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Several B-(1-aziridinyl)propionate esters, 1,1’-acylaziridines of dibasic acids, (1-aziridinyl)formates, 8-(1-
aziridinyl)ethyl esters, and other ethylenimine derivatives have been prepared as possible cancer chemotherapeutic

compounds based on enzyme rationale.

The acylbisaziridines of dibasic acids are in general unstable.

In the

preparation of 1,1’-malonyl bisaziridine, only the compound from ring opening, malonic acid bis-(8-chloroethyl)-
diamide was obtained. The §-(1-aziridinyl)propionate ester of ethyleneglycol was found to be active in the

8-180, CA-755, and L-1210 systems.

biological activities of the compounds are discussed.

In order to take advantage of the known difference
in esterase activity in normal and neoplastic tissues,*?3
several series of compounds containing CICH.CH,S-
groups as the alkylating moiety have been prepared
and evaluated as possible cancer chemotherapeutic
agents.*® To extend this rationale, many ethyleni-
mine derivatives have also been prepared. This paper
reports the synthesis of these compounds together with
discussions of some of the interesting observations
made in the course of this work.

1,1'<(2,2-Dimethylpropylene)bis-aziridinyl formate was designed to simu-
late the well known muscle relaxant, 2-methyl-2-n-propyl-1,3-propanediol dicarbamate.

Infrared spectra and

hydrolyzed by esterase to §-(aziridinyl)alanine, & much
less toxic compound. The methyl ester (I) has been
prepared by the Michael addition of ethylenimine to
the acrylic esters, similar to the method used by
Bestian.®

The vinyl (II) and allyl (IIT) esters were made by a
slightly modified procedure. Attempts to add a second
molecule of ethylenimine to the double bond of the
alcohol moiety of these unsaturated esters have thus
far failed. When the reaction was carried out in the

Tasre 1

8~(1-AZIRIDINYL)PROPIONIC AcID ESTERS DNCH ,CH,COOR

Refractive Analyses
Com- index Yield, ~——Carbon——  Hydrogen —-Nitrogen-—
pound —R B.p, °C. (mm.) at n® % Formula Caled. Found Caled. Found Caled. Found
1 CH;, 63-65 (23) 1.4312%% 44,0 C¢H,;;NO: 55.82 55.96 8.58 8.70 10.84 10.85
II CH=CH, 56-64 (15-18) 1.4490%  52.0 C;H;;NO, 59.59 59.70 7.8 7.80 9.93 10.20
IIT CH.CH=CH, 105-106 (30) 1.448228  76.7 CeH;sNO; 61.91 61.84 8.44 8.50 9.03 9.01
v CHZCHzOCOCHQCH2N<l 145-147 (0.2) 1.4660% 38.3 CpHyoN:O, 56.23 56.49 7.87 7.93 10.93 10.89
Tasre 11
ACYLBISAZIRIDINES OF DiBasic Acips DNCORCON<]
Refractive Analy
Com- index Yield, ~—~—-Carbon——— —-Hydrogen-— ——Nitrogen——
pound ~—R M.p., °C. at n® % Formula Caled. Found Caled. Found Caled. Found
VI —CH,— unstable, characterized only by its derivative, see Experimental
VIII —CH.CH,— 7273 20.5 CsH12N20, 57.12 57.20 7.19 7.40 16.66 16.50
IX —(CH,);— 1.4921% 22.0 CyH;4N,0; 59.32 59.08 7.74 7.90 15.37 15.58

The B-(1-aziridinyl)propionate esters (Table I) con-
tain only one alkylating group. These compounds are

(1) This work was supported by Public Health Service Research Grant
CY-2530, from the National Cancer Institute, National Institutes of Health,
Bethesda 14, Md.

(2) A. M. Seligman, M. M. Nachlas, L. H. Manheimer, O. M. Friedman,
and G, Wolf, Ann. Surg., 180, 333 {1949).

(3) K. C. Tsou and A. M, Seligman, J, Am. Chem. Soc., 76, 3704 (1954).

(4} K. C. Tsou, H. C. F. Su, C. Segebarth, and U. Mirarchi, J. Ora.
Chem., 26, 4987 (1961).

