
Abstract The doxorubicin antioxidant cardioprotective
agent dexrazoxane is a prodrug bis(imide) analog of 
EDTA that is only slowly hydrolyzed at physiological
pH to its active iron chelating form. The kinetics of the
hydrolysis of 17 imides with a wide variety of structures
were studied as a function of pH in order to determine
their second order base-catalyzed hydrolysis rate con-
stants. A QSAR analysis of the rate data was carried out
using molecular descriptors from molecular mechanics
and quantum mechanical energy-minimized structures in
order to obtain regression equations that could accurately
predict the rate of imide hydrolysis. This was done to aid
in the design of an analog of dexrazoxane that could 
hydrolyze faster in vivo and thus should be more effec-
tive with fewer toxic side effects. The best descriptors
that predicted the rate of hydrolysis included bond dis-
tances, orbital energies, and charges. Electronic supple-
mentary material to this paper can be obtained by using
the Springer LINK server located at http://dx.doi.org/
10.1007/s00894-001-0062-9.
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Introduction

The bisdioxopiperazine dexrazoxane (ICRF-187, Zine-
card, Fig. 1) is clinically used as a cardioprotective agent
in combination therapy with the antitumor anthracycline
doxorubicin in the treatment of advanced breast cancer.
[1, 2, 3] The dose-limiting cardiotoxicity associated with

doxorubicin use is believed to be due to iron-based oxi-
dative stress. [4, 5, 6] Dexrazoxane likely acts by hydro-
lyzing to species that strongly chelate iron, preventing its
binding to doxorubicin, or by removing iron from its
complex with doxorubicin. [7, 8] The three hydrolysis
products of dexrazoxane (the two one-ring open interme-
diates and the two-ring open final product, ADR-925,
(Fig. 1a) quickly and effectively displace iron from its
complex with doxorubicin in vitro, [7, 8] and are there-
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Fig. 1 a Structures of dexrazoxane, its two-ring opened hydroly-
sis product ADR-925, meso-ICRF-193, and ICRF-154. b Reaction
scheme for base-catalyzed hydrolysis of non-N-substituted imides
with glutarimide as an example. The deprotonation of the imide
hydrogen in this mechanism leads to the sigmoidal pH dependence
of k described by Eq. (3)
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fore probably all pharmacologically active species.
Dexrazoxane has been shown to be taken up by cells. [9]
However, since the hydrolysis products of dexrazoxane
are charged, they are likely trapped in cells after hydrol-
ysis. We have recently reviewed the chemistry and bio-
chemistry of dexrazoxane and its analogs. [10, 11]

We previously measured the ring-opening hydrolysis
of dexrazoxane under a variety of conditions. The reac-
tion is base-catalyzed and consequently is strongly pH-
dependent. [12, 13, 14, 15] Even at pH 7.4 the hydrolysis
is still largely base-catalyzed. [12] In Tris buffer at pH
7.4 and 37 °C the half-time for hydrolysis of dexrazoxane
to its one-ring open intermediates is approximately 9 h.
[13, 14] The plasma half-life of dexrazoxane in humans is
4.2 h, [16] which is much shorter than its half-life for hy-
drolysis under physiological conditions. As a result ap-
proximately half of the dexrazoxane administered is re-
covered intact in the urine. [17] Consequently, large dos-
es of dexrazoxane, up to 1,000 mg/m2, must be adminis-
tered to maximize its cardioprotective effect, [1] although
doses above 600 mg/m2 are myelosuppressive. [16] The
latter effects are likely mediated by the ability of bisdi-
oxopiperazines to inhibit DNA topoisomerase II. [18]

An analog of dexrazoxane that hydrolyzed several
times faster in vivo would presumably allow lower doses
to be given, since a larger fraction of the drug would 
be hydrolyzed to its active forms before its excretion.
Myelosuppressive effects could be reduced or eliminat-
ed. The objective of this study was to develop a quantita-
tive structure–activity relationship of imide hydrolysis
rates that could be used to design faster hydrolyzing,
more effective and less toxic analogs of dexrazoxane.
Simple imides with a variety of structures were chosen
to model and study the kinetics so that the QSAR data
obtained would have good predictive value over a range
of possible design structures.

