~y, giving a 50 day survival rate 
of M-1.00% depending on the number of L.1210 cells implanted and the length of 
therapy, Mice which received rhodium acetate and survived for 50 days showed no 
signs indicating delayed toxicity during another 100 days. data were reported for 
the rhod~u~n complex alone, but it was found to bind stro to IMA yielding a 
bhe c~~~~~x, and it also caused 50% i~b~t~o~ of the L. 12 t 0 A ~olyrn~ras~ 
activity at a concentration 0.125 mM_ Thus the synergistic effect appears to result. 
from a concerted attack on DNA. These recently reported observations indicate 
that rhodium complexes may be of considerable biological significance. 

(cl ~~~~~~~~ 
Gale et a.i, rtS have reported activity against the Ehdich ascites tumour @ALBIT 

mice) for a violet solution prepared by irradiating with ultraviolet light a solution of 



1~~-2OU 

3 206 

> 200 
- r 200 

76 200b 

94 50-200 
109 50-200 

75 50-200 

95 50-200 

111 50-200 

e Dose tc- L.l%j~ f.Dgo T.I. 

fmg/kg.) sponse (w&Q fw?/rc 





macromolecules is a subject capable of filling several reviews in its own right. 
Thomson et al. have discussed these reactions in general terms for platinum com- 

pounds” ) while lzatt et al. have extensively reviewed metal interactions with nu- 

cleic acids and their constituents x20 . Here it is i~tcnd~d briefly to discuss the eti- 

dence for the W&y sites of ction of the established platinum drugs and to 

consider the type of studies which are required to elucidate more information. 

(ij Evidence far interaction with mclear DNA 

Two Kajar studies on the ~~c~rporatio~ in vitro of the labelled ~reGurso~s of 
DNA (thymidine-3H) F\NA (uridine-3H) and protein (L-leucine-3H) in the Presence 

&Ci2], agree on the finding that the drug selectively inhibit 

thesis at low concentrations. Harder and Rosenberg have studied this into 

into human amnion AV3 cells and find selective inhibition of DNA synth 

the pIatin~m solution at 5 JJ.M and fess 121 6). At high concentrations 

synthesis was more rapidly inhibited than and protein synthesis althou 

24 h of treatment aiI three were virtually completely inhibited. They also compared 
these effects for four other platinum compounds, two of which were anti-tumour 

active (ck- [Pt(NH3)2C14 j , [Pt(en)C and two were inactive ( @%(NH3)~] Ci2, 

trans- ~Pt(N~~~~~~~~ )_ As expected inactive c~~p~~nds showed little ~~i~it~~~ 

of DNA synthesis at conce~t~at~o~ parabie to those at which the active eom- 

pounds were inhibitory (Fi . 7). GaIe and Hawk 122 studied the incorporation of 

labelled precursors into Ehriieh ascites turnour cells, which were periodically re- 
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itor of DNA synthesis in cultures of hu 

ty was quite evident, with I? 
tfy d~~~~s~ed* Gale and Huwf 

tL%s- ~F~~~y~~~~ 1 whack had wn same ~~~iv~~y against the h ascites ~~rn~~~ 

in mice IQ2. A rn~derat~ deg of s~~~ct~v~ty against DNA sy s was observed. 

This was significantly less than found for the ammine complex, which correlates 

with the lowered anti-tumour activity. Studies OR a tritiated sample of the pyridine 
ous nucleic acids with a prefer- 