(5) H. C. F. Su, C. Segebarth, and K. C. Tsou, ¢bid., 26, 4990 (1961).

presence of metallic sodium as a catalyst only a rubbery
polymer was obtained. Ethylene glycol di-3-(1-aziri-
dinyl)-propionate (IV) was prepared by the trans-
esterification of methyl g-(1-aziridinyl)propionate and
ethylene glycol. Several 1,1’-acylbisaziridines of di-
basic acids which are related to these compounds were
also prepared (Table II). Although synthesis of these

(6) H. Bestian, J. Heyna, A. Bauer, G. Ehlers, B. Hirsekonn, T. Jacobs,
W. Noll, W. Weibezahn, and F. Rémer, Ann. Chem., §66, 210 (1950).
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(1~AZIRIDINYL)FORMATES

Com-
pound Refractive
B.p., °C. M.op., index
> () o, at n®
N —<'H1('HUUCON'\‘ a3
N1 —(TH;('H;U(‘Hg('HgO(,‘ON\j 34,555
-
N1 — CHW(CHaCHOCONT 14661
s
CH
[ g
XTI @*('@“‘U('ON; 120 5-121
H; )
NIV mCHWH=(CH, 1851 (2.5) 1.4493%

compounds is relatively simple, their isolation and
purification were sometimes difficult. From the reac-
tion of malonyl chloride and ethylenimine, in the
presence of triethylamine, only the malonic acid bis-
N,N’-(8-chloroethyl)diamide (V) was isolated. Evi-
dently the intermediate 1,1’-malonyl bisaziridine (V1)
did form, but then underwent a ring opening reaction
with HCl. In addition to this substance, another
compound (VII) of formula, C;H;CIN.Os, m.p. 166~
167°, was isolated. The assignment of structure VII
to this compound remains tentative but there seems
little doubt about the stability of such an eight-
membered ring. The formation of VII from V can
take place via the bis-(dimalonyl)-N,N’-(8-chloroethyl)-
imide (VIIa) as follows

CHo(CONHCH,CH,Cl), H2COCh:,
\7
{/anQHﬁHmﬂ  CONCH:CH:CL
CH: co | CH. io
i | - !
O CH, | cg~ JCH
| N—CO N=C
| CH.CH.CI J CH: 0
Vila CHe
VIl

There are other possibilities, but structure VII has
the best support from the infrared spectrum of this
compound. A comparison of the infrared spectra of
VII and V showed a noticeable reduction in the methyl-
ene intensity (3.40 p) in VII together with the presence
of a methine (—CH= C—) band at 3.15 u, and a cyclic
ether band at 8.90 p. These data led us to assign the
bicyelic structure. A scale molecular model (Catalin)
was built, which further favored this assignment. In
the case of 1,1’-succinyl bisaziridine (VIII) the syn-
thesis was more successful, insofar as we could obtain
an analytically and spectrally pure sample. However,
after standing at —10° for two days, it polymerized
completely. The 1,17-glutaryl bisaziridine (IX) was
obtained as a heavy colorless oil.

The l-aziridinyl formates (Table II1I) are slightly
more stable than the acylaziridines. Their relation to
the urethanes, a known class of cancer chemotherapeu-
tic compounds, makes them an interesting series to
compare. They were obtained by a standard procedure
of treating the corresponding chloroformates with
ethylenimine in the presence of triethylamine. Puri-
fication of these compounds was achieved by low tem-

Vol 6
BN
™NCOOR
s Analyseseee e — s
Yield, ~Clarbons ~~=Hydrogen-- - Nitrogen-
e Formula Caled. Tound Caled. Found Caled. Found
L0 CoH N2 O 18,01 17.32 6,04 [ e 1400 TEoan
300 CipllisN2Os S [ 660 672 Thoas 1L
824 CreHis N2Oy R SRS 5460 Rt 710 1i.on 11.50
G2 CarHeaN20a 6381 G886 03 G019 V.ond T.71
T4.4 CeHaNO: St 68 3687 7oLt 7.0%8 11,02 1006
perature crystallization. Most of the l-aziridiny.

formates can be stored under refrigeration for monthsl
They react quite readily with p-nitrobenzylpyridine,
a reagent which we have used to test other alkvlating
agents.

