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Synthesis and hydrolysis of an ester of the ‘one ring open’ 
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Abstract 

The reactlon between the anticancer drug Razoxane (I) and CuCI, 2H20 m methanol causes openmg of one 
amide rmg glvmg Cu-(III)CI,. l+HZO which contains the ligand III resulting from methanolysls of one of the 
imide rmgs. The ester group m this complex undergoes a very rapid base promoted hydrolysis reaction to give 
the complex Cu-(II)CI,-MeOH H,O. The kinetics of this hydrolysis reaction at various temperatures have been 
studied and the very rapld rate of reachon, which IS estimated to be 7.3 x lo6 times faster than for the free 
hgand, was found to be due to a lowermg in AH’ and an increase in AS’ The proposed reactlon mechamsm 
mvolves nucleophihc attack by OH- ion on the ester group activated by coordmatlon 
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Introduction 

The bls(dioxopiperazin-I-yl)alkane anticancer drugs 
of which the propane derivative ‘Razoxane’ (I) is the 
most widely used were origmally deslgned on the basis 
that they would penetrate cell membranes and once 
inside the cell would undergo hydrolytic metabolism 
to produce chelating agents capable of interfering with 
metalloenzymes necessary for tumour cell growth [l]. 
The possible hydrolysis products of Razoxane, dis- 
counting subsequent amide hydrolysis, may involve the 
opening of one or both imide rings to give products 
II and IV, respectively. In experiments involving uptake 
of 14C-labelled Razoxane by cultured cells three hy- 
drolysis products were detected by thin layer chro- 
matography, one of these bemg the diacid diamide, the 
other two which were unidentified may be the ‘one 
ring’ open isomers shown in II [2]. 

Aspects of the coordination chemistry of the diacld 
diamide (IV) have been reported previously [3]. The 
one ring open products (II), although not isolated, have 
been reported in solution following the copper(I1) 
promoted hydrolysis of Razoxane [l]. Since these could 
act as tridentate 2N, O- (from COO-) chelating agents, 
or as tetradentate ligands if the amide oxygen is also 

*Author to whom correspondence should be addressed 

involved in complexmg, it 1s quite possible that the 
anticancer activity of Razoxane may be due to the 
formation of this one step hydrolysis product. The 
preparation and isolation of the one ring open hydrolysis 
products (II) have proved elusive. In this paper we 
report on the reaction between CuC1,.2H,O and Ra- 
zoxane m refluxing methanol which causes opening of 
one imide ring and gives a copper(I1) complex of the 
ester derivative (III). The ester group in this complex 
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undergoes extremely raprd hydrolysis to give Cu-(II), 
the isolation, characterrsatron and kinetics of formation 
of which are also reported herein. 

Experimental 

Preparation of 1,2-bLs(3,5-dloxoplperazm-I-yljpropane (I) 
(Razoxane) 

Razoxane was prepared by a literature reported 
method [4]. Anal. Found. C, 49.30; H, 5.82; N, 20.59. 
Calc. for C,,H,,N,O,: C, 49.22; H, 6 03; N, 20.88%. 
Yield 62.5%; m p. 228-230 “C. 

Preparation of Cu-(III)CI, . l$H,O 
A suspension of 1,2-bis(3,5-dioxopiperazm-l-yl)- 

propane (2 g, 7.5 mmol) and copper(I1) chloride di- 
hydrate (1 3 g, 7.5 mmol) in dry methanol (40 cm”) 
was refluxed for a period of 30 mm. During this time 
a green solution formed whrch was immediately followed 
by the formation of a green precipitate. After cooling 
to room temperature the product was filtered under 
suction and washed wrth methanol (20 cm3). Finally 
the product was dried in an oven at 80 “C for 3 h 
Anal. Found: C, 31.24; H, 4.90, N, 12 15; Cl, 15 14. 
Calc. for C,,H,,N,O,CuCl,. l$H,O: C, 31.19, H, 5.03; 
N, 12.13; Cl, 15.36%. Yield 3.0 g (6.5 mmol), 87%. 
Numerous attempts were made to obtain crystals of 
this complex suitable for X-ray analysis. These mvolved 
preparation of the complex by the above method but 
in the presence of an excess of CuCl,.2H,O (>3.1) 
m methanol under which conditions the complex drd 
not precipitate from solution when it was formed. 
Attempts to obtain crystals on coolmg and standing at 
room temperature or by layering a second solvent (ether, 
acetone, ethanol) over the methanol solution of the 
complex gave needle-like crystals which however were 
too thin for X-ray analysis. 

