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Phosphorus Mustards.

II. The Synthesis and Biological Evaluation

of Bis(2-chloroethyl)methylphosphine Hydrochloride:

D CLoSarn, A H. Sonoway, anp R W, Trever

Neurosurgical Service, Massachusetts General Hospital, Boston, M assachusctis (12114

Recetved August 81, 1965

Bis(2-chloroethyl)metliylpliospliine, isolated as the hydrochloride, has been synthesized. Biological evalin-
tion of the hydrochloride, in coniparison with that of the nitrogen analog (HN2), lias shown that the phosphoris
compound exhibits no “mustard-like’” activity as assessed by its lack of effect on bone marrow in mice at doses
up to 500 ug/g. Preliminary results suggest that the lack of biological activity of the phosphine Liydrochloride
is due to transformations of the latter, which occur extremely rapidly in aqueous systems, even under oxygen-

free conditions.

The usceful biologieal propertics of nitrogen and sulfur
nustards as tumor growth inhibitors have prompted
studies leading to the synthesis of phosphorus analogs
of such compounds.?  Siuce bis(2-chloroethyl)phenyl-
phosphine oxide did not exhibit “mustard-like” ac-
tivity,2* it appeared highly relevant (for a direct bio-
logical comparison of phosphorus mustards with
their uitrogen counterparts) to prepare the phos-
phorus analog of the highly potent bis(2-chloroethyl)-
methylamine (HN2). This paper reports the first
synthesis and initinl biological evaluation of bis(2-
chloroethyl)methylphosphine, isoluted as the hydro-
chloride.

Discussion and Results

Iu the first paper of this series® describing the syn-
thesis of bis(2-chloroethyl)phenylphosphine, the key
conipound in the reaction sequence was bis(2-i-butoxy-
cthyD) phenylpliosphine prepared from jthenylphosphine.
An aualogous reaction scheme for the preparation of
the methyl analog would involve the imitial synthesis
of the highly reactive and volatile miethyl phosphine.
In view of its high toxicity and the lack of success in
preparing metallo derivatives of the phosphines from
phosphorous halides,?® an alternate route was considered
for the preparation of the compound, bis(2-t-butoxy-
cthyl)methylphosphine.

Conduetinietrie titration of sodium i liquid anunonia
with phosphine at —64° has shown that mouosodiun
plhiosphide is formed quantitatively, the reaction end
point being depicted by a color change from decp blue
to pale green,® This observation, together with the
commniercial availability of phosphine (PHs), prompted
it~ use 1 the svuthesis of 2-i-butoxyethylphosphine
(IT). This was acconiplished by the interaction of
monosodinm phosphide i liguid annuonia with an
cquivalent of 2-t-butoxyethyl bromide (Ta). Initial
experiments, designed to yield bis(2-&butoxyethyl)-
phosphine (IH) in a two-step, single-flask reaction
nsing the sodivm-lquid ammonia technique,® proved
unsatisfactory with only very low yields of IIT being
obtained.  Tu contrast, almost quantitative conversion
of phosphine to II was achieved, On this basis, an
alternate route ta IT] was devised.

1) This work was sappocted by U 8, Vablic lealth Service Researco
Cirants No. CA=16605 apd CN-0T3B8 feom tle Natioa) Cancer Institars
amd by w grant from the Jolay AL Hartford Vowndation, Inc.

(2) da) Paper I: T. P, Abbiss, A. 11, Soloway, and V. . Marvk, J. Mede
Chrne, T Tl (1064 oy I, WL Tumer amdl AL 1L Soloway, J. Ory. Cleoe.,

30, 4041 (1V654
GO T, Emeléies wael 100 ML Mackuy, 0 Clowe, Soc., 2676 (46T,

Metalation® of IT with n-butyllithinn, followed by
reaction with 2-t-butoxyethyl chloride (Ib),* afforded
motderate vields of bis(2-t-butoxyethyl)phosphine (I11)
and  appreciable  amounts  of  tris(2-t-butoxycethyl)-
phosphine (IV). Formation of IV is uudoubtedly
due to the preseuce of two “active’” hydrogen atons
in the primary phosphine (II). Subsequent metala-
tion of TII and reaction with methyliodide gave bis(2-
t-butoxvethyl)methylphosphine (V) in high yield. The
phosphines (IT-V) were distillable at reduced pressure,
under nitrogen, without decomposition (sec Schenie I).