Materials and methods

Materials

Diacetamide, N-methyldiacetamide, N-methylbis(trifluo-
rodiacetamide), succinimide, N-methylsuccinimide, N-
2,6-xylylsuccinimide, maleimide, N-methylmaleimide, N-
ethylmaleimide, N-phenylmaleimide, N-4-chlorophenyl-
maleimide, N-3,4-xylylmaleimide, phthalimide, adipimi-
de, and glutarimide were obtained from Aldrich (Mil-
waukee, Wisc.). ICRF-154 and meso-ICRF-193 (Fig. 1a)
were prepared essentially as described. [19] Dexrazoxane
was a gift from Adria Laboratories (Columbus, Ohio). Op-
tical grade KCl (Aldrich) of low UV absorbance was used
to minimize the background absorbance at the low wave-
lengths at which the reactions were followed.

Kinetic analysis

The kinetics of imide hydrolysis were followed spectro-
photometrically in 1 cm stoppered silica cells on a Cary

1 spectrophotometer (Varian, Mulgrave, Australia) at
25 °C in a thermostated cell compartment in 50 mM am-
monia buffer and potassium hydroxide solutions over a
pH range of approximately 8 to 13.2. The total ionic
strength was maintained at 150 mM with KCl. Below pH
11.1, reactions were carried out in ammonia/KCl buffer,
and the pH was measured immediately following each
experiment. Above pH 11.1, reactions were carried out
in KOH/KCl solutions, and the pH was calculated from
the analytical concentration of KOH. Stock solutions of
the imides were made in ethanol or DMSO, such that the
final concentrations of the imide and co-solvent were
100 µM and less than 1%, respectively. Reactions were
initiated by the addition of imide to the spectrophotome-
ter cell. Data were analyzed using Cary 1/3E software
(Varian) and SigmaPlot 5.0 for DOS (Jandel Scientific,
San Rafael, Calif.).

Molecular mechanics optimizations

Molecular mechanics calculations using the MMX algo-
rithm, which is based on the MM2 algorithm, [20] were
carried out using PCModel version 4.0 for DOS (Serena
Software, Bloomington, Ind.). Minimizations were re-
peated at least three times, until the energies no longer
significantly decreased. Aromatic rings, and the carbon,
oxygen, and nitrogen atoms of the imide functional
group were modeled as π-atoms, and minimization was
performed using restricted Hartree–Fock self-consistent
field calculations. Optimized structures of the tetrahedral
hydrolysis intermediates, modeled as mono-anions, as
was done in previous studies of esters [21] and lactams,
[22] were generated using the corresponding minimized
imide structures as starting points, and were minimized
at least three times, until the total energy no longer sig-
nificantly decreased.

AM1 quantum mechanical optimizations

The MMX-optimized structures were used as starting
points for the semiempirical quantum mechanical (AM1,
using Hyperchem release 4 for Windows, Hypercube
Inc., Gainesville, Fla.) optimizations. Structures were
minimized in vacuo, using a restricted Hartree–Fock
self-consistent field. Optimization proceeded by a Polak–
Ribiere algorithm. Since minimization until the gradient
was less than either 0.01 or 0.1 kcal Å–1 yielded energies
which differed only in the seventh significant figure, the
cutoff for structure optimization was set at a gradient of
0.1 kcal Å–1.

QSAR analysis

Regression analyses were done using SigmaStat (version
1 for DOS, Jandel Scientific, San Rafael, Calif.). Corre-
lation of individual independent variables was deter-
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mined using the Pearson product moment correlation co-
efficient. The best subsets algorithm in this software was
used to identify pairs of variables as candidates for mul-
tiple linear regression analysis. Constant variance was
tested by the Spearman rank correlation coefficient
(p=0.05). Normality of the residuals was tested by the
Kolmogorov–Smirnov test (p=0.05). The significance of
each independent variable was examined using the F sta-
tistic (F=4) in a stepwise regression in which the inde-
pendent variable with the higher F value was entered in-
to the equation first. The residuals were examined with
respect to each independent variable and the dependent
variable for trends and outliers. Where there were like
measurements on the structures (e.g. two carbonyl car-
bon–oxygen bond distances) an average of the like mea-
surements was used in the QSAR analysis. All errors
quoted are SEMs (standard error of the mean).

