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by some nonspecific poisoning effect of its gross struc-
ture.

In summary, we believe that these data indicate that
the irreversible inhibition of adenosine deaminase by
XII is not a random bimolecular process but proceeds
through an initial reversible E-I complex which is
dependent on the gross structure of the inhibitor. The
enzyme is then irreversibly inhibited by alkylation
within the E-I complex by the bromoacetamido moiety
of XII with the resultant formation of a relatively
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stable covalent bond between the enzyme and inhibitor.
The inhibitor which is covalently bound to the enzyme
may then exert its inhibitory effect on the enzymic
reaction by any one of a number of processes, e.g., the
enzyme-bound inhibitor may prevent, for steric reasons,
the approach of the substrate to the enzyme, or the
enzyme-bound inhibitor may cause a conformational
change in the enzyme with the result that there no
longer exists an attraction of the substrate to the
enzyme,
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Reactions of carbonyl-containing boron hydrides, 1,12-B;2H,o(CO): and 1,6-(CH;).8B,,HsCO, with amines, in
work directed toward the synthesis of boron cage compounds containing a nitrogen mustard moiety, have shown
the high polarizability of the carbonyl! group. This is demonstrated by infrared spectra, the nucleophilicity of

the carbony! oxygen, and the facile hydrolysis of amides and esters.

Synthesis of a nitrogen mustard containing

boron hydride was accomplished by acylation of the decahydrodecaborate anion.

Use of boron-10 neutron-capture therapy in the treat-
ment of brain tumors has been unsuccessful to date.?
Failure to a great extent has resulted from an inability
to incorporate a boron compound into the tumor with-
out concomitantly high levels in the surrounding tis-
sues, such as normal brain, muscle, and more especially
blood. To overcome these difficulties, the concept of
developing compounds which have two moieties: one,
a ‘handle” for incorporation into tumors, and two, a
neutron absorber, was tried,* but was without success.’
This approach has become more pertinent with the re-
cently described synthesis of stable boron hydride an-
ions, B1oH;22~ and BjoH 2 ~,% and the carboranes.” These
structures possess high boron percentages and, in view
of their chemical stability, it is highly possible that they
will not be extensively destroyed by the normal bio-
logical processes.?

Nitrogen mustards, RN(CH,;CH,Cl);, have a pro-
found effect on tumors and there is evidence of incor-
poration of certain mustards into brain tumors.® On
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this basis the synthesis of a nitrogen mustard containing
boron hydride anion was undertaken with the idea that
such a compound might concentrate preferentially in
brain tumor relative to other adjacent tissues, The re-
action!® of the carbonyl derivatives of these boron hy-
dride cage compounds with primary and secondary
amines and with ammonia itself occurs with the forma-
tion of ammonium salts of the corresponding carboxa-
mide derivatives of the cage anions, e.g., (NH,):BisHio-
(CONH,),. We have sought to apply this reaction to
bis(2-chloroethyl)amine with the thought of incorporat-
ing the mustard moiety into a boron hydride cage com-
pound.

Results and Discussion

B,;-Cage Compounds.—As a model for this reac-
tion, 1,12-B;,H4(CO),' was treated with diethylamine
in an acetonitrile solution. The expected amide deriva-
tiVe, [(CQH5)2NH2]2B12H10[CON(CQH5)2]2 (I), was ob-
tained. Such structures appeared to have a low order
of stability as shown by the cleavage of the amide link-
age by both cold aqueous sodium hydroxide and re-
fluxing ethanol. In the former case the sodium salt of
the carboxylic acid derivative of the cage anion was ob-
tained, and this was characterized as the triethylam-
monium, tetramethylammonium, and methyltriethyl-
phosphonium salts of the BpH;o(COOH);*~ anion
(ITa—c). In the latter case the carbethoxy derivative
of the cage anion was obtained, BpH,((COOC.H;).2—,
characterized as the diethylammoniuni, triethylam-
monium, and tetramethylammonium salts (IITa—c).

