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Abstract

Anmino acds present metad ons with o choiee of potential donor atoms. The preferences
for a particular donor atem for palladium( 11y depends primarity on relative thermodynamic
stabilities of the complexes Tormed, but for platinum thermodynamically less prefesred com-
plexes may be kineticully preferred, leading often o spontanenus conversion of @ metastabic
complex inte a thermodynamically preferred liakage isomer. Sizes of potential chelate rings
often play a crucial rele in determining donor atom preferences. On o more subtle level, when
geometric somers are possible with the same set of donor atoms bound to the metal, there
may treguentiv be thermodynamic or ket prelerences Tor a particelar somer depending
on frany influcnces and trars effects of other higands. These preterences are most marked
when the travrs influcnces of some of these ligands are very high, as in methylplatinumi 1V
complexes. The review focuses on results obtumed i the author’s luboratary, and on relaied
wark of other groups. «° 1997 Elsevier Science 8.A.

Revwords: Platinun: Palladium: Amine acids: Donor atom: Linkage isomers

1. List of abbreviations

{Acdic H-atoms are underlined in formulae. Atom numbering used in text is
given where appropriate)

H-raha ‘z-dmim)buiyric acid. ' NH(CH»,CO7

H acys N-aceryvleysteine. CHC{OMYNHCH{CH,SH)YCO,H

Haacgly V-acetylglycine, CH, ( (OYNHCH ,COH

H achis / —dLCt}']hlhtldmc, C H_,,C(O)I\HCH(COZ JCHLIC,H,N.H;)
H.acmeeys N-acetvl-S-methyleysteine. CH_;C(()JNE(.‘H(("HESMC)("()ZH
H,aemet N-gectylmethionine. CHU(OYNHCH{CH,CH,,SMe O, H
Haacp aminocthylphosphonic acid. “ NHCH,),POH

Hxala -alanine, " NH , CHMeCQO.

H3als fi-alanine. " NH(CH,3,00,
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Hoamal 2-aminomalonic acid”, H.N-CH{CO.H),

H,amp aminomethylphosphonic acid, "NH,CH;PO,H

H,app aminopropylphosphonic acid, " NH(CH,},POH

H,asp aspartic acid, “NHCH{CO; 1}(CH,CO,H)

bpy 2.2-dipyridvl, {C.H,),

H.eys eysteine. ' NHCH{CH,SH)YCO;

Hdab 2 4-diaminobutyric acid. ' NH,CH{CO, HCH,),NH,

dach |.2-diaminocyclohexance, CH o NH,),

Hdap 2. 3-diuminopropionic acid. * NH,CH{CO, }CH.NH,

dien diethylenetriamine, HN{CH,CH.NH,),

H,digly N-glveylglyeme, "N, HCH,C(O, )N, HBCHLCO,, O,

dmso dimethylsulphoxide, Me,50

H,edda N V-cthylenediaminediacetic acid®,
HO,CCH,NH{CH,),NHCH,CO,H

Hedta N AN N -ethylenediaminetetraacetic acid®,
(HO,CCH,)N(CH,),N{CH,CO,H),

en ethylenediamine. NH(CH,),NH,

Heteys S-ethyleysteine, " NH, CH{CH,SEN)CO,

H,plu ghitamic acid. ~NH,CH{CO; 3}{CH,CH,CO.H)

Hygly glycine. "NH,CH,CO,

Hglyam glycinamide. N HOHLCOIN H,

glyQEt glycine ethyvt ester, NH,CH,C{OYOFE!1

HglyNOH glyeinchydroxamic acid, NH,CH.C{OYNHOH

GSH? glutathione, -
"NHGOHCO, YWCOH ) 2COOMNHCH(CHLSHYC{OYNHCH ,CO,H

H.his histidine. * NH;CH(CO, YCHACH,NH)

Hyida iminodiacetic aeid®. HN(CH,CO,H),

H,idmp iminobis{methylenephosphonic acid®, HN(CH,POH.),

Himpa N-{phosphonomethyl jglyeine®, HN (CH:P()J‘HZ}((“I-_{ECOEH }

Hivs fysine, “NHGCH(CO, MCH 3 NH, -

Hmecys S-methyleystetne. " NH;CH{CH.SMe)CO,

Hmet methionine, ~ NILCH(CO, }CH,}),SMe

H.mida A-methyliminediacete acid®. MeN{(CH,CO,H),

H ,nta nitrilotridectic acid®. N(CH,CO,H), -

H. nimp nitrilatristmethylenephosphonic actd®. N(CH,PO,H.),

Horn omithme, " NHLCH{CO, 3CH,),NH,

Ha.pen penicillamine, NH,CH{((O; )CMe,SH

RSHP Thiclate ligand

sah S-adenosyl-L-homocysteine {structure 135}

sgh S-guanosyl-L-homocysieine (structure 136)

ipy 2.2°.6°.2 terpyridine

H,uedda N N-ciirylenediaminediacetate®, H,N{CH,},N{CH,COLH 3,

* For simphicity. drawn 10 unchuarged rather than zwitterion form,
> Overall charges are not shown for complexes with these ligands.
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2. Introduction

Even the simplest amino acid. such as glveine, has o refatively complex coordina-
tion chemistry. i that 1t has the potential 1o bind 10 a mietal 1won monedeniate
through cither nitrogen or oxvgen. to form a five-membered N O-chelate rning or
four-member G, 0'-chelate ring. to bridge between (wo metal ions through N and
O. or through the carboxylate oxygen atons. For more complex amino acids. with
more potential donor atoms. there are many more possibilities. Platinunt and palla-
divm form stable complexes with the N-, - and S-donors commonly present in
amine acids. with thermodynamie preference for 5- and N-donors over £-donors.
When an amino acid s presented with a metal complex contuaining several casily
displaced hgands. the thermodynamically preferred product will usually be that m
wlnch the maximum number of chelate rings 1s formed  for example, a N O-chelaie
ving lor glveinate, fuckdd X O S-tridentate coordination for methioninaie with an
octahedral metal ion. Of greater potential imerest 1 the coordmation mode which
is adopted when the preferred geometry of the metal ion (e.g. square planar for
P P s inconsistent with the preferred coordination mode of the ligand, or
when the nomber of potential coordination sites 1s restricted 1o one o two, While
the thermodynamie preference of the metal on for a particular donor atom is a
very important parameter 0 determining the choice of donor atom, ut the pH of
the experiment this donoer atom may be protonated. The effect of chelate ring size
may alse be g factor in determining the coordination mode adopted. Even when the
sct of donor atoms used by the ligand is the same, there may be relatively subtle
preferences for one geometric somer ower another when coordination sites dilfer
because of differing frans influences of other hgands present.

The chemistry of amino acid complexes with the following metals has heen
reviewed (platinum meials [ 1], paliadium |2). platinum [3]). This review does not
attempt o cover the whole field of amine acid compleses with these metal ions. but
focuses on situations where more than one potential coordination mode is possible.
The major emphasis will be on results obtained from my laboratory in determining
the preferred bindmg modes of amino acids and related molecules (such as aminoal-
kylphosphonates) to platinum and palladium. with relerence to the work of others
which plices it in context. Some comparisons will also be made with related chemistry
of other metal wons.

Because of the interest n the brological chemistry of platinum ammine complexes
engendered by the anti-tumour activity of eis-| PtCILUNH,)5] and analogues, ammines
and amines have often been used as relatively non-labile ligands to block coordina-
tion sites on platinum(11) from access by the amino acid. When ligands of high
rramy effect {e.g. sulphur donors) bind to platinum(11}, it is uselul 1o use chelating
antine ligands such as cthylenediamine {en) or diethylenctriamine {dien). and it is
neeessary 10 use such chelating ligands with palladium(11) because of the lability of
monodentate ammine ligands [4]. In probing the response of the ligands to the rans
influences of other ligands. di- and trimethylplatinum{ 1V} complexes have heen
used. because of the very high rrans influence of methyl ligands and the robustness
of the platinum methyl bonds,
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Most of the results summuarised here are bused on multinuclear NMR studies of
agueous solutions, This review will reler only in passing to these spectroscopic
results. For details the reader is referred o the original articles.

3. Complexes with amino acids “ NH.(CH,;,,C0O,
34 Complexes formed when one meraf coovdination sive is availuble

F A Platimant H ) complexes

Reaction  of [PUNHL(H.ONY " with  glyeine at pH 3 gave  initially
[Pt{NH,},i Heiv-O}]? . Since glycine nitrogen (pK, 9.8} is protonated under these
condittons and the carboxyl group (pK, 2.35) partially deprotonated. carboxylate
oxygen is morc available for reaction than the amine nitrogen. This complex was
slowly converted into [PUHUNH ) (ghy-N)] 7 al ambient temperature. This reaction
wirs inhiubited by acid. but proceeded stowly even at pH 1.5, [t could not be reversed.
The kmete product, with glveine G-bound, which 1y sufficiently stable to allow
spectioscopic measurenicnts. but which 1s ultimately converted to the thermodynamic
product, has been termed “metastable”. The isomerization reaction 1s intramolecu-
Lar |5].