Results

Kinetic results: N-substituted imides

The hydrolysis of imides was followed by UV spectro-
photometry at their absorption maxima, which varied
from 210 to 265 nm. Typical absorbance–time data for
N-methylmaleimide obtained at different pH values are
shown in Fig. 2a as an example. These data were cleanly
fitted to a three-parameter equation for an exponential
decay:

(1)

in which A and A∞ are the absorbances at time t and in-
finity, respectively, kobs is the pseudo-first-order rate con-
stant, and A0 is the amplitude of the absorbance change.
For all the imides except N-methylsuccinimide the pa-
rameter kobs varied linearly with hydroxide ion concen-
tration. Representative kinetic data for N-methylmale-
imide are shown on a log–log plot in Fig. 2b. The plot
has a linear-least squares calculated slope of 1.12±0.05,
indicating that the hydrolysis reaction is first-order in
hydroxide ion concentration. Thus, the data (weighted
assuming the standard errors in kobs were proportional to
kobs) were fitted to a linear equation:

(2)

in which k is a second-order rate constant for base-cata-
lyzed hydrolysis (Table 1). The addition of a constant term
to this equation, corresponding to a contribution to kobs
from water-catalyzed hydrolysis, did not significantly im-
prove the fits. Only for N-methylsuccinimide was it was
necessary to add a quadratic term, kq[OH–]2, to Eq. (2),
which gave a value of kq of 6900±1400 M–2 min–1. 

Kinetic results: non-N-substituted imides

Similar to the N-substituted imides, non-N-substituted
imides had a characteristic absorbance peak at approxi-

mately 210 nm, as has been shown for dexrazoxane. [12,
13, 14] At a pH near 10, the imide proton dissociates,
causing a shift of this peak to a longer wavelength. The
maximum absorbance of the deprotonated imide occurs
at 227 nm for dexrazoxane. [12, 13, 14] The hydrolysis
of the non-N-substituted imides was followed by observ-
ing the decrease in the absorbance of the imide anion
peak at wavelengths from 217 to 240 nm which, at con-
stant pH, is proportional to the total concentration of im-
ide. Absorbance–time data for diacetamide, succinimide,

Fig. 2 a The change in absorbance with time for the hydrolysis of
N-methylmaleimide, measured spectrophotometrically at 220 nm.
Measurements were made at 25 °C in ammonia buffer, at pH val-
ues of 9.99, 10.19, 10.30, 10.45, and 10.66 (in order of decreasing
half-time). The ionic strength was maintained at 150 mM. b Hy-
droxide ion-dependence of the hydrolysis of N-methylmaleimide
plotted on a log–log scale. The line is linear-least squares calculat-
ed with a slope of 1.12±0.05 and an r2 of 0.987

Table 1 Second order rate constants k for the base-catalyzed hy-
drolysis of various imides and their kinetically determined pKa
values at 25 °C and ionic strength 0.150 M

Imide k (M–1 min–1) pKa
a

Diacetamide 65.0±0.2 12.77±0.01
N-Methyldiacetamide 77±5 –
N-Methylbis(trifluorodiacetamide) 42±2 –
Succinimide 5.5±0.9 10.86±0.08
N-Methylsuccinimide 14±4 –
N-2,6-Xylylsuccinimide 31±1 –
Maleimide 1690±200 10.41±0.06
N-Methylmaleimide 3230±300 –
N-Ethylmaleimide 1440±200 –
N-Phenylmaleimide 10560±200 –
N-3,4-Xylylmaleimide 7270±100 –
N-4-Chlorophenylmaleimide 16700±300 –
Phthalimide 560±3 10.08±0.06
Adipimide 150±3 11.41±0.05
Glutarimide 91±8 12.01±0.05
ICRF-154 125±20 10.10±0.09
ICRF-193 220±30 10.41±0.07
Dexrazoxaneb 51±6 10.47±0.06

a Calculated from a fit of the kinetic data to Eq. (3) for non-N-sub-
stituted imides. All errors are standard errors of the mean from
non-linear least squares curve fitting
b Since dexrazoxane is asymmetrical, the rate constant measured is
the sum of the individual ring-opening rate constants



tion to kobs from nucleophilic attack by water, did not
significantly improve the fits.