sea ta be the 

is a SlowZy formed agent ich is selective against DNA synthesis, e.g+ ( 
Rosenberg and Harder s * C, where B is a slowly increasing species to 
which DNA synthesis is nsitive, while C is non-selective 12’. From a 

~~~e~c~l v~ewp~i~~ these arguing p~~tin~~ species 

~v~~~d in~er~~~ as readily with the d ~~~t~~~~ar~y 
protein ~~~F~~~~II~ at sutphur ) as with DNA. P~atj~urn{~~~ ~~bsti~~ti~n reac- 

%L s~lv~~t*~ssisted path 84. 
orWIt in this stow onset of 

the deli-membrane, and (b) the varia- 
ibit reactions of G&- [~t(~~~)~C~*~. 

m will at least ~a~t~~~~y ~~~t~~t the corn- 
r to entering the cell* The ~~n~e~~rat~o~ in the cyt~~l~s~ is still consider- 

able and will enforce a slow rate of reactkm. The concentratian within the nucleus 
nawn, but if it is low it 
ms has suggested tha 

I reactisn with DNA. 

deed it is most unlikely that ail actions af metal drugs will be at the DNA leveI_ 
The ability of the platinum compounds to attack RNA suggests a similarity to 

the bif~ncti~na~ alkyd agents (e.g. nitrogen mustard, Fig. 91, which are also 
activ- 
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,cH+3$j-CI 
Cl-l,-N\ 

Clig-cH,-cI 

ity by cross-linking opposite strands of DNA via the N-7 positisns of guanine 1’S 

(Fig. f O)_ However, the leaving roups in b~~~~~tio~~a~ a~kylat~~g agents have a max- 
~mum s~paratj~~ of 83 I!& while t 

spart - lze Nevertheless, Roberts and Pascoe have demonstrated *E the formation of 
interstrand cross-links in DNA from HeLa cells in tissue culture treated with 

&s- [Pt(NH3)$12j, using a method developed to demonstrate unequivocally the 
formation of ~~t~~~ra~d DNA links in cells treated with the ~~f~~ct~~~a~ a~k~~~t~~g 

agent mustard gas (Fig. 1 I) I”+ for one ~~~~r~t~~~ (24 h) Ln the 

presence of 5-bromo-2’-deoxyuridine (BUdr) t ive one strand af their DNA a den- 
sity label. When the DNA of drug treated cells s subjected to alkaline caesium 
chloride gradient centrifugation, heavy, light a_nd hybrid strands were separated. 
The hybrid represented interstrand cross-linking between light and heavy DNA and 

contain 



MUSTA. GAS 2wg/ml 

Fig* Il. ~et~ctioR of ~ross*l~R~ed in fIeLa cells treafed with cj~-~P~~~~~~~~~ 1 an 

gas. Fractians of isolated DNA we en from a C&l gradient and studied using absorption at 

260 nm and radioactivity counting @?J of total counts on the gradient) (ref. 127). A. Control (a) 
.counts/min; (0) absorbance, 260 nm. B. eis-[Pt(NH~)2Gl2 1; (*-a) c.p.m. 500 PM, (0 . . . . a) c.p.m. 

’ 1CJOO pW, (o-o) absorbance, 260 run, 1000 &f_ C. Nitrogen mushrd (2 rug/ml); (e) c.p.m.; (0) 
absorbance, 260 urn, 
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that at a platinum complex concentration of 3 @.. approximately 02% of the DNA 

is cross-linked. The percentage cross-linking of heavy and light strands in a given 

situation depends on the molecular weight of the DNA isolated. Thus it was esti- 

mated, by c~rn~~rjng the ~~~ec~~a~ w~~~h~ of the D A is&ted with known esti- 
mates of that in the nucl that the true amount of cross-linking is approximately 

2%. This compares with a rrected value of 10% for mustard gas at a comparable 

dose rz8 (i,e, the maximu use at which all cells survive, 0). The possibility of 
platinum cross-Iinking via nucleophilic attack on the nucleoprotein coat of the DNA 

was ~~~n~~~ated by isolating DNA from cells which had been given the same radio- 

active and density labels, and treating this with various concentrations of the drug. 

was still observed under these conditions and could not have involved 

proteins. Thus one of the in uivo reactions of&[Pt(NH&C12] is to cross-link DNA 

and this has also been demonstrated for [Pt(en)Cl,]. Suitable sites must be some 

3A apart and it has been s sted that the ~*arnj~o groups of adenine in an ApT 

sequence, the Z-amino gro of guanine in the narrow groove or the G-amino 