Preparation of Cu-(II)Cl,.MeOH.H,O 
Since the complex Cu-(III)Cl, l-$H,O was thought 

to contain an ester group as described later in the 
discussron, attempts were made to hydrolyse this and 
to rsolate the hydrolysis product. Hence the complex 
Cu-(III)Cl,. l$H,O (1 3 g, 2.3 mmol) was suspended 
in hot methanol (50 cm”) and the suspension stirred. 
Water (3.5 cm3) was added dropwise to the hot, stirrmg 
suspension whereupon a green solution formed. Thus 
was left at room temperature for 2 days after which 
time a green crystallme complex formed. This was 
collected by suction filtration and dried in air. 
Anal.Found: C, 31.29; H, 5.19; N, 12.29; Cu, 13.93. 
Calc. for C,,H,,N,O,CuCI,~MeOH H,O: C, 30.59; H, 
5.14; N, 11.90; Cu, 13.50%. Several attempts to obtam 

crystals of this complex for X-ray analysis were made 
but without success. 

In an attempt to isolate the ligand II the complex 
Cu-(II)Cl, .MeOH H,O (2.5 g, 5.33 mmol) was dissolved 
m water (20 cm”) and H,S gas was passed through the 
solution for 5 mm. The precipitated copper(R) sulfide 
was removed by gravtty filtration and the yellow filtrate 
was evaporated to dryness on a rotary evaporator leaving 
a yellow only residue. This was triturated by the addrtion 
of acetone followed by stn-ring for 2 days whereupon 
a white solid was obtamed This was collected by suction 
filtration and dried over P,O, m a desiccator. Anal. 
Found: C, 33 55; H, 5.80; N, 14.58; Cl, 15.5. Calc. for 
C, IH,,N,O,. 1; HCl . l+H,O. C, 33.42; H, 6.32; N, 14 18; 
Cl, 15.71%. Yreld 72% (1.5 g, 3 8 mmol); m.p. 150 “C 
(dec.). The IR spectrum of the product was found to 
be very similar to that of IV Indicating that hydrolysis 
of both rings occurred during the Isolation procedure 

Preparation of N, N’-dicarboxamldomethyl-N, N’- 
dlcarboxymethyl-1,2-dlammopropane drhydrogen sulfide 
(H,NOCCH,)(HOOCCH,)NCH,CH(CH,)- 
N(CH, COOH) (CH, CONHJ (W) 

This compound was prepared via its copper(U) com- 
plex from Razoxane accordmg to literature methods 
[5]. Anal. Found: C, 35 79; H, 6 35; N, 14.91. Calc for 
C,,H,,,N,O,.2H,S: C, 35.48; H, 6.49; N, 15.05%. Yield 
36%; m.p. 160 “C (dec.) 

Kmetlc measuements 
The hydrolysis of the ester group in the complex Cu- 

(III)Cl,. l$,H,O, was studied at temperatures of 15, 25, 
35 and 45 “C by the pH stat method using a Mettler 
DL25 automatic titrator fitted with a Mettler DG III 
combined electrode. The electrode assembly was buff- 
ered at the appropriate temperatures with citrate/ 
hydrochlorrc acid (pH=4 01 at 25 “C) and phosphate 
(pH=6.98 at 25 “C) buffers. The reactron solution 
which was placed in a 50 cm3 air tight reaction vessel 
fitted with a mechanical stirrer, nitrogen inlet and outlet 
tubes, a calibrated thermometer and a titrant inlet tube, 
contained Cu-(III)Cl,. l+H,O (0.19 g, 0.41 mmol) dis- 
solved in H,O (25.0 cm’) wrth an appropriate quantrty 
of NaClO, added in order to mamtam ionic strength 
constant at 0.1 M. Reactions were followed for 2-3 
half-hves m all cases For base hydrolysis of esters the 
rate expression grven m eqn (1) is observed. 

rate =k,[ester][OH-] (1) 

At constant pH eqn. (1) becomes 

rate =&Jester] (2) 

where kobs, the pseudo first order rate constant, 
= k,[OH -1. Values of koh5 for the reaction were obtained 
by Guggenheim plots of ln[V,+,(,, sj - VT] versus t where 



t(0.5) 1s the half life of the reaction 161. Values of k, 
(the second order rate constant) were obtained from 
the expression k, = k,,,l[OH-1. In order to obtain [OH-] 
values from the pH meter readmgs a standard acid 
solution (0.01 M), the Ionic strength of which was 
adjusted to 0.1 M with NaClO,, was titrated with 
standard base (0.1 M) at each temperature investigated 
and p(H) plotted against p[H]. At 15 “C the relatlonship 
p(H) - p[H] = 0.04 was observed while at temperatures 
25, 35 and 45 “C the relationship p(H)-p[H] = 0 was 
observed [7]. Values of [OH-] were calculated using 
pK,( = p[H] +p[OH]) values of 14.35 at 15 “C, 14.00 
at 25 “C, 13.68 at 35 “C and 13.40 at 45 “C [8]. 