In contrast with the extreme lability of the amide
linkage, the product obtained by the reaction of BisHie-
(CO), with excess bis(2-chloroethyl)amine was sur-
prisingly stable. Instead of the expected 4 moles of
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amine to 1 mole of BypH(CO), only 2 moles were incor-
porated with a simultaneous climination of 2 moles of
HCL the produet having the empirical formula, ByH -
(COYe-2N(CeHY) CHLCL (TV). This compoaund  was
unaltered by treatmment with witer, refluxing aleohol,
or antiies.  In view of the base:eage ratio of 2 and its
highly unreactive nature, it appears lik(-l\' that the
compound iz an internal =alt of cither of the following
structures,

” CH, - }
( é ‘ Bl‘lHl() ﬁ;/ \("‘H: :
B.-_waTCOIl\J—CHz N"—CH, I
CH,CH.Cl LLH ,CHaCl J

A B

A definitive attempt at structure proof was incon-
clusive.  However, attempts to prepare compounds of
structure type —N TRy (A) resulted i unstable products.
Renetion of BuH(CO), with tricthylamine under an-
hydrous conditious gave a mixture of materials from
which no single stable produet could be isolated. This
is i marked contrast with the compound derived from
bis(2-chloroethyl)amine.  Also, reuctions of ethylen-
e with BieHe(CO). resulted in polymeric products
and agaim mdieated the instability of type A com-
pounds.  On this busis it would appear more likely
that the structure of the econmpound 1s B.

There is corroborative evidence of others, 1! that the
arbonyl function can assist in the nuclu)plnhc dis-
placement of leaviug groups such as halogens even with
thc formation of an oxazoline structure 3,11'1 as Is pro-
posed for IV. The high electron concentration about
the earbonyl group attached to both Bp- and By-eage
hydrides would minke such moteties extremely potent
nucleophiles and account for the ready elimination of a
halogen atomn by an anchimerie effect of the carbonyl
oxygen.  Mustard aimnides, however, tn whicl eleetron-
withdrawing groups are attached to the carbonyl func-
tion do not readily eliminate halogen. '

Additional evidence for the strong cleetron releasing
effect of the boron cage has appeared in the infrared
spectrn.’®  The compounds, reported here as well,
show a reduced earbonyl frequency, compared with the
normal absorption.  These values are as follows (in
cmr~t): I, 1600; 1la, 1670; IIb, 1625; Ile, 1640; IIIq,
1640; 11Ib, 1630; and I, 1645,

The over-al zequence is shown i Chart I helow and
the individual reactions are discussed in the Expert-
mental Section.

B,-Cage Compounds.—10o determine whether this
type of transformation was peculiar to By tyvpe of com-
pounds= or applied to cage compounds generally, 1,6-
((TII;;)-_\\,BIUHZ;(,(,)“ was  treated  with  bis(2-chloro-
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chimimation of CT and HBr,
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respectively, compounnds

properties, [t ix pre-
sumed that they have the following structures (Va and
).
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b,
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This 11 supported by analytieal evidenee and the fact
that as with BpHw(CO)z, (CHy):SB,HsCO under nu-
hydrous conditions gave ouly highly scnsitive mu-
tertals with tertiary amines sueh as pyridine and poly-
meric products upon reaction with ethyleninine.  How-
ever, on exposure to air, the pyridine salt of the corre-
sponding neid, C;H;NH(CHy):SBioHsCOOH (VI), was
obtained. Re wlion of the carbonyl compound with
excess niline did give the hydrolytically stable product
(‘(JI,NH;((‘I’I;)2SI§10H§;C()N—HC1(;H5 (\'II) ’Thiﬁ COl1-
pound, however, was rapidly cleaved hy aqueous cesinmn
chloride solution to give the corresponding acid salt,
Cs(CHy)«SBwHsCOOH (VIII).

The shift of the C==0 absorption in the infraved spee-
1, deseribed i the By series, was obtained for the By
compounds as well. The amide VIT (1540 e =Y ab-
sorbs well below the regular secondary amides™ and the
absorption of the actds VI (1640 cin—) and VIIT (1645
em™ Y occur at lower values than 1s obgerved for the
usaal organic carboxyl groups.'*  This substantiates
once again the strong clectron-relensing effect of the
boron cage.

