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Chepter 19

CHEMICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS
By William I, Stein *

INTRODUCTION

UE PRYSIOLOGICAL EFPECTs of a chemien! agent.
T are n consequenee of chemien! reastions in
whirh the agent participates in the body. A knowl-
edge of the nature of these reactions, thercfore,
shonld he of assistanee in elucidating the physiologi-
eal mechanism of the action of the war gnees, In the
ense of the sulfur and nitrogen mustands, the work on
physiologieal mechanism was undertaken primarily
in the hope that the information thus gained would
be of aeixtance in the design of mensaires to proteet
perunnel ¢ xposed to vesicants, and would also he of
aid in the formulation of a rational therapy for vesi-
eant. castaltios,

In more concrete terms, it wax hoped that a sub-
stance might be found whirh powesad the desisable
properties as an antisulfur or antinitrogen mustard
which have been demonstrated for 2,3-dimereapto-
propanol (BAL) us an antiamenical (wee Chapter 7).
The hiochemical approach which led to the discovery
of BAL in England prior to the .ntey of the United
States into World War I has, thercfore, greatly in-
flueneed the work on the sulfur and nitrogen mus-
tandy, It may be stated at the outset, however, that
thix approach hus not met with suceess, No antisulfur
or antinitrogen mustand, in the sense that BAL ixan
antinreenical, has been found. Morvover, on the busis
of present knowledge, it appears unlikely that one
will be found, Bofore it Yiepme posibile to draw this
essentintly negative coftclusion, however, much work
on all napeets of physiologieal meehanism was re-
quired.

The inveatigntions to be summarized in this chap-
tor have demonsteated that the sulfur and nitrogen
mustards are potetst and relatively nonspeeitie alky-
Iating agents. In aqueonz solutions, under physio-
loggienl conditions of pil and temperature, they are
esvable of 1 acting with a vast number of functional
groups residing in a host of compaands whose in-
tegrity ix vital to the cconomy of the living coll,
Among the groups with which the vesicants may re-
act are rulfhydrel gronps, enrboxyl groups, primary,

< AN the Rorkefellr Institat~ for Medieal Renearch, New
York.

19.1

secondary, and tertinee slivhatie amino groups,
heteroeyelic nitrogen aioms (ax in imidazale, proline,
or pyridine), sulfide groups, and organic and inor-
gunice phosphate compounds. The derivatives thua
formed are, in almost every ease, exceedingly stuble
compounds.  Henee, under conditions compatible
with eelf life there appears to be little chanes to offeet.
removal of the forcign residue this introduced, This
situation i very different from that found to hold
for the anenicals,

Before an attempt ean be mude o elacidate the
complex reactions undergone by the vesicants in eion,
it is necemary to have information on the general
chemical reactions undergone by these substances in
simpler in vitro systems, This chapter, therefine, will
he concerned exclusively with a deseription of these
general chemieal reactions, with particular emphasis
on reactions involving compounds of biologieal in-
terest. Since water is an important constitucht of
hiologi~al systems, much attention will be diree.ed
to the transformations undergone by the sulfur and
nitrogen mustards in water. Inaddition, it is geperally
believed that many of the effeets of vesicunts are o
conseqience of the reactions of thewe agents with
timue ensymes and proteins, This phase of the sub-
jeot will be treeted in Chapters 21 and 23, However,
the reactions of the vesieants with amino aclds and
peptides, which should cast :vitch light on the more
complex reactions with proteing, will be examined in
some dotail in this chapter,

192 CHEMICAL REACTIONS OF
] NITROGEN MUSTARDS
19.2.1 Transformations in Water

The transformations undergone by methyl-bin-
(8-chlorocthyamine (HN2) in aqueons solution are
given in Figure 1. The sequence of reactions given in
the seheme in supported hy three types of experi-
mental evidence, namely, (1) kinotie studios in dilate
solutions (ap to about 0.01.M)144* (2) unalytical
studies of the reactions undergone by 1IN2 in aque-
ous bicarbonate solation (pil 8) and in unbuffered
aqivus solution,s 1e.0.27a.. 4 22 3.%.8.6.4 4y (3) juo-
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300 CHEMIGAL REACTIONS OF SULFUR ANB NITROGEN MUSTARDS
“nena ("ll. action of the ethylenimonium forms of 1IN2 with
cif,N” FNCHLCTQr  thiomifate and the use of the thiomuliate titer av an
N | PN index of ethylenimonium formation is discused be-
CitenQ i "'|L ‘l"z low. Conclusive evidence for the formation of 1 is
N2 | FTRETT furnished by ita isolation an o ervatalline it of
", ; S picrvisulfonic acid from solutionn of 1IN2 ngeel for
o '{;/ dite +NCHAULT 30 minutes at pll 8.5 The picrylslfonate was identi-
SN CHl, fied by its clementary composition anil thiosulfute
cHenQ titer,
)
m . Tamez 1. Hydmlysis of methyl-bis{g-chloroethybumine
e (|'"s (UIN2) in bientbemnte solution$
/.‘ HCHON $NCHAHON Coneentention of reactants per milliliter: 0.02 mM of
CILN —_ AN : JIN2-1C, 0.02 mM_of NaOM, 0.08 mM of Nal(O,.
»Y ! (.",/ e, Temperatare, 25 C; pil 8,
CHLNLN ! | SR SR s = O
N — o C lierted 11 Heated conettzned
' . . in 10 min per
+NCHACHON Time mM nﬂl\2 mM uf ll\2 (C- = )y mMof 1IN2
CHLON (I." min mequiv mequiv. - mequiv mequiv
. —————— 3
+/ 20 0.045 0.08% 0.8 1.13
CHN-—('H, b a0 1.20 0.14 1.08 1.08
NI 20 131 0.2 |.$ 1.00
CH. —— 240 1.50 048 1. 054
’ ononon 420 1.85 085 1.00 0.82
nm + 1,200 1.83 0.99 0.84 028
—  CH.N 4,32 190 e s 0.08*
N
lb CHLHON CHLON * Thin vater repavents the thiolfate consemed it 1 howr,
Vd
CH.N — CH, As hydrolysis in bicarhonate proceeds, there is
\(‘ll IO (L" olwerved a slow fiberetivn of additiona! H+ nml‘(}l".
! The liberation of greater amounts of Cl- than of H+
an CH.NCHLCHON is evidence for the fermation of compounds contain-
vy

Fiavre 1. Trmndormations of methyl-bis(g-chlormethyl)-
amine (HN?2) in anter.

Iation in erystalline formm of the suceessive trans-
formution products of HN2 and a study of their
Prope: ties 33.0.3.30.8-8.30.8 The kinetic studies are
Jetailed in Chapter 20, «'\ercas the other evidence
i prosented helow,

When HIN2 reacts with water at pH 8 (biearhonate
buffer) it goe: into solution rapidly with the tibera-
tion of nearly 1 equiv of CI- and the appearanee of
negligibly small amounts of Ht (Table 1).8 1t will be
noted from Figure 1324 that this is the result to
be expreted on formation of the 1-methyl-1-(8-chlo-
rocthyDethylenimonium ion (I). The evelization of
N2 ix & speeial ense of the conversion of chloro-

alkylnmines into heteporyelic compmmds Addis

tional evidence for the myml and nearly qmmmahw
emversion of N2 to the ethylenimoniem form is
provided hy the data given in Table 1 on the thio-
sulfate eomsumption of the solution. The eapid re- -

ing quaternary nitrogea atoms. The difference be-
tween the values for C1- and H* liberted represents
the amount of quaternary nitrogen present. It will
1 » noted from Table 1 that the thiosulfate titer has
deeronsed markedly after 20 bours without an equive
alent diminution in the smount of quaternary nitro-
gen. This finding indieatex that a portion of the
intermediates  haviag ethylenimonium rings and
chloroothy! groups have been converted into qua-
ternary nitrogen compounds which do not react with
thiosulfate under these conditions,

At the end of 3 dayx neasly the theorelieal amount
of C1 had been libernted, and the 1-hour thiosulfate
titer was very low, Fram stich an aged solution the
products isolated as piervlalfonates were methyl-
dicthaneolamine (1) in the amount of 55 per eent aivd
the dihydrmy rwln' compongssd, N,N’«limethyl-
\,.\"-bog(p-hyclnm,\wh,\'hmmmzmmm slt, in the
amount of 24 per cent® ‘The dichloroeyelie dimer,
\,.\’ «limethyl.) ',.\"-b:x(ﬁ-rhlonmthvl)|npt mgininm
- valt (V), is not formed in apprecinhle amounts in the
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presence of hicarbonate, but, ns will be shown later,
is o muior produet. of the renetion of HIN2 in un-
buffered solution. The two piperazinium derivatives
V and V1, have also been svnthesized.?