groups of cytosine in the wide groove of a CpG sequence, are possible sites especially 

as the amin oups are generally well exposed to attack by external agentss27. As 

Harder has csted, intrastrand links are also possible lzp, and it has been proposed 

that these might be largely responsible for the ability of Pt co~~po~nds to inactivate 

bact~r~~ph3~e r3e. Small arn~u~~ts of& and rr~~~~-~Pt(~~~~~~~*~ and ~Pt~e~~Cl~~ 

were found to inactivate T7, a double-stranded DNA phage (0.007-0.5 pg/ml), and 

RI 7, a single-stranded RNA phage (O-09- 1 .I pg/ml). In both cases the toxicity de- 

creased in the order [Pt(cn)C12] > cis- [Pt(NH3)2Clz] > tr~ns- [Pt(NH&C12] - Using 

I] it was found that 1.5 and 5 rnu~~cu~es of the Pt complex were bound 

7 r~sp~ct~v~~~ at the mean fethal doses; 96% of the Pt could to RI 7 

was on the RFJA and 76% of the Pt bound to T7 was on the NA. Studies on DNA 

isolated from Pt-treated T7 showed that all three complexes could bind in a manner 

involving cross-linking of two DNA chains. The amount of cross-linking was small 

att I [Pt(en)Cl, 1 and cis- [Pt(NH 3)2C12 ] were again comparable while ~FWIS- 

f P was fess effective. The mean c~n~e~trat~o~s for cr~ss-~~~k~~ 

generai much higher than the estimates of the mean lethal dose, indicating that this 

reaction was not a major contribution to the inactivation_ In the [Pt(‘4C-en)C12j 

case only one thirtieth of the bound molecules formed intexstrand links. Linking of 

nucleic acid to protein was detected but was thought to be an infrequent reaction. 

~a~ys~s of the products of reaction of mustard gas with similar bacteriophages 

suggests that i~trastrand l~n~g is the important jnact~vati~~ reaction f32V132, and it 

is likely that this also applies to the Pt compounds. These authors note the tendency 
of [Pt(en)Ci,] and cis-[Pt(NH3)2C12] to form blue soiutions on long standing in the 
phosphate buffer medium. These polymerisation effects are presumably similar to 

those found in su~phate media and are likely to involve metal-metal interactions’“; 

they arc ~~~ke~y to be of si in viva. 



(ii) If~teractions with DNA and its comnponents in vitro 

It has been established that the likely mode of anti-tumous action of !?t compounds 

is by producing a primary lesion in DNA; several studies on the nature of inter- 

action have been reported. Mansy et al, have studied the binding of both cis- tim 
1?~7tts-fPt(NEI,)~Cl~] to simple nucleosides (Fig. 11) and following this to oligomers 

and polymers of nucleic acid bases fW-136. Since the Pt complexes have only weak 
absorptions in the ultraviolet (210-270 nm), they used differential spectrophoto- 
metry to falliow the reactions. in this romancer beading of metal ions to sites OR the 
aromatic purine and pyrimidine rings is observed but no information can be ~bta~~~d 
about possible binding to the sugar or phosphate residues. Several techniques were 
used to determine the possible sites of attack. Firstly the pH dependence of the Pt 
binding was studied and literature pK, values of the ring nitrogen atoms used to 
predict the extent of binding. a Secondly a check of these conclusions was obtained 
by observing the binding to nucleos~des with successive positions blocked by methyl 
groups. Also as onfy the cis compound can bind to two sites on one base, a compar- 

ison of the interactions enabled a distinction to be made between bidentate and 
monodentate binding. The possible complication due to bridging between nucieosides 
was minimised by working at Pt-to-ligand tatias greater than 1.0. The reactions were 

out in aqueous U-1 Icl NaCQ at 37°C and as several days were often required 
equilibrium was established, the reacting species were hydrolysis products of 

the chforoammine compounds. The complexes did not react in the unaquated form. 

The results demonstrate that both cis- and tro!ts-[Pt(NH3)&&] readily bind to the 