Aunother type of bifunctional ethyleninine conpounds
that can be hydrolyzed by the esterase are dibasic acid
esters of (l-aziridinyl) methanol (XV) and g-(1-
aziridinyljethanol (XVI). Only the lower members
of the aliphatic dicarboxylic acids are of interest be-
cause it is generally aecepted that separation of the
two alkylating groups over too long a chain is undesir-
able (e.g., methanesulfonates, CH;SO3;(CH,),SO,CHs,
n = 6 18 less active than n = 4). B-{1-Aziridinyl)-
cthanol is readily prepared by reaction of equimolar
quantities of ethylenimine and ethylene oxide at 0°.
Sinece our work was completed (l-aziridinyl)methanol
has been reported by Kostyanovskii,” who prepared it
by the reaction of ethylenimine and formaldehyde in
ether or benzene solution. When we carried out the
reaction with paraformaldeliyde the purification was
difficult and there was obtained also a high boiling
fraction, h.p. 68-68.57 (0.05 mm.). It was identified
as bis-(1-aziridinyl)methane (XVII). Because of the
instability  of the {(l-aziridinyl)methanol, only (1-
aziridinyDethanol was used.  Model compounds such
as  g-(l-aziridinyl)ethyl acetate (XIX), propilonate
(XX), and butyrate (NXI) were prepared. However,
the preparation of the malonate and succinate esters
has not been successful. Condensations of glutaral-
dehyde with ethylenimine gave 1,53-bis-(1-aziridinyl)-
1,3-pentanediol (XVIII). The physical constants and
analyses of the compounds are summarized in Tables
IVand V.

All compounds synthesized were screened for anti-
tumor activity. Tt suffices to mention here that many
of them show some activity in one of the S-180, Ca-755.
and [-1210 tumor sereening systems. Compound IV
was active in all three primary screening systems and
Walker 256 (Table VI). Compound XII was prepared
because of its structural resemblance to the well
known musele relaxant, 2-methyl-2-n-propyl-1,3-pro-
panediol dicarbamate. This empirical structure-ac-
tivity correlation was indicated by the screening results
where the tumor bearing rats treated with this com-
pound appeared more relaxed than rats treated with
the other analogs. It does show promising activity in
the Dunning Leukemia system (Table VII).

{7y R. (. Kostvanovskii, Dokl. Akad. Nauk SSSR, 135, 833 (1960!.
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TasLE IV
MiSCELLANEOUS BIFUNCTIONAL 1-AZIRIDINYL DERIVATIVES
Re-
fractive Analyses
Com- B.p., °C. M.p., index Yield, ~—-Carbon— . —~Hydrogen— .~ Nitrogen—
pound Structures (mm.) °C. at n° A Formula Caled. Found Caled. Found Caled. Found
XV DNCHzOH 49-50 (5) 146880 20.5 CsHiNO
XVI [>NCHQCH20H 9-71 (16) 1.4531% 21.6 C4HsNO 55.1¢ 54.96 10.42 10.42 16.08 15.97
XVIL (>NCH2N<J 77-78 0.1) 1.48962 11.9  CsHuN: 28.54 28.32
XVIII DN CHOHCHZCHchchOHN<] 105.5-106 23.1 CoHuN:0; 58.02 58.08 9.74 9.66 15.02 15.00
TaBLE V
B-(1-AZIRIDINYL)ETHYL EsTERS DNCHZCHZOCOR
Refractive Analyse
Com- B.p., °C. index Yield, ~——-Carbon~—-— —-Hydrogen—— ——=Nitrogen—
pound —R (mm.) at n° % Formula Caled. Found Caled. Found Caled. Found
XIX CHa- 51-52(5) 1.4307%.5 41 .4 CeH;NO, 55.79 55.84 8.58 8.64 10.85 10.85
XX C.H; 63 (5) 1.432822 24 .4 CH;:NO:  58.72 58.52 9.15 9.28 9.78 9.82
XXI (CH,).CH, 70(4) 1.435522 44.0 CsHisNO, 61.12 61.16 9.62 9.61 8.91 8.80
The infrared spectra of the compounds were compared TasLE VII

and revealed some useful bands for the characteri-

ization of aziridine compounds. Hoffman,

Evans, and Glocklert have studied the spectra of

TasLE VI

ANTITUMOR AcTIVITY OF ETHYLENE
D1-8-(1-AZIRIDINYL )PROPIONATE (IV)*"