Mechanism of imide hydrolysis

Imides are thought to hydrolyze via a mechanism,
as do esters and amides. [26] The mechanism likely in-
volves nucleophilic attack of hydroxide ion at the car-
bonyl carbon atom forming a tetrahedral intermediate,
which subsequently collapses to the products, a carbox-
ylate and an amide. Hydrolysis rates of imides likely de-
pend on both geometric and electronic factors, which de-
termine their reactivities toward hydroxide ion. Since
hydrolysis begins with nucleophilic attack by OH– on the
carbonyl carbon atom, the environment of this atom is
likely important. Thus, atomic charges, bond lengths and
angles, and torsion angles may be useful predictors of
imide hydrolysis. Since the lowest unoccupied molecular
orbital (LUMO) of the imide accepts electrons from the
nucleophile, its energy might also reasonably be expect-
ed to be inversely correlated to hydrolysis rate. The 
most useful information regarding imide hydrolysis rates
should come from analysis of the rate-determining step.
However, there is disagreement over whether it is the
formation or the collapse of the tetrahedral intermediate
that is rate-determining. [23, 27, 28, 29] Thus, both the
imides and their corresponding tetrahedral intermediates
were modeled, and descriptors were extracted from both
series of structures for analysis.

Molecular modeling

For diacetamide, [30] N-methylbis(trifluorodiacetamide),
[31] succinimide, [32] N-ethylmaleimide, [33] phthalim-
ide, [34] glutarimide, [35] and ICRF-154 [36] the crystal
structures are known, and thus their X-ray coordinates
were used as starting points for structure optimization.
The starting structures for N-methyldiacetamide, the sub-
stituted succinimides, the remaining maleimides, and
ICRF-193 were obtained by modification of the crystal
structures of N-methylbis(trifluorodiacetamide), succin-
imide, N-ethylmaleimide, and ICRF-154, respectively.
Due to the conformational flexibility of the seven-mem-
bered ring in adipimide, two energy minima were found
for adipimide. The lowest-energy conformation obtained
from the MMX optimization had both sp3 carbon atoms
on the same side of the imide plane (as defined by the
imide carbonyl groups), while that obtained from the
AM1 optimization had these atoms on opposite sides of
the plane. Since it was expected that the AM1 results
might be more useful for the QSAR analysis, due to their
better approximations of electronic measurements, the
latter conformation was used in the analysis. The diac-
etamides were minimized from three starting structures,
corresponding to the E,E, E,Z, and Z,Z conformations.
The bisdioxopiperazines, which also have conformatio-
nal flexibility, were minimized from various starting
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adipimide, phthalimide, adipimide, and glutarimide were
collected as for the N-substituted imides, and fitted to
Eq. (1). Complete hydrolysis of ICRF-154 and ICRF-
193 (Fig. 1a) must necessarily involve two steps, since
these compounds have two imide groups. To isolate the
first hydrolysis step, initial rate data (corresponding to
less than 10% of the total change in absorbance) were
collected and analyzed for these imides. Succinimide
was also analyzed by this method due to its slow hydrol-
ysis. The pseudo-first-order rate constants were calculat-
ed from the slopes of the plots and the absorbances of
the imides and their final hydrolysis products.

