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spectrum resembled that of B20H17OH4 (isomer ii) with peaks at 
7.4, 24.3, 28.8, 31.1, 46.7, and 48.5 ppm. Decoupling left peaks at 
7.1, 22.5, 26.6, 29.4, 34.8, 43.3, and 47.9 ppm. 

Acknowledgment. We wish to thank Dr. William H. 
Sweet, Professor of Surgery at the Harvard Medical School 
and Chief of the Neurosurgical Service of the Massachu
setts General Hospital, for his encouragement and continu
ing interest in this work. The assistance of Ms. Diane 
Massa and V. J. Varma with certain aspects of the synthet
ic work is gratefully acknowledged, as is the technical assis
tance of Ms. Cynthia Peirce and Linda Andersen in the bi
ological testing. We are also thankful to Mr. William Hull, 
Harvard University, for recording most of the nmr spectra 
reported in this paper. This investigation was supported in 
part by an Atomic Energy Commission Contract AT (11-
D-3334, a National Institutes of Health Grant CA-07368, 
and American Cancer Society Institutional Research 
Grants IN-23 and IN-23P. 

References and Notes 

(1) A. H. Soloway, Progr. Boron Chem., 1, 203 (1964). 
(2) A. H. Soloway, G. L. Brownell, R. G. Ojemann, and W. H. 

Sweet, "Boron-Slow Neutron Capture Therapy: Present Sta
tus," Euratom, Brussels, 1964, pp 383-403. 

Cyclophosphamide [2-bis(2-chloroethyl)aminotetrahy-
dro-2rY-l,3,2-oxazaphosphorine-2-oxide ( l)]2 is an antitu
mor agent now clinically used in the treatment of various 
kinds of human cancer. The drug is known to be activated 
to a cytotoxic form during in vivo metabolic degradation 
and extensive studies have been made to elucidate the 
structure of the active species.3 In 1963, Brock and Ho-
horst4 found that enzymatic oxidation in liver microsomes 
is responsible for the activation of cyclophosphamide and 
recent studies by Hill, et al.,5 and also by us,1 have shown 
that 4-ketocyclophosphamide (2) and its ring-opened car-
boxylic acid 3 are excreted as the cyclophosphamide me
tabolites in animal urine indicating that the first in vivo 
metabolic reaction of cyclophosphamide involves oxidation 
at the C-4 position on the 1,3,2-oxazaphosphorinane ring. 
Hill, et al.,5* first proposed that 4-ketocyclophosphamide is 
either the active form of cyclophosphamide or a precursor 
of the active form, but both 2 and 3 were later proved to be 
cytostatically less active than cyclophosphamide in in vivo 
experiments.1 '5b,e '7 This suggests that the activation takes 
place in an earlier phase of the C-4 oxidation. Thus, 4-hy-
droxycyclophosphamide (4) and the ring-opened aldehyde 
5 have been proposed as the alternative active species of 
cyclophosphamide.1 '6-8 

(3) A. H. Soloway, R. L. Wright, and J. R. Messer, J. Pharmacol. 
Exp. Ther., 134, 8626 (1961). 

(4) A. H. Soloway in "Radionuclides Application for Neurology 
and Neurosurgery," Y. Wang, Ed., Charles C Thomas, 
Springfield, 111., 1970, pp 301-312. 

(5) A. K. Asbury, R. G. Ojemann, S. L. Nielsen, and W. H. Sweet, 
J. Neuropathol. Exp. Neurol., 31, 279 (1972). 

(6) H. Hatanaka and K. Sano, Z. Neurol, 204, 309 (1973). 
(7) G. L. Brownell, Massachusetts General Hospital, private 

communication. See also G. L. Brownell and W. H. Sweet, 
Progr. Nucl. Energy, Ser. VII, 2, 114 (1968). 

(8) K. C. John, A. Kaczmarczyk, and A. H. Soloway, J. Med. 
Chem., 12, 54 (1969). 

(9) W. H. Knoth, J. C. Sauer, D. C. England, W. R. Hertler, and 
E. L. Muetterties, J. Amer. Chem. Soc, 86, 3973 (1964). 

(10) B. L. Chamberland and E. L. Muetterties, Inorg. Chem., 3, 
1450 (1964). 

(11) M. F. Hawthorne, R. L. Pilling, and P. M. Garrett, J. Amer. 
Chem. Soc, 87, 4740 (1965). 

(12) L. W. Emsley, J. Feeney, and L. H. Sutcliffe, "High Resolu
tion Nuclear Magnetic Resonance Spectroscopy," Vol. 2, Per-
gamon Press, Oxford, 1966, Section 12.6. 

(13) A. P. Schmitt and R. L. Middaugh, Inorg. Chem., 13, 163 
(1974). 

(14) P. Benda, K. Someda, J. R. Messer, and W. H. Sweet, J. Neu-
rosurg., 34, 310 (1971). 

(15) A. H. Soloway and J. R. Messer, Anal. Chem., 36, 433 (1964). 

This paper is a full account of a previous communica
tion9 in which we have demonstrated the first unambiguous 
chemical synthesis of 4-hydroxycyclophosphamide and 
provided confirmatory evidence that cyclophosphamide is 
indeed activated by the C-4 hydroxylation. Prior to this 
work, we10 had found that 4-ketocyclophosphamide can be 
reduced by lithium aluminum hydride to a potentially cy
totoxic product which possibly has a cyclic structure 4. 
However, the product could not be obtained in a pure state 
and was not unambiguously characterized because of ex
treme instability. Our alternative synthetic plan to obtain 
the product was the preparation of aldehyde 5 since the 
target compound 4 might possibly be in equilibrium with 
the ring-opened isomer. Thus, 0-(3-hydroxypropyl)- and 
0-(2-cyanoethyl)-Af,7V-bis(2-chloroethyl)phosphorodiam-
idates (6, 7) were prepared and some aldehyde forming 
reactions from the alcohol 611,12 and from the nitrile 713,14 

were attempted under various conditions; but these efforts, 
as well as acid-catalyzed hydrolysis of O- (3,3-diethoxypro-
pyl)-N,N-bis(2-chloroethyl)phosphorodiamidate (8), were 
unsuccessful (see Chart I). Ozonolysis of 0-(3-butenyl)-
iV,7V-bis(2-chloroethyl)phosphorodiamidate (9a) also failed 
to give the aldehyde 5. However, careful examination of the 
ozonolysis of 9a led us to find that a very cytotoxic product, 
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A synthetic study was made on the active metabolite of cyclophosphamide. Ozonolysis of 0-(3-butenyl)-iV,iV-bis(2-
chloroethyl)phosphorodiamidate, prepared by reaction of POCI3 with 3-buten-l-ol followed by treatment with N,N-
bis(2-chloroethyl)amine (nor mustard) and NH3, afforded 2-[bis(2-chloroethyl)amino]-4-hydroperoxytetrahydro-
2H-l,3,2-oxazaphosphorine 2-oxide (4-hydroperoxycyclophosphamide). Deoxygenation of 4-hydroperoxycyclophos-
phamide by triphenylphosphine yielded 4-hydroxycyclophosphamide in a pure crystalline state. These products ex
hibited high cytostatic activity in both in vitro and in vivo experiments. The results give confirmatory evidence for 
the hypothesis that Ci-hydroxylation on the 1,3,2-oxazaphosphorinane ring of cyclophosphamide is necessary for its 
activation. 
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Chart I 

