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Reaction of 3-amino-2-bromopropanol hydrobromide (22) with 3 molar equiv of triethylamine in the presence of
phenylphosphonic dichloride [CgHsP(0)Cl,), phenyl dichlorophosphate [CsH;OP(O)Cl,), or bis(2-chloroethyl)-
phosphoramidic dichloride [(CICH,CH,),NP(0)Cl,] afforded low to moderate yields (12-34%) of 5-bromo-1,3,2-
oxazaphosphorinane 2-oxide derivatives having phenyl (23), phenoxy (24), or bis(2-chloroethyl)amino (11) substituents
bonded to phosphorus at the 2 position of this heterocyclic ring system which is common to the anticancer drug
cyclophosphamide (1). In each of these cases, two diastereomers (cis/trans isomers) were separable by chromatography;
however, the relative stereochemical relationships between the C-5 bromine and phosphorus substituents could not
be assigned on the basis of !H NMR spectra. Treatment of the experimental anticancer drug isophosphamide (27)
with sodium hydride (NaH) led to a high yield (84%) of 2-aziridinyl product 29 rather than the fused bicyclic material
26. This preference for ““3-exo-tet” rather than “5-exo-tet” intramolecular cyclization was utilized to convert 11
(5-bromocyclophosphamide) into 3,5-dehydrocyclophosphamide (13), and the generality of such a closure process
was briefly studied by carrying out similar NaH reactions with 4,5-benzocyclophosphamide (32) and a 1,3-dia-
zacyclophosphamide analogue (33). The hydrolytic behavior of 11, 13, 23, and 24 was examined by 'H NMR techniques,
and it was deduced that unbuffered hydrolysis of 11 does not proceed by initial formation of 13. Ring systems 13
and, surprisingly, 23 were found to be quite sensitive to catalytic hydrolysis. In vivo screening tests against L1210
lymphoid leukemia in mice with samples of 13, 23, 24, 26, and 29 were uniformly negative [test/control (T/C) percentage
< 125], except for a diastereomer of 11 (11a) which gave a value for T/C = 146. This lower level of anticancer activity
relative to 1 was also reflected in the lower therapeutic index (TT = LDgo/EDg) obtained for 11 (25) as compared
to 1 (95) against the ADJ/PC6 mouse plasma cell tumor. Of the aforementioned screening samples, only diastereomer
13a showed activity in vitro (KB cell culture, 2.2 ug/mL), and the marked toxicity of 13a without microsomal activation
was evident from growth-inhibition tests with Walker 256 cells, which gave IDs, = 1.5 ug/mL. This toxicity level
for 13a is comparable to that observed with microsomally activated 1 (IDs, = 0.5~1.0 ug/mL) and is thus ascribed

to the facile hydrolytic conversion of 13a into an active phosphoramide mustard alkylating agent.

Cyclophosphamide (1) is a well-known antineoplastic
agent which provides therapeutic activity against a rel-
atively broad spectrum of human cancers.? The primary
metabolic transformations for 1 are shown in Scheme I,
and it has been proposed* that the cytotoxic selectivity of
this drug toward cancerous, as opposed to normal, cells
may result from rate inequities between the competing
enzymatic detoxification and nonenzymatic toxification
pathways involving 4-hydroxycyclophosphamide (2) and
aldophosphamide (3), viz., 2/3 -~ 4/5 and 6/7, respectively.
Two other factors which may be of significance with regard
to the marked oncostatic selectivity of 1 are the reversible
conversion of labile metabolites 2 and 3 into thioether
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conjugates 8%€ and stereospecific phenomena, e.g., enzyme
reactions, involving (+)-(R)-1,7 (-=)-(S)-1,® and the chiral
metabolites 2-5 and 8 derived from each of these enan-
tiomers of 1.9

Structural cognates of 1 have been studied as an indirect
means of both elaborating the molecular details associated
with the anticancer activity of 1 and, hopefully, providing
new and improved drugs for cancer chemotherapy. For
example, investigations with C-4 through C-6 methylated!?
and deuterated!?® analogues of 1 have led to, inter alia,
substantial metabolic insights, while the synthetic ac-
cessibility of 4-hydroperoxycyclophosphamide affords a
convenient entry into “preactivated” systems that are of
clinical interest.!*!®> Our previously reported! investigation
of 5,6-benzocyclophosphamide somewhat paralleled the
latter approach in that 5,6-benzo annelation of 1 provides
oxidatively reactive C-4 benzylic hydrogens for facilitated
liver-enzyme oxidation; however, this structural activation
approach gave negative results in preliminary screening
tests. In 1975, Farmer and Cox'® reported the use of
6-(trifluoromethyl)cyclophosphamide (9) to generate 8-
(trifluoromethyl)acrolein (10) which was regarded'® as a
metabolite of greater toxicity, relative to acrolein (8, cf.
Scheme I), due to the enhanced electrophilic character of
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the conjugated system. A similar rationale was operative
during our concurrent work with 5-bromocyclophosph-
amide (11), since 11 could reasonably be expected to
nndergo C-4 oxidation and ultimately yield «-bromo-
acrolein (12) by analogy to the formation of 6 from 1.
Alternative novel metabolites might include an electro-
philic epoxide produced via cvclization of 4-hydroxy-11
and/or a tris-alkylating agent generated by endocyclic P-N
bond hydrolysis.

The present paper reports the synthesis aud separation
of cis and trans diastereomers of 11 and the chemical
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conversion of 11 into diastereomeric exo- and endo-3,5-
dehydrocyclophosphamides (13), which are of interest
because of their inherent ring strain.!” In vivo and in vitro
anticancer screening results for these compounds and a
number of related systems are briefly discussed with regard
to structure, hydrolvtic stabilitv, and pertinent literature
data.