The values of kobs were observed to increase sigmoid-
ally with pH with an inflection point corresponding to
the pKa of the imide functional group. It has previously
been shown for maleimide, [23] succinimide, [24] and
ethosuximide [25] that the imide anion, which is less
electrophilic than the neutral protonated species, is resis-
tant to nucleophilic attack by hydroxide ion in the pH
range of interest in this study. These data were fitted to
the following equation, which describes hydroxide-ion-
catalyzed hydrolysis in which only the neutral protona-
ted imide species is hydrolyzed (Fig. 1b):

(3)

in which Ka is the acid dissociation constant for the imi-
de proton, and k is the second-order base-catalyzed hy-
drolysis rate constant. As the pH increases the concentra-
tion of the reactive neutral imide species decreases while
the concentration of the reactive OH– species increases,
leading to the resulting sigmoidal pH dependence. Rep-
resentative data for the pH dependence of ICRF-193 and
adipimide hydrolysis are shown in Fig. 3a and b, respec-
tively. Values of k and pKa obtained from a three-param-
eter non-linear least squares fits of the kobs data to Eq. (3)
are given in Table 1. The addition of an additional con-
stant term to the numerator, corresponding to a contribu-

Fig. 3a,b pH dependence of the pseudo-first order rate constant of
hydrolysis kobs of a ICRF-193 and b adipimide, measured at 240
and 239 nm, respectively. The curves are calculated from non-
linear-least squares fits of the kobs data to Eq. (3) and yield pKa
values of 10.41±0.07 and 11.41±0.05, respectively



structures with torsion angles of the main chain car-
bon–carbon bonds rotated 0, 120 and 240° from those
obtained from the minimization of the crystal structure
of ICRF-154. The X-ray crystal structures of diacet-
amide, succinimide, N-ethylmaleimide, phthalimide, and
glutarimide were compared to the MMX- and AM1-opti-
mized structures and at maximum the root-mean-square
difference in atomic positions was 0.13 Å.

Due to the geometric restrictions of cyclic molecules,
and to the stabilization of the imide functional group by
electron delocalization, the optimized imide structures
tended toward planarity. Thus, the succinimides, ma-
leimides, and phthalimide had nearly planar conforma-
tions. Glutarimide and the bisdioxopiperazines, which
have six-membered rings, preferred a half-chair confor-
mation, which permitted a planar conformation of the
imide group. Although N-methyldiacetamide and N-
methylbis(trifluorodiacetamide) preferred an E,E confor-
mation, diacetamide, which has no bulky N-substituent,
preferred an E,Z conformation.

The tetrahedral hydrolysis intermediates of the 
five- and six-membered imides preferred envelope and
cyclohexene-like conformations, respectively, which re-
tained a planar arrangement of the remaining sp2 centers.
The Cα–Ccarbonyl–N angles decreased, corresponding to
the shift from sp2 to sp3 hybridization. The species with
five-membered rings had angles ranging from 100 to
104°, reflecting the ring strain due to the remaining sp2

centers, while the other species had angles from 110 to
114°, consistent with sp3 hybridization. The C–N bond
length increased to 1.44–1.49 Å, due to the loss of π
character.

A total of 63 basic descriptors which measured elec-
tronic and geometric properties were derived from the
MMX- and AM1-optimized structures of the imides and
their tetrahedral intermediates. These descriptors includ-
ed measures for the atoms likely involved in hydrolysis,
such as partial charges, bond lengths, and bond and tor-
sion angles, as well as descriptors which measured prop-
erties of the entire molecule, including orbital energies
calculated by the AM1 algorithm and the individual
terms used in the calculation of the total energy of the
system by the MMX algorithm. Forty-eight additional
descriptors were derived from these basic descriptors by
simple transformations. Examples included squares and
absolute values of individual descriptors, sums and dif-
ferences of pairs of descriptors, and squares of differ-
ences between measurements from the imides, subtract-
ed from that of diacetamide, which likely represents a
relatively unstrained system.

QSAR analysis

Single variable regression analysis of the individual des-
criptors with log k as the dependent variable was carried
out to identify the best individual descriptors. The best
individual descriptors were those which measured both
electronic and geometric parameters and all but one was

obtained using the AM1 algorithm. The five best indi-
vidual descriptors obtained were:

● RCC: length (Å) of the Ctetrahedral–Cα bond of the tet-
rahedral intermediate, measured on the structures op-
timized by the MMX algorithm (r2=0.771, p<0.001)

● LUMO2: square of the lowest unoccupied molecular
orbital of the imide (eV2), measured on the structures
optimized by the AM1 algorithm (r2=0.743, p<0.001)