?§. 
11/3 

(C1CH,CH.,)2NP«2 
\ i 

<y 
X R, = R, = H 

2, Rb R, = 0 = H 

4. R, = OH; R, = H 

1 / N H 2 
(C1CH2CH2)2NP^ 

\)CH2CH2R 

3, R = COOH 
5, R = CHO 

6, R = CH,OH 

7, R = CN 

8, R = CH(OEt>2 

9a, R = CH=CH2 

which is readily convertible into 4-hydroxycyclophospham
ide (4), the suggested active form of cyclophosphamide, can 
be obtained in a crystalline state. Ozonization of 9a was 
carried out in aqueous acetone (acetone-K^O, 2:1) with a 
slight excess of ozone at 0° and after evaporation of acetone 
the aqueous residue was extracted with CHCI3 without 
treating the reaction mixture with reducing agent. From 
the CHCI3 extract 2-[bis(2-chloroethyl)ami-
no] -4-hydroperoxytetrahydro-2H- 1,3,2-oxazaphosphorine 
2-oxide (4-hydroperoxycyclophosphamide, 10), mp 107-
108° (with violent decomposition), was obtained in a low 
yield (10%) after column chromatography on silica gel-
EtOAc. The yield of 10 was increased to 50-60% when an 
excess amount of hydrogen peroxide was added to the ozo
nized reaction mixture. The structure of 4-hydroperoxycy
clophosphamide (10) was assigned on the basis of elemen
tal analyses (C, H, N, CI) and molecular weight determina
tions which agreed with the formula C7H15N2O4PCI2 corre
sponding to an adduct of cyclophosphamide plus a mole
cule of oxygen. Compound 10 was capable of liberating io
dine from an aqueous potassium iodide solution and gave a 
positive color reaction with TiCLj-r^SCU reagent,15 indica
tive of the existence of a peroxide linkage. Treatment of 10 
with SOCl2-pyridine resulted in formation of 4-ketocyclo-
phosphamide in good yield. These chemical properties are 
consistent with the assigned structure 10 which was une
quivocally confirmed by nmr evidence. The nmr spectrum 
of 10 in DMSO-d6 solution exhibited peaks corresponding 
to one proton as a pair of double doublets at 8 4.71 and 5.11 
which were collapsible to a pair of triplets on H-D ex
change and thus attributable to the C4 proton [8 4.96, 
J ( P A - H ) = 24.5 Hz, J ( N H A - H ) = 5.0 Hz, J (P ,NH) = 
7.0 Hz]. In addition, the spectrum showed peaks due to two 
H-D exchangeable protons at 8 5.81 as a double doublet 
and at 8 11.51 as a sharp singlet, which were obviously as
signable to the protons of NH and OOH, respectively. The 
crystal structure of 4-hydroperoxycyclophosphamide (10) 
prepared by us has recently been determined by Camer-
man,16 showing that the Ci-oxygen functional group of 10, 
like that of 4-peroxycyclophosphamide,17 is axially orient
ed and cis to the oxygen which is bonded to the phosphorus 
atom. The molecular conformation proposed by Camerman 
has been also found in solution studies of a number of re
lated 4-functionalized 1,3,2-oxazaphosphorinanes including 
4-hydroperoxycyclophosphamide.18 

Deoxygenation of 10 with triphenylphosphine in CH2CI2 
at 0° yielded 2-[bis(2-chloroethyl)amino]-4-hydroxytet-
rahydro-2H-1,3,2-oxazaphosphorine 2-oxide (4-hydroxycy
clophosphamide, 4) in 40% yield in a pure crystalline state: 
mp 47.5—48.5°. Compound 4 was found to be somewhat un
stable and gradually released acrolein in EtOH at room 
temperature. The structure of 4 was confirmed by elemen
tal analyses [Anal. (C7H15N2O3PCI2) C, H, N, CI] and by 
the nmr spectrum (DMSO-d6 solution) in which the C4 
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proton was observed at 8 4.90 as a doublet of multiplets 
with J(P,C4-H) = 21 Hz. The structure was further sup
ported by the fact that 4 could be reconverted into 10 by 
the action of hydrogen peroxide. The synthetic 4-hydroxy
cyclophosphamide was found to exhibit positive aldehyde 
reactions with Fuchsin and Fehling reagent suggesting that 
it may be in equilibrium with the ring-opened form. It has 
recently been reported that 4-hydroxycyclophosphamide 
(4) is indeed in equilibrium with the ring-opened form (5) 
and that the equilibrium concentration of 4 is larger than 
that of 5 (4/5 = 1.69) in phosphate buffer solution (pH 7) 
at 37°.19 However, we could not obtain any spectral eviden
ces supporting the equilibrium in the ir (CHCI3 solution) 
and nmr (D2O solution) spectrum of 4 at room temperature 
(Scheme I). 

The formation of the cyclic hydroperoxide (10) from 9a 
is a type of reaction analogous to the ozonolysis of olefinic 
alcohols giving a-hydroperoxy cyclic ethers20 and is under
standable by the Criegee's mechanism of olefin ozonol
ysis.21 As shown in the Scheme II, cleavage of the primary 
ozonide 12 can occur in two directions, a and b, to give the 
fragments 13 + 14 and 5 + 15, respectively. The cyclic hy-
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droperoxide 10 is formed by cyclization of the zwitterion 
fragment 13 (cleavage a), while the aldehyde fragment 5 
(cleavage b) presumably undergoes decomposition directly 
or after cyclization to 4. The increase of the yield of 10 by 
addition of hydrogen peroxide to the ozonization mixture 
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T a b l e I . Yield of 4 -Hydroperoxycyc lophosphamide (10) 
in the Ozonolysis of 9 a - f 

Compd Ri R, 

9a 
9b 
9c 
9d 
9e 
91' 

H 
H 
Me 
H 
H 

CCH5 

H 
Me 
Me 

CGHS 

CCH5 

55 
33 
22 
22 
12 
16 

"Shown by per cent of the isolated amount of 10 after addition of 
H 2 0 2 . 

may be a result of the additional formation of 10 by reac
tion of H2O2 with 5 (or the cyclic isomer 4). However, addi
tion of tert-butyl hydroperoxide was also found to increase 
the yield of 10 (45%) but no product incorporating tert-
butyl group was obtained. Consequently, the role of the 
added hydroperoxide is considered to be merely prevention 
of dimerization22 or decomposition of 10. Next we investi
gated the effect of a substituent at the terminal olefinic 
carbon upon the formation of 4-hydroperoxycyclophos-
phamide (10). 0-(3-Alkenyl)-iV,N-bis(2-chloroethyl)phos-
phorodiamidates (9b-f) were prepared and ozonized in 
aqueous acetone at 0°, and 10 was isolated after addition of 
hydrogen peroxide. The results are summarized in Table I. 
Table I shows that the simplest olefin 9a (Ri = R2 = H) 
gives the best yield, whereas a methyl or phenyl substitu
ent on the terminal olefinic carbon decreases the formation 
of 10. In the case of 9f (Ri = R2 = C6H5), the zwitterion 
species formed by cleavage b could be isolated as a hydrate 
11 in a considerable yield. These results indicate, at least 
qualitatively, that the formation of the cyclic hydroperox
ide 10 (i.e., cleavage a of the primary ozonide 12) is unfa
vored when one of Ri and R2 (or both of which) is methyl 
or phenyl group. This may be attributable to the hyper-
conjugative and ir-conjugative effects of these substitu-
ents,23~2B by which the positive charge on the terminal car
bon bearing these groups is perhaps stabilized in the tran
sition state of the cleavage and cleavage b giving the frag
ments 5 + 15 is therefore more favored than cleavage a. 