Results and Discussion

Synthesis of 5-Bromocyclophosphamide (11), 3,5-
Dehydrocyclophosphamide (13), and Related Systems.
Our iuitial synthetic approach to 11 and related 5-halo-
1,3,2-0xazaphosphorinane 2-oxide derivatives is repre-
sented hy eq 1 and was predicated on reports by Savignac
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and co-workers' in which sodium hydride (Nal) was
emploved for analogous cyclizations. Preliminary in-
vestigations regarding this synthetic plan were carried out
according to eq 2, and it was found that treatment of
intermediates 16 and 17 with NaH did not cause the
expected intramolecular displacement to give cyclic
products 18 and 19 but instead led to 1,2-dehydrohalo-
genation, which afforded olefins 20 and 21. It is assumed
that initial generation of a sodium anilide is followed by
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inter- and/or intramolecular proton abstraction with
concommitant loss of the terminal halide ion; however, the
steric and electronic factors which favor CHX removal over
CH,0 are not obvious to us. A more reliable cyclization
scheme was pursued using 3-amino-2-bromopropanol
hydrobromide (22) and triethylamine to generate 3-
amino-2-bromopropanol in situ (eq 3). In the presence
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23, R -~ C,H,

24, R = OC,H,

11, R = N(CH,CH,Cl),
of phenylphosphonic dichloride, CsH;P(O)Cl,, the unstable
2-haloethylamirne could be successfully trapped via for-
mation of product 23; however, the combined vield of only
15% for the chromatographically separated cis and trans
diastereomers of 23 is most likely due to competing in-
tramolecular cyclization of free 3-amino-2-bromopropanol
to the aziridine system. The observation of only six!®
carbon NMR peaks for the minor (slower eluting) isomer
of 23 at both 40 and -60 °C is consistent with relatively
rapid ring inversion on the NMR time scale and is,
therefore, analogous to experimental® and theoretical?!
findings for 1. While persuasive spectroscopic arguments
have been recently offered for assigning the relative (cis
vs. trans) stereochemical relationships in diastereomeric
4-methylcyclophosphamides,'* we were unable to decipher
those features in the high-resolution (220 MHz) 'H NMR
spectra for 23, which might be indicative of the relative
stereochemistry between the C-5 and phosphorus sub-
stituents. Consequently, the faster and slower eluting
diastereomers of 23 are referred to as 23a and 23b, re-
spectively.

Reactions of phenyl dichlorophosphate, C;H;OP(O)Cl,,
and bis(2-chloroethyl)phosphoramidic dichloride, (CIC-
H,CH,),NP(O)Cl,, with 22 (eq 3) gave, respectively, di-
astereomeric mixtures of products 24 (12%) and 11 (34%).
In each case, careful silica gel chromatography afforded
faster (24a and 11a) and slower (24b and 11b) eluting
components which were shown by TLC and/or NMR to
be diastereomerically pure (295%). As with 23, the ob-
servation of single sets of 'TH NMR absorption signals for
diastereomers of 24 and 11 at 20 °C is consistent with
conformationally mobile 1.3,2-oxazaphosphorinane 2-oxide
frameworks. 'The proton spectra for diastereomeric
samples of 24 and 11 exbibited a high degree of complexity
at 220 MHz, and telling features concerning cis vs. trans
relationships were not apparent.

During the course of our previous investigations con-
cerning the hydrolytic chemistry of 1,* it was established
that reaction of anhydrous 1 with NaH led to the isolation
of fused-bicyclic product 26, which results from intra-
molecular alkylation of the indicated intermediate sodium
salt 25 shown in eq 4. By way of contrast, the presently
reported work has shown that isophosphamide (27) un-
dergoes NaH-induced cyclization to afford an ca. 85%
isolated yield of aziridinyl system 29 rather than 26 (eq
5). The highly regioselective mode of ring closure thus
exhibited by sodium derivative 28 is consistent with
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reported?® rules for cyclization reactions, viz., that “3-
exo-tet” processes (28 — 29) are favored over “5-exo-tet”
transformations (28 - 26). These findings led to the
prediction that treatment of 11 with NaH would be fol-
lowed by closure of intermediate 30 in a 3-exo-tet fashion
to give 13 rather than 5-exo-tet cyclization to yield ring
system 31 (eq 6). Consideration of the time-average planar
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geometry ahout the anionic nitrogen position in 30 and the
conformational mobility of this heterocyclic intermediate
suggested further that 3-exo-tet closure rates for diast-
eromers lla and 11b should be roughly comparable.
Hence, an ca. 2:1 mixture of 11a/11b was reacted with
NaH, and subsequent thick-layer or column chromatog-
raphy on silica gel provided for the separation of faster
(13a) and slower (13b) eluting components which were
isolated in the expected 2:1 ratio (10:6%). Both of these
components exhibited high-resolution 'H and 3C NMR
spectra that were consistent with the expected bicyclic
aziridinyl ring structure (13). The proton spectrum in
CDCI; for 13b exhibited an eight-line multiplet (AM
portion of an AMX spin system) for the aziridinyl CH,N
nuclei, with a Avgy value which was significantly greater
than the corresponding chemical-shift difference for these
nuclei in 13a (80 vs. 15 Hz). Based upon the reported??
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anisotropy effects for a P=0 group, we therefore assume
that 13b has the assigned endo structure in which the
P==0 can exert a greater influence upon the chemical-shift
difference between Ha and Hm.%