● HOLU: difference between the highest occupied and
lowest unoccupied molecular orbitals of the imide
(eV), measured on the structures optimized by the
AM1 algorithm (r2=0.722, p<0.001)

● RCN2: square of the difference in the average 
Ccarbonyl–Nimide bond lengths (Å2) between each imide
and diacetamide, measured on the structures opti-
mized by the AM1 algorithm (r2=0.717, p<0.001)

● LUMO: lowest unoccupied molecular orbital of the
imide (eV), measured on the structures optimized by
the AM1 algorithm (r2=0.646, p<0.001)

Since residual analysis of the individual descriptors de-
termined that none of the imides in the data set had val-
ues of k which were consistently poorly predicted, it was
concluded that the data set was homogeneous, and that
the structural factors determining imide hydrolysis rates
were the same for all members of the data set.

In order to refine the QSAR further, multiple linear
regression analysis was undertaken to determine whether
equations containing two descriptors had an improved
ability to predict log k. Dexrazoxane (Fig. 1a) itself was
not included in the data set because it is unsymmetrical
and the two rings open at different rates. [13, 14] A best
subsets algorithm was used to identify pairs of variables
as candidates for multiple linear regression analysis. The
equations that met all statistical conditions as described
in the Materials and methods section were ranked by r2.
A search for regression equations with three or more
variables was not undertaken, as the contributions of ad-
ditional variables were not significant, as measured by
the F statistic.

The ten best equations had values of r2 that varied
from 0.912 to 0.859. Eight of these equations contained
the variable RCC, which was also the best single des-
criptor, as described above. The second variable in these
equations was usually an electronic parameter, such as
an atomic charge calculated from the AM1 algorithm.
The remaining two equations contained the variable
LUMO2. The best equation overall (along with the stan-
dard error of the estimate, s), which contained the vari-
able RCC, and the best equation containing LUMO2
were, respectively:

(4)

(5)

in which ZCN and ZCO are defined as follows:
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● ZCN: difference of the average charges of the Ccarbonyl
and Nimide of the imide, measured on the structure op-
timized by the AM1 algorithm

● ZCO: sum of the average charges of the carbonyl
group of the imide, measured on the structure opti-
mized by the AM1 algorithm

The values of r2=0.912 and 0.864 for Eqs. (4) and (5),
respectively, and their associated p of less than 0.001 are
indicative of the high predictive power of these models.
The values of log k calculated for each imide from these
equations are compared with the experimental values in
Table 2. Overall, these equations successfully predicted
log k for the whole series of imides investigated.

The second order rate constants k for hydrolysis of 
3-methylglutarimide and 4-methyl-2,6-dioxopiperazine
have been measured [37, 38] at the same temperature as
this study, but at an ionic strength of 0.5 M. As a test of
their predictive value, Eqs. (4) and (5) were used to cal-
culate log k for these imides. Calculated and experimen-
tal values are given in Table 2. Both equations predicted
log k well for 3-methylglutarimide, while predictions for
4-methyl-2,6-dioxopiperazine were low. The latter result
is somewhat surprising, given the agreement of the pre-
dicted and experimental values of log k for ICRF-154
and ICRF-193 (Fig. 1a), which are structurally analo-
gous to 4-methyl-2,6-dioxopiperazine.

Discussion

The ring-opening hydrolysis of dexrazoxane is base-cat-
alyzed, which results in its strong pH-dependence. [12,
13, 14, 15] We have shown [12] that even at pH 7.4 the
hydrolysis is still largely base-catalyzed. Thus, our mea-
surements, which were carried out at pH values higher
than this, should be good predictors of hydrolysis rates at
physiological pH.