As generally known, the zwitterion fragment produced 
by cleavage of a primary ozonide can be captured by ad-
duct formation with alcohol.21 Thus, ozonolysis of 9a in 
ethanol yielded 0-(3-ethoxy-3-hydroperoxy)propyl-iV,iV-
bis(2-chloroethyl)phosphorodiamidate (16a) in 50% yield. 
16a was obtained as an unstable oil which could be purified 
by column chromatography on silica gel with acetone elu-
tion at room temperature. The structure of 16a was con
firmed by elemental analyses [Anal. (C9H21N2O5PCI2) C, 
H, N; CI: calcd, 20.90; found, 21.80] and by the fact that de
hydration of 16a with SOCl2-pyridine yielded 0-(2-ethoxy-
carbonylethyl) -N,N- bis(2-chloroethyl)phosphorodiamidate 
(17) in good yield. Ozonolysis of 9a in the presence of other 
alcohols also yielded corresponding open-chain hemiacetal 
hydroperoxides 16b-f (Table II). Deoxygenation of 16a 
with triphenylphosphine in CH2C12 at —20° yielded a col
orless mixture which gradually turned out to an yellow, tur
bid solution on standing for 3 hr at room temperature. By 
column chromatography with silica gel-acetone at room 
temperature, the deoxygenation product was found to be 
completely decomposed. However, the freshly prepared so
lution of the equimolar mixture of 16a and triphenylphos
phine in CDCI3 exhibited an weak ir band at 1717 c m - 1 

and an nmr signal at 5 9.80 ppm as a triplet with J = 1.2 Hz 
at room temperature, possibly indicating the formation of 
an aldehyde species 5, although an attempt to isolate 5 as 

Table II 

Compd'-' 
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iydroperoxides 

Analyses 

C. H, N; Clc 

H. CI: C," N' 

C. H, N 

H. N, CI: C 

C. H: N" 

6a-g 

Yield.' 

50 
49 
24 

25 

33 

13 

"All compounds 16a-f were obtained as oils. ''Isolated yield of 
product after column chromatography on silica gel-acetone. 'CI: 
calcd, 20.90; found, 21.80. dCould not be purified to the analytical 
grade. ^C: calcd, 34.01; found, 33.50. 'N: calcd, 7.93; found. 7.43. 
sC: calcd, 39.70; found, 40.86. "N: calcd, 6.88; found, 5.98. 

its 2,4-dinitrophenylhydrazone resulted in the isolation of 
acrolein 2,4-dinitrophenylhydrazone. The intensities of the 
ir peak at 1717 c m - 1 and nmr signal at 5 9.80 ppm progres
sively decreased on standing at room temperature, but they 
were found to be essentially unchanged within 15 min. It is 
noted that Struck, et al.,2e have reported the synthesis of 
aldehyde 5, which was identified as an enzymatically pro
duced, active metabolite of cyclophosphamide and named 
aldophosphamide.8,27 The ir and nmr data of the deoxyge
nation mixture of 16a, however, are somewhat different 
from those of aldophosphamide26 (ir 1705 cm - 1 ; nmr & 7.6 
ppm) but are in agreement with those of a structurally re
lated compound 18 (A/-3-hydroxypropylhomoaldophos-
phamide) which has been synthesized as a stable oil and 
has an ir band at 1722 cm"1 and an nmr signal at 0 9.97 
ppm as a triplet with J = 1.2 Hz in CDCI3 solution.28 We 
have repeatedly examined the methods reported by Struck, 
et al.,26'29 to obtain aldophosphamide for the purpose of 
comparison with our product but have not been able to iso
late the product corresponding to aldophosphamide and 
the structure of the deoxygenation product of 16a could 
not be confirmed convincingly (Scheme III). 
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The fact that the C-4 peroxylated 1,3,2-oxazaphosphori-
nane ring system can be produced by the ozonolysis of O-
alkenylphosphorodiamidate is of synthetic interest, since 
no phosphorus-containing heterocyclic peroxide has pre
viously been synthesized, although a number of heterocy
clic a-peroxyamines are known.30 After the preliminary 
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Table III. Cyclic Hydroperoxides 

Compd Formula Analyses Mp," °C 
Yield, -

Chemical shift, 5C 

C4-H NH OOH Coupling constant, Hz 

10 C7H15N204PCl2 C,H,N,C1 107-108 dec 

20a C8H17N204PC12 C,H,N,C1 99-100 dec 
20b C10H21N2O4PCl2 C.H,N,C1 112-114 dec 
22a C6H13N204PC12" C,H,N,C1 135-135.5 dec 

22b C7H)5N204PC12 

22c C7H15N204PC12 

C,H,N,C1 124-126 dec 

C,H;N,"Cle Oil 

55 4 . 9 6 d o f d d 5.81 dd 11.51s J(P, C4-H) = 24.5, 
J(NH,C4-H) = 5.0, 
J(P,NH) = 7.0 

25 4.82 d oft 11.58 s J(P, C4-H) = 20.6 
11 4.92 d oft 11.55 s J(P, C4-H) = 21.4 
33 5 .27dofdd 6.44 dd 11.67 s J(P, C4-H) = 22.0, 

J(NH,C4-H) = 2.9, 
J(P,NH) = 21.0 

28 4.90 d oft 6.31 dd 11.74 s J (P, C4-H) = 23.2, 
J(NH,C4-H) = 3.0, 
J(P,NH) = 19.9 

3 6.35 d 11.40 s J(P,NH) = 18.0 

"Determined in open capillary and uncorrected. ''Isolated yield after H2O2 addition. ""Determined in DMSO-de solution using TMS as 
an internal standard. dN: calcd, 9.56; found, 8.99. eCl: calcd, 24.20; found, 23.68. 

Table IV. Comparative in Vitro Cytotoxicity of 
Cyclophosphamide (1), Nor Nitrogen Mustard, and 
Synthetic Active Species of Cyclophosphamide (4, 10) 
against HeLa Cells 

Compd EDS0, Mg/ml 

Cyclophosphamide (1) > 100 
Nor nitrogen mustard 5.8 
4-Hydroxycyclophosphamide (4) 1.0 
4-Hydroperoxycyclophosphamide (10) 0.6 

communication of this work had been published, synthesis 
of the C-4 peroxylated cyclophosphamide derivatives by di
rect oxidation of cyclophosphamide was reported by two 
groups.31 '32 However, because of the poorer yield of prod
uct their method has less synthetic value than ours, which 
has been regarded as a promising route leading to 4-func-
tionalized 1,3,2-oxazaphosphorinane and a number of relat
ed heterocyclic compounds have been synthesized.33 For 
example, N-substituted 4-hydroperoxycyclophosphamides 
(20a,b) could be obtained by the ozonolysis of the corre
sponding olefins 19a,b (Scheme IV). Five-membered ana
logs 22a-c could also be obtained by the ozonolysis of O-
(2-propenyl)-iV,./V-bis(2-ehloroethyl)phosphorodiamidates 
(21a-c, Table III). 