{-alaning has  uan additional methylenc group. [ts  complex,
[PLUNH ¢ HBala-0Y)" *, did not isomerise at pH 4.3, but there was slow formation
of [PtiNH g Bala-N} 7 alkaline solution. For the v-uminobutyric acid complex
[PUUNH  tvaba-0)] " standing at pH 180 caused only slow displacement of the carb-
oxylate-bound hgand by hydroxide {3]. The NHjy group of the coordinated amino
acid is likely to be less actdie for the longer-chain ligands. but this s unbikely to
cause the large differences in reactivity in selutions sufficiently alkaline for ¢ven a
less weidic annne group to be deprotonated. With a five-coordinate intermediate 1
(M =Pt =3 p-1) for these somerization reactions. unfavourable entropy of
activation is a probable reason for the decrease In reactivity as » increases.
Platinum{ ) hydroxide bonds are relatively inert. 11 is thercfore not surprising that
the reaction of [PH{NH 3, (OH )™ with cach of these amino acds near pH 0 pro-
duced [PtiINH 0, NHACH),COL] only very slowly [5].

i .
N p
™{CHaln
{HyN)mM |
‘..\. /’(~
07

An analogous reaction between |Pr(dien)(H,03)*" and glycine guve initially
[Ptdieny{ Hely-OM ™. followed by isomerization to [Ptidien)}{Hgly-A3?'. The
dinuclear complex [{dien)Pt NH,CH,CO, Pi{dicn)}F”™ was also formed. and was
much more stable kinetically than [Pu{dicn)( Hglty-O)]* " {6].
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3. 1.2 Palladiumi 1) complexes

“NH; “NH,
/ i s - 24
: H,
HN- Pd——N HN—— Pd——0Q
-
_) H,
HaN O HaN
2 3

Reaction of [Pd{dienHH,)]"~ with glycine at pH74 gave only
iPdidienpgly-~1]". At pH 346, this complex wuas i equilibrium with
[Pd(dien}{gly-0)]". [(dien)Pd-NH,CH,CO, Pdtdien)]** and the two isomers {2.3)
of the complex with chelated glvcinate and partially protonated dien. At pH 1.2 the
proportions of species present changed. but [Pd{dien){ Hgly-» N1 was still present.
From the pH dependence of & for the methylene carbon  atom of
[Pdidien}{ Hgly-O)]" ', 1t was possible to estimate the p&, value for deprotonation
of the nitrogen atom in this complex as approximately 2.9 This represents a4 very
targe enhancement in acidity compared with zwitterionie glyeine (pk, 9.8} {6].

With the more labile palladium species. a metastable kinetic product s not
observed, but the composition of the reaction mixture is determined entirely by
equilibrium constants, With platinum. the O-bound glycine complex is observed as
a metastable kinetic product. but equilibrium. even in acid. strongly favours A-
bound glycine. The O-bound isomer is thermodynramically more stable relative to
A-bound for Pd" relative to Pt". reflecting a greater “hardness™ for palludium,

313 Comparison with complexes of other metal ions

There are cxamples of linkage isomertsm of coordinated glyeine for other metal
ions. Fujita er of. [7] prepared [Co(NH 3 Hely-0))* 7. with glveine bound to cobalt
through carboxylate oxygen. by reuction of [Cot NH, 3 (HO)'  with glyeine in acid
solution. The somer with glyeine bound through nitrogen could not be obtained by
heating the complex with carboxylate bound | 7). Heating at pH 10 for 3 b gave no
evidence for lormation of [Co{NHs(glv-¥)? . Instead. the major products
appeared 1o be complexes with glvemaie chelated. following loss of ammonia [&].
Buckingham ¢r af. [9] obtained this isomer by hydrolysis of the ester group of
[ColNH;3)6 NH.CH,COLEO* ™. which, in turn. was prepared by reaction of ethyl
glycinate with [Co{ NH 3<{ OP(O"Bu),)* " 1 tri-a-butyl phosphate solvent

Chatterjee and Basuk [10] prepured [RhiNH,{ Hely-O ' in a similar way 1o
the cobalt analogue. This complex was stable indefintiely m aqueous solution at
pH 3.5, cven when heated. but heating a solution for 3 h at pH 10 caused complete
conversion to |[Rh{NH ) (gly-N}" . Experiments with isotlopically labelled glveine
showed that there was no exchange of free and bound glycine in the course of the
reaction [8]. This reactzon must therefore oceur vig an intermediate 1L{M =Rh, w7 =
Son=1, p=23y m which both N and O of glycinate are bound to rhodium. The
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ability of the rhodium complex, but not the cobalt analogue. 10 undergo this reaction
may reflect the greater tendency of rhodium (I} to undergo associative reactions
compared with cobalt{111}. The isomenization from O- to ¥-bound glyeine or
glycinate could not be reversed [8]. Under conditions where the glvcinate complexes
isomerised, [Rh{NH j}(Bala-M*~ did not react [8]. The greater decrease in entropy
of activation involved in forming the micrmediate 1 (M =Rh. wa=5. p=2) when
n=72 compared with w=1 is probubly largely responsible for the difference in
reactivity.

Diamond and Taube [11] prepared [Ru{NH,(Hgly-¥)]*" by reaction of
[Ru{NH ) H 00 with Nafely). followed by acidification. Oxidation of this
complex produced initially [Ru{ NI }(Hely-M)]* ' which rapidly isomerized to
[Ru{NH ) Heglv-()P " by an intramolecular mechanism. They estimated the half-
life of JRu{ NH )s(gly- V37" with respect to the isomerization reaction as 21 5. At
pH > 7 there was an equilibrium between the isomers of [Ru{NH,){gly)]'*. with
the proportion ol N-glycinato complex ncreasmg at higher pH. There was no
indication of any Ru" complex with glycine @-bound in equilibrium  with
[RutNH, ) Helv-A 3] in acid solution. The preference for the O-bound isomer
for Ru'™ reflects the “harder™ character of the metal in the higher oxidation state.

3.2 Complexes formed when neo metal coordination sites are available

321 Pluimimi Il complexes

It has been well established that &, @-chelation 18 a charactenstic coordination
mode for glyveinaic bound to platinum({ I} For example, Freeman and Golomb [12]
determined the crystal structure of frens-[Pu{ gly-A.0),]. It has also long been evident
that the N, O-chelate ring could be readily cleaved by reaction with excess glyeinate,
1o give complexes containing A-glycinate. or by reaction with HCLL to give complexes
containing N-glveine, For example. reaction of K,[PtCl,] with excess glycinate gives
[Pti{gly-¥),]* . which may be acidificd (o precipitate [PH Haly-Nit gly-V 3] [ 13, 14].
and reuction of eis- or frans | Pt{gly-N.O),] with hot concentrated HCT gives the
cotresponding  somer  of [PiCL(Hgly-A,] [13]. The crvstal structure  of
cis-[PiCL{ Hgly-N 3] was determined by Baidina er of. [15].

Grinberg [16] and Gil'dengershel [17] showed that reaction of ¢is-fPtCLONH )]
with  glycinate  gives  [PUNHMgly-A.OJCT and  {with  excess  glycinate}
civ-[ PUNH  Lgly-A )5, and Piveovd ef af. [18] confirmed that these products are
obtained when the reaction is carried out under physiological conditions. However.
reaction of cis-]PUNH.)A H.04]* with glycine gave initially a metastable complex
with monodentate glycine bound only through carboxylate oxygen (4) which slowly
underwent chelate ring closure to [PUNHL(plyv-N O)*Y (6) [19.20] (Scheme 1)
The reaction was slowed but not prevented by acid. In the reaction of
cis-{ PICTANH ;)] with glycine. eds-[PUNLLCH Hgly-0) © was not detected as an
micrmediate. A solution containing this species was obtained by addition of chloride
to 4, and slowly underwent rimg closure. Since chloride is less labile than aqua,
displacement of chionde Trom ¢is-[ PtCl{ NH )5) was the slowest step in the seguence
of reactions feading to 6 | 3].
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HyN Ot HLN O CCHNH, 2
N S 1O N o
Pt - OLCHNH, A T Pi
VRN RN
HyN OH- Hgly HN Oila

- q
\Hgl}-
ALY
o - H0
,/ siow W - (?

'
00— CCHNH,

29

RN 2
HyN L0 NS o~
S e Pu
Pl\ / \
A N O ~CCHNI,
BN N 0
4 0
& - 5

Scheme 1.

There was no detectable reaction between ¢is-[PH{NH;),{OH},] and glycmate
at pH 12.8, but slow reaction occurred at pH S 1. probubly vie traces of aqua
complexes in equilibrium with the dihydroxo complexes. The initial product
was  ofs-[PUNH L(elv-AHOH Y. which  slowly  underwent nng  closure  to
[PHNH  bLigly-N.O)™ (6) which, in turn, reacted with free glycinate 1o give
cis-{PUNH  L{gly-A )] IF acid was added to decrease the pH of a solution
of  cis-[PYNHD{ely-N}OH)] to & (which would produce initially eis-
[Pt{NH.),{gly-N¥){H. 01} ) ring closure to 6 occurred rapidly [20].

(CHyyyNH, 3~
HlN\p;/O‘('\O\. _~NH;
Hxx/ \O/-P‘RNHR
H

7

With the longer-chain amino acids -alanine and y-aminobutyric acid, the carb-
oxylate-bound complex analogous to 4 was much more stable kmetically. At pEl 5.5
heating at 80 'C for several hours was required to produce [Pit NH;),(Bala-N.O))*.
and prolonged heating at 90 C 1o produce [Pt{NH,).{vaba-¥, )] In solutions
from ¢is-{PUNH;),{ H,0),]% * with these longer-chain amino acids that were allowed
to stand at pH 5.5, there was present. in addition to the complexes with carboxylate-
bound ligand analogous to 4 and 3. a dinucicar complex with bridging carboxvlate,
7 tn=2 or 3}. There was only a truce of the analogous complex 7 {n=11 with in
solutions obtained with giycinate {5]. The erystal structure of the acetate analogue,
[1eis-Pt{NH )2 2(p-GCCH B u-OHDE NO,), has been determined [21]. The effect
of increasing chain length on ring closure from the O-bound complexes in this series
puaralleled the decrease. with increase in n#. of the rate of ring closure in
[PtCly{ NHACHD,COMN:1F 1227,
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Reaction of [PH{H,On)?™ with glycine at pH 3 gave [Pt(Hgly-O¥H,0),)*" and
civ- and frans-{PUHgly-0),( H,0),]" 7. Il the pH of the solution was maintained at
3 4. there was slow precipitation of the isomers of [Pt{gly-¥, 0),] contaminated by
platinumy{ 11} hvdroxide [20].