The use of thiom:lfate ns a reagent for ethyleni-
monium  compounds was suggesied by obrervi-
tions %% on the renctivity of solutions of IIN2 with
thiosulfate. The kinetiex of the reaction have been
studied,'” and the product (Bunte salt) isolated. it
will be noted from Table 1 that the quaternary nitro-
gen content of the solution (C1- = 11+) does not
change greatly during the transformations of HIN2.
‘This quaternary nitrogen may be either in the form
of the imonium ions 1 and 111, or the compounds V,
VY, or V1 A study of the isolated products has re-
vealed that these two types of compounds can be
distinguished by their reactivities towand thio=ul-
fate. Thus, 1 and 111 renet vory rapidly with thio-
sulfute, consuming 1 equiv within 10 minutes.® In
the case of 1, the reaction proceeds further, the re-
mairing B-chloroethyl group eyvelizges, and a second
equivalent of thiosulfate is consumed within the suc-
eceding 110 minutes. Compounds V, VI, and VII do
not consume thiosulfate within 24 hours at 2503
The chlorohydrin (11) alko reacts with thioxulfate,
presumably with prior eyeliz stion to 111, 0.06 equiv
heing eomsumed in 10 minutes. Consequently, the
10-minute thiosulfate titer of an aged soludon of
HN2 would measure part of the chlorohydrin in
addition to the imonium ions present. In aged bi-
carbonate solutions of HHN2, the amount of chloro-
hydrin present st a given time must he amail, how-
ever, and the 10-minute thiosulfate titer wiil give a
sufficiently accurate mearure of the imoninm ion

concentration. s will he shown lLuter, the same situ-
ation is not met in aged unbuffered solutions of 1EN2.

Additional evidenee for the validity of the scheme
given in Figure | was provided by a stwdy of the
properties of the various compounds given in the
scheme, all of which have been isolated. Thus, the
imonium ion (D, the isolation of which wax men-
tioned above, when subjected to hydrolysis in aque-
ous hicarbonate gave analytieal figuren (Table 2%
compatible with the mechanism (Figure 1), The
products of the hydrolysis of T were isolnted s
picrylsulfonates and found to be the lincar com-
pound (VII), and the cyelic compound (V1).8 It will
be noted in Figure 1 that the «'w-hzutum of HIN2 to
form the imonium jon (I) ix written as a seversible
reactiond#.2 BEvidence for the validity of this con-
cept i poovided by the kinetie studies reported in
Chapter 20, and by experiments with the isolated
picrylaulionate of 1. It has been found that, after
treatment of the latter with dilute HCH for 20 hours
at 25 ¢, HN2 picrylsulfonate is formed and ean be
isolated from the reaction mixture$

The chlarohydrin,methyl-g-chlorvethyl-g-hydroxy-
ethylsmine (1), has been isolated trom aged unbuf-
fered solutione of HN2 as a salt of picrylsulfonic
acid 4% The chlorohydrin has also been synthe-
sized.’st* On hydrolysis in aqueous bicarbonate solu-
tion the analytics) data (Table 2) indicate that 11 is
transformed according to the reaction sequences
given in Figure 1. From the hydrolysate the 1-
methyl-1-(8-hydroxyethy)ethylenimonium ion (111),
and the eyvelic compound (VI) have been isolated as
picrvlsulfonates.®

The hydrolysis of the picrvisilfonate of 111 was

Tamz 2. Hydrolysix of transformation products of methyl-bis(8-chlorocthylmmine (HN2) in bienrhonate

solution.®

Concentrntion of rere “huta per milliliter: 0,02 mM of prershaulfonate of 1, 11, or 1 0.08 mM of Nal1(0O,,

Tvm;wmmrr 25(', IR (tmlml othetrwise numl)

e s e e e

1 Inl-nm-:l per m\l

ll liberated per mM
"ne

\a,"k()a nmmmu-«l in 10 min per mM

Time ] n I it
min m equis mequiv mequiv mequiv mequiv m ﬂmiv m ﬂmiv m equiv
20 0.00 0.62 0.3) 0.08 .. .07 0.89 v
60 0.27 0.R9 0.4 0.03 n.12 0.2 0.90 081
20 0.4 vee 0.7 . . n.R4 - .
" cee 0.m . 014 0.2 eee 0.8 0.6
210 0.8 119 054
120 0.4 1.37 0.29
L2006 007 1.02 168 0.46 ne7 0.0 0.36 0.0
2.4 1.03 B 0.0n

¢ Cotrevtend o 110 arming friem guery loglfonse ackd The was fogmd to e § m equr ger M of 1T pices bwfonate,

1 The tate of dsapen-aranee of 111 an the cxje-nnent ajgenss 1o le swne ragid then 10 the cane of the sging of the chlowohsitean (306 T the Ivteer o garic
ment e ntinl pll nas T3 2wl tine 100 B 2 after 0 hemrs, ahrteas in the exgrriment sith §15 the smial pll wns 8 § uoed sime 000 BT after 200 fomgra. The
brmer inrtexl p00 on the chbmedidin cxponiment sma, . 11 clirr. exgdam the grenter geriots nev o 118 in the speed hbimwedicdrin o dutsem,
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392 CHEWICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS

also studied (Table 2). The data indicated that 111
was trunsformed into VIT and methykdiethanolamine
in 20 hours. Both sulmtanceex were inolated from the
hydrolysate ax piervisulfonates, the amount of VI
corresponding to 63 per cont of the theoretical maxi-
num. Compound V1 wax not obtained.®

It should be pointed out that, after hydrolyss of
1IN2, the relutive amounts of the various end prod-
uets given in Figure 1 will vary depending upon the
concentration of HN2 employed. In very dilute solu-
tions hydrolysix to methyldiethanolamine predom-
inntes (Chapter 200, Ax the coneentrution of 1IN2 ix
rained, however, forination of compounds such as V,
VI, or VI ix inerenwesd, and hydrolysis is reduced.

The posible use of the nitrogen n, stards as water
contaminantx made it imperative to stody in some
detail the reactions of these eompounds in unbaffered
neueorn sofution b1180.27.60 2.8, 4 Pyetjoninrly wis
this the cawe since it had been found that, upon
rtanding at room temperature for 48 hours or longer,
1 per cont agucons solutions of N2 exhibited o
nenrotoxic action upon administration to experi-
mental animipls 27 b2

The aging of 1 per cent agqueons solutions of 1IN2
wax foliowed by determination of H* and C1- libern-
tion and thisulfate titers. The solutions reached o
stopdy state in from 48 72 hours, and the toxieity
remained unaltered over a period of weeks Ss.»2.2%.%
The compoxition of 1 per eont solutions of HN2 aged
for 48 houmn was studiend, and it was found, by tre-
tionation of picmtes,® that the solutions contained
25 prr cent of the dimer (V), 15 per evnt of un-
changed HINZ, and 35 per cont of the chlorohydrin
(11). Later these figurex were amended to 25 per cont
of V, 20 per cent of unchanged HN2, 35 per cont of
the chlorohydrin (11), wnd 20 per cent of methyl-
diethanolamine.® 8 The vhues for the last two com-
nounds were ised on analvtical rather than isolation
dita. It was found, however, that piervisulfonie acid
wana better reagent than pictie acid tor the isolation
of the components of aged solutions of HIN2; cleaner
separations amd mueh highor total vields were ol

tnined.  Accordingly, the piervisulfonate isolation
procedure was applied to the following 18-hour aged
solutions of HIN2:2 % (1) 4 1 per cent solution of the
free boase, (2) o 1 per cent solution of the buse con-
taining { equiv of NaCl (from neutralization of
HN2-HCD, and (3), a 1.50 per cont (.10 M) solu-
tion of the base containing 1 equiv of Na('l. The
results of these experiments are given in Table 3.1
It will be noted that the presence of NaCland or an
increase in initinl concentrations of 1IN2 leads to an
incrense in the amount of the dimer V, and a de-
cremse in the extent of hydrolysis. ‘The amount of
unchanged 11N2 remains fairly constant.

Prior to the isolation procedure, the aged solutions
were analyzed for C- and H ¢ liberated, and 2-hour
thissulfate titer. A comparison of the analytieal and
i=olation data (Table ) should reveal changes in
the composition of the aged solutions produced by
the experimental procedures incident to the isola-
tions, The data in Table 4 indieate that all of the
earbon-bound chlorine hus heen accounted for, but
that there remains unneconunted for some quaternury
¥ reyen containing materind which renets with thio-
sulfate. Thix material ix probably the imonium jon
(11). Some methyldicthanolamine alwo has probuebly
encaperd inolation,

From the reault.: given above, it would appear that
the compasition of 48-hour aged solutions of HIN2 ix
known within nurrow limits. Tae toxicity of such
solutions 1any be aseribed to the presence of the
chlorohydrin (1), unchanged HN2, and posibly also
to a small amount of the imonium jon (111)8:1s.1337
For the deeontamination of water supplies, therefore,
procedures <hould be direeted to the removal or de-
struetion of these substancoes,

Studies similar to thase given in detail for HN2
have ulso been performed on several other members
of the nitrogen mustand series (for kinetie studies sce
Chapter 20). They niay be summariged briefly as fol-
lows: In the case of ethylbis(chloroethyhamine
(HND), the same series of renction: given in Figure 1
have been found to oceur S tis85e 1t ix noteworthy,

Components iolated
Methyldi-
Coneententinn Ihehlormevelie  Chlorhiydrin ethnnol- Unehinnged
of 11N2, Nt dimer(V), (n, amine (1V), HiNe, Totnl
pereent pereent pereent per cent e pereent
1 Abeent 22 R 2 1 9
t Privent an 449 3 @ €
e Prosent 4 39 0.3 L] m3a
® ®
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eulated from solntion dita given in Table 3.)