[>NC HzCHzCOOCHZCHZOOCCchHzNﬂ

Tumor wt.,

Dose, Sur- Wt. change, (days)
Tumor mg./kg. vivors test/control test/control T/C
S-180 27. 3/6 -5.0/-2.5 333/1077 0.31
27. 4/6 —-3.2/-1.6 441/874 0.50
18. 6/6 —2.4/1.4 225/621 0.36
13.5 6/6 —4.0/2.9 210/602 0.34
12, 6/6 —4.0/-2.5 650/1077 0.60
8. 6/6 —2.8/-2.5 475/1077 0.44
Ca-755 16. 4/10 —3.1/0.0 288/936 Toxic
8. 8/10 —2.0/0.6 269/777 0.34
L-1210 24. 6/6 —4.3/-0.6 (12.0/7.5) 1.60
16. 6/6 -3.5/—0.6 (12.0/7.5) 1.60
10.6 6/6 —2.5/—-0.6 (12.7/7.5) 1.69
7.1 6/6 —-1.4/—-0.6 (11.3/7.5) 1.50
Wa-256 41. 5/6 3.0/43.0 0.1/5.2 0.00
20. 6/6 13.0/43.0 1.3/5.2 0.25
10. 6/6 24.0/43.0 3.3/5.2 0.63
5. 6/6 37.0/43.0 3.1/5.2 0.59

@ Screening results obtained through the generous cooperation
of the Cancer Chemotherapy National Service Center (CONSC).
” The testing procedures for $-180, Ca-755, and L-1210 were de-
scribed in Cancer Res., 20, 734 (1960).

ethylenimine and N-methylethylenimine and have
assigned two bands at 8.25 and 11.5 x to ring defor-
mation vibrations. These bands were also ohserved
with 1,1’-bisaziridine® and were used to confirm the

(8) H.T. Hoffman, G. E. Evans, and G. Glockler, J. Am. Chem. Soc., 78,
3028 (1951).
(9) A.F. Graefe and R. E, Meyer, 7bid., 80, 3939 (1958).

ANTITUMOR AcTIvITY OF 1,1'-(2,2-DIMETHYLPROPYLENE )-
BISAZIDIRINYL ForMATE (XII)* oNn DUNNING LEUKEMIA

DNCOzCHQC(CHahCHgOCONQ

Survival

Dose, Sur- Wt. change, time,

mg./kg. vivors test/control test/control T/C
30 2/6 —-7.0/22.0 17.5/12.6 Toxic
20 2/2 3.0/9.0 19.5/13.5 1.44
15 6/6 12.0/22.0 15.3/12.6 1.22
10 3/4 4.0/13.0 15.6/12.8 1.22
5 2/2 1.0/9.0 18.0/13.5 1.33
2.5 2/2 8.0/9.0 14.5/13.5 1.07

? Screening results obtained through the generous cooperation
of CCNSC. The testing procedures have been adequately de-
scribed in Cancer Res., 20, 734 (1960), and ibid., 22, 221 (1962).

structure of this compound. In the spectra of our
aziridine compounds we found these bands to be very
inconsistent and unsuitable for characterization of this
ring system. A more reliable characterization of
aziridine derivatives can be made by the use of the
fundamental vibration frequency of the C—H bond
in the 3.25 u region combined with the CH, deformation
frequency in the 6.75 u region. An additional band
with weak to medium intensity was frequently found
in the 6 u region. Since highly strained rings give rise
to CH valency vibrations with higher frequencies and
lowered intensities, all our aziridine derivatives absorb
without exception in the narrow range of 3.23 to
3.28 u. This band is of medium to weak intensity
but always distinct and sharp. A second absorption
in the 3.32 to 3.36 u range is a weak band and is
assigned, in the presence of strong normal strain-free
—CH,—, as the unsaturated aliphatic =CH band.
Often it is recognized only as shoulder if not completely
masked. Thus, based on the compounds we have
examined, the following assignments to aziridine deriv-
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atives was appropriate: (a) 3.23-3.28 4 (medium
intensity, sharp); (b) 3.32-3.36 u (weak, often as
shoulder only); (e} 5.95-6.20 » (medium weak, of
variable shape); (d)} 6.80-6.85 x (medium).