Erickson und Hahne [23] provided an example of the effects of the frans ligand
on both kinetic and thermodynamic preferences tor a particulur isomer of a glveinate
conplex. Reaction of [P1C{dmso)]” with glycinate gave initially the isomer 8 with
N trems to domso {Scheme 23, As dmso has higher frans effect than chloride, chloride
trens 1o dmso was displaced by glyeinate N, followed by ring closure. There was
then slow isomerization to the thermodynamically imore stable somer, 9. This
thermodynamic preference is in keeping with the gencral rule [24] that the maost
stuble isomer is that n which the ligand of weakest trans influence {in this case.
glycinate ) is rrens 1o the Hgand of strongest ¢rany influence {in this case dmso).

H.
- g - - . 0
C ¢l o N SN /o o
\ / | J:’_b_ ~ N .
Pl _ - /Pt\ = /i’t\
e !
MeyS Cl MesS 0 MesS X
4 kY % t,
0 O D 2
8 9
P
:z o4& Hs
N OH, 1
g \Pd A ™
+ HOY = pd
NN . ! e i
N i N NHACHs L COAH
OH /{'}ﬂo
! NI Mel( i . i+
CUCHMeHN — 7 ANO | A - 1
g AN, HNeo |~ o
T N HMeC e, e R e LCHMeCC
HN SHO HN NHCHMeCOoH
Q)

Cl
Scheme 2

322 Palluditunt I} complexes

As with platinum(It ). ¥ .O-chelated glycinate and A-bound menodentate glycine
or glycinate arc common coordination modes for glycine with palladium (1)
For example. Baidina ¢ of. determined the crystal  structures of  eis-
[Pdigly-N.0)].3H,0 [25], K[PdCl(gly-N. )] [26] and [PACH gly-N.OH Hgly-N)]
{10y [27].
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Ny

./ N\
0/\0 NHLHCO,H

14

In reactions of [Pd{en}{ H,O)]*  with amino acids, “metustable™ kinetic products
are nol observed under normal conditions. but the reaction products are at equihib-
rium. The reaction with glycine at pH4 produced the chelate complex
[Pdien)(gly-N. 03", If no excess glycine was present, this conplex remained stable
up lo pH 10, but at pH 12 the predominant species was [Pd{en)(gly-A )} (OH j]. With
excess glycinate near pH 10, [Pdeni{gly-A 3] was formed. At pH 1 a small propor-
tion  of the compiex  with  glyeine  bound  through  carboxylale  oxygen,
iPdieny Haly-O) (1001 7. was in equilibrivm with the diaguas complex and the
chelate complex [28].

With #-ulanine. the chemistry wis overall analogous to that of glyeine. with a
slightly fower stability of the six-membered N, O-chelatle ring relative to monodentate
coordination. Thus, with no excess ligand. the chelate complex [Pd{en){ Pata-N. 0O)]
was dominant over the pH range 4 1. but at pH 1) {lower pH than tor glyeinate)
[Pden}Bala-NHOH) began w form. With  excess B-afanme in alkal,
[Pd(eny{Rala- Ny, formed. At pH 2.5, the proportion of |Pd(en)yBata-Oy(H.Oy)"'
relative to chelate complex was much higher than with glyeine. As well, NMR peaks
were broadened from the rapd ning-opeming reaction (1), which was nol observed
with the glycinate analogue | 28],

With v-aminobutyric acid, at pH 2.9, and no excess ligand, the complex containme
a 7-membered chelate ring, [Pd(eny{yaba-N, 0" was in equilibrium with the isomers
of [ Pd{en)raba-p-N, €)1 5] L with the amino acid bridging between two Pd atoms.
At pH 12, the major species was |Pd{eni{vabu-N YOI} but near pH 10 this
species was i equilibrivm with [Pdien)vaba-8 )] and the hydroxo-bridged
oligomers |1 Pdieny{u-OH ™ (#=235  In  acid  solution  (pH 2.4).
[Pd(eni{ Hyaba-G¥ H,O)* was the dominant specics, in cquitibrium with com-
plexes with cheluted and bridging vaba and [Pdter} Hyaba-~3,)° * | 28]. This chem-
sty iy quite different from that of the glwine and B-alanme analogues, largely
through the relatively low stabiity of the 7-membered chelate ring.

In the reaction of ¢is-[PA{ NH L H L0017 with glycine. (he chelate complex
[PA¢NH ) (elv-V.o)] " Jormed mitwdly. Slow subsequent regetion with protons
relcased by the chelation gave the isomer of [PAENH)(HOMely-A.O)]" with
amoine froeas 1o glveinate oxygen (11). predicted 1o be more stable than the isomer
with the N-donor atoms of higher rrany influence mutually namy. A minor product
was [PA{{H.On(egly-5.0)] " [28].

323 Phatimn- IV) comploxes
[t has been well established, primarily through the work of Russian chemists [29
327 that glyeinate and related amino acids such as z-alaninate form complexes with
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platimum( IV } in which the hgand is either & O-chelated or N-monodentate. They
also obscrved that chelate ring closure involving displacement of hydroxide does
not easily occur in alkaline solution. but can occur when sufficient acid is present
to partially protonate the coordinated hydroxide (e.g. reaction {2)). Davies ¢ ol
[33] obtained [P1egly-A.0),Cly) (all trans) by reaction of trans-[PtClyt H digly- & ),]
with hydrogen peroxide. and determined its erystal structure.

[n methylplatinuni(IV ) derivatives, the coordination sites rrans to methyl are
labile, allowing substitution chemistry  to occur  readily.  Reuction  of
Jue-[PtMey{ H,O)]" with one mole glycmate gave [PtMeg(gly-N, O0)(H, Q)] [34].
When the solution was heated, a reaction occurred (reaction {3 )) which mnterchanged
Me, and Mo mrans to water und carboxylate oxygen 1. the carboxylale oxygen
migrated from one coordination site to another. while the amine nitrogen remained
anchored trans to Meg. Only at much higher temperatures did reactions occur which
involved migration of coordinated nitrogen [34.35]. With an additional mole of
glycinate, [PiMeg(gly-N O {elv-N)]  was formed [34]. When this solution was
heated., there was an interchange between chelated and monodentate ghycinate (reac-
tion (4. Pt O bonds were breaking. while the Pt N bonds remained intact | 34,35
With more glycinate, fuc-[PtMceyely-¥),]°  was formed [34]. In none of these
solutrons was there any cvidence for complexes with O-bound monodentate glycine
[34]. In each of reactions (3) and (4) enantiomers interconvert.

Mep Mea
0.0 . _OH
Mep~— TN Meg-—__ o
P{_‘“"“"N‘/ e o / '1.H“N1{ (33
Me( b Mech b ’
O, O\\\/
O
Mea, t Meg
| - NH,CHLO, -

NIﬁB'm.._,_h Mep— /
PtH o S 4

p

v <]
0

H2

Anglogous complexes were formed with s-substituted amino acds. For these
complexcs, reactions anzlogous to {3} and (4) interconvert diastercomers [36].

Concentration of solutions containing [PiMe{gly-N, O)(H.()] caused precipita-
tion of a solid which was formulated as [{ PtMc{gly)), ] [34]. The x-alanine analoguc
was soluble in acetone. Molecular weight measurements and '1T NMR spectra were
consistent with a dimerie structure {36). Structure 12 was proposed for these com-
plexes [34.36]. although alternative Pt O C O Pt bridging is also possible.

For dimethyiplatinum{IV } complexes. the coordination sites frans to methyl are
labile while those ¢/v to methyl are mert. Reaction of fuae-{ PiMe,Br{F,0},| ' with
Nalgly) gave intially a product. 13, with glycinate chelated rrany to the methyl
groups. Heating an aqueous solution caused irreversible isomerization to isomer 14,

NHCHACO,
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I 1N~/ Me
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12

with plycinate oxygen #any to bromide. A third fsomer. 15. was prepared by reaction
of {1 PtMe,Br{OH);,] with glycine [37.38]. The thermodynamic stabilitics of these
isomers would be expecied to be in the order 15> 14> 13, as the most stable isomer
would have the ligand of weakest rewis influence {N =carboxylute O > H.Q) trans
1o methyl.

The isomerization Mrom 13 to 14 (reaction {31, since i involves an “wert’” sule
cis to methyl has a rate constant that is smaller by a factor of approximately 10
than the analogoeus reaction involving “labile™ sites wrans to methyl {reaction (63)
(298 Ky [36].

Br Br
Mo ‘ //OWO heat Moo . Ot
TP > —= > o & {5)
el "N,
vie” | 11\; e 2
! 3
OH- 0
13 O
14
Re Br o
I oH, .
Meowpl T — Me; [T‘<J¢ T e
ST Me” O
e ) Ha
N0 ';;
1,
15

In analogous reactions (Scheme 3) ¢iv[PtMe{ H-03)* ™ with ghveine  gave
[Pivie(OH Haly-N. O H.0Y (16). with glvcinate chelated sans 1o the methyl
groups, Hesting caused isomerization to 17 [37.38]. The third somer of
[PiMe fOH M elyv- N Y H,0)]. 18, was not prepared directly from hydroxo and aqua
precursors. but by reuction of the bromo analogue. 5. with agueous AgNQ,
solution [39].

Reaction of 16 with excess glycinate guve {PtMe(OH Ligly-¥).]2 {193, which
did not undergo chelute ning closure, but when the pH was deereased 10 4.5 ring
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closure to [PtMe,tgly-¥. O] {20} was facile, Heating isomer 17 with glyeine gave
@ sccond isomer of [PtMe,igly-¥ 0),]. 21. with one N-atom and one carboxylate
axygen rans 1o methyl. Prolonged heating of 21 gave a third isomer. 22. with both
N-atoms eis to methyl [37,40]. These reactions were urreversible. as expected af the
order of thermodynanue stubilities is 22 > 21 2= 201, The structures of 20 [41] and 21
[42] were confirined by X-ray crysial structure determination.