T 4. Annlysin of $8hour aged solutions of methylbis(d-chloractkyamine (HN2).42 (Values in parenthess are eul-

Nangidd, comte
Conevntration Ct-liberated  Carbon-bound C1 1 liberated Quateriney N sumedin 2hm
of HN2, Na(1 permM {IN2 permM HN2 permM HN2 wr - permM 12
per cent mequiv mequiv menuiv ~ mequiv mequiv *
1 Abwent 1.00 1.00 0.96 0.34 0.87
(0.84) oa) {0.62) (0.22) (0.80)
1 Prenent 0. o 0.64 035 073
(0.90) (0.98) (0.55) (0.3 ((\Xi7p]
1.508 Prenent 1.00 1.00 0.54 0.4 [{X1X)
(0.84) (0.9%) (0.40) (0.44) (0.55)

however, that N1 appears to form dimeric prud-
ucts, analogous to Voor VI, much less readily than
doex [IN2.8:1%.8 The following transformation prod-
uets have heen isolnted from aged solutions of TENE,
and their chemienl and toxicologieal propecties in-
vostignted  (see Chapter 22): L-ethyl-1-(8-chlor-
ethylhethylenimonium picrylsulfonate,* ethyl-g-chlo-
rocthyl-g-hydroxyethylamine  pierylsulfonat~$ - 1-
ethyl-1-(8-hydroxyerhylethylenimonium pierylsul-
fonate$ The dimerie corapound, N,N’«liethyl-N,N’-
bis(B-chlorocthyhpiperazinium  dichloride, hax not
heen obtained after hydrolysis of 1INT in water, but
has heen iolated from aged methanolic solutions of
HINL® Formation of the dimer is noticeably stower
in the ense of 1IN than in the ense of 1IN2.8
The renctions in warer of other homolgs of HN2:
have also heen studied, although not in so great de-
tail (+ve Chapter 20). ‘The behavior of the n-propyl
and isapropy] compoutds has heen found to resemble
HINT mther than N2 Thus, both compoursis
show httle if any tendeney to form dimerie prodiets,
N, N’ li-n-propyl- N, N’-bix (B-chlorocthyDpiperazi-
ninm dichloride hux been isolated from aged metha-
nolie solutions of r-propyl-bix(B-chlorocthyl)amine,
but the corresponding isowupvl conponnd could not
be induced to dimerize under these conditions.®
The trandormations undergone by frix(B-chloro-
ethyDamine (1IN3) in water have been studied in
detaildveamhe e This sibstanee differs from 1IN2
and its homologe in that it posesses a markedly
lower solubility in water. Qualitatively. however,
1IN3 behavex in n manner annlogous to JIN1, with
the exeeption that three imonium iona are formed
miccessively from the three gchloroethyl groups.
The hirst imeninm form, 1, 1-5ixg-chlorocthyDethyl-
cenimonium ion, ix extremely reactive, vndergoing
hvdrolysis or reaction with other groups (e.g., thio-
aulfate) very rupidiy. 7 45.€ For this reason, the sub-
sianee hax net heen isodated. Hs formation has been

extablished on the busis of kinetie (sce Chapter 200
and analytical studies.® The following transformation
products of IIN3 have been inolated, and their chemi-
el and toxicoiogicsl properties studied (aee Chap-
ter 23): bin(8-chloroothyl)-g-hydroxyethylamine pice
rvisulfonatr b 1-g-chlorvethyl-1-8-hydroxyethylethe
vienimonium picrylsulfonate, bix(g-hydroxyethyl)-
d-chloroethylamine pivrvlsulfenate * and pierate,®
1, 1-bin(B-hyddroxyethylethylenimonium pierylsulion-
ated and tricthanolamine picrylsulfonate® Two
evelie products have also been obtained in low vield.
Thewe are the dimer of HN3, N,N,N’,N tetrakix(8-
chloroothyl)pipemsinium  dichloride # (synthesix),”
and .\',.\"-bin(ﬁ-vhlamwth_\'l)ﬂ,!\"-bin(ﬂ-hytlmx,\'-
othypinemsiniun,  diprerybmifonate? Like 1IN,
howeser, HN3 shows little tendeney to form dimeric
products, the preponderant reactions heing those of
hedrolysing In unbuffered solution the hydrolysis of
1IN3 slows down and attains a stendy state in 18-
72 hours ™=@ The priacipal product in mich an
wizedd soluation, as revenled by wnalytienl and inoln-
tion dain, i bin(g-chlorocthyl)-g-hydroxyethyln-
minet e althaugin bix(@-hydroxyethyl)-g-hloro-
ethylamine has alwo heen ixslated as a picrate.®

1922  Reactions of g-Chloroethyl

Groups with Compoundr. of Biachemical

Interest

As will he shown in this section, the nitrogen mus-
tards are eapable of combining with s wide variety of
chemienl groupinge. In every ease in which a reaction
has been investignted in detail, however, it has heen
found that cyciisation to the imonium form must
oceur ax the fist step. Consequently, when state-
ments are made in the following pages concerning the
reactivity of the nitrogen mustandy, it is always as-
sumed that it ix the imonium form of the vesiennt
which i actually involved in any reaction. Support
for thix ascampltion comes from kinetie stilies of the
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394 CHEMICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS

reaction of the nitrogen mustards with jons such ax
thimulfate, thiocyanate, alaninecarboxylate (sco
Chapter 20). Additional evidence confirming thix
view wax obtained by o study of the reaction of 1IN2
with the amino groun of alanine, glutamic acid, and
glyevigiveine,d It was found that in the reaction with
alanine, no amino nitrogen disappeans until after the
first eqquivalent of (1= has heen liberated. The rate of
the appearanee of (1= is unafected by the presence
of sinnine. The formation of 1+, however, coincides
with the di.appearanee of amino groups and is faster
in the presenee of alunine than in its absence. Moree
over, it hux been xhown that alanine and a number of
other submtancen incrense the mate of the disappenr-
ance of both imonium forms of HIN2$

Tt hax beea feund that the nitrogen mustards react
rerdily with the baxie nitrogen atoms in & wide vari-
ety of compounds. Thug, reaction has been noted
with the primary amine groups of amino acids and
peptidex? with the secondary and tertiary wmino
groups of aliphatic amines,$** and with the nitrogen
atom of eyelic ami o6 b

The reaction of the nittogen mustands (1IN,
HIN2, and 1IN3) with i(he amino groups of amino
acids and peptides wax studied by determining the
extent of the dinppearance of amine nitrogen witiy
the aid of the Van Styke nitrous acid method.® The
following smino acids and peptides were investi-
aated: glyeine, olanine, sorine, threonine, giutamic
wwid, lysine, arginine, histidine, g-alwine, phenyl-
alunine, tryptophane, methionine, und glyeviglyeine;
tyrosineamide acetate and henzovliyyine amide (for
HN2 only): leueylglyeine and leueyiglveviglycine
(for HINT and 1IN2 only). It wax found that tee
three nitrogen mustands react rewdily with the amino
groups of almost all the -ubstances examined, the
extent of the renetion b hg inerensed at mote alkn.
line pil values. At pi 8, the renctivity of the three
nitrogen muntards was about the sume. Under the
conditions employed, between 0.35 and 0.50 equiv
of the amino group reacted per equivalent of the
B-hloroethyl group. The amino group of peptides
wns somevhat more reactive than that of simple
amino acids. From these experiments it was also con-
cluded that the nitrogen mustands react readily with
the imidazole nitrogen of histidine, and that 1IN3
reacts with the sulfide sailfur of methionine (see
p. 396). M pll 8, Lowever, the nitrogen vesicants do
not appear to react with the phenolic hydroxyl of
tyrine or the irdole nitrogen of tryptophane

The prcduct of the rezetion of HN2 with phenst-

alanine at pl¥ 9.5 wan isolated and found to have the

struetute VIS
(.'()()Il

CHCHNHCHCHLCM,

4
CHLN

AN
CHCHN ll(|'llL‘ll;(’.!lg

COOt
i
In the reaction of alanine with HIN2 at plf 8, how-
ever, the product was believed to have the structure

IX®

CHAH,
+/ +
cu.(l'llsncn,cn,.\" NCHCHNHCHCH,
N ]
~ Vd
COOH | “engen; | COOH
H, CH,
{axy

The compound was not isolated, but its constitution
was surmised on the basis of analytical data (H* and
1= liveration, disappewscanes of amino vitrogen, and
thiosultate commption) obtained in the coure of
the reaction.