Apparent fallure to produce n mustardliike boron liy-
dride fromt the foregoing reactions prompted a different,
approach m the syvnthetic scheme.  The acylation of
the boron hydride amions by acid chlorides has been
carried out recently. ¢ Conusequently, the acylation
of B! with a mustard-coutaining acid chloride,
such as p-bis(2-chlorocethyl)aminobenzoyl chloride, was
undertaken. The expeeted product was obtained and
characterized as its tetramethylannnonium derivative,
[(CH;)4N [:B1pH,COCH, N (CH,CH,Cl), (IX). Theul-
traviolet spectra of this compound showed an ab-
sorption at 319 mu in alkaline solution and 424 mp in
(lilnte acid. This unusual shift to longer wavelengths
in acid may be explained by the following structure for
the anion.

(16 WL L Kacals, O Miller, DOl lnaglaind, G WL Parsball, and 1o 1
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OH

BwHU(lj :©:N+ (CHZCH2C1)2 'Cl_

Under such conditions there could conceivably be
resonance interaction between the aromatic nucleus
and the boron cage and an absorption at longer wave-
lengths would be expected. It is of interest, if this hy-
pothesis is true, that in a competition between the
polarized carbouyl group and the tertiary aromatic
amine for the proton in an acid, the former appears to
be niore nucleophilic. Further work is needed to eluci-
date the precise nature of the changes which occur
under acidic and alkaline conditions, siice the com-
pound itself may be readily regenerated from such treat-
nmet.

Biological Results. —Ouly those compounds which
were hydrolytically stable were considered for bio-
logical evaluation. Of those, the following representa-
tive compounds were screened for possible incorpora-
tion into brain tumors in a manner which has been
previously described.” Conipounds IIIc and IX were

[(CH3):N]2B12H1o( COOC:Hs)»
IIIc

[(CH;):N1:B1HCOCH.N(CH.CH.Cl):
IX

Bu:Hio(CO)e- 2N(CH:CH,)CH,CH,Cl
IV

(CH;):8SB, HsCON(CH:.CH:)CH.CH.Cl
Va

extremely toxic. Doses of 9 ug of boron/g of mouse,
adniinistered intraperitoneally, produced severe cou-
vulsions and frequently caused death. Imiplicated at
least in part is the tetramethylamnionium ion. At-
tempts at isolating and crystallizing the sodium salts
were singularly unsuccessful. There were indications
that compound IX was incorporated to some extent in
the tumor, but the levels which could be administered
on a daily basis were so low as to preclude its usefulness.
Both conipounds IV and Va were well tolerated in doses
as high as 140 ug of boron/g. However, there was no
selective incorporation of either in the ependymoblas-
tonia used.

Experimental Section

Melting points were taken on Kofler microheating stage and
are reported as they were observed. Infrared spectra were de-
termined on a Perkin-Elmer Model 137 spectrometer. Analyses
were performed by Schwarzkopf Microanalytical Laboratories,
Woodside, N. Y.

Bis(diethylammonium) 1,12-Bis(N,N-diethylcarboxamido)-
decahydrododecaborate, [(C:H;):NH;].B12H,s[CON(C:Hs).], (I).
—To a stirred solution of 1 g (5.1 mmoles) of 1,12-B;,H;o(CO ),
in 45 ml of anhydrous acetonitrile was added dropwise at room
temperature 25 ml (243 mmoles) of diethylamine. A white
precipitate formed during the addition. The mixture was
filtered to give 2.1 g (849 ) of I, which after recrystallization from
acetonitrile-Diglyme melted at 225-226°,

Anal. Caled for CisHuBiN.O.: C, 44.26; H, 11.14; B,
26.58; N, 11.47. Found: C, 44.03; H, 11.02; B, 26.33; N,
11.09.

This same prodnct was obtained by the reaction of 0.20 g
(0.5 mmole) of Ila in refluxing acetonitrile with an excess of
diethylamine. After 15 min 0.15 g (679%) of I was obtained as
shown by melting point and infrared spectra.

Likewise, I11a was converted to I by a similar procedure.