Cleavage of hoth t-butoxy groups in V by concen-
trated hydrochloric acid® gave 2 quauntitative yield
of bis(2-hydroxvethyl)methylphosphine hydrochloride
(VD) as a colorless syrup. Isolation and purification of
the parent phosphine of VI was not attenipted in view
of the reported instability of the corresponding pheny!
derivative.”* Reaction of the hydrochloride salt (VI)
with 2 equiv of thionyl chloride in chloroform gave
bis(2-chlorocthyl)methylphosphine hydrochloride (VII)
1 good yield, as a highly labile white solid.  Its proper-
ties prevented further purification for, on exposure to
alr at normal tanperatures, it changes inunediately
to an oil. It can, however, be stored indcfinitely
under dry nitrogen at temperatures below 0°.

Attempts to convert the phosphines (IT-1V) into
erystalline methiodide derivatives for characterization
purposes gave oils, but in the case of bis(2-t-butoxy-
cthyDnethylphosphine (V) a solid methiodide wus
obtained. Highly crystalline, stable derivatives, how-
ever, were obtained i all eases by the addition of
sodiim tetraphenylboron to the respective methiodide
products. The formation of =olid phogphouium tetra-
phenylborate salts proved to be extremely useful even
in the characterization of the phosphine hydrachlo-
rides (VI and VI themselves,

Initial hiological evaluation of bis(2-chloroethyl)-
methylphosphine  hydrochloride (VII) was  carried
out by a study of its effect o1 bone marrow in white
Swiss Albino mice 1 comparison with the hydro-
chloride of the nitrogen analog (HN2). This biologi-
cal test has been used 1o cevaluate the potency of
alkylating agents’  Within 3 days following the
intravenous injection of the nitrogen mustard hydro-
chloride (in saline solution) at doses ranging from 35-7
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ug/g, almost complete destruction of the marrow ele-
ments was observed with only red cells and an occa-
sional altered stem cell remaining. In marked con-
trast, no significant destruction of marrow elements
was observed following intravenous or intraperitoneal
imjection of the phosphorous compound (dissolved in
oxygen-free water or as a suspension in mineral oil) at
doses up to 500 ug/g. Higher doses proved lethal
within 3 days but with no observable bone marrow
depression.

All attempts to isolate the free bis(2-chloroethyl)-
methylphosphine from its hydrochloride salt (VII),
either by neutralization In aqueous, oxygen-free
systems or by reaction with oxygen-free water alone,
have failed. Tu the case of other bis(B-substituted
ethyl)phosphines, liberation of the free phosphine from
its hydrochloride salt by the action of oxygen-free
water has been readily accomplished.® Struectural
changes, however, do occur very rapidly when oxygen-
free water is added to the phosphine hydrochloride
(VII) as evidenced by the immediate changes seen in
the pmr spectrum.®! The occurrence of such facile
transformations, even in oxygen-free systems, would
help to explain the lack of biological activity of VII.

Experiments designed to elaborate on the transforma-
tious undergone by the hydrochloride salt (VII) in
oxygen-free, aqueous systems together with studies
on the stability of other alkyl g-substituted ethylphos-
phines are under investigation.

Experimental Section®

Phosphine was obtaiited from Rocky Mountain Research I,
Denver, Colo., as u liquified gas. All apparatus used with
phosphine was dried thoroughly and purged with nitrogen
innnediately prior to and during use, and all reactions were per-
fornied it a well-ventilated hood. n-Butyllithium was obtained
from the Lithium Corp. of America, Inc., New York, N. Y., as a
229, solution in n-hexane.

2-t-Butoxyethyl bromide (Ia) was prepared from 2-bromo-
ethanol (62.5 g, 0.3 mole) and isobutylene (238 ml, 2.5 moles) in
the presence of concentrated H,SO4 (1 ml) in an analogous nianner
to 2-t-butoxyethyl chloride (Ib).22 However, due to the simi-
larity in boiling points of the bromo alcohol and Ia, it was neces-
sary to remove unreacted alcohol prior to distillation by shaking
the crude product with an equal volume of 509, aqueous HsSOs.
The nonaqueous portion was then washed with 59 aqueous
NaHCO; and dried over K,CQ;. Distillation afforded Ia (57.0
g, 639%), bp 45-48° (10 mm).