G
/’L'“(J 2-
l).&& | P
N Ton
o
- hie

23

An attempt to prepare [PtMes{OH Helv-N O H,O)| {1somer 18) by heating the
corresponding brome complex 15 with NaOH solution led to the formation of a
complex formulated as dinuclear. with bridging armdo groups., 23 [39].
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4. Complexes with glyeine derivatives
4.1 Complexes with N-acetylelveine

The coordination of N-acetyiglveine o transition metal sons was long thought to
be limited to coordination through carboxylate oxygen [43]. Reaction of
i [PUNHLHO),] with this higand did initially produce the complex
cis-[PH{NH; L Haegly-O3 H,00] ' . However. with standing, even in acid solution, a
chelate complex [Pt{NH ;3 Hacgly-§.01] " (24) formed. On addition of alkali, the
coordinated ligand deprotonated to form {PUNH  Ltacgly-N (3] (25). most of which
precipitated from solution {reaction (73} The pK, corresponding to this reaction
was measured as 2.6, At pH > 9, there was a siow ring-opening reaction to presduce
cis-fPHNH ) {acglv-NHOH Y (44,

HyN & O HqN O e
NS ' NS
"L Sl AN ) 7
HN T/ ’ ~H' H;N r|~:
HO//\‘ 0/\
24 25

With [Pd{en)}{H,0)s]* " only carboxylate binding was present at pH below 4.
Between pH 7.0 und 14.5 the N.O-chelate complex |Pd{en){acgly-N, Q) analogous
to 25 was dominant, bt weak peaks were present in NMR spectra that were assigned
to dinuclear specics with N, O-bndging. A major diflerence from the platinum ana-
togue was the thermodynanue instability of o chelate complex with the armde group
protonated, analogous to 24, since the chelate complex formed only when the pH
was high enough to deprotonate the coordinated amude. The pK, was estimated as
approximately 6. much higher than for the platinum analogue. At pH 122, the
major species I selution was [Pdieniy{OH )}, but some [PdienHacgly-¥ HOH Y
was also present [45].

4.2, Compleves with gheeinanide

With labile metal jons {e.g. Ni* 7. Cu? ") the protonated N,,.0O-chelate complex
26 1s in equibbrium with the deprotonated N, A -complex 27 [43]. With relatively

NH 0
i2) .

H:\!J\ / 113\
N e

26

’(_- h ‘.
/i&l}l\l
‘\

+ (8)

27
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inert metal ions, the A, O-chelate complex 26 may not be readily converted into
the N No-complex 270 For example, Buckingham ef «of. [46] showed that
[Cofen),{ Helyam-¥, . )] does not isomerise to the NN complex, and in
alkaline solution there is rapid hydrolysis to give [Cofenl.{gly-N. ()", They also
showed [47] that intramolecular  amidolysis  of  glycine  ethyl ester  in
[COolNH(glyOECNN ™ deads o [Cot NHy)dglyam-N,, N7 . which, ance
formed. 15 stable toward both isomerization 1o ¥, O-chelate and hydrolysis.

With platinum(II}. glycmamide behaves in a similar way to the Co(¢ 111} example
above. There wus no reaction between cis-fPUUNH ),( H,0),] * and glycinamide at
piL 0.5, but at pH 5, [PUNH ,(Hglyam-& ) .O)* * formed. There was no reaction
with excess glyemamide at this pH. but at pH 7. ois-[PUNH, K Heglyam-A, 3]0
formed. At pH 8 16, there was rapid hydrolysis of the N, .O-chelale complex Lo
[Pt{NH;){gly-N. O} " [48].

From i potentiomelric study of the reaction of |[Pd{en){ H,0),]* " with glycinam-
ide. Lim [49] proposed that a A, N <chelate complex is formed. even in acid.
From our multinuclear NMR study. [Pd(eny{glyam-¥, . ~,,)] * (28} was the only
species present at pH=>3.5 Below  this pH, the protonated  complex
[Pd{en){ Hglyam-N, N )17 (29) was in equilibrium with the N, O-chelate com-
plex [Pd{en}{Hglyam-~,,,. 0" {30) and the ring-opened aqua complex
[Pdeenyt Helyam-N 3 H.O0]7 " (31) (Schemie 43 [45]. The pK, of 29 was estimated
as 1.5 [44]. Thas s lower than Lim's estimate of 2.47 [49], which was bused on the
assumption that the protonated N A,,-chelate complex 29 would not exist.

i, H . Y H
N New O N M~V 2
N /"’\|/ ~H 4 \pd/h i
Pd - )
. // " L - k / \ T
N N7, S N N
H: H, 1 He
28 29
3
- . !
N o 2 o T O, NHy 2-
RN - b4 : s T
| \pd/ bl 4 \pd/ ﬁ/ =
SN ' " :
N NELCHLONEL \\;/ \\1/
il i1 3 B oo
L (} . ”:
a1 *

Scheme 4.

4.3 Complexes with glvemehvdroxamic aeid

Davies ef wf. |33] prepared trans-| Pt{glyNOH ),] - H,O by reaction of K [PtCly]
with glycinchydroxamic acid.  Reaction of this complex with HCl gave
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erens-| PUCL(Helv-4),]. 2H 0, whose erystal structure was determined by X-ray
diffraction.

4.4. Complexes with oligo-peptides with non-coordinating side-chains

Wilson and Martin [50 32] showed that di- and tripeptides reucted with
[PACLE  to form complexes in which the peptide nitrogen atoms coordinated, with
deprotonation of the peptide groups.

With platinum( 11 } complexes where the availability of coordination sites was not
restricted by the presence of other hgands. Volishtein and Motyagina (53] reported
the preparation of the A-glyeylglycine complex with the ligand bound through amine
nitrogen (I, fraas-[PICLH digly- N, )5 Mogilevkina ef af. [54] reported that
reaction of this compound with alkali gave [Pi(Hdiglyy]. On the basis of IR
spectroscopy, a structure with & A, -chelate rings was proposed. Beck o af. [35]
have determined the crystal structure of a complex containing N-glveylglveine ethyl
ester bound through amine nitrogen. cis-| PLCL¢ HdiglyOE-N .1

Schwederski o of. 1561 used '"Pt NMR to follow the slow reaction between .
[PICLY " and ""N-labelled poly(glyeine) peptides. and characterized a number of
complexes contaming the peptide bound through amine mitrogen and deprotonated
peplide nitrogen atoms,

Nance and Frye [37] obtained dinuclear complexes of the type 32 by reaction of
Zewse's antom, fPICLIC,H,Y] with dipepuides. This structure was assigned or the
basis of IR spectroscopy.

Hal

¢l TR
AN /\\{'“:
. Bt
H3_\l..(HR\ yd \
N 0
_.'I ' ."';
Cho—— P -0 ('—'(‘\.\
HR ‘0
H.CO* CHa

32

In our taboratory, the reaction between civ-[PUUNIT L H,00,1F 7 and N-glyeylglye-
e was followed by multinuclear NMR [48]. Some of the species identificd are
shown in Scheme 5. The X-ray erystal structure was determined of the sulphate salt
of the dinuclear cation 33, which was cventually the major product at pH 4 6. No
NV -chelate complex was observed in this study, but Schwederski er of. [ 56] did
observe minor NMR peaks assigned to [PHNH L(digly-N,,.¥,,}] from reaction of
cis-[PICL{NH ) with glyeylglyeine at pH =11, The major species present was
cis-[ PUNH ), Hdigly-~  HORDE Cis-[PUUNT 0 Hdigly-V 3] (34) was o minor
species unless excess glveylglyeine was present.

Reaction between cis- PUNH 3,0 H.(000)*° and A-(glyeylglveyl ) giveine produced
salts which were formulated as contaming the trinuclear cation 35 [48],

In the reaction between |Pd{en){H,0),]7 " and glycylglveine {Scheme 6). the
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N1,V g-chelate complex 36 or the adduct 37 were the major species present at
pH>2. At lower pH. 36 was in cquilibrium with the &,;.0,,~chelaic complex 39
and the aqua complex 38, A small amount of the dinuclear complex 40 was present
17 acid solution. but this did not become the dominant species as the analogue 33
did in the platinum system [45]. The glyeylglyeine complexes provide another exam-
ple of quite ditferent products obtained {rom reactions of PA(I1} and PH1E) with
simifar ligand systems. arising {rom the greater lability of the palladivm complexes.
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5. Phatinum(11) complexes with aminoalkylphosphonic acids, “ NH(CH,),POH -

Aminoalkylphosphonic acids are analogues of amino acids. the mesl obvious
difference being  that the phosphonie acid  group s diprotic. Reaction  of
i PUNHGLHLO0, 7 with aminomethylphosphonic acid in strongly acidic solu-
ton {pH 1.5} gave mitiaily g complex with the Hgand bound only through phospho-
nate oxygen. cois-[PHUNH 3 Haamp-O3 H.O)? *. followed by slow chelate ting
clasure o [PHNH L Hamp-¥. G} 7. The proton on the coordinated phosphonate
group could be remaved by addition of base (pA, 2.53. From the Pt PN coupling
constants, the rrans influences of both nitrogen and oxveen of the aminophosphonate
Breand ncreased with this deprotonation [38].

Reaction of cis-[PUNH L, HO0:P T with aminomethylphosphonate at pH 4 was
more complex, The initial complex was again ¢is-[PUNH ) Haamp-OW HON .
and the chelate complex [Pi¢ SH){amp-N. )] was the final product alter long
reaction times, bul after 3 days reaction the major species was the dinuclear complex
41 (=13 NMR peaks duc 1o 42 were also detected: 1t appears Iikely that this
speces was anontermediate in the conversion of 41 into the A, O-chelute compiex
| 58],

As with the ammoe acid analogues (8cction 3.2.1. the chain lengih has 4 profound
eflect on the case with which ¥ O-chelation vecors. Reaction of aminoethyiphospho-
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nic acid with ¢is-[PLUNH{H,0)]1 " in strongly acid solution {pH 1.5} gave
¢is-[ PUUNH )5 Hyaep-0)HON ™. The chelate complex [Pt{NH;),{ Haep-~¥. )"
lormed slowly only when the solution was heated. With aminopropylphosphosic
acid. cis-] PUNH )L(Haapp-0Y H,0)** formed at pH L5, but there was no further
reaction. even with heaung. At pH 4. cach of these ligands formed dinuclear com-
plexes 41 (#=2.3}. but there was no further reaction to give chelate complexes [5§).