The 5-exo-tet closure reaction initially observed with 1
was briefly explored as a synthetic method for obtaining
additional phosphoramides that possessed relatively un-
common heterocyclic skeletons. Given the structural
similarities between 1, 32, and 33 (cf. eq 7 and 8), it was
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not surprising that NaH treatment of the latter two
compounds led to the respective isolation of products 34
(9%) and 35 (67% ), which were identified solely on the
basis of high-resolution 'H NMR spectra due to their
instability. A more notable set of transformations involves
the NaH-induced reactions of either 33 or 35 to yield the
same product that was tentatively assigned (‘H NMR)
tricyclic structure 36; however, the spectral complexity,
small quantities, and instability of this material prevented
its unambiguous identification as the interesting “bowl-
shaped” molecule 36. As a final point with regard to these
cyclization processes, it appears that the endocyclic, and
therefore rotationally-restricted, nature of the reacting
nitrogen center in 1, 32, 33, and 35 favors the 5-exo-tet
closures shown in eq 7 and 8. This conclusion follows from
our failure to convert acyclic starting material 37 into
isolable amounts of product 38 via NaH reaction, as in-
dicated by eq 9.
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Hydrolytic Studies of 5-Bromocyclophosphamide
(11), 3,5-Dehydrocyclophosphamide (13), and Related
Systems. The instability of anticancer agents such as 1,
27, TEPA (39), and thioTEPA (40) in aqueous media and
the mechanistic details concerning their hydrolysis re-
actions have been areas of considerable interest and some
misconception.??227 Given this background and the fact
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that the chemotherapeutic (alkylating) effects of 2,5-

piperazinedione derivative 41 have been discussed in terms

of in vivo intramolecular cyclizations to bisaziridinyl

analogue 42,?® we investigated the feasibility of either 11
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— 13, 11 — 44/45, or 13 — 45 under aqueous conditions
(eq 10 and 11). Such reactions imply latent or “masked™
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tris-alkylating capabilities for 11/13 and therefore provide
an operational basis for some analogy between these
systems and anticancer drugs such as 39, 40, and
“trophosphamide” (43).!?

NMR has proved to be very useful in studies??"?
related to the solution chemistry of various alkylating
agents; therefore, we investigated the hypothetical reac-
tions in eq 10 and 11 with 'H NMR at 220 MHz. The
reaction of 11 (0.07 M) in 1:2 (v/v) D;O/Me,SO-d; was
surprisingly slow and was only ca. 50% complete after 40
days at 37 °C; consequently, the sample was heated at 100
°C for an additional 5 days in order to achieve essentially
complete disappearance of the absorption signals due to
starting material. The complexity of the final spectrum
was such that it precluded detailed interpretation; however,
the more obvious presence of (CICH,CH,),N*D, was
confirmed by paper chromatography. Our primary interest
was to assess whether the hydrolysate mixture was derived
from the initial conversion of 11 to 13, which then un-
derwent further reaction, or if the overall hydrolysis
process was triggered by cleavage of the labile endocyclic
P-N bond (vide infra), 11 -~ 44. Control experiments
which involved heating solutions of diastereomerically pure
13a and 13b in 1:1 (v/v) D,0/Me,SO-dg at 80 °C revealed
that, while both of these stereoisomers were much more
susceptible to hydrolysis (r;,, < 30 min) than 11, neither
compound afforded a hydrolysate mixture which was the
same as that obtained from 11. We therefore believe that
the hydrolytic pathway for 11 in D,O/Me,SO-d; involves
11 — 44/45 and that intermediates 44/45 undergo further
hydrolytic reactions that include P--O bond cleavage to give
bis(2-chloroethyl)phosphoramidic acid (46), which by
analogy to phosphoramidic mustard [(HO)P(O)NH,-
N(CH,CH,CI),]% would be unstable with regard to the
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formation of nor-nitrogen mustard (eq 12) and accounts
OH
|
HO—*P=O

|
N(CH,CH,Cl),

H,O *
BN H,PO, + H,N(CH,CH,Cl), (12)

46

for the NMR detection of DoN*(CH,CH,Cl),.

As a final note in this section, it is worthwhile to ela-
borate upon the endocyclic P-N bond hydrolysis deduced
for 11, which is normally rather sluggish in the absence of
strong acidic catalysis (pH <2).22 Evidence indicating that
such hydrolytic ring opening of 1,3,2-oxazaphosphorinane
2-oxides can, however, be subject to much milder and
sometimes unexpected catalysis was initially obtained
when compound 23 was dissolved in CDCl; for NMR
analysis. A highly insoluble precipitate formed within 2
h and was subsequently identified as 47 (eq 13) by ele-
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mental analysis and Fourier transform 'H NMR. Deu-
teriochloroform obtained from a different source had no
effect on 23, which suggested trace H,O/HCI contami-
nation in the original CDCl;, and this possibility was
supported by finding that stirring a chloroform solution
of 23 with a few drops of dilute HCl led to immediate
precipitation of 47. The unusual susceptibility of 23 to-
ward hydrolysis under mild conditions was also seen in its
conversion to 47 after 24 h in 1:2 (v/v) DO/ Me,SO-d; at
37 °C, whereas analogue 24 was inert under these con-
ditions. Aziridinyl system 13 was likewise prone toward
adventitious hydrolysis; the disappearance of 13a was
found to obey a first-order rate law with r;,, ~ 5 min at
50 °C; however, repeat analyses gave substantially longer
half-lives for 13 even at 80 °C (vide supra).

Anticancer Screening Data. The in vivo anticancer
activity of diastereomerically pure samples of 11, 13, 23,
and 24, as well as the activity for samples of 26 and 29.
was evaluated against L1210 lymphoid leukemia in mice
according to the National Cancer Institute standard
protocol for cyclophosphamide analogues.™ Test samples
were administered intraperitoneally in either a pure water
or aqueous T'ween-80 (polysorbate) vehicle on day 1 only,
at various doses, and results were evaluated on day 30.
Mean survival time was utilized as the evaluation pa-
rameter, and compounds exhibiting a test/control (T/C)
percentage greater than or equal to 125 are considered to
be active in this preliminary testing system,