The small difference between the rates of diacetamide
and glutarimide base-catalyzed hydrolysis is likely due

to the steric effects of the bridging methylene group of
glutarimide, which likely causes a modest destabiliza-
tion. The k for base-catalyzed hydrolysis for adipimide
was 1.7 times that of glutarimide, consistent with the
usual observation that stability decreases with ring size.
In agreement with previous predictions that five-mem-
bered rings are more stable than their six-membered ana-
logs, [39] the k for succinimide was approximately 17
and 12 times lower than those for glutarimide and diacet-
amide, respectively. A previous study reported a ten-fold
decrease in the hydrolysis rate of N-methylsuccinimide
relative to N-methyldiacetamide, [40] which is in good
agreement with the six-fold difference observed in this
study. Maleimide hydrolyzed 300 times faster than its
saturated analog, succinimide. Although the overall ge-
ometry of these imides is similar, it would be expected
that maleimide has additional ring strain, both due to the
rigidity required for maximal electron delocalization of
the ring, and to the larger number of in-plane steric inter-
actions in maleimide.

The bisdioxopiperazines have similar values of k and
pKa, indicating that the presence of methyl groups on the
alkyl chain joining the two imide rings has little influ-
ence on the lability of the imide functional group, as pre-
viously observed for a series of bisdioxopiperazines.
[15] The pKa of glutarimide, however, is much higher
than those of the bisdioxopiperazines, due to the absence
of the electron-withdrawing tertiary nitrogen atom.

The best single descriptors of imide hydrolysis in-
cluded measurements of electronic properties primarily
based on the energy of the lowest unoccupied molecular
orbital of the imides, which would be expected to corre-
late with hydrolysis rates, since it is this orbital which
will accept the electron pair from the incoming nucleo-
philic hydroxide ion to form the tetrahedral hydrolysis
intermediate. Geometric descriptors describing the bond
lengths of the carbonyl carbon atom were also correlated
to log k. Descriptors measured by both the MMX and
AM1 algorithms were found to be among the best des-

Table 2 Calculated and experi-
mental values of log k for base-
catalyzed imide hydrolysis

Imide log k (Eq. 4) log k (Eq. 5) log k (experimental)

Diacetamide 1.72 2.28 1.81
N-Methyldiacetamide 1.92 2.23 1.89
N-Methylbis(trifluorodiacetamide) 1.31 1.84 1.62
Succinimide 1.17 1.40 0.74
N-Methylsuccinimide 1.59 1.51 1.15
N-2,6-Xylylsuccinimide 1.78 0.98 1.49
Maleimide 3.03 3.75 3.23
N-Methylmaleimide 3.52 3.35 3.51
N-Ethylmaleimide 3.63 3.18 3.16
N-Phenylmaleimide 3.92 3.60 4.02
N-3,4-Xylyl maleimide 3.90 4.34 4.22
N-4-Chlorophenylmaleimide 3.94 3.38 3.86
Phthalimide 2.88 2.81 2.75
Adipimide 1.52 1.86 2.18
Glutarimide 1.99 1.85 1.96
ICRF-154 2.18 1.77 2.10
ICRF-193 2.01 1.91 2.34
3-Methylglutarimide 1.57 1.87 1.60a

4-Methyl-2,6-dioxopiperazine 1.67 1.56 2.41a
a [37, 38]
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criptors. The best ten equations identified by the best
subsets analysis included ones with RCC or LUMO2, the
two descriptors which were most highly correlated to
log k. It is unclear why RCC was such a highly correlat-
ed descriptor as RCC measures a bond in the tetrahedral
intermediate that is not being broken. It may be that the
descriptor RCC may report structural information to the
imide group from the rest of the molecule since the imi-
de groups of all these molecules are identical.

QSAR analysis of a series of imides has identified
descriptors that allow the prediction of rates of hydrox-
ide ion-promoted hydrolysis of imides that vary in ring
size and N-substituents. The regression equations devel-
oped here will allow the prediction of hydrolysis rates
for the synthesis of dexrazoxane analogs. Dexrazoxane is
slow to hydrolyze [13, 14] and thus much of it is excret-
ed unchanged. [17] A faster-hydrolyzing analog should
produce the active metal chelating form more quickly
and thus be more effective and less toxic at lower doses.
Supplementary material The definitions of the des-
criptors extracted from molecular modeling of imides
(from both MMX and AM1 algorithms) that were 
examined in the QSAR analysis are available as supple-
mentary material. The values of the descriptors for each
imide examined are also available as supplementary ma-
terial.
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