ring nitrogens of the purines and pyrimidines and the sites occupied are generally 
those fav~~~~b~e to proton b~~d~~g (Table 22). The cis isomer forms a bide~tate 
cheiate with either 6-NH2 + N-7 or 6-NHz + N-I of adenos~~e and 4-NM3 + N-3 of 
cytidine. The tram isomer interacts monofunctionally at N-7, N-l of adenosine and 

N-3 of cytidine, while both isomers bind monofunctionally to N-7 of guanosine and 
inosine. Formation constants for guanosine (- 109) wer much higher than for 
adenosine (w 1 04) and c~tidi~e (- I Us)_ No binding to t e ring nitrogen of uridine 
or thy~din~ or monofu~ct~~na~ attack at the NH2 groups of cytidine, adenosine or 
guanosine was detected. The authors suggest that the amino groups of adenosine and 
cytidine till be occupied when they are sterically well disposed for bidentate chelation, 
as is the case in DNA. Robins studied the reactions of nucleosides but used 
[Pt(‘%-en)Clz] ~apparent~y mixed with the Magnus-type salt [Pt(en)t ] [PtCf,] ) 
with chromatogra~~c se~ar3ti~~ of the reaction mixture *w*~~*. ~uanos~~e and ATP 
reacted more rapidly than adenosine or cytidine, and thymine derivatives showed no 

reaction (in agreement with the findings of Mansy et al. 135). Chromatographically 
distinct products were formed with 3H-sdenine, 3H-adenosine, 3H-guanine and %I- 
guanosine and the Pt-to-base ratio was very close to unity. There was evidence for a 
second 2 : 1 product with ATP which may involve phos ng 398). 

Thomson and Mansy examined the possibility of cross-l he 0 groups 
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TAI3LE 22 
Binding of purines and pyrimidin~~ to p~t~urn ~~rnpl~x~s 

I-llie-Adenosine 
cis 

mms 

Uridine 
cis 
tram 

5.6 
5.6 

3.27 
3.27 

5.6 
5.6 

5.6 
5-6 

56 
5.6 

3*2-l 
3.27 

5.6 
5.6 

- 

+ 
+ 

- 

k@ 

+ 
3 

+ 

+ 

+ 

+ 

+ 

i- 

+ 
- 

- 

- 

+ 

PtL, Pt2L 
PtL, PtzL 

PtL 
PtL 

PtL2 
PtL, 

PtLz 
PtL2 

PtL 
PtL* 

NH 

*Very weak 
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Fig. 12. Structure of diadenosine monophosphate, A3’pS’A (ref. f 34). 

of adjacent adenosines using the d~nuc~e~s~de monophosph~te, ad~~osine-3’p5~- 

adenosine (ApA), which adopts a stacked conformation in solution with the amino 
groups some 3-4 Is, apart *X (Fig. 12). This stacking gives a characteristic circular 
dichroism spectrum which decreases as the solution is warmed and the dimer unstacks 

(Fig. 13A). It was shown that after equilibration with an equimolar quantity of ci‘s- 
~Ft~~~~~*C~~ 3, the circular diehroism sig~ai was indeF~~~~nt of temperature indi- 
cating that the stacked structure was indeed stabilised by cross-linking (Fig. 13B).‘ 
In contrast the fi~rzs isomer causes the dimer to unstack, presumably due to mono- 

functional attack placing a positive charge on the ring (Fig. 13C). The possibility of 
cross-links from different dimers was partMy eliminated by studies on A3’pS’U*, 
where no evidence for a stacked dimer was found uver a range of mole ratios of ft to 
dimer. P~~y~~cleotid~s denature at acid or alkaline pH, but around pH 5 most of 
them, including DNA, gave a white precipitate with cis- and pans-[Pt(NH&&] in 
the concentration range above 1: 2 of Pt isomer to phosphate. Polyuridylic acid was 
an exception and no precipitate was formed but on standing a deep blue colour 

developed (see Addendum). The W spectra were similar to those of the nucleosides 
except that no evidence was found for b~f~~~tional birding of the cis complex to 
adenosine. 

Horacek and Drobnik i3p have studied the rate of the reaction between cis- 
iPt(NH&C12] and calf thymus DNA. They report a shift in the W absorption 
maximum from 259 nm to 264 nm. They estimate an average 0.4 binding sites per 
nucleotide and found that the presence of cis-Pt”’ aided the renaturation elf DNA 
during he~t~g curve experiments. The optimum ratio of t/P was 0.05 and at this 
ratio no W shift was observed. This can be interpreted as further evidence for cross- 