(17) D. 8. Matteson, A, H. Soloway, D. W, Tomlinson, J. D. Campbell,
and G. A. Nixon, J. Med. Chem., T, 640 (1964).
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Bis(triethylammonium) 1,12-Dicarboxydecahydrododecabo-
rate, [(C.H;):NH].B.H,;(COOH), (IIa)—To a stirred solution
of 0.5 g (2.6 mmoles) of Bi2H,,(CO), in 50 ml of a 1:1 benzene-
acetonitrile mixture (exposed to the atmosphere) was added
dropwise at room temperature, 3.6 ml (26 mmoles) of triethyl-
amine in 10 m! of benzene. The mixture was stirred for 1 hr,
filtered, washed, and dried. The yield of the white precipitate
was 1 g (86.59%) which upon recrystallization from acetonitrile—
ethyl ether gave I1a with mp 173-176°.

Anal. Caled for CHuBLN,Os: C, 38.72; H, 10.21; B,
20.89; N, 6.45. Found: C, 38.61: H, 10.72; B, 29.40; N,
6.46.

Bis(methyltriphenylphosphonium) 1,12-Dicarboxydecahydro-
dodecaborate, [CH;(CiH;);P].B,:H,((COOH); (Il¢).—A solution
of 2 g (5.6 mmoles) of methyltriphenylphosphonium bromide in
3 ml of water was added dropwise with stirring to an aqueous (2
ml) solution of 0.1 g (0.5 mmole) of BiH,((CO).. A white
precipitate promptly formed, which was filtered, washed, and
dried. Upon recrystallization from water, the product melted
over the range of 235-240°.

Anal, Caled for CyHusB:0P.: C, 61.23; H, 6.16; B,
16.55; P, 7.90. Found: C, 61.05; H, 6.15; B, 16.30; P, 7.91.

The same product was formed by the reaction of bis(tetra-
methylammonium) 1,12-dicarboxydecahydrododecaborate (IIb)
with methyltriphenylphosphonium bromide. IIb was character-
ized in this manner, having been produced by the reaction of I
in an aqueous alkaline solution with tetramethylammonium
chloride.

Bis(diethylammonium) 1,12-Dicarbethoxydecahydrododecabo-
rate, [(C.H;).NH:];B;H;;(COOC;H;). (IIla).—Recrystallization
of I from ethanol gave white crystals, mp 226-228°, depressed
upon admixture with I (160-163°).

Anal, Caled for CuHuBN:Os; C, 38.72; H, 10.21; B,
20.89: N, 6.45. Found: C, 38.76; H, 10.26; B, 29.53; N,
6.17.

Bis(triethylammonium) 1,12-Dicarbethoxydecahydrododeca-
borate, [(Csz)aNH]zBuHm(COOCzHa)z (IIIb).—TO a solution
of 0.15 g (0.8 mmole) of B,yH;o(CO), in 10 ml of ethanol was
added with stirring 3 ml (2.3 mmoles) of triethylamine. White
needles formed after 1 hr. The product (0.25 g, 669,) was
filtered off and recrystallized from an ethanol-acetonitrile mix-
ture, mp 185-188°.

Anal. Caled for clsH52B12N2041 C, 4408, H, 1069, By
26.47: N, 5.69. Found: C, 44.27; H, 10.88; B, 26.02; N,
5.89.

The same product, as shown by infrared spectra and melting
point, was obtained by recrystallizing IIa from an ethanol-
triethylamine mixture.

Bis(tetramethylammonium) 1,12-Dicarbethoxydecahydrodo-
decaborate, [(CH;3):N]:B.:H;2(COOC;H;), (IIlc).—To a solution
of 0.2 g (0.5 mmole) of IIla in 4 ml of water was added at room
temperature an aqueous solution (2 ml) of 0.5 g (4.6 mmoles) of
tetramethylammonium chloride. After 5 min. 0 L g (509) of a
white crystalline product separated from solution, mp > 350°.
An analytical sample was prepared by recrystallizing the com-
pound from ethanol-water.

Anal. Caled for CiHuB1:N:O,: C, 38.72; H, 10.21: B, 29.89;
N, 6.45. Found: C, 38.15; H, 10.21; B, 29.38; N, 6.44,

The same compound was obtained by dissolving IIb in cold
ethanol or by treating either B2H,o(CO). or IIIb in ethanol with
tetramethylammonium chloride.