Experimental

Methyl B-(1-Aziridinyl)propionate (I).—Ethvlenimine (50
ml.) was added to a solution of methy!l acrylate (150 ml.) in 200
ml. of methanol with slight cooling over a 5-min. period. The
mixture was then left standing at room temperature for 3 days.
After removal of the excess methyl acrylate and unreacted
ethylenimine, the ester {29 g.) was obtained by distillation in
vacuo.

Vinyl g-(l-Aziridinyljpropionate (Ilj,-—Ethylenimine (21.5 g.,
0.5 mole) in 70 ml. of benzene was added over 1 hr. to a solution
of vinyl acrylate (45 g., 0.5 mole) in 250 ml. of benzene, under
nitrogen atmosphere. The mixture was stirred at 25° for 4
hr., followed by the addition of 10 mg. each of sodium methylate
and hydroquinone. The solution was then concentrated and dis-
tilled in vacuo to obtain II.

Allyl g-(1-Aziridinyl)propionate (III).—To allyl acrylate (112
£., 1 mole), ethylenimine [50 ml. (41.6 g., 0.967 mole)] was added
portionwise with external cooling. After standing for 2 days at
room temperature, the solution was distilled in vaeuo. The
ester I1I (115.1 g.) was collected ut 30 mum.

Ethylene Di-g-(1-aziridinyl)propionate (IV).—Ethylene glycol
(15.4 g., 0.25 mole) was mixed with I (64.5 g., 0.5 mole) together
with 0.2 g. of sodium methylate and was stirred at room tempera-
ture for 3 days. The solution was distilled under slightly re-
duced pressure to remove the methanol formed; IV (24.5 g.)
was obtained by high vacuum distillation.

Attempted Preparation of 1,1’-Malonyl Bisaziridine (VIj.—
Malonyl! chloride (35.25 g., 0.25 mole) in 75 ml. of benzene was
added dropwise with stirring to & cooled solution of ethylenimine
(22.5 g., 0.525 mole) and triethylamine (80 ml.) in 200 ml. of
benzene. After complete addition, the mixture was stirred at
25° for 2.5 hr. and then filtered. The solid was dissolved in o
small quantity of water which was then extracted continuously
with ether-methylene chloride (6:1) for 4 days. The extract
was concentrated and recrystallized from methanol to give 3.3
g. of pale yellow crystals of malonyl N,N’-di-(8-chloroethyl)-
amide (V), m.p. 142-143°,

Anal. Caled. for C;H CLN:0:: €, 37.02; H, 533; N,
12.33; C1,31.22. Found:z C, 37.8; H, 5.4; N, 11.9; Cl, 30.7.

The filtrate was evaporated to dryness. The residue (6 g.),
wus recrystallized from methanol to furnish vellow crystals,
n.p. 166-167° (VII),

Anal. Caled. for CiHuCIN.Oy: €, 46.43; H, 4.28; N,
10.83; €1, 13.71. Found: C, 46.9; H, 4.3: N, 10.60; Cl,
13.6.

1,1'-Succinyl Bisaziridine (VIII).—Succinyl chloride (12 g.,
0.077 mole) in 200 ml of benzene was added dropwise to a
solution of ethylenimine (10 g., 0.23 mole) and triethylamine
(36 ml.) in 20 ml. of benzene at —35 to 0°. After stirring at
room temperature overnight, it was filtered to remove the precipi-
tated triethylamine hydrochloride. The filtrate was concen-
trated in vacuo and the residual oil was recrystallized from
methanol to yield 2.7 g. of white crystals.