In 1he slow reaction between aminomethylphosphonaic and
eis-] Pt{NH).{OH )| at pH 2.5 cix-[PENH Y {amp-VN HOH)Y]
(Pt{ NHbtamp-N. 01 and cis| PUNH )L tamp-¥ ), formed successively. With
equimolar quantitics of cis-]PHUNH){OH },] and amp®  initally. the solution ulti-
mately contained equal concentrations of cis-[PUNH L (amp-N 5L . ax would be
expected if the amine group of amp? reacts with the Pt O bond of the chelate
complex mere rapidly than with Pt OH. The nucleophilicity of amine nitrogen
decreases as increasing chain length removes the PO3 group further from the
amine group. Thus aep”  did not react with oisv-{PHNH;) O 3,] at pH 125, but
slow reaction did eccur at pH 11.5 { probably through traces of partially protonated
complex) to give [PHNH ;) {uep-A. Q). which did not react with more aep” . With
app? . there was no reaction over the pI range 9 12 [58].

6. Complexes with iminodiacetate and derivatives
6.1 Platiman: B, complexes

Iminodmcetate hus o strong preference for tridentate N.O.O'-fuciad coordination
{see Section 6.3 which is not possible in & complex with square planar geometry.
Smith and Sawyer | 539] reported the preparation of K[PYLICHL.ZHCT L - ida. mida)
as compounds containing meridiond tridentate ligand. with hydrochlone acid of
crystallization. These compounds were shown to actually be the platinum{IV)
complexes  fuc-K[PH{LYCHL]. formed by aerial oxidation (6] Reaction of
KL PtClL) with HaL. with gentle warming. produced mitially [Py HL-N, O)(Cl,] (43)
(Scheme 7)., and with careful addition of base. mer-[PUULICT]  (44) formed [60].
Kortes e al [61] subsequently  showed that an  analogous  complex
mer-[PUHmMa-N.0.0C1] (44, R= CH,CO,H) formed with nitrilotrizcetaie.
They proposed that there was o weak interaction between the “free” carboxyvlate
group and the platinum atom when this carboxyl group was deprotonated.

Smith and Sawyer [591 reported that reaction of K [PtCL] with excess Haida
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produced [Pt Hida),] which was water-soluble, but that the corresponding reaction
with Homida gave an msoluble product. [t was shown [60] that the mida complex
they wsolated was actually a platinum( IV ) complex {Ptimda}.). For [PiiHida},l all
ol the four isomers 45 48 (M =P1. R =H} interconvert in hot solution, but only
the fraes 1somers 45 and 46 crystallize from solution. For | Pt Hmida),]. only the
crans womers 95 and 46 (M = Pt R = Mol were detected in solution |60,
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Reaction of ¢is-|PUNILLOHLOLF T with Hamida was shown by NMR 1o give
inttiadly the complex 49 with the ligand bound only through one carboxylate group.
followed by chelate ring closure w form [ PUNH L Hmida-N W)Y (e structure
S0 with carboxyinie protonated) {20]. Hacker, Khokhar ¢ of. [62] subsequently
reported that diaminocyelohexane (dach) analogues [PUR, R-dach¥{ Rida)] iwhere
Rida represents inunodiaceiate with the subsitituent R on nitrogen) possessed high
anti-tumour achivity, and proposed u Q.0'-chelate structure. Hoeschele ¢f of. [63]
prepared a number of these complexes. and found that there was no gnti-tumour
activity if they were pure, They also established that the structures ol these complexes
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did correspond to 50 (L,= R R-dach}. Because of the asymmetry of the diamine
ligand. the ditferent configurations about nitrogen produce two diastereomers.
Khokhar ¢f of obtamed similar results for a series of complexes [PH{R R-
dachy Rida)] [64]. and for & series [Pt{NH,)( Rida)] (structure 50, L=NH;) [65],
and subsequently confirmed structure 50 lor [PUdl-dach)(mida}] by X-ray crystal
structure determination [66]. Interaction between the “free™ carboxylate group and
the platinum atom for complexes with structure 3¢ in solution has been proposed
|61.63.65]. but there was no interaction of this type present in the solid state in this
crvstal structure.
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3.

The reaction of [P1{H;O},)*" with Hymida was studied. in the hope that this
might lead to mer{PU{mida-N. 0.0} H,01, as with the palladium analogue {sce
Seetion 6.2}, The initial complex formed was [Pt{ H,mida-O)( H,0))* . with the
ligand bound through one carboxylate oxygen. However, on standing, all "Dt
NMR peaks disappeared. and the 'H NMR speetrum showed o broad envelope.
consistent with the formation of a complex mixture of oligomers. with mida bridging
between PLatoms [20].

6.3 Puftadinnnd He conplexes

Smith and Sawver §67] reported that reaction of un agueous solution of
palladium{ 1} niraie with H.L (L =1da. mida) produced
mrer-lPA{L-N. Gy HL0Y. This finding has been confirmed by other workers
[20.68]. With 1wo moles 1,1, [PA(HI-N, 0)5] was formed, with the rrans geometry
proposed. At high temperatures, there was exchange between coordinated and
uncoordinated arms |67]. At low temperatures. only one set of peaks wis observed.,
but. in the light of the results from the PN analogues (Section 6.1, 1 is Iikely
that hoth wmri and syr isomers (45 and 46. M =Pd) were present, with peaks {rom
the different isomers not resolved in the relatively low-field 'H NMR spectra then
avatlable. With nitrilotnacetic acid, [PA{ H nta),] was formed, with a similar structure
{45, R =CH,CO,H ). Again. there wus exchange between coordinated and uncoordi-
nated arms, with the Pd O bonds labile and the Pd N bonds relatively inert [67.69].

6.3, Platiman IV complexes

Reaction of fuac{PtMeyHs0Q1n) with L {L=ida. mida, Hnta) gave
Jue-| PtMe { L-¥ .01 [34]. The initial  product of  reaction  of
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“eis-[PtMe,fOH 1,7 with L7 (L =ida, mida) was [PtMe,(OH 3,(L-N. O)° (81},
followed by slow chelaie ring closure to fue-[PtMe,tOH M L-X.Q.0')] " (52). which
coutd be protonated to 53 (Scheme8). Analogous reactions  with
Jue-[PiMe,Br{H,0),]" produced ultimately fae- [ PtMe,Br{L-N. 0.0} (55} with
nitrogen, as expected, frans to a methyl group with high rrans influence. Irradiation
of 55 produced the thermodynamically more stable isomer with N frans to bromide.
56 {reaction (91. On nradiation. the aqus analogue, §3, semerised much more
slowly to 54 [70].

Tr i Br
L. .0 | A0
. Mg . Mo -
Me - Pl/-a_ ~N - R h\— B ’ - I:li ) (9
M | Me P S0
- NN
| TRy
i R

rul
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The non-organometallic complexes fae-K]PtCL LY were prepared by direct reac-
tion of K fPtClL,] with HL {I.=ida, mida} [60]. Xu and Khokhar {71] prepared a
number of complexes [Pt{dachymida)C1)ClL with different 1somers of dach, by
chlorine oxidation of [Pu{duch}{mida}]. und showed by crystal structure determina-
tion that [Pt(R R-dach){mida}Cl]Cl has the structure 57,

Cl
— i}i) 5 //(_).\//()
) - = pl--...___Ni_ Me
H, | S
0 I|
s O

7. Complexes with iminodiphosphonates and derivatives
7oA Platimant 11 complexes

Reaction of [PtCL)* with iminobismethylenephosphonic acid { Hyidmpat pii 1.5
gave [PICIL{ Hadmp-N.G)] |, with one N.O-chelate ring. With pH increased to 6
and maintained at that value, mer-[PUHIdmp-N.O,0CIP slowly formed. Similar
results were obtained with the N-methy]l analogue [72]. Reactions between M-
( phosphonomethyl iglyeine (“glyphosate™. 1impa) and {PIC1*  are outdined in
Scheme @ At pH 2. the product was 58 with the carboxylutwe group. but not the
phosphonate group. involved in a chelate ring. At lagher pi. the complex 59, with
ligand tndemiate meridional formed [72].

In the rcaction of ¢iv-[PUNH(H, O] with RN(CH,POH,),. the initiat
product was cis-[ Pt{NH )0 OP(O)OH }CH.NHRCH,PO,H ) (HLON? . with the
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ligand bound only through phoesphonate nitrogen. foliowed by chelate ring closure
to 60 (L=NH;; R=H, Me, - CH,PO;H,} [72]. Sawada {73] contrasted the final
reaction products for diammineplatinum( [1) with those for
bis{cthylenediamine)cobalt({ 111 } complexes where an §-membered 0.0 chelate ring
was obtained [74].

In the reaction of glyphosate with ¢is-[P{NH},( H,0),]7 " {Scheme 103, the phos-
phonate oxygen coordinated first Lo give 61, followed by chelate ring closure to 62,
with the protonated phosphonate group bound. With standing in acid. there was
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slow isomerization to 63, with carboxylate bound. When the solution wis made
alkaline, there was slow isomerization to 64, with deprotonated phosphonate bound.
the stuble form in alkaline solution. From Pt >N NMR coupling constants, the
order of trans mAuence, and presumably P O bond strengths for the three oxygen-
donor groups here s OC(OQ)" = OPO3;™ > OP{OYWOH}) . The clear thermo-
dvnamic preference for carboxylate-bound ligand in acid solution 1s expecied from
the greater strength of hinding with carboxylate compared with protonated phospho-
nate. [n the absence ol a large frens influcnce difference between carboxylate and
deprotonated phosphonate the thermodynamic preference for the Iatter in atkaline
solutton must reflect more subtle elfects (e.g. solvationy [72].
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Keppler and his coworkers [75] have isolated and charucterized @ number of
phosphonate coemplexes including complexes with structure 66 (L=NH; or
[Lo=cis-dach) The crystal structure was determined for 65. A number of these
complexes (c.g. [PUNH(H pump-¥, ] {60, L=NH,, R= CH.POH.} were
found to have high anti-tumour activity in mice, including high activity against bone
maiignancics. Bloemink e «f. {76] showed that. in reactions of the aitrifotris¢methy-
lenephosphenate) complexes with oligonucleotides. the Pt O bond s broken first,
followed by the Pt N bond.