linking of DNA strands. Similar work on the individual bases leads these workers 
also to postulate purine binding. 

* Aden~s~~3’p5’-u~d~e (A3’#U)_ 
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DNA reacts 13’, I38 more quickly than the simple polymers with both [Pt(NHa)zCl,] 

isomers and [Pt( “C-en)Ci2 1. The rate of reaction increased for DNA’s of increasing 

CC content. In most cases the t;rans isomer reacted at a slightly faster rate than the 

&s- A break in the fine describing the ~rst~rde~ kinetics suggested the possibility of 

two consecutive mechanisms_ It has been tentatively suggested that the initial attack 

on DNA is at the N-7 of guanine 134*138_ This interaction should be followed by partid 

denaturation when N-l atams of cytidine, adenine and uanine are available. Inter- 

and intrastrand links are possible, 

Studies of this type are obviously at an early stage, but are of great interest to 
chemists. ~e~at~ve~y few defined ~ornp~u~ds have been prepared From tra~sjtjo~ 

metals and nucleic acid constituents, particularly among the platinum group metals. 

The ability of adenosine to chelate has been confnmed by the preparation of a 1 : 1 
complex from K2 [PtCl,l and adenosine 95; guanosine forms a 2 : 1 compound*40. 
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The rralls derivative K2 [Pt(adenosine)2C!2] has been characterised and is apparently 
made by the action of excess adenosine on K, [PtCl,], although insufficient experi- 

mental detail is given I41 y14’. The possibility of phosphate binding @_ 393) should 

not be ignored, Cfass “a” metals such as Gr IIt’, Fvln”, Fell, 
siderable tendency to bind ts the phosphate groups I20 and 
expected to bind more strongly to the nitrogen atoms in the babes, recent studies 

have shown the formation of relatively stable pyrophosphatoamine complexes7’. 
These are of the type [(PtA,),P,O and have been shown to contain a bridging 

Fyru~bos~~~t~ &and (A = NH,; F f 4) 143. Thus the b~~di~~ of the cis-(PtA,) 

residue to pyroQhosphate is StereochemicaIly favourabte, and this basic phosphate 
structure occurs in many biochemically important molecules such as ADP, ATP and 
other nucleaside di- and triphesphates. NucIeic acids, however, only contain a mono- 

phosphodiester bond and the stability of the pyrophosphate complexes probably 
relies an the budging ability of pyrophosphate~ Studies sf the reactions of the 

various ne complexes described in this review with ~ucleosides and ~o~yrners 

may be ful in understanding variations in anti-tumour activity_ The preparation 

of characterisable compounds as well as solution studies, using various spectroscopic 
techniques, are desirable. Indeed there is some speculation hat the combination of 
a known anti-t~mour drug with IXVA (or possibly nucleosi es or polynucle~s~des~ 
ciin lead to ~~~~~c~d activity r44. A ~o~~~ex of this type will not diffuse across the 
cell membrane and requires pinocytosis for uptake followed by lysozyme digestion 

to release the anti-tumour active portion. The capacity of the compound to kill a 
particular cell will therefore depend upon the pinocytic, lyssmal and rnitotic activity 
of the target ce11. Such activity is known to be high in many tumour ceils and co&d 

form the basis for increases ~~lectivity~ This has been successfully ap 
daunorubicin, an anti-leukaemia drug 14s_ 

G. CONCLUSION 

c~~-~Pt(~~)~~l~~ has just started Phase PE clinical tridls in the US_ and it is IikeIy 
to be several years before the efficacy of platinum drugs analyst human cancers will 

be fully known, However, it is clear that cytotoxic drugs like these ztre not likely to 

be the panacea for alI cancers, although they may be particularly effective in certain 
areas. If toxic effects remain manageable, they may be a useful addition ta the list 
of cancer cb~mutherapeut~c drugs. The broad spectrum of activity against animal 