1,1’-Glutaryl Bisaziridine (IX).—A solution of glutaryl chloride
(8.45 g., 0.05 mole) in 75 ml. of ether was added to a solution of
ethylenimine (4.3 g., 0.1 mole) and triethylamine (10.1 g., 0.1
mole) in 100 ml. of ether at 0°, After stirring at this tempera-
ture {or 1 hr., it was allowed to stand at 5-10° overnight. After
removal of precipitated triethylamine hydrochloride, the solu-
tion was concentrated to about 20 ml. in volume. It was cooled
to below —50° while a white precipitate separated. It was
dried on the porous plate cooled over Dry Ice. The solid was
then placed in the beaker (melted again) and dried further over
P:Os in a vacuum desiccator at 5-10°. The heavy oil was puri-
fied by dissolving in anhydrous ether and filtering to remove the
insoluble polymer. The ethereal solution was concentrated to
give a heavy colorless oil (2 g.) (XII), n2p 1.4921.

Ethylene Bis(l-aziridinyl)formate (X).1*—Ethylene bischloro-

(10) Melting points and boiling points are corrected. Analyses by Dr.
4, M. Nagy, Microchemical Laboratory, Belmont, Massachusetts.

(11) The assistance of Dr. C. Segebarth in the preparation of these two
compounds is acknowledged.

Vol. 6

formate (13.75 g., 0.0735 mole) in 20 ml. of benzene was added 10
solution of ethylenimine (6.32 g., 0.147 mole) and triethylamine
(25 g., 0.247 mole) in 50 ml. of benzene at —10°,  After stirring
at this temperature for 1.5 hr., the mixture was allowed to wurm
up to 0° gradually and then filtered. The filtrate wus concen-
trated under reduced pressure, then under high vacuum with
slight warming. The residual oil, which solidified on standing,
was recrystallized from ethanol to give white crystals,?

Diethyleneglycel Bis-(l1-aziridinyl)formate (XI).!'-- When di-
ethylene glycol chloroformate was used in place of ethylene bis-
chloroformuate in the procedure described as above. NI was ob-
tained as white crystals.

1,1'-(2,2-Dimethylpropylene)bisaziridinyl Formate :XII,.
Neupenty! glveol bis-chloroformate (22 g., 0.1 moley in 100 il
benzene was added to a stirred solution of ethylenimine (8.6
g., 0.2 mole) and triethyvlamine (30 ml.) in 200 ml of benzene af
=35 to =109 After stirring at room temperature for 3 hr., it
was filtered, The filtrate was concentrated in vacuo.  The resid-
ual oil was extracted with warm (30-40°) heptane and the hep-
tane extract was cooled at —70°. The white precipitate which
formed was collected on a pre-cooled funnel, wushed rapidiy with
cooled (—30°) petroleunt ether and transferred to a beaker.
It melted into a heavy oil at room temperature.  After deyving
over PyOy i1 vacuo, XII(20 g.) was obtained.

‘‘Bisphenol-A" Bis-(1-aziridinyl)formate (XIII}.~2,2-1)1-¢;~
hydroxyphenylipropane bis-chloroformate (16.35 g., 0.046 mole:
in 150 ml. benzene was added to an ice-cooled solution of ethyl-
enimine (4.3 g., 0.1 mole) and triethylamine (30 ml) in 100 mil,
of benzene. The misxture was stirred at room temperature for
2 hr.  After removal of triethylamine hydrochloride, the filtrate
was concentrated to dryness under vacuum. The residue was
recrystallized {rom benzene-methanol to obtain 10 g. of NIII
with m.p. 120.5--121° (lit.'2 m.p. 117 °).

Allyl 1-Aziridinyl Formate (XIV).—Allyl chloroformate 24,1
g., 0.2 mole) in 100 ml of benzene was added slowly to u solution
of ethylenimine {4.57 g., 0.106 mole) and triethylamine (30 ml.)
in 200 ml. of benzene. After standing overnight at 0-5°, the
precipitate wius removed by filtration, The filtrate was concen-
trated in vacuwo to the smallest volume. The residual oil was
distilled to yield colorless vily XIV.

3-(1-Aziridinyljethanol (XVI.—Ethviene oxide wax bubbled
into pre-cooled ethyvlenimine (43 g., 1 mole) until 1 mole (41 g
of the oxide wus absorbed. 'The mixture was stirred at 0-3°
for 2 days. The temperature was then allowed to rise gradually
to 20°, The solution was distilled (n vacuo and after recovery
of unreacted ethylenimine, XVI wus collected.