Z20 Platimun{ 1V) complexes

With fae-{PtMeyt H,00,] " glyphosate formed a complex with the ligand coordi-
nated facially through nitrogen. phosphonate oxygen and carboxylate oxygen. Some
reactions of glyphosate with ¢is-[PtMe,{OH }1,}°~ arc summarized in Scheme 11. As
expected, the fntial complex at pH i1 had impa® bidentate, but there was no
preference for phosphonate (isomer 67) over carboxylaie coordination {isomer 66}
At pH 9.4, chelate ring closure could occur presumably because of the presence of
traces of reactive aqua complex. At equilibrium. there was a 4:1 preference for
isomer 68 with carboxylate 7rans to methy! over 6% with deprotonated phosphonate
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trans 10 methyl, If the most thermodynamically preferred isemer has the weakest
donor atom frans to methyl, this indicates slightlv strenger binding of deprotonated
phosphonate over carboxylate. Addition of acid to decrease the pH to 3.4 caused
protonation of the coordinated hydroxo and phosphaonate ligands, and the preferved
isomer now became 71, with protonated phosphonate srany to methyl. This isomer
crystallized from solution, and its structure was confirmed by X-ray crystal structure
determination, This 1s consistent with protonated phosphonate being 4 weaker donor
than carboxylate. as expected from the results with Pt{II} complexes discussed in
Section 7.1 [77].

For the bromo analogues obtained by reaction of fac-[PtMe,Br(H,0),] " with
glyphosate, the only 1somer of [PIMc.BriHimpu)]  present at pH 2 was 72, with
protonated  phosphonate rans to methyl, and  the only  isomer of
[PtMe,Br{impa)]® present at equilibrium at pH 7.6 was 73, with deprotonated
phosphonate ¢iv 1o methyl. At pH 3.7, near the p&, value for coordinated phospho-
nute. both isomers were present at cquilibnium in similar proportions. The structure
of the stlver salf of isomer 72 was determined by X-ray crystallography. As with the
munodiacetate analogue (Section 6.3 UV irradiation caused irreversible isomeriza-
tion to the thermodynamically most stable isomer 74. with nitrogen cis to the methyl
groups. The crystal structure of a silver salt was determined {77].

Iminobis{methylenephosphonate} formed  a less  stuble  complex  with
trimethylplatinunt{ 1V } than cither iminodiacetate or glyphosate, and the Pi- O bonds .
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were more labile, with rapid exchange on the NMR time scale with aqua complexes.
The only dimethylplatinum( IV ) complexes obtained contained bidentate ligand. The
relative instability of fucidd N.O,O'-coordination was ascribed to steric interaction
between the phosphionuate oxygen atoms in the coordinated ligand {77}

8. Complexes with amino acids with acid side chains
&4 Aminomalonate complexes witd platinunid 1
Gandolfi er of. [78] prepared a series of complexes with 2-aminomidonate.

[Pt famal}] (L. is an amine Ogand} with significant anti-tumour activity clainted
for u numbcer of the complexes. They formulated these complexes as containing a
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six-membered O.0 -chelate ring, with the anune group uncoordinated. The reactions
between ¢is-[PUUNTT;(H.03,]7 7 and aminomalonate were subsequently studied 1
this laboratery [79] and independently by Gibsen ¢r «f. [80]. Reactions m acid
solution [ 79] are summarised in Scheme 12, The initial product was the 0.0 chelate
complex 75. which slowly isomerised to the N.O-chelate complex 76. When proton-
ated,  this  complex  wax  susceptible  to  decarboxylation  to give
[PUNH g, (ely-N. N (5}, but the deprotonated compound 77 was mare stable.
Reuction of 77 with more ¢is-[Pt{ NH ) H,0),17* led to a complex 78 with platinum
coordinated by the non-chelated carboxylate group. mn equilibrium with 79, The
nitrate salt of 79, [{PUNH; ) ) famal i NGOG - HLO erystallized rom solution {79].
This is an cxampic of “opportunistic™ coordination of an oxygen atom which will
normaily be weakly binding, but s well-placed sterically to be part of a chelate rmg.
Near pH 5. NMR peaks were also observed which were assigned 1o 80, analogous
to 71791

Gibson of af. [80] examined the compounds ortgmally prepared by Gandolfi ¢r ol
[78]. and found that they ali contained &, O-chelate rings. analogous 1o 76. Gibson
et af. [80] also vestigated the possibifity of attaching a steroidal hormone “R™ 10
4 malonate group bound to platinum,. When the linkage was through a methyviene
group. as in 81, a (.0-chelate complex was obtuined cleanly. When the hokage was
through an amide group. a mixture of the ©,0-chelate complex 82 with the N.O-
chelaie compound wus obtained (formulated as having protonated amide by these
authors. but under their reaction conditions more probably deprotonated. as in 83},

&2 Aspartuie and ghaameate complexes
821 Platinunn: H: complexes

I square planar complexes, the characteristic coordination mode of aspartate is
through nitrogen and the z-carboxylute group. to form a five-membered chelate
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ring. a8 w [PUCLOHasp- Ny and [PICL{ Helu-¥ 2017 [ 14]. Reactions between
cis-[PUNH - HO5LF ' and aspartic and  glutamic acids arc summarized in
Scheme 13 [79). Since the acid dissociation constant for the w-carboxy] group ix
higher than tor the other carboxyl the 2-carboxylate oxygen coordinated preleren-
tially at low pH (1 23 to give 84, Near pH 4. the somer with the other carboxylaie
bound. 85, was also formed. Chelate ring closure then stowly occurred. to give 86,
with a five-membered N .0, -chelate ring. No complexes were formed with larger
N.O- or (.0 chelate rings. I excess cis-[ PUNH;LH 001 was added (o g solution
contaming 86, the deprotonated pendant carboxylate group of 86 coordinated 1o
platinum [79].

{ 0 NH,
L
N, O NHCHEO. BN OUKCTGCHCOM) 2
\ht' -~ N ¢ "
PN i -7 ?
N (CHCOM AN
FRN Ol I HN ot
1_. 85
b (} l.I
; b LN O o
HN OCCHCH U0 2 0 N
N - - P 1
P NI, sow S
C N Tl
BN on IS RO
84

Schenw 1



kAR P00 Appleron Covrdinacion Chennisery Reviews fon ¢ 1997 311 450

l\!'it‘ 3] b /{)""‘“1‘—"'—’—;0
Mo A=) Me-—__ Pti /gif--ﬂ i
/_.'Pu.__\_l__f—‘,e H -0 = = = i\‘I-"/ TINTTON
Mo i/ S H- CHALO;
! .
O~ ©
s 88
87
8220 Platinuni IV s aspartate complexes

Reaction ol fue-[PtMey( H O3,]" with aspartic acid and sodium hydroxide in
agueous solution produced Na| PtMe(asp)]. NMR spectra indicated that there was
a rapid ton the NMR time scale)y equilibrium between the complex with aspartate
coordinated tridentate. 87, and a complex with aspartate bidentate, with water
replacing fl-carboxylate. 88 (reaction (143 [81]). The mittat product of reaction with
far-[PtMce.BriH,00,]" was @ mixture of the two momers {89 and 90} of
[PiMe.Briasp-NxOGHH,0)  with nitrogen and  a-carboxylate bound frens to
methyl (Scheme 14). With standing, two isomers (91 and 923 of [PtMe,Briasp)l™
with aspartate tridentate formed. 1somer 92, with B-carboxvlate rrans to methyl was
preferred over isomer 91, with a-carboxylite rrans to methyl, as expected i the
Pt BO bond s weaker than the Pt 20 bond in analogous complexes. Another
indication of the relutive weakness of the Pt O bond was the reaction of 92 with
difute acid to form the aqua complex 93. An analogous reaction. involving cleavage
of the Pt »0 bond. did not occur lor isomer 91, The thermodynamically most stable
momer ol [PiMe,Briasp)]) . 94, with nitrogen ¢iy (o methyl, was obtiined by UV
irradiation of the mixture of isomers 91 and 92 [81).

9, Complexes with aminn acids with amine side chains

The possible ways by which bidentate coordination of an amino  acid
NHCHC O, #CH,),NH may be achieved arer through two nitrogen atoms (95):
and through N O-chelution, with a five-membered chelate ring (96} expected to be
thermodynamically more stable than a larger ring {97}, Wilson and Martin {50]
concluded from circulur dichroism measurements on 2:1 amino acid complexes of
palladhum( [1} that tysine (r- 4} forms a five-membered N.O-chelute ring (96) while
2 3-dimminopropiontc acid (n = 1), 24-diaminobutyric acid (7 = 2} and ornithine (2 =
3y all bind through two aitrogen atoms (953, For the ornithine complex, the relative
instability of the seven-membered N A -chelate ring 1s outweighed by the preference
of pailadium(11) for ¥- over G-donors, but the cight-membered N N -ring is not
tormed with lvsine.