1,12-Bis(3-3-chloroethyloxazolin-2-yl )Jdodecaborane (10),
B.,H,[CON(C.H,)C-H,Cl]o(IV).—A {freshly prepared benzene
solution (100 ml) containing 42 mmoles of bis(2-chloroethyl)-
amine!’» was added dropwise at room temperature, under anhy-
drous conditions, to a stirred solution of 2 g (10.2 mmoles) of
Bi:Hio(CO), in 100 ml of acetonitrile. A white precipitate (6.8
g) formed at the end of the addition and proved to be a 1:2 mix-
ture of IV and bis(2-chloroethyl)amine hydrochtoride. This
product was triturated with water to remove bis(2-chloroethyl)-
amine hydrochloride and the residue upon reerystallization from
a mixture of acetonitrile—Monoglyme gave white plates of IV,
mp 287-288°,

Anal. Caled for CiH2B12CLN:O.: C, 29.50; H, 6.44; B,
31.89; Cl,17.42; N, 6.88. Found: C, 29.64; H, 6.58; B, 31.60;
Cl, 17.26; N, 6.61.

Reaction of IIIa with bis(2-chloroethyl)amine in a refluxing
benzene-acetonitrile mixture also yielded IV,

1-Dimethylsulfonium-6-(3-8-chloroethyloxazolin-2-yl)deca~
borane (8), (CHj;).SB,;H;CON(C;H,)C;H,Cl (Va).—A beuzene
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solution of 6 mmoles of bis(2-chloroethyl)amine was added at
room temperature under anhydrous conditions to n stirred 1nix-
ture of 0.6 g (2.9 mmoles) of 1,6-(CTL)8B,,[1CO in 4 ml of
acetonitrite. The precipitate was a 1:1 mixture of Va and Dbis-
(2-chloroethylamine hydrochloride.  After recry=tallization from
acetonitrile, Vi was obtained as a pure produet, mp 176-177°

dnals Caled for CiHpBWCINOR: C, 26,04 1, 7.0 B,
34.67; CL 11.36; N, 4.49; 5, 1025 Found: ¢, 26.76: 1,
7.04: B, 3473 CL 1124 N, 4363 8, 10.04.

1-Dimethylsulfonium-6-(oxazolin-2-yl )Jdecaborane 18;,
(CH;):SB,H;CON(C:H)H(Vb)——A  solution  coutaining 4.0
mmoles of 2-bramoethylamine i ethyl ether was prepared by
adding dropwise an ice-cold 50¢: NaOH solution to a =uspension
of 2-bromoethylamine hydrobromide i ethyl ether nt 0°, The
aqueons hiyver wias extracted several times with simnall portions
of ether; the ether layers were combined and dried (Na.SO;),
This freshly prepared solution was added with stirring to a solh-
{ion of 0.4 g (1.9 mmoles) of (CHy).SB HsCO in 10 ml of benzene
at room temperature under auhydrons conditions.  Au oily
solid began to separate shortly after the start of amine : addition.
After the wotal addition of the mmine and further <tirriug, (o
allow the reaction to go to completion, the =olid wax =eparated
by filtration,  This product was readily solnble in acetouitrile
aud w white crystalline material separated onr of =ohition npon
the addition of a benzene-petrolemmn ether (bp 30-60°) wixture
(0.55 g). The solid was 0 1:1 mixtnre of 2-bromoethylamine
hydrobromide and Vh, containing 1 mole of aceronitrile of solva-
tion.  This Intter componnd was separated from the mixtiure by
snecessive  recrystallizations  from acetonitrile, mp 2242257,
aud had no halogen present.

nal. Caled  for  CiHiwBuNOS-CHLCN: €, 2595 1,
7.64; B, 37.25; N, 9.65; 8, 11.04. Fouud: C, 20.01;
TR0; B, 3782 N, 0825 5, l()‘ﬁ’

Pyridinium 1-D1methylsulfomum 6-carboxyoctahydrodeca-
borate, C:H;:NH(CHj;).SB,;H;COOH (VI).--To a stirred =olution
of 0.3 g (2.5 munoles) of (CH3):SBHCO i 10 ml of beuzene,
exposed to the atmosphere, was added dropwise 4t room tempera-
ture 2 ml (25 mmoles) of pyridine in § ml of benzene.  Au oily
vellow preeipitate separated, which gradunlly solidified. The
product (0.7 g, 95%.) was filtered off and readily recrystallized
fronm acetonitrile, yielding white crystals, mp 142-144°.