From Table I, which lists the highest T/C values ob-
tained for each compound tested, it can be seen that the
therapeutic effectiveness of 11a (T/C = 146) is consid-
erably less than that of 1 (T/C = 252%) and that analogues
of 11a without the nitrogen mustard group, viz., 23 and
24, failed to show activity. The latter results parallel those
reported!® for the 2-diethylamino analogue of 9 and suggest
that if 11a, 23, or 24 yields «-bromoacrolein (12) in vivo
the anticancer effect of this metabolite is negligible.
Additional information concerning the therapeutic ef-
fectiveness of 11 relative to 1 was obtained® with ADJ/
PC6 plasma cell tumor in mice, and from the therapeutic
indices (TI) given in Table II it can be seen that 11 is
approximately four times less effective than 1, as was also
the case for the 6-(trifluoromethyl) analogue 9. Fur-
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Table I. Selected Anticancer Screening Data for Mouse
L1210 Lymphoid Leukemia

dose b

compd® mg/kg T/C

1 250 252%
1lla 500 146
13a 62.5 120
13b 500 106
23a 250 100
24a 62.5 107
24b 150 113
26 500 105
29 62.5¢ 110

¢ All compounds are racemic. ? Dose at which highest
T/C was achieved. Except as noted, this dosage was
accompanied by 100% toxicity-day survivor (3/3-
6/6). ¢ 83% toxicity-day survivors (5/6).

Table II. Screening Data for Mouse ADJ/PC6
Plasma Cell Tumor

thera-
peutic
index
(TI=
LDsov ED907 LDSO/

compd?® ref mg/kg mg/kg ED,,)
1 this 450 4.75 95
work
11 this 450 18.0 25
work
9 16 400 14.0 29
cyclophos-
phamide
cis-6-Me- 12b 540 9.7 56
trans-6-Me- 12b 385 9.2 42
cis-4-Me- 12b 225 4.4 51
trans-4-Me- 12b 270 4.7 57

¢ All compounds are racemic.

thermore, it is evident that these lower T1I values for 11
and 9 vs. 1 are the result of comparable toxicities (LDj)
being offset by the larger doses of 11 and 9, which are
required for tumor cell kill (EDg).3* The fact that 11a,
like 1, is inactive in vitro (KB cell culture®) but active in
vivo provides prima facie evidence for our assumption that
11a undergoes in vivo “activation” and further metabolism
in basically the same manner as 1( Scheme I). While it
is not possible at this time to reliably specify the cause(s)
for EDy differences between 11 and 1, the added bromine
substituent in 11 most likely exerts a decelerating effect
upon the substrate turnover rate for liver enzyme-mediated
C-4 oxidation (“activation™).* In any event, the screening
data for 1, 11, and other cyclophosphamide analogues listed
in Table II clearly indicate that introduction of substit-
uents at the ring-carbon positions in 1 decreases thera-
peutic effectiveness. It is also noted that, while small
quantities of diastereomerically pure 11b precluded an-
ticancer testing as a means of evaluating stereochemical
factors, the relatively small TI differences between cis and
trans diastereomers of both 4- and 6-methylcyclo-
phosphamide (Table II) suggest that 11a and 11b would
exhibit roughly comparable levels of therapeutic activity.
However, caution in this regard follows from the greater
toxicity of 13a (0% survivors at 2125 mg/kg) relative to
13b (100% survivors at 500 mg/kg).

A perhaps more important aspect of the toxicity of 13a
is that this compound does not require microsomal
“activation” to exhibit its toxic effect, which contrasts
significantly with 1. More specifically, tests with Walker
256 cells indicated that 13a causes 100% growth inhibition
at dose levels of 80-320 ug/mL and that the IDs; was equal
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to 1.5 ug/mL.%33 By way of comparison, this IDs, value is
almost as low as that found for microsomally activated 1
(IDgy = 0.5-1.0 ug/mL), and untreated 1 has virtually no
effect on Walker 256 cells (IDg, > 500 ug/mL).3 The
potency of 13a is tentatively ascribed to its hydrolytic
instability (vide supra), as cleavage of the “strained”
endocyclic P-N bond according to eq 10/11 can lead to
45, which is structurally related to the highly toxic
phosphoramide mustard 48.%
OH

DN—i:D:O

N(CH2CH2Cl)2
48

In ending this section, we note that the feasibility for
intramolecular cyclizations of 1 — 26 (eq 4) and 27 — 29
(eq 5) has been previously evaluated in vitro, and it was
concluded that such processes would be extremely slow,
relative to the time scale for metabolism of 1 and 27;
however, the role of in vivo enzymatic assistance could not
be excluded.?? Consequently, the inactivity now reported
for 26 and 29 in the L1210 test system reveals that even
if these cyclized compounds are formed as metabolites
during treatments with 1 and 27, respectively, they will
most likely make no significant contribution to the ob-
served anticancer activity.

Conclusions

The present work has demonstrated that incorporation
of a C-5 bromine substituent into 1 does not lead to en-
hanced anticancer activity in either the L1210 or ADJ/PC6
animal screening systems., The negative impact of this
structural modification upon the anticancer activity of 1
parallels what has been reported!!?!316 for a number of
ring carbon-substituted cyclophosphamide analogues and
thereby indicates, once again, that the metabolic pathway
for 1 is highly responsive to structural perturbations. On
the other hand, successful conversion of 11 into 13, which
has been found to be highly toxic without microsomal
“activation”, represents a new type of synthetic trans-
formation and an explorable approach toward
“preactivation” of cyclophosphamide analogues. Our
current work with latentiated mustard carriers capable of
hydrolytic “activation™ in vivo will be reported in the
future.

Experimental Section

Melting points were obtained with a Thomas-Hoover capillary
melting-point apparatus and are uncorrected. Elemental analyses
were performed by Chemalytics, Inc. IR measurements were
obtained with a Perkin-Elmer Model 337 spectrometer. 'H NMR
spectra at 60 MHz were recorded on a Varian A 60 instrument
at ambient probe temperature, using 10% (v/v) solutions in either
CDCI; or D,O with tetramethylsilane or TSP® as an internal
reference, except as noted. 'H NMR spectra at 220 MHz were
obtained in either the continuous-wave or Fourier transform mode
on a Varian HR 220 spectrometer equipped with a Fourier
transform accessory and 620 L computer. The accumulated
free-induction decay signal (8K data points) was transformed to
give spectra with either 2500- or 1000-Hz sweep widths; ambient
probe temperature was 20 £ 1 °C.

