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Abstract—A novel class of cyclophosphamide spiropiperaziniums was synthesized and evaluated for their in vivo anti-cancer activ-
ities against Sigo and H,,. Most of them exhibited definite activities. Especially, compounds 8b and 8k showed good anti-cancer
activities, meanwhile, 8k also showed much lower toxicity than CP. Several interesting structure—activity relationships were revealed.

© 2006 Elsevier Ltd. All rights reserved.

Cyclophosphamide (CP, 1) is a widely used anti-cancer
agent that is dependent on cytochrome P59 metabolism
for its therapeutic effectiveness. The pharmacology and
chemistry of CP have been extensively studied and
reviewed.' During the process of metabolism, CP
liberates two important metabolites, phosphoramide
mustard (PM, 2) and acrolein. And then, PM is
transported into cell to interfere with DNA that shows
the anti-tumor activities. On the contrary, acrolein is
responsible for hemorrhagic cystitis, a side effect
observed during CP therapy. To reduce the side effect
and find more potent anti-cancer drug, numerous mod-
ifications for CP have been performed over 50 years.*'°
However, these extensive structure—activity relationship
studies failed to produce better drugs than CP. Analysis
of the known works revealed that nearly all the modifi-
cations were focused on the left part of CP, just as cyclic
and acyclic phosphoramidate alkylating agents (3 and
4), and the mustard group still remained perfectly,
because it was considered as a very key pharmacophore.

Nevertheless, spirobromine (5) with dispirotripiperazini-
um structure is also an alkylating agent that exhibited
not only excellent anti-cancer activities and broad
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spectra, but also quite low toxicity (LDsy = 1980 mg/
kg).?° Furthermore, some recent works have been report-
ed that the drug molecules incorporating quaternary
ammonium moiety exhibited high in vivo target-function
for cartilage, for example compounds 6 and 7.2!

Our group has been interested in the biological activities
and synthesis of piperazine quaternary ammonium salts
all along.??>?? Inspired by above results, we envisioned
that changing the mustard group of CP into spiropiper-
azinium structure might be an effective way for the mod-
ification of CP. Herein, we disclose the first report of
novel class of cyclophosphamide spiropiperaziniums
(CPSP, 8), and some of them showed significant in vivo
anti-tumor activities and low toxicity.?*

According to our previously described procedure,? the
compounds 8a-1 were prepared in good yields by the
reaction of CP with the corresponding cyclic secondary
amines or acyclic secondary amines in the presence of
NaHCO; refluxing for 5-10h (Scheme 1). The
compound 8k was treated with potassium bromide and
potassium iodide, respectively, to give the corresponding
compounds 8m and 8n (Scheme 2). All the compounds
were purified by recrystallization and identified by
NMR and elemental analysis.

Preliminary anti-tumor activities of all the newly synthe-
sized compounds 8a-n were assessed in vivo against
Sarcoma 180 (S;g9) and hepatocyte sarcoma 22 (H,)
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Scheme 1. Synthesis of compounds 8a-1.

in mice at the dose of 30 mg/kg, and the CP was used as
control. The results are summarized in Table 1.

Because this kind of compound was designed as pro-
drug principle, all of them showed very poor in vitro
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Scheme 2. Synthesis of compounds 8m and 8n.

Table 1. Preliminary anti-cancer activities of 8 against S;go and Hy,
(ip)
Compound Dose

Inhibition rate Inhibition rate

(mg/kg) against S;go (%) against Hj, (%)

CP 30 72.94™" 72.02""
8a 30 39.86" 12.79
8h 30 35.98" 48.43"
8¢ 30 26.66 17.26
8d 30 10.70 8.64
8e 30 —27.61 32.49"
8f 30 —13.30 32.25"
8g 30 46.63" 20.60
8h 30 18.87 —

8i 30 33.47"" 28.79"
8j 30 —3.28 —6.63
8k 30 42.31" 41.66™"
| 30 33.70™ —

8m 30 18.72 11.60
8n 30 29.41" 16.19

Mice (10 mice in group) were implanted subcutaneously (sc) with
tumor cells, and the drugs were dosed (mg/kg) intraperitoneally (ip)
one time daily for successive 10 days, the dissected sarcoma weights (g)
were obtained precisely, and inhibition rates and P value were calcu-
lated using normal saline as control. Inhibition rate (%) = the average
weight of control group (g)—the average weight of experiment group
(g)/the average weight of control group (g) x 100%.

" P<0.05.

" P<0.0l.

sekeok

P <0.001.

anti-tumor activities. However, as shown in Table 1,
most of them displayed definite in vivo activities against
Sig0 and/or Hj,. Especially, the compounds 8b and 8k
showed the inhibition rates of 35.98% and 42.31% for
Sig0, and 48.43% and 41.66% for H,, respectively.

From the biological results of compounds 8a—c, it is
found that size of terminal spirocycle significantly influ-
ences the activity against Hy,. Such as, compound 8b
(seven-member ring) shows highest anti-cancer activity
(48.43%); compounds 8a (six-member ring) and 8c
(five-member ring) only show weak activities. However,
its effect on the activity against S;gq is slight.