Among the C-4 functionalized cyclophosphamide deriva
tives and some related compounds obtained so far, both 4-

Scheme IV 
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Table V. Comparative Antitumor Activity of 
Cyclophosphamide (1) and Synthetic Active Species of 
Cyclophosphamide (4, 10) against Yoshida Sarcoma in Rats 

Dose,0 

mg/kg 
Compd iv 

No. 
of 

rats 
Tumor 
wt,6 

mg 

Body wt Inhibi-
change, g tion,c% 

1 

4 

10 

3 
12 
0 
1.25 
5.0 
0 
2.5 

10.0 

5 
5 
5 
5 
5 
5 
5 
5 

240 ± 25 
0 

1260 ± 112 
860 ± 58 

50 ± 22 
1720 ± 172 

140 ± 60 
0 

+19 
+22 
+ 17 
+21 
+20 
+ 21 
+24 
+ 23 

86 
100 

32 
96 

92 
100 

aCompound was administered once a day after inoculation of 107 

cells. "The tumor was excised 1 week after administration. ''Inhibi
tion per cent of tumor weight over control. 

hydroxy- and 4-hydroperoxycyclophosphamide (4 and 10) 
exhibit high antitumor activity. Especially, it is striking 
that both compounds show much stronger cytotoxicity 
against HeLa cells in vitro than cyclophosphamide (Table 
IV). Compounds 4 and 10 also show high antitumor activity 
in vivo against Yoshida sarcoma in rats and L1210 leuke
mia in BDFi mice as shown in Tables V and VI, although 
their acute toxicity was found to be somewhat enhanced 
(Table VII). These results indicate that cyclophosphamide 
is indeed activated by C-4 hydroxylation and that the syn
thetic 4-hydroxycyclophosphamide is replaceable by 4-
hydroperoxycyclophosphamide with equal biological activi
ty both in vivo and in vitro. The biological equivalence of 4 
and 10 was further revealed by their metabolic behavior. 
Thus, administration of 4 and 10 to rabbits resulted in the 
urinary excretion of 4-ketocyclophosphamide (2) and car-
boxylic acid (3), isolated in the essentially same ratio (2:3 = 
1:5) in both cases, as produced from cyclophosphamide.1 It 
is notable that the open-chain hemiacetal hydroperoxides 
(16a-f) also exhibit considerable antileukemic activity in 
vivo (Table VI); however, there is a considerable difference 
in potency, especially at higher dosage, between 10 and the 
open-chain hemiacetal hydroperoxides. A difference was 
also observed in the metabolic behavior between the cyclic 
hydroperoxide 10 and an open chain hydroperoxide 16a 
which was shown to be metabolized into carboxylic acid 3, 
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T a b l e V I . Compara t ive Life-Span Activi ty of 
Cyc lophosphamide (1), Syn the t i c Active Species of 
Cyc lophosphamide (4, 10), and Open -Cha in Hemiace t a l 
Hydroperoxides (16a-f) aga ins t L1210 Leukemia in B D F i 
Mice 

T a b l e VII . Compara t ive Acute Toxici ty of 
Cyc lophosphamide (1) and Syn the t i c Active Species 
of Cyc lophosphamide (4, 10) 

Dose , ° 
m g / k g 

Compd (route) 

Su rv ivo r s 
No. Survival over 30 ILS, 

of m i c e days days c}h 

0 (iv) 
40 (iv) 
80 (iv) 

160 (iv) 
0( iv) 

12.5 (iv) 

10 

10 

16a 

16b 

16c 

16d 

16e 

16f 

25 ( 
50 (: 

100( 
0(: 

18 ( 
36 (: 
72 (: 

0(. 
20 ( 
40 (: 
60 (: 

0(: 
20 ( 
60 (. 

0(: 
20 (: 
60 (: 

0 ( 
20 (. 

0(. 
20 ( 
60 ( 

0(: 
20 (. 
60 ( 

0(: 
20 ( 
60 ( 

v) 
v) 
v) 
v) 
v) 
v) 
v) 

p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
p) 
•p) 

p) 
p) 
p) 
p) 

10 
9 
9 
9 

10 

10 
9 
9 
9 

10 
9 
9 
9 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

9.6 T. 0 
12.4 ± 0 

> 2 7 . 9 r 1 
; 30 

8.2 ± 0 
10.0 x 0 
10.4 

>16.9 
>27.9 

9.6 
10.1 ± 0 
16.0 ± 1 

> 3 0 

- 1 
± 2 
x 2 
± 0 

8.9 
> 2 0 . 9 
> 2 7 . 9 
> 2 7 . 6 

7.1 
11.3 
16.2 

8.3 ± 
13.4 x 
18.9 x 

8.1 ± 
12.0 x 0 

8.3 
10.4 
10.9 

8.3 
10.9 

8.1 
8.3 
9.4 

10.2 ± 0. 

.53 

.44 

.46 

.32 

.88 

.71 

.92 

.14 

.53 

.20 

.55 

.31 

.89 

.46 

.44 

.10 

.73 

.63 

.69 

.46 

.90 

.35 

.26 
69 
35 
53 
69 
82 
90 
69 
75 
55 

0 
0 
7 
9 
0 
0 
0 
2 
6 
0 
0 
0 
9 
0 
4 
7 
8 
0 
0 
2 
0 
0 
3 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

29 
>191 
> 2 1 3 

20 
24 

> 1 0 6 
> 2 4 0 

5 
67 

> 2 1 3 

135 
> 2 1 3 
>210 

59 
128 

61 
128 

48 

25 
31 

31 
- 2 

13 
23 

"Compound was administered once a day after inoculation of 
5 x 105 cells. 6Per cent increase of life span over control. 

possibly via t h e a l d e h y d e species , w i thou t format ion of 4-
ke tocyc lophosphamide . T h e observed differences in an t i 
l eukemic act ivi ty a n d in metabol ic behavior be tween t h e 
two classes of hydroperox ides t h u s suggest t h a t t hey a re 
n o t r ega rded as t h e biologically equ iva len t species. I t h a s 
recent ly been r epor t ed t h a t cyc lophosphamide can be oxi
dized b o t h chemical ly a n d enzymat ica l ly t o give two cyto
toxic f ragments acrolein a n d A^,AT-bis(2-chloroethyl)phos-
p h o r o d i a m i d i c acid ( p h o s p h o r a m i d e m u s t a r d ) , b o t h of 
\viileh have been suggested t o be responsib le for t h e activi
ty exer ted by cyc lophosphamide in vivo.34'36 T h u s , t h e r e is 
a possibi l i ty t h a t t h e an t i l eukemic act ivi ty of b o t h 10 a n d 
16a- f is also exer ted by these f ragments since t h e y p e r h a p s 
unde rgo r eady decompos i t ion after biological r educ t ion , as 
exemplif ied chemical ly. Al though, a t p r e s e n t s t a t e , it is dif
ficult t o eva lua te t he ac tua l role of these f ragments in t h e 
in vivo ac t ion of 10 a n d 16a-f, t h e a p p a r e n t differences in 
act ivi ty be tween t h e m suggest t h e possibi l i t ies t h a t t h e y 
exer t cytotoxic i ty pr ior to decompos i t ion or t h a t t h e r e is a 
difference in life t i m e dur ing t r a n s p o r t o cancer cells or in 
cell m e m b r a n e pe rmeab i l i ty be tween 10 a n d 16a- f (or per -

Compd 

4 
10 

Animal 

Rat 
Mouse 
Rat 
Rat 
Mouse 

LD,.,, m g ' k g (route) 

160 (iv), 

380 (iv). 