13C NMR spectra were obtained in the pulse Fourier transform
mode utilizing a Bruker superconducting magnet with a
“homebuilt” spectrometer and probe. A Nicolet 1080 computer
system, modified for quadrature phase detection, was used for
data collection and transformation. The accumulated free-in-
duction decay signal (32K data points) was tranformed to give
a spectrum with 15151.5-Hz sweep width. A 90° 13C pulse was
approximately 27 us. Spectra were recorded under broad-band
pseudo random-noise proton-decoupling conditions at a probe
temperature of 28 £ 2 °C, unless otherwise noted. Precooled
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nitrogen gas was used to obtain the low-temperature *C spectra.
A chloroform solution containing a copper-constantan ther-
mocouple connected to a precalibrated Doric Trendicator 400
Type T/C digital readout temperature meter was used to establish
the probe temperature before and after sample rumns.

Except as noted, analytical thin-layer chromatography utilized
either 2.5 X 10 or 5 X 20 cm Analtech plates with a 250-um layer
of silica gel GF, while analogous preparative separations were
performed with 20 X 20 c¢m plates having a 1000-um coating;
component visualization as brown-colored spots was achieved by
exposure to iodine vapor. Column chromatography employed
Baker 60--200-mesh silica gel. All of the reported R, values are
approximate,

All reactions performed in nonaqueous media were conducted
with protection from atmospheric moisture.

0-(2,3-Dibromopropyl) N-Phenylphenylphosphonamidate
(16). A solution of 2,3-dibromo-1-propanol (10.3 mL, 0.1 mol}
in ether (140 mL) was added (1 h) to a mechanically stirred
solution of phenylphosphonic dichloride (14.2 m1,, 0.1 mol) and
triethylamine (14.6 mL, 0.105 mol) in ether (200 mL) at ice bath
temperatures. After 24 h at ambient temperature, the reaction
mixture was suction filtered, and the filtrate was then concentrated
on a rotary evaporator. The residual crude 2,3-dibromopropyl
phenylphosphonochloridate (32 g, 0.085 mol) was dissolved in
ether (120 ml) and the chilled solution was then treated with
an equal volume of ether which contained aniline (15.5 mL, 0.17
mol). After mechanical stirring at room temperature for 60 1,
the mixtiure was suction filtered, and the filtrate was concentrated
at reduced pressure. Column chroniatography of the residnal
product (82%) using Florisil (60-100 mesh) and methylene
chloride/ether (1:1) eluent afforded 16, which crystallized from
methylene chloride/petroleum ether as small white needles: mp
1111138 o(‘; 'H NMR (220 MHZ) 4 7.89 (m SJHH = 8 Hz, 4']Hl|
=2 Hz, *Jyp = 15 Hz, 2 H, 0-H of P-phenyl), 7.59- 7.39 (m, 3 H,
n1- and p-H of P-phenyl), 7.16 (apparent t, Jyy = 8 Hz, 2 H, m-H
of N-phenyl), 6.94 (d, *Jun = 8 Hz, 2 H, o-H of N-phenyl), 6.90
{(t,%Juu = 8 Hz, 1 H, p-H of N-phenyl}, 6.59 (apparent t, J = 5
Hz, NH, exchange with D,0), 4.70-4.55 (m, CHBr), 4.52-4.30 (m.
CH,0), 3.86-3.66 (m, CH,Br); *C NMR® 5 140-117 (aromatic),
64.87 (d, %Jcp = 5.4 Hz, CH,0), 48.13 (d, Jop = 7.7 Hz, CHBr),
32.10 (s, CH,Br). Anal. (C;;H;(NO,PBr;) C, H, N; Br: caled,
36.90; found, 39.59.

0-(2,3-Dichloropropyl) N-Phenylphenylphosphonamidate
(17). Use of 2,3-dichloro-1-propanol in the above procedure for
16 yielded (93%) crude product as a yellow oil, which was similarly
purified to afford 17 as a microcrystalline powder: mp 88-94 °C;
TH NMR (220 MHz) é 7.86 (in, 3.Jyy = 8 Hz, *Jyy =~ 2 Hz, 3y
~ 14 Hz, 2 H, o-H of P-phenyl), 7.61-7.36 (m, 3 H, m- and p-H
of P-phenyl), 7.14 (apparent t, J =~ 7 Hz, 2 H, m-H of N-phenyl),
6.93 (m, 3 H, o- and p-H of N-phenyl), 6.82 (ca. d with fine
splitting, *Jup ~ 7 Hz, NH), 4.59--4.45 (i, CHCI), 4.41-4.20 (m,
CH,0), 3.84 (d, J = 6 Hz, 1 H of CH,(CI), 3.79 (d,/ =6 Hz, 1 H
of CHy,Cl). Anal. (C,sH (NO,PCl,) C, H, N.