Altman and Wilchek [82] showed that K [PICL] with 2, 3-diaminoprepionic acid
at ambicit temperature gave a mixture of the ofs- and rrans-isomers (98 and 99} of
[PeClL Hodap-0%,]7 (Scheme 15), Gentle heating gave the ¥ .O-chelate complex
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[PtClL{ Hdup-N,O)] {100). and prolonged heating the complex 101 with a five-
membered N N -chelate ring. [n analogous yeactions with each of 2.4-diaminobutyric
actd. ornithine and lysine, a N, O-chelate complex analogous to 10 was 1solated by
Altman er ¢f. [83]. Prolonged heating of [PLCl Hdub-§, OY caused 1somerization
to [P1Cl( Hdab- ¥ A°)] (six-membered chelate ring}. but analogous somerization
did not oceur with the ornithine and lysine analogues to give complexes with seven-
and eight-membered N N -chelate rings, respectively [R3]. Bino er of. [84] determined
the crystal structures ol [PtClLt Hdap-&, @] { 106) and [PtCT{ Hlys- V. 03] - H,0.
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Scheme |5,

10. Complexes with ethylenediaminetetragcetate and analogues
0.1 Plaimuni H) complexes

Liv [83] and Zheligovoskaya er «f. [86] prepared the complex with N, NV'-ethylene-
duminediacetate, [PtClLHeddu- ¥ N'Y, in which the ligand was bound only through
the mitrogen atoms. Liu [85] alse prepared [Pt{edda-N N'.(.0)] in which the two
carboxylate groups were alse coordinated. Shepherd ef «f. [87] showed by 1 NMR
the presence of dustercomers with RS or RR/SS configurations at the niirogen
aloms. At pH near 6. in the presence of chloride, one coordinated carboxylate was
displaced o form [Pr{edda-N. N O3Cl] [87].

Zheligovoskaya ef af. [86] also prepared the N N-cthylenediaminediacetate com-
plox [PICLIH uedda-N N')). Shepherd er «f. [87] prepared [Ptiueddai( H.()]. On
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the basis of IR and *C NMR spectra, it was proposed that both carboxvlale groups
were interacling with platinum. (o give a4 five-coordinate complex 102,

%

- O

STT0 4
P S

-~ P

R $ 11

i
102

Two complexes have been well-characterized with V.V N N -ethylenetetraacetate
[14.38). [P0l Hyedta- ¥, N9 (103} and [P Hoedta-N A .0O.0) (1),

.20 Platinumi 1V ) complexes

The reactions of platnom{IV) complexes with ethylenedianunctetraacetate [89]
are summarised in Scheme 16, The Pt N bonds are clearly more stable kinetically
and thermodynaumically than Pt O bonds. The kinetic product of chlorine oxidation
of 104, {Pt{ H,edtayClo] {isomer 105}, isomerises to the less stramed thermodynami-
cully-preferred product 107, vie the mtermediate 106, The chelate ring closure reac-
ton from [PtiH edta}Cl] (108} gives mmtally 109 as the product predicted from
the frans effect order C1 > N-donor. The kinetic product from the subsegquent ring
closure reaction. 106 ix predicted from the mrans effect order N-donor > O-donor.
but. with heating, the thermodynamically stable somer 107 forms. No products
with edta occupying more than four coordination sites were detected [89]. These
reactions parallel some of those earlier reported by Liu [85] for edda complexes of
platinum(IV .

The ¢lear preference for N- over O-donors deseribed above contrasts with the
trimethylplatinum{ IV } complexes formed with edta {1100 111) {Scheme 171 24] in
which one ar two PtMe, units are bound feciafly by N and wwo carboxylate O. This
preference is presumably influenced by steric and strain elfects.

11. Complexes with histidine and derivatives
1110 Plurivn F and pullediveni 1) complexes with one coovdination site availuble

Kaostic ¢f af. [90.91] showed that |Pt{tpyiCT]CE reacts selectively with imidazole
side-chains m histidine-contiining peptides and (provided that cystetne residues were
blocked ) proteins. The reaction of [Pd{dien)(H,0)* " with excess N-acetythistidine
{Hyachis) gave 4 pH-dependent  equilibrium between  the  isomers  of
[ Pdédien)t Haachisi) ™ wath the ligand bound through imidazole N1 {1123 and imidaz-
ole N3 {113} {M =Pd} [92]. Analogous species in equilibrium predominated in the
reaction between |Pd(dienyt H.O))? " and histidine.
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With [Pt{diem{ H,01)? 7. as expected, kinctic as well as thermodynamic fuctors
affected the reaction products. Thus. reaction of [P{dien {11007 " with excess V-
acetylhistidine. with base added to increase the (D,0 solution p to 7.3, pave 112
and HI3 (M =P but, in the absence of added base. the initial product was 114, in
which carboxylide oxyvgen was bound. with slow isomerization to the imidazole-
bound isemers. The reaction of [Ptidien}t H,00) " with histidine. with acid added
10 deercase the mutial pID to 3.5, 1s shown in Scheme 18, Under these conditions. all
of the histidiae nitrogen atoms are protonated. so that the intoud metastable product
is carboxyate bound ( 1151 Although complexes with imidazole nitrogen bound are
clearly thermodynamically more stable than those with amine nitrogen bound, the
amiine aitrogen atom Ny may displace carboxvlate oxygen by an mtramolecular
isomerization reaction analogous 1o those thut occur with glveine (Section 3.1.1 ),
so that 1158 somerises to 116, with amine atrogen bound. Although 116 15 stable
in acid solution. on standing at phl near 7. a Turther isomerization occurs 0 give
117, with imidazole N3 bound. Imidazole N1 is less accessible 1o the metal inan
intramolecular isomerization reaction, so |Pudienyt H-his-¥1DE T does not form.
Reaction of [Ptidien}{ H,O)" " with excess histidine, without added acid. gives both
Al-and A -bound isomers of [Pr{dien)( Ilzhis)j2 . Both N1- and M3-bound linkage
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isomers were also shown to form when [Pt(tpy}C1|C] reacted with histidine or V-

acetylhisudine {921

With excess {M{dienm){ H;OM}* . in alkaline solution. it wus possible 10 form
complexes with A1.V3-bridging, {c.g. 118 with N-acctyvlhistidine, M =Pd, Pt} [92].
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F1.2. Plarowenr £ and paliadiuni 11 comploxes with two coordination sites available
7

The  characieristic coordination mode  of  hisudine w  platinum(11)  and
palladium( 1y s chelation through amine nitrogen and imidazole N3 (e.g. in the
crystal structure of [PUHhS-N, ¥3),] determined by Baiding ¢7 of. |92]. and in
[Pd{en)i Hbis-A V3] in solution studies by Pitner of of. [32]). Saudek ef of. [94]
wdentificd the major produet of reaction of cis-[PLCLENH ),) with histidine ot 100 C
pH 730 as [PuNH ) Hhis-N (V3]0 (1213, Minor products were formulated as
containing two monodentate histidine hgands. bound through either N or N3,

The reaction of eix-[PUNH 0,0 HL05L)7 7 with histidine. with acid added to decreasce
the pH to 2 3 (Scheme 19) [93] gave mitiadly 119, with histidine-bound monodentate
through carbosylate. followed by slow chelute ring closure 1o 120, with the amine
nitrogen atom (N ) and carboxylate bound. This complex was stable in acid solution,
but. on addition of alkali. 1o deprotonate the imidazole ring (pH 8 9. vapid irrevers-
ible 1somernzation oceurred to the N, AN3-chelate complex 128, Addition ol more
base caused further deprotonation, of imidazole Ni. 1o give 122 (pK, 11.0  signifi-
cantly tower than 4.4 for Iree histidine) [95].

When the carboxyl function was blocked. as in histidine methvl ester or histidinam-
e, reaction  with  eis-[PUNH DL HL0L1E T aave  slow  formation  of  the
N A3-chelute complex. With histidylglyctne. the terminal carboxyvlate bound first
1o platmum, then, slowly. a ¥, . N3-chelate, With excess diammineplatinum(11). the
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Schinie 19,

free carboxylate group was again bound, followed by chelate ring closure involving
the peptide nitrogen atom. (o give 123 [935].

H
N
BN N4 5,
\_\ # \.‘ I‘I;N\ /NH;
P : s
s N [
HEN NIN AN
H- . -N 3]
i N, i
o L
R,
123 o

With N-ucetylhistidine, carboxviate coordmated first, followed by chelate ring
closure invelving the amide N, to give [PYNH;) Hiachis-N,.O)]° {124}, Possibly
owing to hydrogen-bonding as shown in structure 124, the pK,, value for deprotona-
tion of the imidazole ving was much higher than for the histidine analogue (1203
When a solution of 124 was allowed to stand near pH 100 the product was the
dinuclear complex 128 {Scheme 20). At this pll. the V. N3-chelate complex 126
could form. but the remaining imidazole proton could also be removed to form 127,
allowing attack by deprotonated mudazole NI on the Pt O bond of unreacted 124.
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Analogous reactions occurred with carnosine (§-alanylhistidine}, but reactions were
more comphicated with glycylhistidine, probably owing to the tormation of chelate
rings invelving the terminal nitrogen atom. With carnosine, such chelate rings would
be larger, and the ternunal nitregen atom did not become invelved in coording-
tion |95].
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Scheme 20,

12. Complexes with thiolate amino acids and peptides
12.0 Platimumne H; complexes with one coordination stre available

Lempers er wof. [960] studied the reaction of glutathione (GSH) with
(Pt{dien)C1}'. The reaction was pH-dependent. The product at pH>7 was the
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mononuclear complex |Pttdien}{SG1). but at pH < 7. a dinuclear complex with a
thiolate bridge. [{Pt{dien)} u-SG Y was formed.

Berners-Price and Kuchel [97] studied the reaction of trass-|PtiNH;),CCL,] with
GSH under physiological conditions, and reported that rrans-[ PH{NH ) {SG).] was
formed, with rans-[PUNH,)LCHSG)Y an intermediate. In collaboration  with
Farrell's group [98]. we have studied the reactions of (GSH and the analogue A-
acetyleysteine { Haacys) {collectively represented as RSH) with aqueous solutions of
trans-[PLL.(ONO, L) (1L = NH;, y-pieoline). As with the reactions of Pl{dieny® ™, the
thiolate ligands were monodentate at high pH (9.0). to form rrans-[PtL.{SR )]
£1293. but at pli 7. this species was i equilibrivm wath {HURSIPIL, | (p-SR | (130)
{Scheme 213, When L - NH; there wis slow release of ammonia at pH < 5,

L i
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3 PR . .
iy Pto- OB - ORSH e RS B SR
t i
129
e (1l
P - RSB
. [
higher - H l'\._ St
oligomens - ‘pl/ o ,PE N
RS 4 SR
L i.
13}

Seheine 21

2.2 Plutitmand 1y complexes with two coordination sites available

Reaction of eis-| PUNH,LCLL] with thiolate amino acids. such as glutathione or
eysteine led ultimately to vellow solids which appeuared to be polymeric [99 101].