In an attempt to explore the influence of incorporating
heteroatom in the moiety of terminal spirocycle on the
activity, the 9-CH, in 8a was, respectively, replaced with
-NH, O, -NMe, and -NCH,C4H5 to afford the corre-
sponding compounds 8d, 8e, 8k, and 8l. Biological
results indicated that introduction of 9-NH (8d,
10.70% against S;gy and 8.64% against H,,) led to a dra-
matic decrease of activity; however, 9-N-substituted
analogues 8k (9-NCHj;, 42.31% against S;g0 and
41.66% against H,,) and 81 (9-NCH,Cg¢Hs, 33.70%
against Sigg) showed similar to or better activities than
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8a. It is suggested that substitution of hydrogen at 9-NH
in compound 8d with suitable group would improve the
activity. Comparing with 8a, after replacing 9-CH, with
9-0, compound 8e exhibited better activity against H»,
than 8a and complete loss of activity against Sg.

Compounds 8f and 8g, methyl-substituted derivative of
8a and dimethyl-substituted derivative of 8e at carbon
atoms of terminal ring, respectively, show interesting
biological results. Comparing the 8f with 8a, introduc-
tion of methyl group led to the loss of activity against
Sig0 (8a, 39.86%; 8f, —13.30%) and increase of activity
against H,, (8a, 12.79%; 8f, 32.25%); on the contrary,
for compound 8g, after introduction of two methyl
groups, the activity against S;go (8e, —27.61%; 8g,
46.63%) was enhanced significantly and the activity
against H,, (8e, 32.49%; 8g, 20.60%) was slightly
decreased. These results should be contributed from
the change of conformation caused by introduction of
substitute. Compound 8h with benzospirocycle showed
far lower biological activity (18.87% for S;g0) than 8a
(8a, 39.86%), also demonstrating that the suitable
conformation is very critical for the activity. Additional-
ly, it is worth to note that compound 8g showed the
highest activity against S;gp among the tested com-
pounds. Because compound 8g has two kinds of
stereo-structures, frans-8g and cis-8g, one of them may
be having more potent activity.

Though only the moiety of anion is different among
compounds 8k, 8m and 8n, they showed different
activities against both S;3y and H,,, just as, for S;go:
8k (CI", 4231%)>8n (I, 29.41%)>8m (Br,
18.72%); for Hy: 8k (ClI7, 41.66%)>8n (17,
16.19%) > 8m (Br—, 11.60%). These results reveal that
the anion of quaternary ammonium also influences the
anti-tumor activity markedly.

As compared with spiropiperazinium derivatives of CP,
we also synthesized two unspiropiperazinium derivatives
of CP, 8 (R'=R*’=Me) and 8j (R'=Me,
R?= C¢HsCH,). Compound 8i exhibited significant
activity against both S;gg (33.47%) and Hj, (28.79%).
However, compound 8j did not show any activity.

Table 2. Anti-cancer activities of 8b and 8k against S5y and Hj, (ip)

This result demonstrates that unspiropiperazinium deriv-
atives of CP still have activity as long as selecting suitable
substitutes connected with quaternary nitrogen atom.

Among the tested compounds, the most potent
compounds are 8b and 8k. Therefore, we selected them
to further study for their in vivo activities against S;gg
and H,, at three doses of 15, 30, and 60 mg/kg, and
the results are summarized in Table 2. Both compounds
8b and 8k showed excellent dose—activity relationships.
Though their activities are slightly weaker than that of
CP, 8b and 8k did not significantly cause the body
weight loss comparing with the NS group even at the
dose of 60 mg/kg. However, the CP group’s mice have
lost the weight greatly than NS group.

In order to further examine their toxicity, the LDsq of
compounds 8b and 8k were also tested and the CP as
control. The result from Table 3 shows that the LDs
of 8k (1202 mg/kg, ip) is more than three times higher
and the LDs, of 8b (239 mg/kg) is slightly lower compar-
ing with that of CP (387 mg/kg).

In summary, we have designed and synthesized a novel
class of cyclophosphamide spiropiperaziniums and eval-
uated for their in vivo anti-tumor activities against Sigq
and H,,. Most of compounds showed definite anti-
cancer activity. Among them, compounds 8b and 8k
are most potent which retained the similar anti-tumor
activity as CP, meanwhile, the latter 8k also showed
much lower toxicity than CP. These results demonstrate
that changing mustard group of CP into suitable
spiropiperazinium structure is an effective way for the
modification of CP. Several structure—activity relation-
ships have been revealed that would be valuable for us
to develop more potent anti-cancer agents.

Table 3. LDs, of CP, 8b, and 8k (ip)
CP (mg/kg) 8b (mg/kg)
LDso" 387.4 £ 33.8 239.4+ 139

8k (mg/kg)
1202.0 £27.0

#Drugs were dosed (mg/kg) intraperitoneally (ip) to mice (five groups,
10 mice each) at different concentrations for successive 7-10 days.
Death was recorded to calculate the LDs, value.

Compound Dose (mg/kg) Inhibition rate against S;go (%) Inhibition rate against Hy, (%) Weight (g) (X £ SD)
NS — — — 12.09 +3.10
CP 30 78.85™" 68.87"" 8.58 +1.78
8b 15 38.16" 17.19 13.86 + 3.03
30 35.98" 48.43" 12.22 + 1.69
60 53.36" 51.3" 10.68 + 2.00
8k 15 37.50" 24.43 10.88 +2.13
30 431" 41.66™ 12.02 + 3.00
60 55.22"™" 38.04" 13.10 +2.61

Mice (10 mice in group) were implanted subcutaneously (sc) with tumor cells, and the drugs were dosed (mg/kg) intraperitoneally (ip) one time daily
for successive 10 days, the dissected sarcoma weights (g) were got precisely, and inhibition rates and P value were calculated using normal saline as
control. Inhibition rate (%) = the average weight of control group (g)—the average weight of experiment group (g)/the average weight of control

group (g) x 100%.
*P<0.05.
" P<0.01.

sokok

P <0.001.
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