The ability of a given nitrogen mustard to react
with secondary or tertinry alipbatic amines, or with
cyelic amines, was measired by one or hoth of two
methads, In one methad, the thiosulfate motaod,**
the amine and the nitrogen mustand were held in
aqueaus solution and the unreacted nitrogen mustard
dotermined by thisulfate titration at any desired
time interval. In the second method,® the nitrogen
mustand, together with alunine and the sccondary,
tertinry, or ~velic amine under investigntion, was
allowed to reaet in aqueous solution at pH 8 for 24
hours. At the end of this time the extent of the disup-
pearance of alanine aming nitrogen was mensred
and compared with the rexult obtained when the
amine under investigation was absent. If the amine
being investigated reacted with the nitrogen mustand,
the amount of the latter available for reaction with
slanine would be Jdeereased and the extert of the dis-
appearanee of amino nitrogen wonld e reduced,
Thus, the reaction between a nitrogen mustard and
alanine was used to deterinine whether the nitrogen
mustard reacted with o given mibstanee, and further
to obtain an estimate of the mte of this renetion rela-
tive to the mte of the reaction of the nitrogen mus-
tard with alanine. This second mothod, calld the
competition method, i< similar in principle to the
one wwed in studying the chemiend renctions of 11.2%
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of HN3, the products of the reaction with sodium ac-

4 It was found that tertiary amines, both aliphatic
9 and eyclie, react more completely with the nitrogen  etyliehydrophenylalanine and sdium acetyldehy- @
9 3 muntands than do seeomdary or primary amines?™  drophenylalanyliehydrophenylalanine have been iso- > b
, In the aliphatie series the introduetion on the nitroe  Inted and found to be teiaeyl dorivatives of tifotha- : ’
: gen of two or more alkyl groups larger than methyl  nolumine® The resetion productsof TINGS with acotate i .
interferen markedly with the reaction.®* The replace-  and hippurate have not been isolated, bin the extent, : @
ment of one methyl group by an ethanol or acetic  of exterification (25 per cont, under the conditions, :
acid rudienl doex a0t inhibit the reaction?™ The  employed) has been determined by saponifiention .
product of the reaction of 1IN2 with methyklictha-  equivalent.? For 1IN and HN2 it has been found [
nolamine wax isolated and found to have the strue-  that reaction with earboxyl groups does not oeeur wo »
3 ture X.3-1s readily, nor are the reaction products so stuble as in
HOCILCH, CHANOH the cane of HN3. Thus, kinetic studien bave shown
! N+ +/ that the find ethylenimonium ion derived from HN2
NCHLCHNCHCHLN reacts with propiovate in agqueous solution at plt
HOCHACH, l \(-",(-mm 7.2 The resulting ester of methyldicthunolamine
1, ity on, win found to be unstable, however, saponifying with [ ]
: X such rapidity that little or no ester could be deteeted
: In the cyelic worien, wovernl substances of great re. 0 the reaction mixture after 24 hourn. The earbonie
: 3 activity were encountered.?™ The maost reactive coms aril mfr - m'?"“'v evens mare unsable in difute
i : pounds appeared to he those containing two or more aqueotts solution. ' Such esters are fom\fd and hydro-
] . N lyzed at a rate much greater than the direct hydroly-
; F nitrogen atoms separuted by methylene groups, such L R
E . . six of the imonium ion of HN2. In effect, therefore, »
g ax dicthylene totramethviene tetramine and hexa- these carboxvlate i talvse the hvdrotveis of the ;
5 methylene tetramine. The main product of the re. | 0re CATDOXY te tons ? vae | "‘" YIS . b
4 action of N2 with hoxamethylene tetramine in  imonium iona.' It may be mentioned that no saponi- :
® I water was found to be X1.2% finhle exters could be detected after 18-24 hours :
¢ i - ] ! when HNT or HN2 were allowed to react with sodium
3 ; ('l('lh('lt,.,\('m( H-N(CH(N ) aretate or sodium hippurate.® In eompetition experi- !
Cl, ments with alanine as the reference subwtance, no » ]
(b evidence for reaction of acetate with N2 was found $
. . . e ee g It appeared, however, that hippumate reacted
é th:m'\“ri'«'l':'n:-"i‘m‘l‘;‘m;:l' :;:""v‘:';;':o“;ﬁ':“"‘ ":":::‘::T: lightly, and that earhobenzoxyglutamic ueid ond
5 o P b an ovidon Py e ;“' o carhobenzoxyaspartic arid reacted appreciably, with
: tances mich as pyridoxine, nicotinie acid, and nieo- i 4 g 0001t or cnsox it seems probable that it ix -
N hnamuk.n:aft N'adl.ly “?th the nitrogen mustands to the y-carboxy] of glutamic acid and the S-carboxy! >
} :"““ l;.;'{'"zil““l:n dt'ﬂ\'}!'h\’w_"l.’hf-mmmflmtfc f«'""“: of aspartic acid which are involved. In contenst to
oore bears ot e o sivtiline or nicotinic 8640 11N, earbobensoxylutamic acid does it compete
XII, where R represents cither the pyridine nng or 1 *ith alaninc for reaction with HN1. The re.
i the Soen thoryprridine groups p K ailts summarised above make it appear probable
% : VP g that the onder of reactivity of the nitrogen mustards )
y: CH, toward caraxyl growps is: 1HIN3 > 1HIN2 > 1IN .
f HOCH 5(.":\.(," ,(‘Il,;"!t Th(:n- in atandant evidence to .indiei\\o that all of :
2 i the nitrogen mustands react readily with sulthydryl
H . sroups$=2 The reactions of HNT, HNZ, and HN3
It should be noted as well that the nitrogen mus-  with thiomlfate have reecivedd particular atten-
f tands react readiiy with the imino nitrogen of proline,  tion.$-'*3% (For the kineties of the reaction, see Chap-
§ ¥ and with the imildazoke nitrogen of acctylhistidine  ter 20.) The reactions of HN1, HN2, and 1IN3 with
i f and imidnzoled Renction with thinmin, adenoine,  thioeullate proceed s rapidly that even in dilute ’
. adenylie acid, anwerine, ennnine, and saredne hae wtution the imonium fons combine quantitatively
B alse: heen olwerved 3:3% with thioslfate and hydrolysis is spprosed. Refers
; i Evidence has been obtained that the nitrogen mus — ones- to the high reactivit ¥ of thinsulfate has afready
3 + tards enn renet with enthoxyl groups* In the cave  been made (p. 391,. HX1 and HN2 combine with
S
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AN CHEMICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS

2 equiv, and 1IN3 with 3 equiv of thiosulfate. The
product of the reaction, the Bunte walit, has been
imolated in each case.d The hehavior of thiocvanate
is qualitatively similar to that of thiosulfate.'* The
nitrogen muxtands alvo react very readily with the
sulfhydryl groups of evsteine, glutathione, and
bis(B-mereaptocthyl) sulfide® The product of the
reartion between HN2 and evsteine was molated and
found to be the bis-Rcvxteinyl derivative.® With
potasium toluencthiolfonate, HN2 gives the cor-
rexponding bis-thimulfonate ester.®

Ax a rosult of studies with free amino acids, it was
stated on p. 384 that TIN3 reacts with the sulfur of
methionine, However, the evidenee concorning the
rev ivity of HND and HIN2 towand methionine
miltur is equivoral.® On the other hand, by utilizing
the competition methad, it could be shown definitely
that all three of the nitrogen mustards conabined
«ith the milfur of thimdiglveol, presumably with the
formation of a sulfonium salt.® The nitrogen mus-
tunds also react with inorgunie sulfides, polysulfides,
and bisulfite ¢3¢ '

In view of the importance of phosphate and phos-
phorvlated compounds to the cconomy of the livimg
eoll, it ix of interest that the ni.rogen mustards have
heen found to react with hoth inorganic and organit
phosphates 82 The extent of the renction was meag-
ured by determination of inorgatie phosphate =t
and by the “lanine competition methud 2 The fol-
lowing compounds vere found to react with 1IN2:
Nl POy, NauPytk, sdium glveerophosphate, frue-
tore-l- and  fructoe-ti-phosphate, glucose-3- and
ghiconeG-phosg.hate, evtidine diphosphate, and sle-
noeine  triphosphate.  Theophylline gluceside and
derexyribone were inactive,

When one of the g-chlormethiyl groups of a nitro-
gen mustard reacts with . given functional group, #
in to be expeeted that the chemical nature of the
gooup which ix introduced into the nitrogen mustard
will influence the reactivity of the second chloroethyl
group. The validity of this sopposition was supported
by experiments with monosulstituted derivatives of
HNT and HIN23 2 The derivatives were prepared by
allowing the chlorocthylethylenimonium picrylsul-
fomate of HN'1 or IN2 to react in acetone solution
with the dexired compound. The produets were iso-
Iated an picrviulfonates. The following monosubmti-
tuted dericatives were examined: the pyridine and
methykliethanolamine derivatives of 1HN1 and HN2,
and the nicotinie acid, hexamethylene tetmmine, angl
thiediglyeol derivatives of HN2. It was found that

the monosubstituted derivatives of both Ny and
HN2 reacted more stowly with aqueons thissulfate
than did the corresponding chlorohydrins. Morcover,
the HN1 derivatives consumed thiosulfate more
mpitlly than did the corresponding HIN2 derivatives,
It wan alw found that during hydeolysis, €1 wan
liverated more slowly from the monosubstituted
HN2 derivatives than wag the case with 1IN2
chiorohydrin,