(1-Aziridinyl)methanol (XV: and Bis-(1-aziridinyl)methane
(XVII.—Ethylenimine (50 g., 1.16 mole) in 130 ml. of ether was
added to a suspension of paraformaldehyde (30 g., 0.333 mole)
in 100 ml. of ether at 20-25°, The mixture was stirred over-
night at this temperature, then concentrated and distilled under
vacuuni. The product (XV) (15 g was obtained at b.op.
49-50° (H mun.) with »20 14088, [t was unstable, and
polymerized very readily on standing at 10°. “T'he structure was
identified from its infrared spectrum. On further distillation,
XVIT (11.7 g.) was obtained at b.p, 77-78° {0.1 mm. ).

1,5-Bis-(1-aziridinyl;-1,5-pentanediol (XVI). —Glutaralde-
hyde(100 ml of 2597 aqueous solution) was saturated with sodium
chloride and then extracted twice with 200 ml. portions of
ether. The ethereal extract was dried over anhydrous magnesium
sulfate overnight. After removal of the solid, the ether solution
was cooled te 0-5° and ethylenimine (20.1 g.. 0.67 mole) was
added, Afterstirring at this temperature for 30 min., the precipi-
tate was collected, washed thoroughly with ether, and dried
inoeacuo to give .20 g of pare XV,

3-11-Aziridinyliethyl Acetate (XIX:.- A mixture of NVI 348
2., 0.4 mole), ethyl acetate (100 ml.), and sodiuny methoxide
(0.5 g.) wus heated on & water bath at 80-90° and distilled ut
150~155 mm. to remove excess ethyl acetate and the ethanol
which formed. Then the liquid was distilled at 5 mm. to collect
a mixture of XI1X and unreacted XVI. This distillate mixture
was dissolved in 120 ml. of ether and washed 5 times with 40
ml. portions of saturated salt solution, then water. The ether
solution was dried and concentrated. The product (XIX) was
ohtained by distillation in vacuo.

{12) While this manuscript was in preparaticn, there came to our atten-
tion a paper by Y. Iwakura, M. Sakamoto, and H. Yasuda {Nippon Kagaku
Zasshi, 82, 806 (1061): Chem. Abstr., 56, 8534 (1962)] in which they re-
norted the prepuration of this compound, m.p. 57-58°.
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B-(1-Azirdiinyl)ethyl Propionate (XX).—When methyl pro-
pionate was used in place of ethyl acetate in the procedure as de-
seribed under XIX, XX was obtained.

g-(1-Aziridinyl)ethyl n-Butyrate (XXI).—Methyl n-butyrate
was used instead of ethyl acetate in the synthesis of XIX; the

N,N-B1s(2-CHLOROETHYL)-DL~-PHENYLALANINE HYDROCHLORIDE 439

butyrate was obtained as a colorless oil.

Acknowledgment.—The authors wish to thank Mr.
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spectra.
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The conversion of methyl pL-phenylalanate (IV) to the a-mustard (III) of pi-phenylalanine is described.
Reaction of methyl pi-phenylalanate with ethylene oxide gave 3-benzyl-4-(2-hydroxyethyl)morpholin-2-one.

This reacted with ammonia to give 2-{bis(2-hydroxyethyl)amino]-3-phenylpropionamide.
Neither the e-mustard nor the morpholine mustard (VII)

lowed by acid hydrolysis gave the e-mustard (I1I).

Chlorination fol-

exhibited significant antitumor activity against Walker 256 Sarcoma, Sarcoma 180, Adenocarcinoma 755, and
Leukemia 1-1210. 2-[Bis(2-chloroethyl)}amino-3-phenylpropionamide was inactive against Walker 256 Sarcoma.