Anal. Caled for CuHyBpNOGS: €, 3L.66; ., GOS8 B,
35.66; N, 4.62; %, 10.56. Found: . 3104 1L 7.02; B,
35.53: N, 4.62; 8, 10.20.

Anilinium 1-Dimethylsulfonium-6-carboxanilidooctahydro-
decaborate, (C¢H:NH;)(CH;).SB,;Hi\CONHC:H; (VII).-~A so-
hition of 4 il of aniline in 5 ml of benzene was added dropwisc
with stirring to a solutian of 0.5 ¢ 2.4 mmolex) of (CHys-
Bl [3CO in 10 ml of anhydrons benzene at room temperature.
After total addition and upon completion of the reaction, the
solvent was removed under rednced pressure.  The remaining
vellow oil was solible ln an ether-petrolenm ether mixenre aud
gradually  crystallized.  Recrvstallizadon from benzene gave
(L4 g (42¢4) of white crystals of VIL, wmp 154-159°.  Thix prod-
net was stable to hydrolytic conditious.

Hasvinger, A, H. Soroway,
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('esium 1-Dimethylsulfonium-6-carboxyoctahydrodecaborate,
Cs(CH3).SB.H.COOH (VIID).--To a satmated solution of @1
2 (0.3 umole) af VI in water was added |l of o cesimn ehlo-
ride =olition (0.6 g3 White needles hegiu to ~q;11 111 after 2
i and these were recerystallized from water, mp 25 °.

el Caded for CiHEBRCsOn3: () l(l I ll. 4240 By
(s, B7.500 S0 000, Fouud: ) 10470 L 4460 B
D Csy DO S, NN

The =mme prodoct was formed by the reaction of VI wiih
cesiim chloride.

Bis(tetramethylammonium) p-Bis(2-chloroethyl)aminoben-
zoylnonahydrodecaborate, [(CH;) N] BsHsCOC: HgN(CH CH.-
Chy (IXD).-- A solution of 435 g (15.53 mmoles) of p-bis(2-chloro-
ethylpuninobenzoyt chloride® in 13 ml of Monoghnme was added
dropwize (o a =tirred solntion of 22 nunoles of (10,0).Bulle?
i 15l of Monoglvine maintained av 0° iu an ice bath. The
=olution beeae decp red diriug addition, and after conpletion,
the mixire was altowed to warn gradnally to room temperatnre
overnight.  'This =olntion was then added to a stivred et hinolic
(45 mb) =olntion containing 10 g of tetramethytammoninm chlo-
ride,  Trurencled Bile?™ separated ant ax i1 tetramethylnn-
mouinm =alt (4.2 21 awd wax removed.  The orange fittrate was
nentralized with 45 ml of o 107 (etrmmethylunmouinm fiyv-
droxide sohition tthe color timed vellow) and concentratel
nndder reduced pressiure at room tempernture to vield 3.1 ¢ (3947
of e orange solid. Reervstallization from methanol alforded
velow-orange phites of TN, mp 175-180° dec.

G Caled Tor CpllpBeCLNGO: ) 44085 11 Nass: B,
QLIS CHOTass: N, R230 Vonud: €. 44750 11, 88T B,
20.66: CL B304, Noxou,

A dimethyvl sulfoxide adduet of IN was obtained by reerysial-
hizing the compomud from dimethyl snlfoxide-benzeue mixtures,
mp 165-170° dee.

deads Caled Tor Cally
Is37: Ol 12.04; :\', 7
N8O Boasan Lo

s BiC Co2.800 H 8T8 B,
13; Found: C, 42.45; L,
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