0-(2-Bromoallyl) N-Phenylphenylphosphonamidate (20).
A solution of 16 (1.51 g, 4 mmol) in tetrahydrofuran (15 mL) was
added (1 h) to a magnetically stirred suspension of sodium hydride
(0.11 g, 4.4 mmol) in an equal volume of solvent. After 5 h at
50 °C, the cooled reaction mixture was suction filtered, and the
filtrate was then concentrated on a rotary evaporator. Column
chromatography of the residual oil using methylene chloride/ether
(1:1) as eluent, followed by crystallization from ether/petroleum
ether, yielded (39%) a sample of 20 (mp 90-110 °C) which was
found by NMR analyses to contain 20% of unreacted 16: 'H
NMR (220 MHZ) 6 7.88 (m, SJHH =8 HZ, 4!]}.{}.{ =2 HZ, JJHP =
14 Hz, 2 H, o-H of P-phenyl), 7.77 (d, 2Jgp = 6 Hz, NH, exchange
with D,0), 7.59-7.32 (m, 3 H, m- and p-H of P-phenyl), 7.10
(apparent t, 3Jyy = 8 Hz, 2 H, m-H of N-phenyl), 6.95 (d, 3Juy
= 8 Hz, 2 H, o-H of N-phenyl), 6.84 (t, *Jy, = 8 Hz, 1 H, p-H
of N-phenyl), 5.98 (s with ~1 Hz fine splitting, 1 H, vinylic), 5.61
(s with ~1 Hz fine splitting, 1 H, vinylic), 4.91-4.54 (AB part of
ABX with ~1 Hz fine splitting, CH,0); '*C NMR™ § 126.19 (d,
*Jep = 8.4 Hz, ==CBr), 118.59 (s, ==CHy,), 67.00 (d, *Jcp = 5.4 Hz,
CH,0), and aromatic signals (12) virtually identical t» those in
16.

0-(2-Chloroallyl) N-Phenylphenylphosphonamidate (21).
Use of 17 in the procedure described above for 20, together with
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a 2)-h reaction period at 50 °C, led to preparative TLC isolation
(24%) of a sample of 21 that contained 12% unreacted 17, as
determined from 'H NMR signal integrations. Repeated attempts
to obtain a homogeneous sample of 21 by fractional crystallization
were unsuccessful. The identity of partially purified 21 was based
on the close similarity of its 'H NMR (60 MHz) spectrum with
that of 20.

5-Bromo-2-phenyl-2 H-1,3,2-0xazaphosphorinane 2-Oxide
(23). Tsomerically pure 3-amino-2-bromo-T-propanol hydro-
bromide was prepared from allylamine according to literature
procedures*® and was used as a viscous oil, after unsuccessful
attempts to obtain crystalline material. A solution of phenyl-
phosphonic dichloride (0.67 miL, 4.7 mmol) in ethyl acetate (10
mL) was added (15 min) to a magnetically stirred solution (10
°C) of the hydrobromide (1.1 g, 4.7 mmol) and triethylamine (1.96
ml., 14.1 mmol) in an equal volume of the same solvent: after 48
h at ambient temperature, the reaction mixtare was suction
filtered, and the filtrate was then concentrated at rednced pressure.
‘The resultant oil was carefully column chromatographed nsing
methylene chloride/ether (1:1) as eluent, and faster eluting 23a
(mp 145-146.5 °C) and then 23b (mp 162 -163.5 °C7) were obtained
in 12 and 3% ylelds, respectivelv. Anal. for 23a (CgH,,NO,PBr)
C, H, N, Br. Anal. for 23b (CgH,,NO,PBr (', H, N. For 23a:
'H NMR (220 MHz) 5 7.89 7.75 (m, 2 H, o-H), 7.59 -7.36 (mn, 3
H, m- and p-H), 4.59-4.11 (m, CHBr and CH,01, 4.2 (br s, NH),
3.70-3.48 (m, CHoN); BC NMR 5 132.77 (d, Jep = 3.7 Hz. aro-
matic), 131.79 (s, aromatic), 128.96 (d, J/p = 12.9 Hz, aromatic).
T0.83 (d, ZJep = 5.6 Hz. CH,O), 48.12 (d. %Jep = 3.7 Hz, CH,N),
43.27 (s, CHBr). For 23b, 'H NMR (220 MHz) 5 7.93-7.75 (n,
2 H, 0-H), 7.64-7.43 (m, 3 H, m- and p-H), 4.70-4.39 (m, CHBr),
448 (br s, NH), 4.39-4.20 (m, 1 H of CH,0), 4.11-3.95 (m, 1 H
of CH,(. 3.82-3.55 (o1, 1 H of CH,N), 3.32-3.16 (m. 1 H of
("H,N).

5-Bromo-2-phenoxy-2H-1,3,2-oxazaphosphorinane 2-Oxide
(24). Use of phenyl dichlorophosphate in the above procedure
for 23 gave, after column chromatography, 24a (9%, R;0.63), mp
123.5-125.5 °C, and 24b (3%, R;0.43), mp 115-117.5 °C. For 24a:
‘H NMR (220 MHz) 6 7.41 -7.11 (m, 5 H, aromatic), 4.77 {d (J
=125 H2) of t (J = 2.5 Hz), 1 H of CH,0], 4.50 {doubled (.7 =
20.5 Hz) d (-7 = 12.5 Hz) of t (J ~ 2.5 Hz), 1 H of CH,0], 4.20
(hextet, J = 2.5 Hz, CHBr), 4.00 (br s with fine splitting, NH),
3.75 [doubled (J = 14.5 Hz) d (J = 6.5 Hz) of t (/ ~ 2 Hz),1 H
of CH,N], 3.59-3.32 (m, 1 H of CH,N). A sample enriched in 24b
led to a '"H NMR (220 MHz) spectrum which indicated signals
for this isomer at § 4.7-4.3 (CH,0), 4.3-4.1 (CHBr), 3.5-3.3
(CHyNJ. Anal. for mixture of 24a/24b (CgH,;NO3PBr) C, H.

2-[Bis(2-chloroethyl)amino]-5-bromo-2H-1,3,2-0xaza-
phosphorinane 2-Oxide (5-Bromocyclophosphamide, 11),
Reaction of 3-amino-2-bromo-1-propanol hydrobromide with
bis(2-chloroethyl)phosphoramidic dichloride according to the
above procedure used in the preparation of 23 led to the column
chromatographic isolation of 11a (29%, R, 0.41), mp 88-91 °C,
and 11b (5%, R;0.19) as a pale-yellow colored viscous oil. Repeat
preparations of 11 sometimes afforded only minute quantities of
diastereomer 11b. For 11a: 'H NMR (220 MHz) 6 4.51-4.35 (m,
(H,0), 4.28-4.15 (m, CHBr), 3.91--3.83 (m, NH), 3.73-3.61 (t, */py
= 7 Hz, 4 H, CH,(Cl), 3.61-3.36 (m, 6 H, CH,N). Anal. for mixture
of 11a/11b (C;H,N,0,PBrCly) C, H, N.