A biological rationale has been proposed? to account
for the differences in antitumor activity of the clinically
interesting nitrogen mustards, p-phenylalanine mustard
(I)® and chlorambucil (II),* against a variety of trans-
planted tumors in mice. Briefly, it was suggested?
that, in those systems where I was active and II was
inactive, the mustard (I) fit an enzyme site normally

(CICHzCHz)zNQCHZC‘HCOzH

NH.
@CHz?HCOzH

(ClCHzCH2)2N©(0H2)3C02H
N(CH,CH,CI),

I1 1901

I

occupied by vr-phenylalanine primarily by attach-
ment through its amino and its carboxyl groups; on
the other hand, in the Walker 256 sarcoma, which is
affected by both I and II, only attachment of the alkyl-
ating agent through its carboxyl group was required.
It was of interest to prepare the related compound I1I
and to compare its antitumor activity with that of I
and IT as a test of the above hypothesis. However, it
is possible that the difference in bulk and basicity of
the bis (2-chloroethyl)amino group may obscure these
comparisons. The a-mustard III is also of interest for
comparison with the a-mustards of glycine and pr-
alanine which Izumi® prepared and found to be more
hydrophilic and less toxic than the simple nitrogen
mustards like HN2. The synthesis of III, the first
reported a-bis(2-chloroethyl)amino type of mustard of

(1) This work was carried out under the auspices of the Cancer Chemo-
therapy National Service Center, National Cancer Institute, National In-
stitutes of Health, Public Health Service, Contract No. SA-43-ph-1892.
The opinions expressed in this paper are those of the authors and are not
necessarily those of the Cancer Chemotherapy National Service Center.

(2) H. F. Gram, C. W. Mosher, and B. R. Baker, J. Am. Chem. Soc., 81,
3103 (1959).

(3) F. Bergel, V. C. E. Burnop, and J. A. Stock, J. Chem. Soc., 1223
(1955); F. BergelandJ. A. Stock, tbid., 2409 (1954); L. F. Larinov, Lancet,
269, 169 (1955).

(4) J. L. Everett, J. J. Roberts, and W. C. J. Ross, J. Ckem. Soc., 2386
(1953).

(5) M. Izumi, Chem. Pharm. Bull. (Tokyo), 3, 275 (1954).

an aromatic amino acid, is the subject of this manu-
script.

Reaction of ethylene oxide with methyl brL-phenyl-
alanate (IV) in methanol gave the morpholone (VI)
as a liquid that was characterized as the crystalline p-
nitrobenzoate. Treatment of VI with alcoholic po-
tassium hydroxide afforded the crystalline potassium
salt (VIII) that recyclized to the morpholone (VI) on
acidification. Ammonolysis of VI in liquid ammonia
gave an excellent yield of the crystalline amide IX,
which could also be obtained by the reaction of the
amide V with ethylene oxide. The action of thionyl
chloride on IX afforded the crystalline mustard amide
(X) as the hydrochloride. Hydrolysis of X with 6 N
hydrochloric acid at 85° for 4 hr. gave the hydrochlo-
ride of the e-aminomustard (III), which melts over
a broad range, in a state of analytical purity. All at-
tempts to recrystallize I1I failed, perhaps because of
its tendency to lose hydrogen chloride. Thus, at-
tempts to dry the hydrochloride of III 7n vacuo at 56°
for 45 hours yielded essentially the morpholone (VII)
hydrochloride. The free base III could apparently be
formed by washing a chloroform solution of the hydro-
chloride of III with water but it slowly eyclized to the
hydrochloride of VII in the chloroform solution. For
comparison, the N-hydroxyethyl morpholone (VI) was
converted to the morpholone (VII) hydrochloride with
thionyl chloride.

A number of unsuccessful routes to IIT were explored.
Thus, the Strecker synthesis utilizing bis(2-chloro-
ethyl)amine, cyanide ion, and the bisulfite addition
product of phenylacetaldehyde failed to give the nitrile
precursor of III. This. method, successful in the gly-
cine and alanine mustard synthesis of Izumi,® was un-
successful when applied to the synthesis of higher homo-
logs here and elsewhere.®

Izumi® also successfully condensed chloroacetic acid
with diethanolamine to yield N,N-bis(2-hydroxyethyl)-
glycine, the precursor of glycine mustard. In our
hands, the condensation of diethanolamine with the

(8) The work of M. Ishidate, Y. Sakurai, and I, Aiko, 4bid., 8, 732 (1960),
became available to us after we had tried the same reaction.