~~~ou~~ is ~~~ic~la~l~ impressive_ Recent results suggest that Pt drugs may be used 

most effectively in combination with known anti-cancer drugs such as alkylating 
agents and antimetabolites l”-14* Several instances of synergistic action have been . 

reported and this type of therapy is also going into human clinical trials. The syner- 
gism between Pt complexes and alkylating a ents, which are thought to cross-link 

NA, suggests a somewhat different rnecha~i~rn for Pt drugs, possibly due to a 
greater number of intrastrand links, 



Variation of the original structure has shown that activity is found in a variety of 

compounds and certain empirical rules have emerged, such as the need far neutrality 

and cis-leaving groups of intermediate lability. On the amine side of the molecule 

aJicyclic amines, ~ar~~c~l~r~y cyc~o~e~~y~amine, look ~a~~~c~~ar~y ~rurn~s~ng* At 

present chloride is the best anionic ligand, but ~he~ati~~ carboxylates are an inter- 

esting alternative and form complexes worthy of general study. Application of the 

ideas generated by the Pt compounds to ather metal systems has already produced 

evidence of anti-tumour activity in WI”“’ compounds, confirming earlier bacterial 

work. There is much scu e for further research in this area, 

~ech~~~stic studies confirm a selective attack on DNA synthesis a protein 

and RNA production is affected at higher doses. The initial lesion in likely 

to be via the N-7 atom ofguanine but although interstrand links have been demon- 
strated in vivo their location in the structure is not known. Studies in this area are 

particularly desirable especially the application of such physico-chemical techniques 

as NMR and ~~br~t~o~~~ s~ect~oscu~y, even those the spectra obtained will be corn- 

plex. The reactions of other metals with DNA and its constituents may provide an 
insight into the mechanisms of anti-tumour activity, when carried out in conjunc- 
tion with an anti-tumour screening programme. Metals provide a valuable and readily 
detectable probe and therein may lie their greatest contribution, i.e. towards an 

understanding of the true nature of the d 

This new class of anti-cancer agent en ordination chemists to enter the 
field of drug design. This review has attempted to outline this rapidly developing 
area of reasearch, and to indicate the ways in which basic coordination chemistq 

be applied in the search for better metal-based drugs. 

This Symposium was held at Wadham College, Oxford, in April 1973 and included 

four half-day sessions on the chemistry of the platinum compounds, their reactions 

with b~om~cromo~ec~~es and their b~~~~~~ca~ effects in in vitro systems and in whole 
animals. In addition one y was devoted to the results of preliminary clinical trials. 

The most interesting micai discussions centred around new blue platinum 

complexes; containing uracil and thymine ligands. The discovery of this family of 

compounds was made by Matisy and Rosenberg’4g, who prepared a blue complex 

from a h~d~o~ysed c&- ~~t~~~~~~~*~ solution and uracil~ S~bse~~e~t screening tests 
(S.180 as&es) gave good results while the compound had the advantage of high 

water solubility. The structure and indeed formuIation of this compound is as yet 
undetermined. Although a number of blue platinum compounds have been known 
for some time, most of them appear to be polymeric with short Pt-Pt distances. 
One group, however, ap eaxs to be rno~~rn~r~c and these have acetamide or substi- 
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tuted acetamide ligands. The first complex was prepared by Hoffmann and Bugge I58 
by hydrolysis of dichlorobis (acetonitrile) pkM-mnl(II) wirh silver sulphate in water 

to give a blue mono ric acetamidc- corn~~~x which was ot inally forrnul~t~~ as 

~Pt~~~~~~N~~)~~ &I_ The ~tr~ct~~~ of these amides is ill rather unc~~t~~: the 
latest formulation, 156 is [PtiVfamide anion)&IH),] (or the corresponding chloride). 
However, recent ESCA studies t57 indicate the presence of PtI’. The pyrimidine 