On the basix of the work summarised in thisaeetion
it is apparent that the aitrogen mustands ean react
with a wide variety of coll constituenta, The reactive
ity of thene vesicants with amino gronpw, sulfhydeyl
groupe, enrhoxyl groupe, sulfide groups, and iméd-
agole gronp« indicntes that the nitrogen mustads
in vivo may attack free amino ackls, peptides, and
proteins fincluding, of coune, enzymes and hor-
mones) in & sumher of waya, The vexdennts may alwo
renet With ementind coongymoes smich s nicotinumide,
pyridoxine, and thinmin. The ability of the nitrogen
mustands to combine with organic and iterganie
phosphate is of biochemienl interest and pointx to the
poibifity that the vesieants wmoy interfore with
normal ceflular activity not only by combining with
coll catalysts but by reacting with exsentinl sub-
strutes ax well, Reneticn with enrboxyl groups eotld
also operate ir this manner. It shoult be mentioned
that nucleie acids contain both phosphate snd amino
groups, and henee these substances also may be acted
upon by the nitrogen mustands,

In view of the wide rnge of chemienl groups which
nmay enter into combination with the nitrogen mus-
tandy, it ix not mrprising that these sibstanees are
potent eell puisons, Morcover, on the basis of current.
knowledge it wonkl appear that the nature of the
chemical linkagex formed is such that cleavage of the
vesicant residue under conditions compatible with
cell life wems unlikely. Although systematie investi-
gtioms of the stability of numerons nitrogen mustand
derivatives are Incking, no indications of instahility
hiive heen reported, with the exeeption of a few of the
esters referred t above, The stability of the eom-
pounds not speeifically investigated may be inferned
by analogy from the nature of the linkages invoived,

1923 N Oxides of Nitrogen Mustards

The nitrogen mustands are rupidly oxidized by
peracids in aqueous solution at wenkly alkaline pll
values.® In acid solation the oxidation is much slower.
Al the produets of the renctions, the N oxides of
HN1, HIN2, and HN3, have boen isoluted as their
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hydrochlorides.® The high vield obtained (78-85 ner
cent) indicates that oxidation of the nitrogen” ntom
proceeds mich more mapidly than does hydrolvsis of
the g-chloroethyl groups. The stability of the g-chlo-
roethyl groups of the N oxides was investigated by
menmiring the liheration of H+ and (1~ and the con-
sumption of thimilfate in bicarbonate solution It
was foamdd that bhoth HIN2 and HN3 N oxides libemte
C1- and 11+ and consume thioulfate, HN3 N oxide
being the more reactive. The reactions are much
slower than thowe ohwerved with the parent nitrogen
mustards. The final precduets of the hydrolysis, which
have not heen identified with certainty, do not con-
sume thiosulfate,

193  CHEMICAL REACTIONS OF bis-
(B-CHLOROETHYL) SULFIDE (i)

19.3.1 Transformations in Water

The transformations undergone by bis(8-chloro-
ethyl) sulfide (H) in water are given in Figure 2,140

The sequenee of reactions given in the figure is simi-
lar in many reapeets to that given fur HIN2 in Fig-
ure 1, and support for Figure 2 is derived from the
same three types of experimental evidence presented
to substantiate Figure 1; namely, kinetic dats, ann.
Ivtical duta on hydrofysates of 31 (11 and C1- libora.
tion, ete.), snd Jdata obtained by the isolation of the
componkis given and the study of theie propertios.
Meation should he miude, however, of three notable
differences hetween the behavior of H and that of thie
nitrogen mustarde. In the fimt place, the evelie
ethylencxulfonium ions, X1 and XV, which accord-
ing to one theory are formed fro.a H and its chloro.
hydrin (CH, g-chloroethyl g-hydroxyethyl sulfide,
XIV), are extremely unstable, do not accumulate in
solution, and hence have never heen isoluted. 1 neir
existence i predieated on indireet evidence derived
largely from kinetic investigations (see Chapter 20).
In the second place, dithiane sulfonium compounds
have not Iwen deteeted in hydrolysates of H, 1t will
be reealled, however, that eyelic piperaginium deriva~
tivex are sumotimes formed duting the hydrolysis of

CH,CHL H, CHLCHOH CHLHOR CH.LCIH,CH
7 +/ / +/ /5
8 = 8—CH, o, 8 & 8—CH, 0, 8
N N
CH,CH L CHLHA(L CILCH( CH, CHOHOn
e 1y (xtv) (xv) To)
410 470 /‘mn
CHLHAON \ CHLHOH
+/ +
CHANR CILCHN
/s AN / ™~
] CHCHOU o ] CH.CHON
N AN
Ch,CH.1 cienon
IXVh (XVIh)
470G /0
\ /
N CRLHON
CHLOHS
/ h Y
e CHLIOH
N
cCHCnOon
™~ v
CHLAUR
+\
ClLHON
[6.84 11 1]

Ficere 2. Trandormations of bis( 3-chloroethyl) suifide (1) in water.
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the nitrogen mustands, In the thind place, the linear
' wilfonium salts formed from H (e, compounds

XVII and XVHD, are reactive, toxic substanees,
i wheteas the analogois quatemary ammonium come-
: pounds formed in the case of the nitrogen mustards
: sre stable and relatively nontoxie,

The kinetien of the hydrolysin of H in very dilute
aqueous solution were studied in World War 1, and
these studies have heen greatly extended in World
War I {(see Chapter 20), In dilute solutions H hydro-
lyzen exclisively to thiodiglyeol [bis(B-hydroxyethyl)
milfide, TG ] and HCY, with the intermediate forma-
tion of the sulfonium jons XTIT and XV, and of CH
(XIV) (sce Chapter 29), On the other hand, it has
been comonstrated 4 that when the mtio of water
to H in small (about 3/1), only a small quantity of

t nad H1C] are formed, most of the I being con-
vorted to a mixtare of sutfonium chlorides. Thew ex-
periments, however, were performed under condi-
tionx quite dindmilar to thore obtaining when H re-
acte with water under physiological conditions,

There are, however, many data which indieate that

milfonivm malts are formed when 1 is hydrolysed
with maderate quantitiox of water at room tempers-
ture tuBARSE Lo oxpinple, when 1 was <haken
with 50 volumes of water for 24 hours at 20 ¢, the
resulting clear wolutior: was toxie and contained only
about 78 per cent of the theoretical amount of H(t
to he expeeted on enmplete hydmlysin of 114 On
heating the neutratined solution at 100 C° for 2 hours,
hawever, the remainder of the theoretically ponible
HOCV wan iiberated, and the toxicity was dextroyed. 2
As will be shown Iater, the s:lfonium salts formed
during the hydrolysis of H decompone on heuting at
100C in aqueons solvtion, wit), the formation of
1 equiv of acic for oih salfonium group. Hewee, the
amount of acikl produced on beating an hydrolymats
at 100 C ix an index of the extent of sulfonium salt
formation. (n thix basis, about 22 per cent of the
chlorine of the oniginal H is fourd an stfonium chlo-
ride after hydrolysis of H with 50 volumes of water
at room temperature.! If the mtio of water to H ixin-
ereased to 200 volumes, the extent of sglfonium it
formation dropx to about 16 per cent; if 1,000 vol-
umes of water are used, the extent of sulfonium salt
formation fallx to about 5 per cent.?

Support for Figure 2 has also been derived by ino-
lation of many of the intermedintex listed and a study
of their properties. Thus, CH (XIV) has been iso-
lateidl from partinlly hydrolysed agueons solutions
of 1334 Unchanged il was removed by extretion
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with cyelohesane, puritiod keronene, or petroleum
other, and the aqueots solution of CH and sulfoniuin
mlts wan then extracted vith chloroform to remove
the CH. The CH may be recovered by removal of the
chlorofsrm n sacuo. CH has been synthesised by ve-
action of thionyl chloride with TG under carefully
controlled conditions,™ and from vinyl ehloride and

monothioglveol.s Iz the iolated form CH in quite o

unstable at roota temperature, spontancously under-
roing partial polymerigation on standing in aleoholic
solution or in the absence of solvent. The pruduct
formed under these conditions has heen stated to be
the di-CH suffonium salt, XIX.0

& encamon
CHCHS”
/ N

g CHAHCE

AN
CHCHON
(XIX)

* hen froaen and stored at dry ice temperatures,
however, CH ixstable.™ In ivopropyl other or chloro-
form solution CH alwo is stable. Acetone, on the
other bamnd, appears to promote polymerizstion St
In di'ute aqueous solution, freshly propured CH
hydrolyses to TG ard HCL at o unimolecular mte
which is 40-50 per cont faster than that olwerved for
Hmakd Sympies of CH which have been aged and
have undergon~ polymerisation, however, show an
initially more mpid conetion followed by the normal
hydrolytic reaction, followed in tum by a very much
slower reaction, %+ Thir sequence of avents is intor-
preted to indicate convendon during ating of some
CH 10 give XIX, which hydmlysen iapidly to XV1I,
the Iatter in turn decomposing slowly to TG, More-
aver, on hydrolysis of pure CH (0.11M) in aqueous
solution, the liberation of H+ in slower than the liber
ation of C1-, indicating the presence in the hydrolysis
mixture of considerable quantitios of sulfonium chlo-
ridex. The sulfonium chlorides might contrin an
ethylenesulfonium ring, axin XV, or they might be of
the type represented by XVIL Diffecentiation of
these two types of silfoninm compounds ean be mede
on the basix of the thiosulfate reaction. Compounds
such an XV sheuld react. quantitatively with thio-
ailfate in 10 minutes, whoreas sulfonium salts of the
type XVIH should not renet measurubly with thio-
sulfate in this time interval, It XV were present in
the hydrolysate, therviore, the rinute thiralfate
titer of an hydrolyate at any given time shoukl be

SECRET

n‘%’.ﬂw -~

s,

TGP e a ke

.