2-(1-Aziridiny1)-3-(2-chloroethyl)-2 H-1,3,2-0xazaphos-
phorinane 2-Oxide (29). A solution of isophosphamide (27, 0.26
g, 1 mmol) in anhydrous benzene was added (1 h) to a magnetically
stirred suspension of sodium hydride (0.03 g, 1.2 mmol) in ether
(2 mL), and the extent of reaction was monitored by TLC using
chloroform/methanol (99:1) as eluent. After 24 h, no 27 was
detectable; the reaction mixture was suction filtered, and the
filtrate was then chromatographed using chloroform/methanol
(9:1) as eluent, and 29, which elutes slightly ahead of 27, was
isolated (84%) as a colorless il that crystallized upon standing
in the freezer: mp 30-32 °C; '"H NMR (220 MHz) 6 4.59--4.25 (m,
(‘H,0), 3.59 (t, *Jyn = 6 Hz, CH,Cl), 3.68-3.51, 3.32-3.09 (two
m, 1 H each, endocyclic CH,N). 3.48-3.32 (1n, exocyelic CH,N),
2.27-2.02 and 1.76 {m and br d (/ = 13 Hz), respectively, 1 H each.
(‘H,CH,CHy], 2.12 (apparent d, *Jyyp = 15 Hz, 4 H, aziridinyl).

3,5-Dehydrocyclophosphamide (13). Reaction of an isomeric
mixture of 5-bromocyclophosphamide (11a/11b, ca. 2:1) with
sodium hvdride for 48 h was carried ont as described above for
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27. Preparative TLC using methylene chloride/methanol (98:2)
as eluent and iodine vapor spraying of the plate edges led to the
isolation of 13a (10%, R;0.26) and 13b (6%, R;0.14). For 13a:
'H NMR (220 MHz, CDCl,) 6 4.52-4.23 (AB part of ABX, CH;0),
3.67 and 3.65 (two t, 3Jyy = 6 Hz, 2 H each, CH,(Cl), 3.46 (apparent
quintet, %Jyy = 6 Hz, *Jgp = 12 Hz, 4 H, exocyclic CH,N),
3.21-3.05 (m, 1 H, CHN), 2.48-2.30 (AM part of AMX, Avgy =
15 Hz, 2 H, endocyclic CH,N); '3C NMR 4 66.61 (d, 2Jcp = 4.4
Hz), 49.43 (d, %J¢p = 3.8 Hz, CH,C1), 41.94 (s, CH,N), 39.71 (s,
aziridinyl CH,N), 29.45 (d, *J¢p = 5.7 Hz, aziridinyl CH). For
13b: 'H NMR (220 MHz, CDCly) § 4.54-4.23 (2 H, CH,0),
3.75-3.22 (8 H, CH,CH,Cl), 3.20-3.07 (m, 1 H, CHN), 2.43-1.95
(AM part of AMX, Avam = 80 Hz, 2 H, endocyclic CH,N); 13C
NMR 6 64.37 (d, %Jcp = 5.5 Hz), 49.96 (d, 3J¢p = 3.6 Hz, CH,Cl),
41.94 (s, CH,N), 36.90 (s, aziridinyl CH,N), 29.13 (d, 3Jcp = 7.4
Hz, aziridinyl CH).

2-[Bis(2-chloroethyl)amino]-2 H-1,3,2-diazaphosphorinane
2-Oxide (33). A solution of bis(2-chloroethyl)phosphoramidic
dichloride (5.05 g, 19.5 mmol) in ethyl acetate (30 mL) was added
(2 h) to a magnetically stirred solution of 1,3-diaminopropane (1.6
mL, 19.5 mmol) and triethylamine (5.4 mL, 39 mmol) in the same
solvent (50 mL). After 48 h, the filtrate from the reaction mixture
was concentrated at reduced pressure, and the residue was then
column chromatographed using acetone eluent. The combined
fractions containing 33 (20%, mp 98-103 °C; lit.*! mp 106-107
°C) were used without further purification: 'H NMR (60 MHz)
48 3.90-2.90 (m, 14 H), 1.90-1.50 (m, 2 H, CH,CH,CHy,); for 0.4
M 23 containing 0.25 equiv of Eu(tfc)s: 6 8.70-8.25 (m, 2 H, NH),
6.15-5.55 (m, 4 H), 5.55-5.10 (m, 4 H), 5.10-4.40 (m, 4 H), 3.05-2.55
(m, 2 H).

Repeat preparations of 33 gave material which could not be
crystallized. Storage of this viscous oil at room temperature led
to polymerization that was clearly evident from the complexity
of the 13C NMR spectrum,; consequently, low-temperature storage
is advised.

Reaction of 33 and 35 with Sodium Hydride. A solution
of 33 (0.52 g, 2 mmol) in benzene (15 mL) was added (0.5 h) to
a magnetically stirred suspension of sodium hydride (0.053 g, 2.2
mmol) in ether (4 mL). After 42 h, TLC analysis using chlo-
roform/methanol (9:1) eluent revealed the presence of unreacted
33, as well as a new component which eluted slightly ahead of
33 and gave a more persistent color upon exposure to iodine
vapors; consequently, more sodium hydride (0.007 g, 0.3 mmol)
was added, and hydrogen evolution was noted. After an additional
20 h of stirring and subsequent workup as in the case of 27,
product 35 was isolated (67%) as an unstable colorless oil: 'H
NMR (220 MHz) 6 4.05 (br s, NH), 3.66 (t with additional fine
splitting, 3Jyy ~ 6 Hz, 2 H, CH,Cl), 3.59-2.86 (two complex m,
5 H each, CH,N), 2.00-1.55 (m, 2 H, CH,CH,CH,).