Anal. Caled for CeH;3BrO: C, 39.8;
Found: C, 40.1; H, 7.2; Br, 44.3.

(8) D. C. Smith and A. H. Soloway. unpublislied results.

(9) All analyses were performed by Schwarzkopf Microanalytical Labora-
tories, New York, N. Y. All manipulations were carried out under nitrogen,
except for thie purification of the tetraphenylboron salts. All melting points
were taken on a Fislier-Jolins melting point apparatus and are corrected.

H, 7.2; Br, 442.

30CL
—> CH;P(CH,CH,Cl),-HCl
CHClL;

VII

2.t-Butoxyethylphosphine (II).—To liquid NH; (400 nil)
stirred at —80°, small pieces of freshly cut sodium (23.0 g, 1.0
g-atom) were added cautiously followed by dry ethyl ether (200
ml). Phosphine gas was then bubbled throush the vigorously
stirred mixture for 1 hr until a eolor change from dark blue to
pale green occurred. The system was purged of excess phosphine
with a stream of nitrogen for 20 min, and then the bronio ether
(Ia, 181 g, 1.0 mole) in ethyl ether (200 ml) was added dropwise
over 90 min, The stirred mixture was maintained at —80°,
and after 2 hr, a heavy white solid had precipitated. The
NH; was then permitted to boil off and oxygen-free water (200 ml)
was added cautiously to dissolve the precipitated NaBr. After
separation of the ether layer and drying over K;COj, ethyl ether
was removed by evacuation, and the product (II, 62.7 g. 94%),
bp 52-55° (28 mm), was obtained as a colorless oil which cordd
be oxidized readily in air.

Anal. Caled for CgH;OP: C, 33.7;
C, 53.5; H, 11.1.

The phosphine (II) was couverted to its methiodide (an oil).
Reaction of this with sodium tetraphenylboron in absolute
methanol afforded (2-t-butoxyethyl)methylphosphotlium tetra-
phenylborate, mp 133-135°, colorless prisms from methanol.

Anal. Caled for CyHixBOP: C, 79.5; H, 82; B, 2.3;
P,6.6. Found: C,79.7; H,7.9; B, 2.5; P, 6.5.

Compotnd II was also characterized by oxidation with H,0,
in ethanol at 0° and then reaction with benzaldehyde in hydro-
chloric acid solution' to give bis(a-hydroxybenzyl)-2-t-butoxy-
ethylphosphine oxide, mp 150-152°, needles from methaiol.

Anal, Caled for CoH»O.P: C, 66.3; H, 7.5; P, 8.6. Found:
C, 664; H, 7.6; P, 8.4,

Bis- (III) and Tris(2-t-butoxyethyl)phosphine (IV).—To the
phosphine (II, 89.4 g, 0.67 mole) dissolved in dry ether (400 ml)
was added dropwise with stirring 308 ml of a 21.39% solution of
n-butyllithium in n-hexane (equivalent to 0.67 mole of C.H,Li).
The temperature of addition was maintained at 17-20° by cooling
the reaction mixture in an ice-acetone bath; the clear solution
became bright yellow. During this time negligible coundensate
appeared in a cold trap (—80°) incorporated in the system to
measure n-butane evolution. Dropwise addition of the chloro
ether (Ib, 91.1 g, 0.67 mole) in ethyl ether (150 ml) over 1 hr
caused a color change to dark, olive green which slowly paled with
the precipitation of a white solid over a 4-hr pericd. During this
time 33.5 g (929) of n-butane was collected in the cold trap.
After the addition of oxygen-free water (200 ml) to the reaction
mixture, the ether was separated and dried over anhydrous
K:CQO;. Removal of solvent and distillation of the product
afforded bis(2-t-butoxyethyl)phosphine (I1I, 72.8 g, 479 based
on II), bp 138-141° (22 mm), tris(2-t-butoxyethyl)phosphine
(IV, 22.3 g, 109, based on II), bp 98-101° (0.08 mim). and a
brown viscous residue.