B S
. S -

SIS G e et

s e "

TR LRy




CHEMICAT REACTIONS OF bis(3=CHLOROETHYL) suULFibe (i) 400

greater than the amount of earbon-bound echlorine
(i o, unchanged CH) remanining in the solution.
Metunllv it was found to be slightly lew, indieating
that the thiomifate consumption-was all attribmtable
to unchanged CH amd that XV did not aceumulate
in the hydrolymte to a menaurable extent.'® The
sulfonium compound present in hydrolyaates of (11
in wimemt cortainly XVII, which ix formed by reaction
of C'H with TG, It has been shown that reaction be-
tween CH and TG can oceur in agqueons solution.™
Moreover, when CH hydrolyzes in the presence of
TG, H- formation is markedly represasd, whereas (1~
liberntion proceeds in accondanece with the kineties
of competition (see Chapter 20),

The sulfonium salts XVI, XVEL, and XV have
been suhject to much study. 1164 58 & Compound
XVE hax not been isolated from hydrolysates of H,
but it existence as a prectinaor of XVII ean searcely
be doubted. In the fimt place, it is handly conceivable
that 2 molecules of TG could react simultancously
with 1 molecule of H. In addition, XVI has heen
synthesized by aflowing equivalent molar quantitios
of H and TC to react in ethanol and has been found
to povsesss the properties expeeted. @ Thus the chlo-
ride of XV1 wax an unstable oil which, on standing,
decomponed to yield XVII and to regenemte some
H.* The piervbalfonate of XVI wan isolated in
erystalline form, however, and proved to be guite
stable.* In aqueous methy! Coellomolve, the pierylal-
fonate of XVI decompemex in two stagex with the
overall liberation o 1 equiv of chloride ion and nearly
2 eqquiv of ackd, The finst stage, in which | equiv of
chloride and 1 ey of acid are liberated, has a half-
life time of alout 3 hours; whereas the second stage,
in which the seeond equivalent of acid is liberted,
hax a halt-fife time of abont 2 days.' At the end of
the first-tage renction, the - “Servistfonate of XVII
wax isolated from the renction mixture, thus support-
ing the reaction sequence from XV1 to XVIT ax given
in Figure 2,154

It was alwo found that in agueous solution the
piervisulfonate of XVI reacted with TG to vield
XV, as wonlid be predicted from Figure 2. It was
of some interext to note that XV piervialionate
reacted rendily with agqueous thioailfate.® The e
netion proceeded in two dages, | equiv of thioulfate
being consumed in about 6 hours, whereas only 0.6
additional equiv of thiesulfate was consumed after
71 hours. The first stage of the reaction undmbtedly
invalves the S<hiloroethyl group and oceurs at o rate
comparahle with the tiberation of C1- in the alwence

of thiosulfate. The second stage of the reaction ix
comparable in rate to the libertion of the seeond
equivalent of ackt in the atwenee of thioslfate, and
probably: involves the sulfunium group of XVI. The
ability of sulfonium compounds to decompone with
the liberation of thiomulfatesreactive groups is dis-
cussed helow,

The sulfonium compounds XVII and XVIHT have
both heen isolated from hydrolysates of 11,4942 Aftor
hydrolysie with 50 volumex of water 26 per cont. of
the original H wax recovered ns the piervisulfonate of
XVII, and 18 per cont ax the dichioride of XVIILL
The total amount of sulfonium compounds isolnted
represcnts ghout 50 per cont of the amount of sals
fonium jon estimated to be present in the hydroly-
sate." Compound XVIH was also synthesized in good
vick! by shaking H at room temperature with an
agueous solution of TG4 The reaction procecds more
reulily in water than in nonagueous or partinlly
squeons solutiom. With respeet to the chemienl
propertios of XVILL, this compound was found to be
30 per cont decomponed with the liberation of acid
upon stawding in dilute aqueous solution for 3
wocks® It in readily decomposed wnen heated in
dilute aqueous solution. ! 24 At pH 8.9 r99at 3,
the salt liberatex no acid in 24 hours, whereas in
0.93 N NaOH 25 per cent of the theoretical acid is
liberated ity this perisd of time.* When incubated in
aqueons bicarbonate at 37 C and pil 7.6, a slow liber-
atiom of acid oecurs (1 equiv in 90 hours).'*-® If thio-
sulfate is alwo present in the reaction mixture, a re-
action occurs which consumes thisulfate.® The
speed of this renction ix only Wlightly greater thau the
liberatien of acid from XVIII in the abwence of thio-
sulfate. In the presence of cysteine, XVII reacts at
37C to form the bis-S-cysteinyl detivative of 1
(XX).»

N,

|
CHALARSCHLCITC00N
4

’

8
N
Cll:('llﬂtll,(,?ll(’()()ll

\H,
(XN

The other product of the reaction is probably TG,
aithough it has not been isolated. The formation of
XX, enupled with the observations reported above,
mnke it appear that the sulfoniaum gronps of XVil]
pirsens, to a lesseor dogree, some of the rescetive ale
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100 CHEVMICAL REACTIONS OF SULLFUR AMD MTROGEN MUSTARDS

kyhting properties axsocinted with the g-chlorocthyl
groups of IL." The san  considerations also hold for
the sulfonium groups of XVI and XVIE Ax will be
shown in Chapter 22, all of these sulfonium salts,
particulardy XVI, piuexs a noteworthy toxicity., It
appeurs probable that this toxicity may be 1 reflee-
tion of the ability of these xalix to decompose under
physiologien! conditions with the formation of re-
netive, toxie produets Wheither or not sulfonium
miltn of the types given in Figure 2 are actually
formed from H in riro is still undecided. It romains
powsible, therefore, that some of the physiological
offeets of 1T are a consequence of the praperties of
thene sulfonium compounds,

1932  Reactions of 8-Chlorocthyl Groups
with Compounds of Biochemical Interest

Until the work deseribed in this seetion had been
pedormed, the chemical basis for the remarkable
physiological activity of H remained obseure, 1 was
recixnised to be a general cell poison, but the manner
in which it might exert its toxic effeets was not appre-
cintedd. Among the many thearies 0 proposed to ae-
count for the toxicity of H, two may be menlioned.
According to one theory, the HCl gencrated within
cells by hydrolysis of H was responsible for its vesis
eant action. \ second theory postalated the oxida-
tion of I in vivo to the sulfone 3% the sulfone heing
considered ax the vegicant agent. The firt theory
was finally abandoned when it was found that the
amounts of H required to produce toxie effeets ame
so small that the HCl produced on hydrolvsis wonld
be insufficient to enuse apprecinble changes in pil.
The second theory in no longer looked upon with
fuvor for mevern] rensons, In the first place, it has
been enlenlnted that the pee entinl required to oxidize
H to the sulfone is greater than that to he anticipated
in normal colix® In the second place, it has bheen
found that animalx rendered hyperensitive to H are
not hyperensitive to the sulfone 3 Finally, the sul-
fone theory has been diseanded beeause it no longer
ix required to explain the facts. Early workens had
not appreciated the great chemical reaetivity of the
p-chloroethyl grotpe of 11 under physiologienl con-
ditions of solvent, plt, and tempemture. Prior 1o
World War 1T only o few renetions involving the
A-chloraethyl gronps of 1 had been reported. These
renctions, with aminex® % and with alkali sul-
fide * and evanides® had heen studied for the most
part in nongueous solvents, and under destie con-

ditions of pIt and temperature. In the eardier work,
therefore, 11 :ulfone appeansd to be a more renetive
saihwtance than did 11,

It has now been demonstrated that B is capable of
reasting with a wide variety of functionnl groups.? ¥
The reactions have boen shown to involve replaee.
ment of the chlorine atoms of H; that is, to be alkvia-
tion reactions. Ax o result of kinetic investigations
(a0 Chapter 20) the follewving fuets relative to the
alkylation reactions of H have been establidied:
(1) The rate of the renction of 1 with various sub-
stances (anions) is, like the hydrolysis rate, unimokee-
ular. (2) The rate of renetion of H i o constant de-
pendent upon solvent and temperature, and inde-
pendent of the substance with which I ix rencting,
(™} The rute of the renction in markedly slowed hy
nonpolar solvents, In order to interpret these factn
it hax heen postulated that H reacts in two stopm,2-de
In the fimt step one of its g-chloroethyl groups be-
comes activated, This activation procems is mensure
ably slow and oceum only in the presence of water
« ¢ other polur solvents. it has variously boen aseribed
to curbenium ¥ or othylenesalfonium 2 jon forma-
tion. The second step i immensimbly mpid and re-
sults in the reaction product. The finet step, therefore,
is the rmte-determining one. However, various com-
pounds differ in their affinities for the activated 1
moleenle. Thus, in very dilute aqueons solutions
hydrolysis to thiodiglyeol (TG) occurs almost ox-
clusively. If other substances are present in solution,
however, they may compate with hydroxyl ions for
the activated 1T moleeule. The extent of the siccess
of a substance in competing with water for activated
H depends upon the relative availability of the clee-
trons of the competing sulntance 28 The relative
affinitien of varions sbstances in competing with
water for activated H have been termed “compe-
tition factor,” 3\ list of the competition fuctors
for a number of salmtances is given in Table 5.