The above reaction of 33 was repeated using a large excess of
sodium hydride (0.57 g, 24 mmol), and the elutable column
chromatographic material (70 mg) was further purified by
preparative TLC, wherein the central portion of the band (R, 0.3)
visualized by iodine vapor spraying of the plate edges was col-
lected. The small amount of resultant unstable product (7 mg)
was tentatively assigned structure 36 (hexahydro-6H-2a,4a,7a-
triaza-7b-phosphacyclopent[cd]indene Th-oxide) on the basis of
'H NMR spectral comparisons with 33 and 35. For 36: 'H NMR
(220 MHz) 6 3.84-3.59 (m, 4 H, CH,N protons shifted to lower
field presumably due to anisotropy of P==0), 3.27-3.05, and
2.95-2.69 (two m, 4 H each, typical chemical-shift range for CH,N
protons), 2.34-2.14, 2.14-1.86 (two m, 1 H each, CH,CH,CH,).

Reaction of 35 with 1.2 equiv of sodium hydride was monitored
by TLC, and after 48 h the relatively small amount of material
having approximately the same retention time (R, 0.32) as 36 (R;
0.28) was collected by preparative TLC; however, this sample
underwent decomposition before spectral analysis could be
performed.

3-(2-Chloroethyl)-2,3-dihydro-1H,6 H-[1,3,2]diazaphos-
pholo[1,2-2][3,1,2]benzoxazaphosphorine 4-Oxide (34). A
solution of 32! (0.31 g, 1 mmol) in benzene was added to a
magnetically stirred suspension of sodium hydride (0.28 g, 12
mmol) in ether, and after 18 h at room temperature the reaction
mixture was worked up as in the case of 27. Chromatography
on silica gel using chloroform/methanol (9:1) as eluent afforded
product 34, which had the same R, value (0.57) as 32, in 9% yield
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as an unstable pale-yellow oil that was identified on the basis of
its characteristic 'H NMR (220 MHz) spectrum: 6 7.41-7.25 (m,
1 H, aromatic), 7.20-6.98 (m, 3 H, aromatic), 5.33-5.00 (m, CH,0),
4.40-4.27 and 4.18-4.05 (two m, 1 H each, CH;N proximate to
aromatic ring), 3.94-3.25 (m, 4 H, remaining CH,N), 3.72 (d of
t, SJHH =6 HZ, 4J}.{p ~ 2 HZ, 2 H, CHZCI).

Hydrolytic Conversion of 23a into 47 under Acidic
Conditions. A magnetically stirred solution of 23a (0.25 mmol)
in chloroform was treated with hydrochloric acid (0.1 mL of 107
M), which caused immediate formation of a white precipitate.
After 24 h, the microcrystalline powder (mp 180-195 °C) was
collected and spectroscopically identified as 47: '"H NMR (220
MHz, D,0) § 7.89-7.68 (m, 2 H, 0-H), 7.66-7.45 (m, 3 H, m- and
p-H), 4.45-4.30 (m, CHBr), 4.20-3.98 (m, CH,0), 3.56-3.37 (AB
part of ABX: Jax = 3.6 Hz and Jx = 8.9 Hz, or J,x = 4.0 Hz
and Jpx = 9.1 Hz; CH,N*). Anal. (CgH,sNO;PBr) H, N; C: caled,
36.76; found, 36.09. 3C NMR 4 133.28 (s, p-H), 132.81 (d, 3Jcp
= 9.3 Hz, m-H), 130.34 (d, %/cp = 14.8 Hz, 0-H), 67.58 (d, %J¢p
= 3.7 Hz, CH,0), 47.93 (d, 3J¢p = 9.3 Hz, CHBr), 44.84 (s, CH,N*);
IR (Nujol) 3450 (br), 1190 (s), 1050, 925, 870, and 695 cm™.

Anticancer Screening Tests, The essential aspects of the
L1210 screening tests are noted in the text and in Table I; for
further details, consult ref 31 and 42. Similar comments hold for
the KB cell culture tube assay,® while the methods of procedure
for the ADJ/PC6 test data in Table II may be found in ref 16.
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Aryloxyalkyloxy- and Aralkyloxy-4-hydroxy-3-nitrocoumarins Which Inhibit
Histamine Release in the Rat and Also Antagonize the Effects of a Slow Reacting

Substance of Anaphylaxis
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The syntheses and structure activity relationships of a number of 4-hydroxy-3-nitrocoumarins, which are both
antagonists of a slow reacting substance of anaphylaxis and potent inhibitors of antigen-induced histamine release
in the rat, are described. Most active among these are 7-[3-(4-acetyl-3-hydroxy-2-n-propylphenoxy)-2-hydroxypropoxy]
derivatives having hydrogen or lower alkyl substituents at the C-8 position of the coumarin ring, 168, 171, 173, and

174.

Disodium cromoglycate (DSCG) las been shown to
inhibit the antigen-induced release of the mediators of
allergic reaction! but it is not equally effective at inhibiting
the release of all mediators. In particular, it is poor at
inhibiting the release of a slow reacting substance of
anaphylaxis (SRS-A) when antibodies other than IgE are
involved.? It has been suggested that the failure of DSCG
to benefit some patients with bronchial asthma might be
due to the involvement of IgG antibodies, which might
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release SRS-A from sources other than the mast cell by
a mechanism resistant to treatment with DSCG.3 If this
is so, then a compound with the ability to antagonize the
effects of SRS-A, in addition to the stabilization of mast
cells, might be expected to be of greater therapeutic value,
than DSCG, in the treatment of bronchial asthma.

We have reported previously that some compounds
containing the 2-nitro-1,3-dicarbonyl moiety showed potent
antiallergic activity, as determined by the inhibition of rat
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