Activation parameters were obtained from the 
ln(k,lT) versus l/T Eyring plot, the slope of which 1s 
AH’IR and the intercept of which 1s related to AS + 
by eqn. (3) where K, h and R are the Boltzmann, Planck 
and gas constants, respectively [9]. 

AS + = [intercept - ln(Wz)]R (3) 

Spectroscopuz methods 
The IR spectra of the hgands and complex were 

obtained on a Philips PU 9714 spectrophotometer. 
Proton NMR spectra were recorded on JEOL 60 and 
250 MHz spectrometers. 

Results and discussion 

Reaction of CuCI, .2H,O with Razoxane 
The addition of CuCl,. 2H,O to a suspension of 

Razoxane in methanol followed by refluxing produced 
a temporary green solution from which a green product 
immediately precipitated. The product analysed cor- 
rectly for the complex Cu-(III)Cl,. l$H,O where III is 
a monoamide, monoester obtained by methanolysis of 
one of the imide groups of Razoxane. 

Despite exhaustive attempts the product of the above 
reaction could not be obtained in suitable crystalline 
form for X-ray analysis. However the products from 
several independent preparations gave a consistent IR 
spectrum which 1s quite different from that of free or 
coordinated Razoxane. In the carbonyl region there 
are three distinct absorptions, one at 1720 cm-’ (broad, 
intense) due to the C=O stretch of an imide group, 
another at 1655 cm-’ (broad, intense) due to the C=O 
stretch of an amide (either coordinated or uncoordi- 
nated, amide I band) and the third which is weak at 
1580 cm-’ corresponding to the N-H bend (amide II 
band) of an amide group. There 1s a shoulder at - 1740 
cm -’ on the 1720 cn-’ band which 1s due to the C=O 
stretch of an ester group. Additlonal absorption bands 
occur at 3605 cm ~’ due to the OH stretch of coordinated 
or lattice water and at 3495, 3330 and 3270 cm-’ due 

to the NH stretch of the imlde and amide groups. The 
coordination sites of the hgand are difficult to ascertain 
on the basis of the available information and possibilities 
include 2N (amino), 0 (ester) as shown in the product 
of the reactlon in Scheme 1 or 2N (ammo), 0 (amide) 
or N (amino), 0 (amide), 0 (ester). 

The complex m aqueous solution even at pH< 6 
undergoes an extremely rapid base promoted hydrolysis, 
the kinetics and mechanism of which are discussed 
below. This reaction proceeds with the consumption 
of one mole of base per mole of complex and therefore 
is most likely due to hydrolysis of the ester group since 
this should be more labile than the amide group and 
hydrolysis of the imide group would be much slower 
than the observed reaction as shown in a previous study 
on the metal promoted hydrolysis of Razoxane [l]. 
Although a number of possible structures may be sug- 
gested for the isolated product the analytical, spectro- 
scop1c and kinetic evidence strongly favours Cu- 
(III)CI,. l+H,O. However whether it is the imide ring 
adjacent to or remote from the central methyl substituent 
which undergoes methanolysls cannot be ascertained. 

The proposed mechanism for the formation of the 
complex Cu-(III)Cl,. l$H,O is shown in Scheme 1. This 
involves methanolysls of the Cu(II)-Razoxane complex 
followed by intramolecular nucleophilic attack by co- 
ordmated methanol on the lmlde carbonyl group. The 
resulting tetrahedral intermediate decomposes by cleav- 
age of the C-N bond to give the amide-ester. That the 
second imide rmg does not undergo methanolysls by 
a similar mechanism may be due to the fact that in 
the product of the first reactlon the coordination of 
the metal ion switches from that shown to a site involvmg 
amme N, ester 0 and amide 0 which would move the 
metal ion away from the second lmlde ring and would 
explain its unreactivity. A similar methanolysis reaction 
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Scheme 1. 
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which may or may not occur by the same mechanism 
has been observed for amldes of p-nitrobcnzolc acid 