139 (iv) 

115 (iv), 

235 (iv), 

150 (ip) 
400 (ip) 

131 (ip) 
181 (ip) 

T a b l e VIII . 0-Alkenyl-N,iV-bis(2-chloroethyl) 
phosphorod iamida tes 

Compd 

9a 
9b 
9c 
9d" 
9e" 
9f 

19a" 
19b 
21a 
21b 
21c 

F o r m u l a Ana lyses Yield, 

C ,H 1 7 N,0 ,PC1 , 
C.3H1SN,0,PC12 

CU ,H 2 1N 26,PC1, 
C[5H23N,OoPClo 
C U H 2 1 N 2 0 ,PC1 2 

CsoHjjNJOjPCl," 
C .Ht .Njb jPCl , 
C n H 2 ,N 2 0 2 PCL, 
C : H i , N , 0 2 P C l , 
C8H17N^OjPClj 
C 8 H 1 7 N,0 ,PC1, 

C, H, N, CI 
C, N: Hc 

C, H, N, CI 

C, H, N, CI 

H, N: C," C\e 

C, H, N, CI 
C, H, N, CI 
C, H, N, CI 

73 
32 
68 
39 
29 
61 
40 
55 
21 
18 
23 

"Yield of the isolated product after column chromatography. 
''Could not be purified to analytical grade; used for the ozonolysis 
without further purification. 'H : calcd, 6.61; found, 7.09. "C: calcd, 
41.65; found, 40.97. ̂ Cl: calcd, 22.35; found. 21.89. 

h a p s be tween 4 a n d 5) if t he in t racel lular ly re leased acrole
in a n d p h o s p h o r a m i d e m u s t a r d act to p roduce a n t i t u m o r 
effect of these c o m p o u n d s . 

E x p e r i m e n t a l S e c t i o n 

Melting points were determined in open glass capillary tubes 
using a Yamato MP-I apparatus and were uncorrected. Ir data 
were determined with a JASCO IRA-1 spectrometer in Nujol mull 
or in film. Nmr data were determined with a Varian Model A-60 
spectrometer with tetramethylsilane as an internal standard. Col
umn chromatography was carried out using silica gel (Davision 
Chemical Co., grade 950). Where analyses are indicated only by 
symbols of the elements, analytical results obtained for these ele
ments were within ±0.4% of the theoretical values. 0-(4-Substitut-
ed 3-butenyl)-iV,iV-bis(2-chloroethyl)phosphorodiamidates (9b-f), 
0-(3-butenyl)-iV,lV-bis(2-chloroethyl)-N'-substituted phosphoro
diamidates (19a,b), and O-[2-propenyl- and 1- (or 2-) substituted 
2-propenyl] -N,N- bis(2-chloroethyl)phosphorodiamidates (2 la -c) , 
which gave satisfactory ir and nmr data, were prepared in a man
ner similar to that used for the preparation of 9a in the yields 
shown in Table VIII. Olefinic alcohols used for the preparation of 
these intermediates were obtained by L1AIH4 reduction of the cor
responding olefinic acids according to the usual procedure. 

0-(3-Hydroxypropyl)-N,N-bis(2-chloroethyl)phosphorodi-
amidate (6). To a stirred solution of POCI3 (69.5 g, 450 mmol) in 
CH2CI2 (50 ml) was added dropwise a solution of monobenzyltri-
methylene glycol (14 g, 85 mmol) in CH2C12 (50 ml) at - 1 2 to 
- 1 0 ° . After stirring at - 1 0 to - 8 ° for 4 hr, the reaction mixture 
was concentrated under reduced pressure below 30° to remove 
CH2CI2 and remaining POCI3. The residual oil was dissolved again 
in CH2C12 (100 ml) and bis(2-chloroethyl)amine hydrochloride (8.0 
g, 45 mmol) was added to the solution; the Et3N (20 g, 200 mmol) 
was added dropwise with stirring at - 1 0 to - 8 ° . After stirring for 2 
hr at the same tempeiature, the reaction mixture was filtered and 
the filtrate was concentrated under reduced pressure to give a col
orless oil which was submitted to column chromatography, eluting 
with Et20. The Et20 eluate was concentrated and the residue was 
dissolved in CH2CI2 (100 ml); then the solution was saturated with 
NH 3 with stirring in an ice-water bath. After stirring for 1 hr at 
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room temperature, the reaction mixture was filtered and the fil
trate was concentrated under reduced pressure and the residue 
was chromatographed with EtOAc to afford 0-(3-benzyloxypro-
pyl)-N,iV-bis(2-chloroethyl)phosphorodiamidate as a colorless oil 
[Anal. (C14H23N2O3PCI2) C, H, N, CI; nmr (CDCI3) & 4.50 
(OCfi^CeHeG which was ' then submitted to catalytic reduction 
with 10% Pd/C (1.5 g) in MeOH (50 ml) at atmospheric pressure 
and room temperature. The reaction mixture was filtered and con
centrated to give an oily residue which was purified by column 
chromatography, eluting with MeaCO to give 6 as a colorless oil 
(3.5 g, 15% from POCI3), which crystallized on standing at 0°: mp 
40-41°. Anal. (C7H17N2O4PCI2) C, H; N: calcd, 10.04; found, 9.52. 

0-(2-Cyanoethyl)-2V,A/-bis(2-chloroethyl)phosphorodiam-
idate (7). POCI3 (120 g, 785 mmol), ethylene cyanohydrin (10 g, 
140 mmol), bis(2-chloroethyl)amine hydrochloride (15.1 g, 85 
mmol), and excess amount of NH3 were allowed to react according 
to the same procedure cited above. The final reaction mixture sat
urated with NH3 was filtered and the filtrate was washed with 
water, dried over anhydrous Na2SC>4; and concentrated to give a 
crude crystalline product which was recrystallized from n-hexane-
Et20 to afford 7 (3.5 g, 8%) as colorless prisms: mp 99-100°; ir i>mal 

(Nujol) 2300 cm"1 (CN). Anal. (C7HMN3O2PCI2) C, H, N, CI. 