O, 11.3. Fouud:

Anal. Caled for C:Hy;O.P (III): C, 61.5; H, 11.6; P, 13.2.
Found: C,61.4; H, 11.6; P, 13.2,
Anal. Caled for CsHyOP (IV): G, 64.7; H, 11.7; P, 9.3.

Found: C, 64.8; H, 11.7; P, 9.5.

The phosphines (III and IV) were characterized by conversion
in methanol via the methiodides (oils) to their respective phos-
phonium tetraphenylborate derivatives IIla, mp 129-130°
(prisms from methanol), and IVa, mp 168-169° (prisms from
henzene).

Anal. Caled for CoHzoBOSP (I11a): C, 78.1; H, 8.9; B, 1.9;
P,55 Found: C,786; H,9.0; B,2.1; P, 5.5

(10) 8. A. Buckler and M. Epstein, J. Am. Chem. Svc., 82, 2076 (1960).
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Anal. Caled for CuHeBOsP (IVa): C, 77.2; H, 9.4; B,
1.6; P, 4.6. Found: C,77.2; II, 9.7; B, 1.9; P, 4.7.

Big(2-t-butoxyethyl ) methylphosphine (V).—To III1(78.1 g, 0.33
mole) in ethyl ether (300 ml) was added 154 nul of a 21.3% solu-
tionr of n-butyllithium in n-hexane (equivalent to 0.33 mole of
(4 IT,L1) over a 30-min period. The temperature was maintained
at 17-20° during the addition. Precipitation of a white solid
oceurred, but no condensate collected in the —80° cold trap.
However, upon the dropwise addition of metlyl iodide (47.3 g,
.33 mole) in ether (100 ml) over 45 min with coutiuned stirring
for 3 ir, this solid dissolved with the evolution of n-butane (17.8 g.
02¢7). A bright vellow clear solution remained. After cooling
to —40° to precipitate the lithium salts, axygen-free water (200
ml) was added. The ether layer was separated and dried with
K.CO;. Removal of solvent and distillation yielded V (72.4 g,
K8C2), bp 146-147° (22 mm), as a calorless oil.

Anal. Caled for CHeO0P: C, 62.8;
Taund: C, 62.9; H, 11.8; P, 12.3.

T'he pliosphine was characterized by conversiolt in methanol
first to the methiodide (Va), mp 84-85° (acetone—cyclohexane),
and then to the phosphonium tetraphenylborate salt (Vb), mp
185-187° (needles from methanol--benzene).

Anal. Caled for CullOP (Va): C, 43.1; H, 83; I, 32.5;
P, 79, Faund: C, 43.1; H, 83; I, 32.4; P, 7.0.

Anal. Caled for CuHpBOP (Vb): C, 78.3; H, 0.0; B,
1.9: P, 5.8. Found: C,78.2; H, 89; B, 1.9; P, 5.4.

Bis(2-hydroxyethyl )methylphosphine Hydrochloride (VI).—To
the phasphine (V, 45.5 g, 0.18 mole) stirred at 0°, concentrated
HCL (168 g, ca. 1.7 moles) was added dropwise during 20 miu.
An exotherniic reaction occurred with the formation of u white
emulston.  The mixture was stirred for 6.5 hr at 35° and in the
cold trap (—80°) t-butyl chloride (32.3 g, 959%), bp 50.5°, was
obtained. The residual, colorless aqueous phase was concen-
trated under reduced pressure at 60° to give a quantitative yield
of the bis alcohol hydrochloride (VI, colorless syrup) which was
characterized by direct conversion in methanol to bis(2-hydroxy-

M, 11.8; P, 12.5.

ethyDmethylphosphonium  tetraphenylborate, mp 158-160°,
prisms front methanol.