Asa convequence of the mechanixm outlined above,
severl conelusions beecome apparent. Sinee the rate
of renetion of 1 ix fixed, for given conditions, the mte
consunt for the disappenmnee of H ix independent
of the nuture of the substance with which it is re-
aeting.?# Thus, noi one of the sibtances listed in
Table 5 eanses mustard to reset more eopidiy than
it ix hydmlyzed by water, The degroes of pnetion
with different rengents, thersfore, are in proportion
to the products of their concentrations and their
competition factors.? 3 In mixtures, therefore, other
thizge being eqund, groups of high competition faetor
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CHEWICAL REACTIONS OF bis(J=-CHLOROETHYL) SULFIDE (1) ot

will in offeet react first, Sinee there is no evidenee to
indicate that 1 renets in vive by any mechanism
other than the one outlined above, it appears that
in vieo renction of H oveurs in the agueous phise by
satbstitution of the chlorine atom.2? -

Acconding to one hypothesis, the case with whick
a given anion (not necesarily an acid) ean react with
I is n funetion of the electron availability of the
ation in question.? The greater the eleetron avail-
ability, the more readily should the anion renct and
the higher should be the competition factor. The
evidence supporting this hypothesis hax been doceu-
mented in detail,? and nesd not be given here, Suffiee
it to sy thai with the aid of this theory it is poxsible
to give a mtionnt explanation of the competition
factor dutn given in Table 3, and to predict poughly
the competition faetors of anjone, Among the faets
clucidated by the hypothesis are the notably high
competition factom of xilfur compounds in general,
smich ax thiophosphates, thiophesphonates, thioacids,
thiophenols, and thiols. The data given in Table 5
for earboxylic acids finds mtionnl interpretation in
terms of the influence of other funetional groups in
the molecule upon the electron availability of the
earhoxyl groups. Simifar analyses have been carried
out for phenole, enols, amines, and inongnic ions
stich as phosphate.?

From the hiochemical point of view, the groups
listsed in Table 5 which are of moxt interest aie the
sulfhydry] group, as in eysteine or glutathione; the
pyrophosphate and  phosphate jons;  the  ormnic
phosphate  compounds such ax adenylic neid or
giveeruphosphate; the nitrogen atoms of pyridine
iteelf,* =@ and henea presumably of nicotinamide and
pyridoxine: earboxyl groups as in citmte, oxalate,
fumamte, acetate, and pyrovate; the imidazole
group of histidine; the sul*e sulfur of TG and
methionine, and the amino groups of amino aeids,
neptides, purines and pyrimidines. These various
renetions will be considered in more detail,

Of all the nutumlly occarring componmds lixted in
Table 3, thow containing sulfhydrel groupe have the
highest competition fuetors, Notable in this reepest
in crgothionine which, dhouglt not presently knewn
to be widely distributed, has been found in nature.
Bt wil) bee notesd that evsteine ethyl ester hus o higher
compeadt’ m faetor than evsteine. It hax been ob-
wrved,? moreover, that ghntathione is les renetive
than eviteine, The componnd formed from 1 and
2 ety of exsteine has been isolated = aned found to
have the stricture XX given on page 399, Products

of the reacetion in hoiling aleohol of 11 with the sadium
<alts of thivphenol and atky 1 mereaptans have heen
propared and found to have the general strueture
(RRCHLAC )8, where R may be an alkyl or
phenyl group.® The stability of compounds of this
type (of which the eysteine produet i< oned should be
relatively great. In generd, cleavageofa ' 8 -C-
linkage requires drastie conditions. [t has been foand,
however, that the linkage is more lubile in certain
derivatives of H- sulfone (or divinyl sulfone). For ex-
ample, bix(eysteinylethyl) sulfone, after treatment
with silver or mereury salts at milifly alkaline pll
values, gave n positive nitroprusside test for sulf-
hydryl groups. Thix finding would indieate that
clenvage of the ¢ 8 Celinkage had oveurred
(e also page 400). With bis(eysteinylethyl) sulride,
however, o similte tenetion dom not seem {0 oecur
with so great cnse 201t pemains trae, therefore,
that xo fur a8 oo know now, the products of the re-
action of H with salfhydreyl compounds are stable
under conditions of pli and temperaturetompatible
with cell life.

Except for the data given in Table 5, the reaction
of H with organic or inorganic phosphates has not
heen studied i great detsil. The reaction of 1 with
inorganic phosphate has been investignted,*™ and
the phosphate exter of thiodiglyeol has heen synthe-
sized.® The high competition factors of phosphates,
however, coupled with their wide distribution and
important functions in the animal orgnism, rendor
these renctions of great biochemieal intorest,

The reaction of H with pyridine and it derivatives
has been studied somewhat moere extensively, =4
Thus, it hax been demonstrated that 1 renets with
nicotinie acid and itx amide to form pyridinium com-
poundst The produet of the reaction of H with
pyridine has been isolated as the dichlonide * and
1 the dipieryhadfonate and found to be the bis(pyri-
dinium) compound.®* Thix substance, in contrst
to the analogous sulfone derizative, was found to be
stuble in aqueous solution at pil 7.5 and 25 . No
acitd was libemted, and the substance did not react
with thimulfate or the sulfhydryl group of eysteine,

Atempts to prepare the methyl saifonium salt by

reaction  of  bix(B-pyridiniumethyl)  sulfide  with
methyl imdide were unsucecexaful, ™

Evidence has been secured (soe Chapter 21) that
both in rire and in ribe 11 reacts with the earboxyl
groups of proteins, For this reason the reaetion of 11
with simple enrhevylie aeids to form esters of TG
has been the sabieet of consulernble study. 1t us
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T\m: 5. Competition faﬂmu‘ of varl s sulstanoes fur i.

Substance ( ompe mkm factor Rdm« Salwtance (4 mupM m«m (m-mr Referenee
Dithiophoephate ion 130,000 e p-Toluenethiophosphonateion 510 54b
l',lbam dithiophosphonate 2-Metreapto thinsole 00 5o