[W 
The complex Cu-(III)Cl,. l+HzO was hydrolysed by 

dissolvmg m hot methanol/water solution as described 
in ‘Experimental and the product complex Cu- 
(II)Cl, MeOH H,O was isolated The IR spectrum of 
this complex contains broad bands m the 3100-3400 
cm-’ region. Its spectrum in the C=O stretching region 
differs from that of Cu-(III) .Cl, lGH20 In that the 
band at 1715 cm-’ m the former is much broader than 
the band at N 1720 cm-’ m the spectrum of the latter. 
This complex does not undergo hydrolysis like Cu- 
(III)Cl,. liH,O consistent with the absence of an ester 
group. Attempts were made to isolate the hgand III 
from this complex by addition of H,S. The IR spectrum 
of the isolated product however was very snmlnr to 
that of the dlacld dlamlde, HOOCCHZ(H,NOC- 
CH,)NCH,CH(CH,)N(CH~CONH~)CH,COOH 1% 
suggestmg that the second lmlde rmg was hydrolysed 
during the isolation procedure 

Base hydrolym of the ester group ITI Cu- {III)c'l, I$tri, 0 
The pl-I of an aqueous solution of Cu-(III)Cl, 1 iH,O 

falls quickly with time and In the light of arguments 
presented m the last section this IS due to hydrolysis 
of the ester group m the complex. The klnctlcs of this 
reaction were studied in aqueous solution at I=0 1 M 
NaClO,, by the pH stat method In the pH range 3.90 
to 4.50 and over the temperature range 15-45 “C The 
rate of reaction was found to increase with mcreasmg 
pH consistent with a base promoted hydrolysis 

The reaction followed first order kinetics at each pH 
and at each temperature studied and the values of the 
pseudo first order rate constants are summansed m 
Table 1 Each reaction was repeated at least three 
times, excellent consistency between rate constants were 
obtained and the values quoted In Table 1 arc mean 
values from these experiments. The effect of added 
copper concentrations on the rate of hydrolysis of the 
complex Cu-(III)Cl, ltH,O was investigated keeping 
the Ionic strength constant but was found to be neghglble 
indicating that complete complex formation occurred 
under the reaction conditions described m ‘Expcrl- 
mental’, Table 2. The visible spectrum of the solution 
changes very little during the hydrolysis. Howcvcr when 
the pH of the product solution was raised from 4 4 to 
10.7 a change in A,,,,, from 750 to 630 nm was observed. 
This change IS consistent with hydrolysis of the lmidc 
ring as the pH 1s raised glvmg a bls a& amide product 
and the displacement of the two in-plane coordinated 
carboxylate groups by deprotonated amide groups at 
high pH, Scheme 2 (axial hgands not shown) [3]. 

TABLE 1 Rate constants for the hydrolysis ot the ester group 
m the complex Cu.(III)Cl, l&& at different temperatures and 
constant ~onlc strength 0 1 IX? NaCIO, 

Tempcrnture P(I I) x 0llr’ &,J[OH -1” 
(“C) (s--i) (M-’ c-‘) 

15 
15 
15 

25 
25 
25 

35 
35 
35 

45 
45 

3 YO 2 33x IWJ 7 20x IO6 
4 20 4 02x Iv4 6.23 x IO6 
4 50 8 6.5 x 1OP 6.71 x 10” 

3 90 079.10 ? 9Y4X10° 
4 20 145x10-\ 9 15 x 10” 
4 50 302x10- 9 55 x lo6 

3 90 237Xlll 3 14.28 x 10” 
4 20 4 64x lo- 14 01 x IO0 
4 50 8 95X 10~ 3 13 55 x 10” 

3 YO 6 6’1~ 10 ’ 21 16X 10D 
4 20 1287X lo-’ 20 39 x IO6 

“Each vnlue of k,,, 15 J mean of \dlues calculated from the results 
of dt leJ\t three Independent hlnetlc run> All value\ were wlthm 
*4% of the medn value hIn order to obtdm [OrI-] values 
flom the pH meter rending5 standard ,ic~d (0 01 hl) versus b,lvz 
(0 1 M) tltratlons were carrlcd out dt ‘I constant IO~K strength 
of 0 1 M and p(H) plotted versus p[H] At 15 “C, p(II)-p[H]=O 04 
while .I[ the other temper,lture\ p(H-p[lI] = 0 Values of [OH -1 
were calculdted u\mg pKW \,llur\ of 14 35 at 15 “C, 14 00 at 25 
“C, 13 68 at 35 “c’ and 13 40 .md 45 “C [8] 