Shanjin ¢f af. [102] showed by *C NMR that only the thiol group of glutathione
bound to platinum when cis-fPUNH ) H,OL?* reacted with GSH. From our
multinuclear NMR study [10H] of the reactions between cis-[Pt{NH,}.( HO¥]*!
and thiolate amino acids RSH (N-acetyleysteine, cysteine. homocysteine, glutathione)
we concluded that the major product in each case was [|Pt{NHL.(p-SR)!S)2 " (131,
L=NH;). Broadening in '"Pt. "*C and 'H NMR spectra was ascribed to an
intermediate rate of inversion at the sulphur atoms. The NMR spectra obtained by
Berners-Price and Kuchel [97] from the reaction of eis-[PU{NH,3},ClL,] with glutathi-
one were also consistent with formation of products with bridging thiolate. These
studics alse showed that ammonia was readily {ost, most quickly when the thiolate
was cysteine whose N-atom s most avatlable for . S-chelate ring closurc.
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With the chelating ligand bpy present. cysteine {Hycysy, Kumar et of. [103]
reported that [Pt{bpyH{ Heys-¥,.5)1" {132) formed. Mitchell ef «f. [104.105] showed
that reaction of [Pt{bpyiCl;] with A-acetyleysteine or  cysteine  gave 131
(L, =bpy}. The structure of the N-acetyleysieine complex was confirmed by X-ray
crystal structure delermination.

The structure 131 appcars to be stenically hindered for peacillamine (Hypen}.
Instead. in strongly actdic solution, the complex formed from reaction with
cis-[PtLAH;OL7 ' (L=NH,. [:2{en)) was 133, which slowly converted to 134 (more
rapidiy if alkali was added to assist in deprotopation of the amine group) { 101].
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i S L “Pt e
i i 7 L
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13. Complexes with thioether amino acids and peptides
134, Plarimant H} complexes containing thioether amine acids bound monodentate

Kostic ef afl. [186.107] preparcd compiexes K{PtCL{L)], with L = A-acetyl-5$-
methyleysteine { Hyaemeeys) or N-acetylmethionine ( H.acmet) bound through sul-
phur. and studied the inversion at suiphur by Pt NMR.

Djuran ef af. [108] found that reaction of [P{dienCl] ™ with S-methyiglutathione
gave & complex in which the peptide was bound 1o platinum only through sutphur,
and Burnham er ¢/, [ 109] showed that an analogous complex formed with methionine
at low pl. However. Ruatilla ¢r of. [90] showed that [Pt{ipyv)CH " will not react with
thioethers because ol steric hindrance.

Lempers and Reedik [1i10] showed that S-adenosyl-L-homocysteine (sah, 135)
converted reversibly between binding to Pt{dien)* " through sulphur at low pl{ (< 5).
and through the amine nitrogen at high pH (=71 With excess [Pt{dien}(1] .
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bridging occurred. The adenine nitrogen atoms of sah were not invelved in coordina-
tion. Van Boom and Reedijk [111] showed that S-guanosyl-L-homocysteine (sgh.
136 with [Pt(dienyCl] " at pH between 2 and 6.5, gave initially a complex with sgh
bound te Pi(dien)® " through sulphur. which convertied spontancously on standing
to the complex with sgh bound through guanosine N7. With excess [Pt{dien)Cl]".
N7.8-bridging occurred. At pH = 6.5, the amine mitrogen atom also became involved
in coordination.

Y, ¥
N § - NP
Y\/ o] N
Ok (_/7

QH O
sah
135

bog

,ﬂv‘*( “NH

¥

Ei;l\"\/\/s . \N, N)\“NH
Y Lol :

0

OHOH

sgh
136

White ¥_S-chelated complexes are the most stable ultimate products from reactions
of thioether amino acids with platinum{( 11} complexes having more than one coeordi-
nation site available (see Section 13.2) mtermediate complexes containing monoden-
tate S-bound hgand may have some kinetic stability. Because monodentate thiothers
are readily displaced by nucleophiles such as guanosine monophosphate, they may
be important intermediates in the metabolism of platmum drugs | 9] Examples
ave ofs-[PUONHL LU Himet-SY 0 {137). reported by Barnham o of. {112] as un
mtermednite in the reaction of efs-[ P NH L) CLL ] with methionine, and 138, produced
by Barnham of «f [V13] by reaction of the anti-cancer drug [Pt{NH;){chdea)]
{carboplatin) with methionine, Acetylation of the amine mitrogen enhances kinelic
stability of the complex with monodentate suiphur-bound ligand (e.g. in the complex
[Piten)CH Haemet-5)) reported by Barnham er of. [114]),

1320 Platinumi Hi and palfadive T complexes containing thioether amino aeidy
hound bideintete

Where two coordination sites are available. the thermodynamically most stuble
bonding mode for amine acds NHCH(COH Y(CH,),SR is N S-chetation (e.g.
erystal structure determinations for [Pt{Hmet-N. 53CL,) t Freemun er of. [115.116]},
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[Pt{ Heteys-N.S1CLY ( Theodorou of ¢f. [117]) and [Pt Hmecys- ¥, 5)CL,] { Battagha
et al L8], Norman ¢ af. [119] showed that the thermodynamically morve stable
geometric somer (> 90%) ol [PUL-met-N 8);] is ¢fs, as expected. sinee the less stable
trans isomer would have the ligands of higher rany mfluence {the sulphur donors)
mutually frany. Diastereomers were also observed owing to slow (on the NMR time
scale) inversion at sulphur,

Reactions of ¢is-[ PUNH ) H, O] 7 with S-methyleysteine in strongly acidic
solution are summarised in Scheme 22 [120]. The initial product was the O .8-chelate
complex 139, which stowly isomerised to the N S-chelate complex 140, Analogous
reactions with methionine were more complex, in that ois-| PUNH )9 Homet-S11
also formed, and loss of ammonia was much faster. These differences were probably
related  to the  relopve nstability of  the 7T-membered  chelate nng  in
[PUNH . Hmet-€2. 537 . The canversion rom .5 10 ¥, S-chelate complexes {or
both methionine and S-methyleysteine complexes was irreversible, Norman ef ol
[119] studied the reaction of [PHNH{L-met-A 5" with excess L-methionine,
showed that [Pt{met-A . 5);] was the ultimate product, and identified o number of
intermediates in the reaction.

e
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Scheme 22,
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Acetylation of the amine nitrogen atom slowed but did not prevent the formation
of N, S-chelate rings. but aiso destabihized the N, S- chelate thermodynamically rela-
tive to €.5-. at lgast for N-acetyl-S-methvieysteine { Hzacmeceys), Thus, reaction of
cis-[PIL{H,O0)P Y (L=NH,. 12{eny with this ligand at pHO3 gave
[PtL i Hacmecys-€2. 5] ", which, at pH 7 rearranged to [Ptl{acmecys-N.8)). There
were four isomers of this complex. from slow inversion at sulphur, and slow rotation
gbout the N facetyl) bond [121]. When acid was added 1o decrease the pH
3.1, an equilibnum was established between the somers of [PtL.{ Hacmeeys)] ¢ Eq.
{11y, M=Pt). which. for L— 1;2{en) Favoured the O, S-isomer 141 over the A S-
isomer 142 by the ratie 2:1. This change of pH caused protonation of the uncooerdi-
nated carboxyl group of the N, S-chelate complex { protonation of the amide group
occurred in much more acidic solution), so that the shift in cquilibrium sppears to
be due to relatively subtle changes in solvation. In more strongly acidic solution,
the ¥, S-chelate complex agiin became the preferred somer [121]. For the analogous
palladium complexes (Eq. (113 M=Pd. L. =1:2(en}). the V. S-chelate complex
[Pd{enyacmecys-N 85} predominaied at pEl 7, but at pH < S, only the O .5-complex
{141, M= Pd. 1. = 1.21enh. That is. there was a lesser tendency for palladiom 1o
coordinate 1o N ruther than O than for “softer” platinum [121].

5 e
l. S R \‘\ (-)
, rd
Ve S i! M / )
M ,")—“- - NHO M e —— an
/ \ y
' -4 “CoM
141 o /K

An . S-chelate complex, [Pil{Hacmet-2,8)]° wus also obtained in reactions of
cis-[PtL,( H, 0% with N-acelvlmethionine in acid solution. but reactions were
more complicated. with greater proportions of civ-[PtLy( H.acmet-Sy,° " and
civ-[PtL-{ Hyacmet-S)(HLO)]" * present, but at pH 7. [PtL {acmet-¥ $3) (143, M =
Pt. L=XNH,, 1:2(cny} was formed [L14,121.122]. By contrast with the N-ucetyl-S-
methyleysteine analogue. the @ 5- to X 5- conversion was irreversible when pH wus
decreased again. In the palladium system. [Pdien){acmet-~ S {143, M=Pd. L=
1:2{¢nY) predominated at pH 7. although 10% [Pd{eni{ Hacmet-0.5Y ™ was also
present. When the pH was decreased. the proportion of [Pdieny Hacmet-N, 8]’
decreased relative to [Pdi{eny{Hacmet-0 5] and [Pd{en)(Hacmei-3)( L0
Below pH 4.5, the N S-chelate complex was no longer detectable [121]. This again
llustrates the lesser preference for A-donors refative to O-donors for palladiemi 113
relative to platinum (1T

Freeman ef af. [115.116] showed by X-ray crystal structure determination that
the complex formed by reaction of [PtCLLF  has structure 144,
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Zhu and Kostic | 123] showed that [ Pd{em)t H,O ] promoted the hydit
peptide bonds in miany peptides contaimng 4 thwether group. The mechanish

dysis of
1 clearly

inrvolves anchormg of the peptide to the metal through the thioether group. allowing

the peptide hond to approach the metal centre.
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