0-(3,3-Diethoxypropyl)-iV,JV-bis(2-chloroethyl)phosphoro-
diamidate (8). To a solution of the freshly prepared 3-hydroxy-
propanal37 (14.8 g, 200 mmol) in absolute EtOH (45 ml) was added 
ethyl orthoformate (29.6 g, 200 mmol) and a small amount of am
monium nitrate (300 mg); then the mixture was refluxed for 40 
min at 80-90°. After evaporation of EtOH under reduced pressure, 
the resulting residue was distilled to give 3,3-diethoxypropan-l-ol 
[bp 44-44.5° (2 mm)] as a colorless oil (14 g, 50%). A solution 
of 3,3-diethoxypropan-l-ol (740 mg, 5 mmol) in CH2C12 (10 ml) 
was added dropwise to a stirred mixture of bis(2-chloroethyl)phos-
phoramidic dichloride38 (1.15 g, 4.5 mmol) and Et3N (500 mg, 5 
mmol) in CH2CI2 (20 ml) at room temperature, and the mixture 
was refluxed in an oil bath (50-60°) for 10 hr. After standing over
night at room temperature the reaction mixture was washed with 
water, dried over anhydrous Na2SC>4, and concentrated to give an 
oily residue which was dissolved in Et20 (50 ml). The Et20 solu
tion was then saturated with NH3 while cooling in an ice-water 
bath and allowed to stand overnight at room temperature. The 
mixture was filtered and concentrated to give a colorless, oily resi
due which was submitted to column chromatography, eluting with 
Me2CO to afford 8 as a colorless oil (265 mg, 15.1%): nmr (CDCI3) & 
1.22 (t, 6 H, 2CH2CH3), 1-97 (q, 2 H, -CH 2 CH-) , 2.87 (br, 2 H, 
NH2), 3.3-3.9 (m, 12 H, 6CH2), 4.08 (q, 2 H, POCH2), 4.65 (t, 1 H, 
-CH-) ; ir j - m a l (film) 3280 (NH2), 1225 (PO), 1050 cm"1 (POC). 
Anal. (CHH25N2O4PCI2) C, H, N, CI. 

0-(3-Butenyl)-iV,iV-bis(2-chloroethyl)phosphorodiamidate 
(9a). To a stirred solution of POCI3 (15.3 g, 100 mmol) in CH2C12 

(50 ml) was added dropwise a solution of 3-buten-l-ol (7.2 g, 100 
mmol) in CH2CI2 (20 ml) at —10 ± 2°, and the mixture was stirred 
for 4 hr at the same temperature. Bis(2-chloroethyl)amine hydro
chloride (17.8 g, 100 mmol) and CH2C12 (700 ml) were added to the 
mixture, then EtsN (31 g, 300 mmol) was added dropwise with stir
ring at —5 to —10°, and after stirring for 3 hr the mixture was fil
tered. Excess ammonia was passed into the filtrate while cooling in 
an ice-water bath, and the mixture was stirred at room tempera
ture for 2 hr. After standing overnight at room temperature the 
reaction mixture was filtered and the filtrate was concentrated to 
give an oily residue which was subjected to column chromatogra
phy. The column was first eluted with Et20 to remove unreacted 
3-buten-l-ol and other unidentified impurities; then it was eluted 
with Me2CO to give pure 9a as a colorless oil (20 g, 73%) which 
crystallized on standing at 0° (mp 20°). Anal. (C8H17N2O2PCI2) C, 
H, N, CI. 

2-[Bis(2-chloroethyl)amino]-4-hydroperoxytetrahydro-
2H-l,3,2-oxazaphosphorine 2-Oxide (4-Hydroperoxycyclo-
phosphamide, 10). Method a. To a solution of 9a (2.73 g, 10 
mmol) in aqueous Me2CO (Me2CO-H20, 2:1) (30 ml) O3 was 
passed at a rate of ca. 48 mg/min for 15 min (total amount of O3, 
720 mg; 15 mmol) with stirring in an ice-water bath. After stand
ing overnight at 0°, Me2CO was removed from the ozonized solu
tion by evaporation under reduced pressure and the resulting pale 
yellow aqueous residue was extracted with CHCI3. The CHCI3 ex
tract was washed with water, dried over anhydrous Na2SC*4, and 
concentrated to give a pale yellow oil which was subjected to col
umn chromatography, eluting with EtOAc. The eluted fractions 
were monitored by thin-layer chromatography and the pure frac
tions were collected and concentrated under reduced pressure to 
give an oily residue which was crystallized by adding an E t20-

Me2CO mixture. The crystals were collected by suction and recrys
tallized from Me2CO to give pure 10 (290 mg, 10%) as colorless 
prisms: mp 107-108° dec; mol wt calcd 293.09, found 287 (vapor 
pressure osmometry in CHCI3 solution); ir i-mai (Nujol) 3310, 3080, 
1237, 1210, 1035, 926, 840 cm"1; nmr (DMSO-d6) « 1-92 (m, 2 H, 
C5-H2), 3.01-4.02 (m, 8 H, 4CH2), 4.21 (m, 2 H, C6-H2), 4.96 (d of 
dd, 1 H, C4-H), 5.81 (dd, 1 H, NH), 11.51 (s, OOH). Anal. 
(C7H15N2O4PCI2) C, H, N, CI. 

Method b. To a solution of 9a (2.73 g, 10 mmol) in aqueous 
Me2CO (Me2CO-H20, 2:1) (30 ml) O3 (720 mg, 15 mmol, 48 mg/ 
min for 15 min) was passed with stirring in an ice-water bath; then 
30% H2O2 (3 ml) was added to the ozonized solution and the mix
ture was allowed to stand overnight at room temperature. In this 
case the coloring of the reaction mixture was not observed. After 
evaporation of Me2CO under reduced pressure the colorless aque
ous residue was extracted with CHCI3 from which an essentially 
pure colorless oil was obtained after washing with water, drying 
over anhydrous Na2S(>4, and evaporation under reduced pressure. 
The oil crystallized by addition of small amount of Me2CO without 
purification by column chromatography and the crystals were col
lected by suction to give 10 (1.6 g, 55%). 

Method c. 9a (2.73 g, 10 mmol) was azonized by O3 (720 mg, 15 
mmol, 48 mg/min for 15 min) in Me2CO (Me2CO-H20, 2:1) (30 
ml), and after addition of tert-butyl hydroperoxide (3 ml) to the 
ozonized solution the reaction mixture was allowed to stand over
night at room temperature. The reaction mixture was treated ac
cording to the same procedure described above to afford crystal
line 10 (1.31 g, 45%) without column chromatography. 

Ozonolyses of 0-(4-Subst i tuted 3-butenyl)-N,iV-bis(2-chlo-
roethyl)phosphorodiamidates (9b-f), 0-(3-Butenyl)-iV,iV-
bis(2-chloroethyl)-N'-substi tuted Phosphorodiamidates 
(19a,b), and 0-[2-Propenyl- and 1- (or 2-) subst i tuted 2-pro-
penyl]-iV,iV-bis(2-chloroethyl)phospb.orodiamidates (21a-c). 
General P rocedure . An O-alkenylphosphorodiamidate (10 
mmol) was ozonized with 15 mmol (720 mg) of O3 at a rate of ca. 50 
mg/min in 30 ml of aqueous Me2CO (Me2CO-H20, 2:1), and after 
addition of 30% H2O2 (3 ml) the reaction mixture was allowed to 
stand overnight at room temperature. Then the product (cyclic hy
droperoxide) was isolated according to the same procedure de
scribed above (method a). Occasionally some cyclic hydroperoxides 
could be obtained in a crystalline state without column chromatog
raphy. 