TARIJ: 2 The efiect of added copper on the rate of hydrolysis 
of the ester group III the complex Cu-(III)CI, l$I,O at 25 “C, 
at ‘I total K>~IC strength of 03 M 

Added [Cu’ ‘1 [NaCIO,] 1~11 k Ohs 
(mol dn-‘) (mol dm ‘) (s-l) 

0 1 0 0 3 YO 7.51 x 10-j 
0 05 0 15 3 90 7 36 x lo-” 
0 00 0 30 3 90 7 77 X IOF 

Scheme 2 

The observed rate of hydrolysis of the ester group 
in Cu-(III)Cl, l$H,O 1s very fast Smcc attempts to 
isolate the free ester were unsuccessful its rate of 
hydrolysis 1s unknown. However the hydrolysis of methyl 
glycinate NH,CH,COOCH, may be taken as a suitable 
model and the reported k, value for this at 25 “C is 
13 M I s-l [ 111 The second order rate constant for 
the base hydrolysis of the ester group in the complex 
Cu-(III)Cl,. l+HZO at 25 “C IS 9.5 x IO" iW ' se' which 
represents an acccleratlon of 7.3 X 10hovcr the estimated 
rate for the free estcI. Previous systems which show 
greatly accelerated rater for ester hydrolysis include 
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the copper(B) complex of V which undergoes base 
hydrolysis 2~ 10’ times faster than the free hgand [12], 
complexes of VI which undergo base hydrolysis lo’-10” 
faster than the free ligand [13], the copper(B) complex 
of VII which undergoes base hydrolysis some 2.2~ 10’ 
times faster than the free hgand [14] and the copper(I1) 
complex of the tetramethylester of EDTA undergoes 
base hydrolysis some 1.6X 10’ times faster than the 
free ligand [15]. 

V VI VII 

Two general reactions account for metal ion promoted 
ester hydrolysis and these are shown in Scheme 3. The 
mechanism of the reaction in Scheme 3(a) leads to 
rapid hydrolysis because the metal ion by coordination 
increases the susceptibility of the ester carbonyl group 
to attack by nucleophiles. The rate acceleration m this 
case is reflected in the activation parameters with 
decreased AH’ and a more positive AS’, the latter 
due to charge neutrahsation and desolvatron in the 
transition state [16]. The mechanism in Scheme 3(b) 
leads to rapid hydrolysis because of the luxtaposttiomng 
of the reactants in the coordmation sphere of the metal 
ion. For this mechanism there IS desolvation of OH- 
in the ground state hence AS + IS large and negative 
and the acceleration m rate is due totally to a lowermg 
m AH’. 

Mechanisms such as those described above are pos- 
sible for the base hydrolysis of the ester group in the 
complex Cu-(III)Cl,. l$H,O. In order to dlstmgmsh 
between these mechanisms activation parameters were 
determined using the Eyring plot of ln(k,/7) versus 
l/T, Fig. 1, from which the values AH” = 26.0+ 1.1 kJ 
mol-‘, AS + = - 23.9 f 2.0 J K- ’ mall’ were calculated 
[9]. For the free ligand the expected values of AH+ 
would be -44 kJ mol-’ and AS”- -90 J mall’ K-~’ 
based on the values for methyl glycmate [S]. The 
enhanced rate for the base promoted hydrolysis of the 
ester group m the complex Cu-(III)Cl,. l$H,O is there- 
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Ftg 1 Eyrmg plot of In(k,/T) versus l/T for the base hydrolysis 
of the ester group m the complex Cu-(III)CI, ltH*O 

fore due to contributions from a decreased AH + and 
an increased AS #. The large increase in AS + imphes 
desolvation between the ground and transition states 
and is indicative of a mechanism involving nucleophilic 
attack by external OH- on the complexed ester group 
as in Scheme 3(a). By comparison the thermodynamic 
parameters for the copper(I1) ion promoted hydrolysis 
of V are AH’ =33.1 kJ mol-’ and AS’ = -22.6 J Km’ 
mall’ whereas for the copper(I1) promoted hydrolyses 
of IV AH’ =33 9 kJ mol-’ and AS’ =25 J K-’ mol-’ 
at 298 K. Generally enthalpres of activation for base 
hydrolysis of copper(I1) ester complexes lie m the range 
20-35 kJ mall’ [17]. 
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