Anal. Caled for CgpluBO.P: €, 76.3; H, 7.5: B, 2.4;
P, 6.8. Found: C, 76.5; H, 7.5; B, 2.4; P, 6.8

Bis(2-chloroethyl)methylphosphine Hydrochloride (VII).-—
Compound VI (31.5 g, 0.18 mole) wax suspended in dry CHCl;

Vol 9

(300 ml) and cooled 10 —107 i an ice—ucetone buth,  Thionyt
chloride (87.0 g. 0.73 mole) in CHCl; (200 rul) was added dropwise
to the stirred nuixture over 70 min at such a rate that the tewpers-
tre did not rise uhove —3° After the addition was cotoplele,
e puixture was stirred for 1 hr during whicht tibwe it atlaiped
room temperature., A yellow Insoluble paste sepuarated froan
solution.  Gentle heating at 40-43° for 3 hr enused =adntion of
this paste (clear vellow solution) with the separation of a =pmll
antount of colloidal «ulfur.  Filtration wnl concentration «f the
filtrate at 20° {10 mm) gave the pliosphine hydrovhloride (VT1
as a white solid 27.0 ¢, 7197).  This wa~ washed well with drs
petroleunt cther vud dried & vacio (1LO3 mnt) at room tempersi-
Lure,

Anal. Cualed for CGUHWCLP: CL 5090 Found: €1, 49.9,

52.7.

The hydrochloride salt (V111 i+ vapidly transfornted to an oil
at normal temperatures, but it caun be kept for indefinite periods
helow 0° either nuder a dry nitrogen atimosphere or n vacuo.
Il was clraracierized hy direct conversian with sadimn tetru-
phenylboran in methanol to the correspanding phospliouinnt
salt, mp 134-135°, colorless prismi= from methanol.

Anal. Caled for CoptsBCLP: €, T0.6; H, .5: 13, 2.2, Cl,
14.4; P, 6.3, TFound: C, 714, 60.3; M, 6.5; B, 2.1; Cl, 13.5;
P, 5.9.

Results aof analysts for carbon, chlorine, and phosphorus, on the
above phosphounium «alt, were subject to great varitalion, even
o the sante analyvtical sample. The clhilorine content was
consietently low, and the reason may be ascribed to tlie instubility
of the tetraphenylboron derivative., Repeated attenipts ot re~
erystallization gave ouly dark brown oily products.
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Attempts directed toward the syuthesis to 2,4-dihydroxy-4,3-borazaropyridine (“4-borauracil’), a possible
antimetabolite of uracil, for use in borou-10 neutron-capture irradiation of brain tamors are described. The
preparation and properties of 2-aminoethyl- and 3-aminopropylboronic acids, intermediates in tlie syutliesis, are

reported.

As a continuation of the program designed to synthe-
size boron compounds which could be used for the treat-
ment of cancer by neutron-capture irradiation,?
the preparation of 2,4-dihydroxy-4,3-borazaropyridine
(I) (4-borauracil) was undertaken. The biological
rationale for preparing such potential antimetabolites
is that a twofold attack on tumors may become feasible,
(1) by direct inhibition of the neoplasm itself, and (2)

(1) This researcly was supported by grants from tle John A. Hartfoud
I'oundation, Ine., The U. 8. Atomic Energy Commission (AT (30-1)-3267).
and the U. 8. Public Health Service (CA-07368).

(2) Postdoctoral Fellow of the Harvard Medical Scliool.

(3) A. H. Soloway in ''Progress in Boron Chemistry,” Vol. 1, M. L.
MeCloskey and 1. Steinberg, Ed., Pergainon Press Inc., New Vork, N. Y.,
1464, pp 203-234.

by Incorporation of the compound itto the uuclelw
acids of the neoplasmi as o consequenice of tuinor
nmetabolisin. A nuclear site for a thermal ueutron
absorber, such as a boron-10 atom, may permit effective
disruption of tumor chromosomes by the radiation
procedure,

The chemical basis for the synthesis of such a struc-
ture is the fact that two cyelic derivatives ITa* and ITb®
containing this 1ing system have been described as
well as the preparation now of a third one, Ile. Though
a definitive proof of structure for ITa—c has as yet not

(4) A. H. Soloway, J. d». Chem. Soc., 82, 2442 (1960).
(5) M. J. 8. Dewar, Advances in Chemjstry Series, No. 12, IX. Niedenz,
1., Ameriean Clienical Society, Wasbington, 1. C,, 1864, p 241,