complexes are likely to have a similar structure; the obvious similarity between the 
0 
tr 

amide and ~rn~d~~~ ligands lies in the presence of the -N-C- grouping. ff crys- 

tals of [Pt( ,CN),Cl,] are left to stand in solutions of l-methylthymine, I-methyl- 
cytosine or uridine, a blue solution forms within a few hours and this occurs more 
quickly with DNA. 9-Methyladenine and 9-methylguanine do not give blue solutions 
so that the colour is unlikely to be due to hydrolysis of acetonitrile “O. Similarly, 
c&- [Pt(cycfopropylaminerzC’t2 f gives a purple complex on standing with f-methyl- 
thy mine ’ “. This compound and several similar “pIatinum blues” give good 
screening results. Physical measurements are underway in an attempt to characterise 

Other papers discussed the bacterial and anti-tumour activity of rhodium com- 
pounds IsI as mentioned in Section E_ Preliminary ~~t~-t~rno~r, a~t~-~ra~, anti-bac- 

terial and antifungal screenings of some ~a~~a~i~rn chloro, chloroamine and an-ho 
acid complexes were not very encouraging except for ck- [Pd’V(NH3),C14] 9 which 
shows some anti-tumour activity 152. 

The molecular structure of the pyrophosphate compound [CPt(NH,)2}2P207] 
was reported * 53. Complexes of the type cis- [Pt(am)zCl~] (am = CnHZ&+JH~ with 
iz = 3 to 8) react with DISC to give cis- ~Pt~arn~~C~~ (ref, 154). in the 
presence of chloride the stran trarfs-labilising effect 0 sets up the equilib- 
rium cis- [Pt(am)2(DMSO)C1] * -t Cl - * cis- [Pt(am)(DMSO)C&] + am. The kinetics 
of the forward reaction have been studied and the rate is first-order with respect to 
chloride, with the nuc~eoph~i~-independent pathway (&) generally absent. There is 
no correlation with the pottery (LD,,) or toxicity (L-D,& of the ~h~oroarn~~es- 
This tends to eliminate the possibility that replacement of the chloride ligands with- 
in the body by strong tiorrs-Iabilising groups (e.g. sulphur-containing proteins) foi- 
lowed by labilisation of an amine could provide an alternative mechanistic pathway. 

Compounds of the type cis- [PtA2(nucQ2] fAz = en, (py)~ (NH&; nucf = guano- 

sine, ~~~~~ne~ have been prepared and ~harac~~r~sed Is5 NMR studies suggest coordi- _ 
nation at the N-7 nitrogen. 

Most of the. clinical papers dealt with phase X studies on cis- [Pt(lUH,),C&] and 

were, therefore, accounts of toxicity in man. These studies confirmed the toxicity 

predicted from dogs and monkeys, of bone marrow depletion and damage to the 

intestinal muc~sa and kidney but not the predicted liver damage. The ~irn~t~~ 
city is thst on the kidney and this is pausing the ~~j~~~ia~s some concern, although 

it was pointed out, however, that kidney toxicity need not prevent the use of a drug 
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if it proved to be highly effective, Kidney toxicity can be minimised by hydration 
of the patient prior to, and during, infusion of cis-Ptn*. Some cIinicians reported 

occasionaI good responses in the course of the phase I studies particularly with 

squamous cell carcinomas, ovarian ade~~~rc~nornas and testicular turnours. The 

general 0~~~~~~ was that a~t~~~~ the kidney toxicity of this compound mi&t prove 
limiting and certainly warranted caution, it was a compound with interesting anti- 
cancer properties. The clinicians looked forward to the development and availability 
for clinical trial of the new derivatives reported on during the symposium, all of 

w‘rlich are discussed earlier in this review. Such ~ornp~u~~~~ might retain the useful 

ax t~-t~m~~r properties of cis- ~Pt~N~~)~~~* 1, but not have the unwanted kidney- 

damaging properties_ 
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