2-[Bis(2-chloroethyl)amino]-4-hydroxytetrahydro-2H-
1,3,2-oxazaphosphorine 2-Oxide (4-Hydroxycyclophospham-
ide, 4). To a suspension of 4-hydroperoxycyclophosphamide (10, 
1.2 g, 4 mmol) in CH2CI2 (12 ml), a solution of triphenylphosphine 
(1.4 g, 5.3 mmol) in CH2CI2 (6 ml) was added dropwise for 5 min 
with stirring at —50°; then the cooling bath was set aside and the 
reaction mixture was stirred for 30 min. The mixture was extracted 
three times with 10 ml of aqueous 1% NaCl solution and the com
bined aqueous extract was filtered to remove the insoluble uniden
tified materials. The aqueous filtrate was re-extracted two times 
with 100 ml of CH2CI2, and the combined CH2CI2 extract was 
dried over anhydrous Na2S04 and concentrated under reduced 
pressure to leave a residue in which a small volume (ca. 0.5 ml) of 
CH2CI2 still remained. Et20 (2-3 ml) was added to the residue, 
and after standing at 0° for 1 hr the precipitated crystals were col
lected by suction to give 4 (0.45 g, 40%). Precipitation of the prod
uct occasionally failed when the CH2CI2 extract was completely 
concentrated. In such a case, a small portion of n-hexane was 
added to the Et20 solution of the product and the mixture was al
lowed to stand overnight at - 2 0 ° . Recrystallization of 4 from the 
CH2Cl2-Et20 mixture afforded the analytically pure colorless nee
dles: mp 47.5-48.5°; » w (Nujol) 3240, 3180, 1240, 1215, 1195, 
1053, 980 cm"1; nmr (DMSO-d6) & 1.80 (m, 2 H C5-H2), 3.00-3.87 
(m, 8 H, 4CH2), 4.20 (m, 2 H, C8-H2), 4.90 (d of m, 1 H, C4-H), 
5.19 (m, 2 H, NH, OH). Anal. (C7H1BN203PCl2) C, H, N, CI. 

Dehydrat ion of 4-Hydroperoxycyclophosphamide (10) with 
SOCl2-Pyridine. To a stirred solution of 10 (291 mg, 1 mmol) in a 
mixture of CH2CI2 (20 ml) and pyridine (2 ml) was added dropwise 
a solution of SOCl2 (0.5 ml) in CH2C12 (5 ml) at - 5 0 to - 3 0 ° , and 
after stirring at - 3 0 to -20° for 3 hr the reaction mixture was con
centrated under reduced pressure to give a brown residue which 
was dissolved in CH2CI2 (50 ml) and washed with water. The 
CH2CI2 layer was dried over anhydrous Na2S04 and concentrated 
to give a crystalline residue which was washed with Me2C0-Et 20 
to afford 4-ketocyclophosphamide1 (2, 232 mg, 85%). 

Format ion of 4-Hydroperoxycyclophosphamide (10) from 
4-Hydroxycyclophosphamide (4) by the Action of H2O2. To an 
aqueous solution (1 ml) of 4-hydroxycyclophosphamide, which was 
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generated by reacting 4-hydroperoxycyclophosphamide (10, 100 
mg, 0.34 mmol) with triphenylphosphine (107 mg, 0.4 mmol) ac
cording to the procedure cited above, 30% H2O2 (0.5 ml) was added 
and the mixture was allowed to stand overnight at room tempera
ture. The reaction mixture was extracted with CHCI3 and the ex
tract was dried over anhydrous Na2S04 and concentrated to give a 
crystalline residue which was washed with Me2CO to afford 10 (43 
mg, 40%). 

Open-Chain Hemiaceta l Hydroperc .ides (16a-f) by the 
Ozonolyses of 9a. Genera l P rocedure . 9a (10 mmol) was dis
solved in 20 ml of an alcohol (ROH) and the solution was ozonized 
by 15 mmol (720 mg) of O3 at a rate of ca. 50 mg/min. After the 
calculated amount of O3 has been introduced, the alcohol (ROH) 
was removed by evaporation under reduced pressure below 30°, 
and the resulting oily residue was submitted to column chromatog
raphy. The column was first eluted with Et20 to remove unidenti
fied impurities; then it was eluted with Me2CO. The fractions elut
ed with Me2CO were monitored by thin-layer chromatography and 
pure fractions were collected and concentrated under reduced 
pressure below 30° to give the hemiacetal hydroperoxides in the 
yields shown in Table II. All products (16a-f) were obtained as 
colorless oils which gave satisfactory nmr data. 

Dehydra t ion of 0-(3-Ethoxy-3-hydroperoxypropyl)-iV,iV-
bis(2-chloroethyl)phosphorodiamidate (16a) wi th S O C h - P y r -
idine. To a stirred solution of 16a (337 mg, 1 mmol) in a mixture of 
CH2CI2 (20 ml) and pyridine (1 ml) was added dropwise a solution 
of SOCI2 (0.3 ml) in CH2C12 (5 ml) at - 4 0 to - 3 0 ° , and the mix
ture was stirred at the same temperature for 3 hr. After additional 
stirring for 30 min at room temperature, the reaction mixture was 
washed four times with 5 ml of water and the CH2CI2 layer was 
submitted to column chromatography, eluting with Me2CO. The 
pure fractions monitored by thin-layer chromatography were com
bined and concentrated under reduced pressure yielding 0-(2-
ethoxycarbonylethyl)-iV,iV-bis(2-chloroethyl)phos-
phorodiamidate as an essentially pure colorless oil (175 mg, 55%) 
which was identical with an authentic specimen1 by ir compari
sons. 

Deoxygenat ion of 0- (3-Ethoxy-3-hydroperoxypropyl) -
Af,JV-bis(2-chloroethyl)phosphorodiamidate (16a) wi th Tri
phenylphosphine. To a stirred solution of 16a (337 mg, 1 mmol) 
in CH2CI2 (20 ml) was added dropwise a solution of triphenylphos
phine (262 mg, 1 mmol) in CH2C12 (5 ml) at - 2 0 to - 1 0 ° , and after 
stirring for 30 min at the same temperature the reaction mixture 
was concentrated under reduced pressure below 25° to give a pale 
yellow oily residue which contained a small amount of crystalline 
triphenylphosphine oxide. The ir (CDCI3 solution) spectrum of the 
freshly prepared crude oily product had a broad band at 1717 cm - 1 

at room temperature, and it had a nmr (CDCI3) signal at S 9.8 (t, J 
= 1.2 Hz) corresponding to -CHO group at room temperature. A 
solution of the crude product in CH2C12 (20 ml) gave an yellow, 
turbid solution on standing for 3 hr at room temperature. Brown 
resinous material, water-soluble but unidentified, gradually pre
cipitated. The precipitate was removed by decantation; then the 
CH2CI2 mixture was filtered to give a pale yellow, clear solution. 
To the solution was added 5 ml of 1% 2,4-dinitrophenylhydrazine 
solution in 99% EtOH and the mixture was allowed to stand at 
room temperature for 3 hr. After concentration of the reaction 
mixture under reduced pressure the crystalline residue was washed 
with cold MeOH and recrystallized from MeOH to give ca. 20 mg 
of yellow prisms of the 2,4-dinitrophenylhydrazone of acrolein (mp 
165°) which was identified by a mixture melting point determina
tion with an authentic specimen. 

