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Abstract—Deutero-substituted (o,a,0/ o -tetradeuterated) derivatives of ifosfamide (IF-dy) and its bromo analogue were synthesised.
In vitro metabolic studies showed that microsomal hydroxylation of IF-d, is slower than for unlabelled compound, suggesting that
kinetic isotope effect operates during those transformations. At the same time deutero-substituted derivatives are more active
against L1210 leukaemia in mice than unlabelled compounds, suggesting a negative role of side-chain hydroxylation metabolic
pathways in the anticancer activity of ifosfamide and its analogues. © 2002 Elsevier Science Ltd. All rights reserved.

In spite of extensive studies on antitumour agents,
including new approaches like gene therapy, alkylating
agents' are still the most widely used cytostatics to com-
bat various types of cancer. In the last decade ifosfamide
{[N,3-bis(2-chloroethyl)tetrahydro-2 H-1,3,2-oxazaphos-
phorine-2-amine 2-oxide], IF} proved to be an effective
drug in clinical oncology.> However, therapeutic appli-
cation of high-dose IF is limited by several side effects;
among them neurotoxicity® and nephrotoxicity* are of
the greatest concern. Based on the analysis of metabolic
pathways of IF in humans® (Scheme 1) it was postulated
that these side effects are connected with P450 cyto-
chrome catalysed bio-oxidation of IF and the release of
chloroacetaldehyde as the result of hydroxylations at
C-1 atoms of 2-chloroethyl groups.?

At the same time, hydroxylation of C-4 atom of 1,3,2-
oxazaphosphorine ring is essential for IF activity since
this metabolic pathway leads to the final cytotoxic
metabolite isophosphoroamide mustard (iPAM). Com-
pounds that have an ability to modulate cytochrome
P450 oxidation activity, for example methylene blue,
were clinically used to reverse neurotoxicity of IF.® On
the other hand, Wagner postulated recently’ that chloro-
acetaldehyde may play a positive role in the anticancer
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activity of this drug. In the search for more effective
ifosfamide congeners it is important to assess the
influence of side-chain hydroxylations on anticancer
activity of this class of compounds. The level of
chloroacetaldehyde  produced during IF  bio-
transformation should be affected by introduction of
deuterium atoms at the sides of hydroxylation since
kinetic isotope effect ought to operate® during these
reactions.

In our previous studies we found that bromo analogues
of IF are potent anticancer agents.® Similarly as for
stereoisomers of cyclophosphamide and ifosfamide,'”
also among examined bromo analogues of IF (—) enan-
tiomers are more potent than (+) enantiomers and
racemates against several experimental tumours in
mice.!! Based on those results (S)-(—)-3-(2-bromoethyl)-
N-(2-chloroethyl)tetrahydro-2 H-1,3,2-oxazaphosphorine-
2-amine 2-oxide!? [(S)-(—)-BF] became the subject of
phase I clinical trials in Poland. Obtained preliminary
data!® showed that (S)-(—)-BF possesses similar profiles
of side effects as IF. Therefore studies on the influence
of deuterium atom introduction in both (S)-(—)-BF
and racemic BF on their anticancer activity were also
undertaken.

At first {[N,3-bis(2-chloro-1,1-dideuteroethyl)tetrahy-
dro-2H-1,3,2-oxazaphosphorine-2-amine 2-oxide] (IF-
d,)} was synthesised (Scheme 2).
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Scheme 1. (a) Cytochrome P450; (b) spontaneous; (¢) mechanism unknown; (d) aldehyde dehydrogenase.

Introduction of deuterium atoms was performed using
chemistry of incorporation of 2-chloroethyl groups into
tetrahydro-2H-1,3,2-oxazaphosphorine-2-amine moiety
by halogenoacetylation and subsequent reduction of
carbonyl group.!'* An early attempt to introduce two
2-chloroacetyl groups in one step was unsuccessful,
so processes of acylation of exocyclic and endocyclic
nitrogen atoms were separated. Starting from racemic
a-methylbenzylamine and 3-chloropropanol, amino-
alcohol 1 was obtained,'* which was condensed with
POCI; in the presence of triethylamine giving single
diastereoisomer of chlorophosphate 2.!> Compound 2
was subject to ammonolysis and subsequent chloro-
acetylation. In obtained 3,'® amidic hydrogen was
exchanged into deuterium atom by the action of
methanol-d;, (monitored by 'H NMR). It was found
that without this step subsequent reduction of carbonyl

group into methylene moiety by sodium borodeuteride
(98% D) in the presence of BF3-Et,O leads to substantial
loss of deuterium atoms in the product. In obtained 4-d>,
a-methylbenzyl N-3 protecting group was removed by
hydrogenolysis in the presence of palladium on activated
carbon providing intermediate 5-d5.

Repeating chloroacetylation/reduction reactions gave
desired IF-d; (mp 49-50°C) in 6% overall yield. The
deuterium content established by mass spectrometry
was 92% of compound d4 and 7% of d;.

Using bromoacetyl bromide in the presence of Et;NHBr
for acylation of 5-d, and employing the same method of
synthesis as presented above, 3-(2-bromo-1,1-dideutero-
ethyl)- N-(2-chloro-1,1-dideuteroethyl)tetrahydro-2H -
1,3,2-oxazaphosphorine-2-amine 2-oxide (BF-d;) (mp
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Scheme 2. (a) POCl;, Et;N; (b) (1) NHs; (2) CICH,COCI, Et;NHCI; (c) (1) MeOD; (2) NaBD,, BF;-Et,0; (3) MeOH; (d) Ha, Pd/C: (e) (1)

CICH,COCI, EtNHCI; (2) NaBD,, BF5-Et,0.