Isolation of U r i n a r y Metabol i tes . Metaboli tes of 4-Hydro-
peroxycyclophosphamide (10). To 13 rabbits (male, mean body 
weight 1.4 kg) was administered subcutaneously 4-hydroperoxycy
clophosphamide (10) with doses of ca. 70 mg/kg (total amount of 
10, 1.0 g), and their urine was collected after 24 hr. The collected 
urine (total volume of ca. 1000 ml) was treated according to the 
same procedure used for the isolation of cyclophosphamide metab
olites1 to give 4-ketocyclophosphamide (30 mg) as crude crystals 
which were shown to be identical with an authentic specimen1 by 
ir comparison. The final carboxylic acid portion fractionated by 
the procedure could not be obtained in crystalline state and was 
found to contain a considerable amount of unidentified materials 
which gave a positive NBP [4-(p-nitrobenzyl)pyridine] test after 
thin-layer chromatography [flf <0.1, acetone, silica gel (60 F254 
precoated plate, 0.2 mm, Merck)]. The oily mixture was dissolved 
in EtOH (5 ml), and it was added dropwise to a stirred solution of 
SOCk (1 ml) in EtOH (10 ml) at - 5 0 ° . After stirring for 1 hr at the 
same temperature, the cooling bath was removed and the reaction 

mixture was stirred further for 1 hr. The reaction mixture was con 
centrated under reduced pressure to give an oily residue which was 
dissolved in 20 ml of CHCI3 and washed with 5% NaHCOs aqueous 
solution (20 ml). The CHCI3 layer, after drying over Na2S04, was 
concentrated under reduced pressure to give an oily residue (250 
mg) which was subjected to column chromatography, eluting with 
EtOAc. The eluted fractions were monitored by thin-layer chroma
tography and the pure fractions were collected and concentrated 
under reduced pressure to give 0-(2-ethoxycarbonylethyl)-Af,Ar-
bis(2-chloroethyl)phosphorodiamidate (17, 150 mg) which was 
shown to be identical with an authentic specimen1 by ir compari
son. 

Metaboli tes of 4-Hydroxycyclophosphamide (4). To seven 
rabbits (male, mean body weight 1.5 kg) was administered subcu
taneously 4-hydroxycyclophosphamide (4) with doses of ca. 60 
mg/kg (total amount of 4, 600 mg), and their urine was collected 
after 24 hr. The collected urine (total volume of ca. 700 ml), after 
the same treatment carried out on 10, afforded 4-ketocyclophos
phamide (10 mg) and the carboxylic acid 3 which was also identi
fied by esterification to 17 (48 mg). 

Metaboli te of 0-(3-Ethoxy-3-hydroperoxypropyl)-iV,A'-bis-
(2-chloroethyl)phosphorodiamidate (16a). To two rabbits 
(male, mean body weight 1.5 kg) was administered subcutaneously 
16a with doses of ca. 70 mg/kg (total amount of 16a, 200 mg), and 
their urine was collected (total volume of ca. 200 ml). Thin-layer 
chromatography (silica gel, Me2CO) of the native urine showed no 
spot corresponding to 4-ketocyclophosphamide (Rt 0.55) and it 
was revealed that the major metabolite was the carboxylic acid 3 
(Rt <0.1). After the same purification procedure carried out for 10, 
it was found in fact that 4-ketocyclophosphamide could not be iso
lated from the corresponding fraction, and the carboxylic acid 3 
was obtained as the ester 17 (50 mg) by esterification with SOCI2-
EtOH. 

P rocedure for the Bioassay of in Vitro Cytotoxicity against 
HeLa Cells. HeLa cells were obtained from Dr. N. Ishida, Tohoku 
University (Japan). The cell cultures were maintained in Eagle's 
minimum essential medium (MEM) containing 10% bovine serum. 
For subcultivation, the suspension of cells was prepared by trypsi-
nization of the stock cultures. Then the cells were resuspended in a 
fresh medium, diluted to the concentration of 1 X 10B cells/ml, and 
transferred to small test tubes. Three cultures thus prepared were 
employed as a set for each experiment. 

Samples were dissolved in absolute methanol at a concentration 
of 4 mg/ml and subjected to serial twofold dilutions with the cul
ture medium. 

The sample was added to the cell cultures on the second day of 
cultivation. After 2 days of incubation with the sample, the cell 
population was measured by means of an electronic device, the 
TOA micro-cell counter (TOA Electronics, Kobe, Japan). The 
growth rate (%) was calculated from the following formula 

g r o w t h % = -2- x 100 

where C = final cell number in controls, T = final cell number in 
treated tube, and Co = cell number in the tube at the time of sam
ple addition. 

The effective dose for 50% growth inhibition (ED50) was deter
mined by plotting the logarithmic curve of the drug concentration 
against the growth rate. 
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The synthetic methods used for the preparation of com
pounds are outlined in Scheme I. 

Chemistry. The synthesis of l,3-bis(alkoxymethyl)-5,5-
diphenylhydantoins (2 and 3) was accomplished from 5,5-
diphenylhydantoin (1) with the appropriate chloromethyl 
alkyl ether in the presence of two equivalents of base. 
Mixed alkylalkoxymethyl derivatives (5 and 6) of 5,5-di
phenylhydantoin were obtained by alkylation of 3-benzyl-
5,5-diphenylhydantoin4 (4) with chloromethyl alkyl ethers 
in the presence of base. From the base-catalyzed reaction 
of 5-ethyl-5-phenylhydantoin (7) with alkyl chloromethyl 
ethers, 3-alkoxymethyl-5-ethyl-5-phenylhydantoins (8-10) 
were obtained. Treatment of compound 7 with excess 
CH2O in the presence of base, followed by AC2O and pyri
dine, provided l,3-bis(acetoxymethyl)-5-ethyl-5-phen-
ylhydantoin (12). 3-Methoxymethyl-5-ethyl-5-phenylhy-

Anticonvulsants. 5. Derivatives of 5-Ethyl-5-phenylhydantoin and 
5,5-Diphenylhydantoin 
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Alkoxymethyl, acyloxymethyl, and mixed alkylalkoxymethyl or alkylacyloxymethyl derivatives of 5-ethyl-5-phen-
ylhydantoin exhibit anticonvulsant activity. Also effective are bis(alkoxymethyl) and mixed alkylalkoxymethyl de
rivatives of 5,5-diphenylhydantoin. Of particular interest are l,3-bis(methoxymethyl)-5,5-diphenylhydantoin and 
3-acetoxymethyl-5-ethyl-5-phenylhydantoin, which show good activity against maximal electroshock seizures, and 
3-methoxymethyl-5-ethyl-5-phenylhydantoin, which is effective against both maximal electroshock and pentylene-
tetrazole. None of the above compounds show greater activity against maximal electroshock seizures than the parent 
compounds, however. 