63-64°C) was obtained in 5% total yield. Starting
from (—)-o-methylbenzylamine and using the method
employed for the synthesis of unlabelled (S)-(—)-
bromofosfamide,'? the (S)-(—)-BF-d; [mp 84-85°C;
[a]p=—41.0 (¢ 2.0, MeOH)] was prepared. Enantiomeric
purity of obtained (S)-(—)-BF-dy was 100% as proved by
recording its 3'P NMR spectrum in the presence of
Eu(tfc);'* [CDCl; solution, ratio (S)-(—)-BF-ds/Eu(tfc)s
1:0.7].

Synthesis of IF-d, enabled studies on the presence of the
kinetic isotope effect operating during microsomal
hydroxylation of C-1 atoms of 2-chloroethyl groups in
ifosfamide. A mixture of IF and IF-d, (1:1 ratio) was
incubated in the presence of rat liver microsomes, -
nicotinamide adenine dinucleotide phosphate (NADP),
glucose-6-phosphate, and glucose-6-phosphate dehy-
drogenase in conditions previously established for in
vitro activation of oxazaphosphorine drugs.!” The
incubation'® was stopped after 5, 10, 20 and 50 min and
cyclophosphamide (CP) as internal standard was added
into reaction mixture. IF, IF-d,;, and CP were extracted
with ethyl acetate and then derivatised by the addition
of trifluoroacetic anhydride. Percentage of activation of
IF and IF-d, and their ratio were established using GC—
MS analysis'*?? (Table 1).

Maximum extent of in vitro metabolism was 65% and
was achieved after 20 min. The ratio of IF to IF-d; was
lowered together with the progress of reaction, suggesting
the existence of a kinetic isotope effect in processes of
side-chain hydroxylation of ifosfamide. Another, however
less likely, possibility is that IF-d, is a poorer substrate

than unlabelled compound for cytochrome P450 due to
steric effect caused by larger deuterium atoms.

Synthesised racemic deutero-substituted IF and both
racemate and (—) enantiomer of its bromo analogue
were tested for their anticancer activity in vivo.?! IF,
BF, and (S)-(—)-BF were used as the reference com-
pounds. All tested agents were administered ip in a sin-
gle-dose treatment schedule to CD2F1 mice bearing
advanced (day 3) ascitic L1210 leukaemia. Increase in
life span (ILS) of treated mice over control was calcu-
lated according to the formula: T/C x 100 — 100, where
T and C are average survival times (AST) of treated and
control mice, respectively. It was found that in all cases
deutero analogues were more active than unlabelled
standards (Fig. 1).

Stereodifferentiation of anticancer activity of deutero-
substituted bromo analogues of ifosfamide that favours
(—) enantiomer was also observed. Sub-acute toxicity??
of the most potent agent (S)-(—)-BF-d; was compared

Table 1. Relative rates of microsomal® metabolism of IF and IF-d,

Time of incubation Extent of metabolism IF/1F-d,
(min) (%) ratio
0b 0 1.000
5 29 0.974
10 51 0.948
20 65 0.910
50 65 0.908

aMicrosomes were isolated from rat liver.
PReference sample with inactive (thermally denaturated) microsomes.
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Figure 1. Antitumour activity of deutero-substituted ifosfamide and its bromo analogues against L1210 leukaemia in mice.

with toxicity of unlabelled compound and they were
found to be nearly the same. As a result of the high
potency of (S)-(—)-BF-d; this agent possesses thera-
peutic index much higher than those calculated for (S)-
(—)-BF, BF, or IF (Table 2).

Studies on neurotoxic effects of obtained deutero ana-
logues of IF, BF and (S)-(—)-BF in mice are now in
progress.

It can be concluded that revealing that deutero-sub-
stituted compounds possess higher anticancer activity
than unlabelled standards suggests a negative role of
side-chain hydroxylation metabolic pathways for biolog-
ical activity of this group of compounds. Based on this
assumption new methyl analogues of ifosfamide with
the decreased possibility of side-chain hydroxylation
were synthesised.?? However, their anticancer activities
against L1210 leukaemia in mice were lower than for

Table 2. Antitumour effectiveness of deutero-substituted derivatives
of ifosfamide and bromofosfamide against L1210 leukaemia in mice

Compd EDs, LDsg? MTD T2
(mg/kg) (mg/kg) (mg/kg)
IF 96.4 687 (632-746)° 518 7.1
1F-d, 67.8 N.D.c N.D.
BF 34.3 320 (302-339) 236 9.3
BF-d, 23.6 N.D. N.D.
(S)-(-)-BF 213 289 (276-303) 230 13.6
(S)-(—)-BF-d, 15.0 265 (242-290) 196 17.7

aTT = LDsy/EDs.
®Confidence limits.
°N.D., not determined.

ifosfamide, probably due to a lower ability to cross-link
DNA by their final, active metabolites. Another possi-
bility to increase therapeutic efficacy of IF or its bromo
analogues is to selectively block these subtypes of cyto-
chrome P450 that are responsible for side-chain hydro-
xylation. Very recently Waxman showed?* that CYP3A4
mostly catalyses C-4 atom hydroxylation while CYP2B6
hydroxylates C-1 atoms of 2-chloroethyl groups of IF.
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