120,000 5the Thiogdyuolie aeid 450 2
llnumr dithiophimphonate Thiohydraerylic acid 410 2
o 120,000 54b s-Mercaptoethan: 400 2
MMlmnr dithioplersptumate Methylamin 0 i u
105,000 5the n-Butanethi mate ion 30 2
Bmvl dithiophemphate ion 74,000 5be p-Toluener s, fonate iom 380 ?
E llwl dithioplumphate ion 63,000 5the Butylmere tan 00 2
c-Amimnhku»mm! 50,000 Sdbe Ethyl mereuptan M0 ]
Thioformate im 50,000 47 Methionine 20 1
Pentaethylenedithioentha- Veronul 200 (pling) N1
mato 44,000 47 Veronal 430(pHLY) N
Dimethyldithiveartmmate 40,500 48 Dimethylamine 85 (pH13) U
ilﬂumr monothiophosphate Cyntine 240 (p1113) 11
39,000(21,900) Sih.e (48) Tryptophane 210 (pH13) 11
Mmmhkmlunpimw ion JR0N0 (12,500)  Sde (48) Pyrophosphate ion 160 Me
anm monathiophaphate Thiourea 150 Mbe
9,000 Mh,e Lywine 147 (pH 13) (11
Dirthanol dithioearhamate 34,000(20,000) Hée (48) Desoxycholate ion 110 e
Diethyl dithivearbamate 33,000 54a,he Imidasole 1o 1]
Methane monothiophospho- Riearbonate ion R]3 e
nate kn 30,600 b Citeate kon K3 2
Methylphenylidithioearbn- Adenylate jon 75 84c
mate 28,900 48 Plesphate ion 75 5ic
Thimmulfate jon 27,000 2, 54,0 Phenel 7 (pH13) 11
Chloroethyl-8-dithiophon. Triearhallylie acid 73 2
phonoethyl sulfide 24,000 Me Himtidine T (1Y) 12
“Mhylﬂhaml«mhkmﬂw Iiwtidine a7 (GHT)  Me it
22,000 43 Adeniwine a0 Me
Mmphnlimdithkmrlmmmo 22,200 4 Qiyeerophorphate ion 5M Me
Ethyl xanthate 20,000 Sabhe Pyridine ] e
Oetyl xanthate 10,500 S4e Citrnconate jon A9 2
Ethyl mmothiocartynateion 9,00 She Fumarate ion 4 2, Mne
Hydrnyl ion K|,000 e Onalate jon 44 2, Mac
Choline xanthate 7,800 5be Maleate in 43 2
Diethane dithiophoephonate Arginine 12 (pH) 1N
ion 6,200 5o Cyelohexane-1,l-dinsetate ion 35 2
Dithiomeetate ion b 1) Mae Malonatc jon 2 2
Dithiovalerate ion 5,100 S bin{g-Hydroxyethyl) sulfide
Dimethane dithiophorepho- (thiodigivel} an 2
nate xm 4,900 Me Suaecinate ion p- 3
Thiogliewee 3,200 b p-Toluenesulfinate jon 25 2
Diethy! dithiophosphonate Haenmnate jon 2.4 2
ion 2,000 (5,700) Mh (4 Chioride jon 21 1,3,
Cynteine ethyl exter 1,700 Stine Adipate ion 206 2
Halfite ion 1,500 2 Glutarnte ion 20.4 2
Thioglyeoli  ~wter 1,350 Sabe Muconate ion 19.2 2
Frnthionine 1,220 21, 48 Loueyiglyeyiglyeine 111} Me
Merenptomalonic ester 1,000 RMe Mreorbnte o 1) Me
Cynteine 1,050 Stn.e Manyialanine 11 e
Eydrmalfide ion 1050 5e Tartrate ion 16.4 2
£-Butyl trithioearbonate ion 1,050 e Tyrnine 16.0 3,0
Mereuptopyravate ion 1,000 5th,e Malate ion 16.0 2
Fibvlene mereaptan R&O Stabhe p-Aminohenzene sulfinie acid 15.0 2
Dirwreaptotoluene TR0 Bae Renzamidine 4 He
2.3-Dinwrenptopripandd 70 Se i Mueate ion 12.1 2
Anilise W0 1} | Aeetylulunine 05 Me
Hexamethylene tetramine 740 R i NHydeseryinte ion 10.3 2
Thiomalie ester 700 e | Gintsmate ion 8.6 2
Thieeyannte ion 670 2, 5% ! levulinate jon 85 2 :
Tendide wm 60 b : Acetate jon 8.5 2,11, 540,

* An attengt has teen made 1o render thie table complete. The kietatere is an srattered, however, that omimions deubnlem have teen made,
A complete dat of competition fartors determined prioe to Deeember 1992, hun hren comgaled st and bae been of great acrvies in assembling this tulde,
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Tamg H (Continued)

Sulwtanece itvf«n-nnf

Submance Competition factor  Reference Competition factor
Methylamine hydrchloride 85(pH1) 1 Ethyl citrate jon 2 3in
Halfate bon 7.3 2, Me Propialate iom N 2
Triethylamine a7 MHae Clycine 18 2, Ma
Critonate ion 6.1 2 Aectamide L3 n
p-Nitrohenaonte ion 43 2 fodiuw furmaldehyde sulf-

Tyrumine (nmino group) 4.0 3in oxylate 1.4 2
Pyruvate jon a4 2 Piernte fon 1.2 2
Monochlorontetate jon 30 2 facinte fon 1.1 P
Formate ion 3.0 2 Nitente jon 02 2
Alanine (earhoxyl gronp) 2 a Gluenwe 0 2
Alanine (wmino group) 2 Ma #-Tolvenemilfonate 0 2
ireetone alovhol 2 Ha n-Butyl sulfonate ¢ 2
Avetomalonate ion 2 54n a-Butyl thioslinte 0 3

heen found in the case of acetate that H reacts only
with the carboxylate anion, so that at low pH values
exter formation is negligible.? At physiological pH,
however, all the acide which have been investignted

will he present largely as the dimaocisted malt, %o tha.
in vivo reactions of H with carboxy] groups is a likely
theoretical posibility, 24

The clectrondonating strength of a group R is an

important factor in determining the disociation con-
stant of a carboxylic acid, RCOOH.2 The stronger in
the electron-dcnating strength, the greater will be
the tendency of the anion, RCOO-, to form a cova-
lent boud with hydrogen, and the weaker will be the
acitl. The disociation constants of organie acids are,
therefore, useful guides in assessing competition fac-
tors.? However, no exact parallelism exists hecause of
the influence of other factors which do not affect dis-
aeintion constants and competition factors to the
same extent.? Thin fact i brought out by the data in
Table 6 7 in which the competition factor and diseo-
ciation constants are included for comparison. It may
be noted by a compariam of the data for Inctic and
pyruvie acide with thowe for hydeacrylic and Levulinie
acids that the e-mpetition factors are influenced by
the distance from the earhoxylate jon of a group
responsible  for  decreasing  the  electrun<donating
strength of the anion.? A comparatively poverful
aubwtituent group is the free earboxylate jon, which
operater in determining the second dissociation con-
stant (Ky) of a dibasic acid. The figrenin Table 6
on wdipie, ghataric, wiccinie, molonie, amd oxalie
acide indieate the rise in competition factor as the
earboxyl groups conse nearer together. The conju-
gatedd svstem present in maleie, fumarie, and citra-
conie acids is an efficient mechanism for trnsmitting
the effeet of one earboxyl to the other.? These acid

residues would be expeeted to have competition
factors equal among themselves and equal to oxalie
acid. Ax may be noted in the tahle, this is found to
be the ease. Among the hydroxy dibaxic acids, the

Tame 8. Competition factorm and disociation eonstantr

of enthoxylic aeids.? A
L o= e R S Rt
Competition Die aclation
Acid factor constant
A X uy
Aertie |3 01?7
Crotonie 0.1 0.2
Lactie 1.4 1.40
Forriie 30 204
Chlaroneetic 30 1R.1
Aminuacetic (glyeine) 1.8 430
Pyruvie 34 3.0
Hydrmerylic 103 03
{evulinie K5 0.2
ve X 106
Adipie 108 387
Glutarie n2 I
Haecinic 138 a3
Malonie 18.0 2m
Oxalie 218 9.0
Malele ) 0.20
Fumarie 218 220
" meonie 243 0.30
1tacomie 4 22
Malie 8.0 .3
d-Tartarie 8.2 30
Murie 8.1 ceee
Mueonie 9.4

same qualitative agreement exists hetween the ex-
peeted eleetron-nttracting effeet of the subwtituent
group and the value of the competition fuctor, but
there is no correlntion between K and the competi-
sion factor. The relatively high competition fuctom
of cuurie (83) and tricarballylic (73) asids may be ox-
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plained by the prosimity of the carboxylate and
hydroxyenrboxyinte anions to a given earboxyl, thus
increwsing the cleetron<donating strength of  the
Intter.?

The following esers of thindiglyeol (TG have
been prepared: the diformate,® dipropionate,® di-
butyrate,® divalemte,® dieapmte,® di-p-nitrohenzo-
ate, dinevtate 24 < * dihippurate, and disalicylate.?
Al hat the last three of the substanees listed were
prepared under various dmstic conditions so that
their inolation is of littke significance to the proesent
diseussion. The Inst three compounds were preparced
by rencting H with an aqueois solution of the sodinm
salts of the acids, Under similar conditions the forma-
tion of exter was noted from H and the sxdium salts
of citrie, sucrinic, utnd stearic acids, although the re-
action products were not isolated s Thiodiglyeol
exters of acotyldehydrophenyinlanine and acetyhde-
hydrophenyialanyldehydrophenyinianine have alwo

bwen prepared.f

Certain facts relative to the stability of thiodigly-
ool dincetate have been noted ® At 100 C in neutral
aqueons solution tiw compound i not saponified in
2 hours, hut. in 0.05N NaO at 4 C, aponifiention
is complete within 1 hour. At pIf 8.9 and 3C, no
sponification wax noted in 24 hours, whereas if the
P wan raised to 9.9 or 12,5, saponifieation in 21
huure wax 5 per cent and 160 prr cont complete, re-
spectively.!

The eaxe with which H can react wich the sulfide
milfur f compounds such as T3 or methionine may
be judged by the competition factors of thee sib-
sances (wee Tabie 5), The renctions of 11 with TG
have alrewly hoen dineised, With methionine, 11
gives n ailfoninm slt of the strueture NXLY

(“H, CIls
HOOCCHCHCHSCHA I HL 'll;l(‘",('ll,(l,‘"('()()ll
+ +
NH; NI,

(XXD

This compond hax heen isolated as itx tetranzo-
benzenesulfonate, On heating in agqueots solution the
slfonium salt decomposes with the libemtion of
acid.* The productx of the decomposition are methi-
onine, which ix regeneinted in Fage amounis, and
y-hydroxy-a-nminobutyrie acid and bis(methylthio-
ethyh) sulfide, hoth of which are obtained in rela.
tively low viekl.! The formation of the Iatter two
cotpoiitnds serves, however, to cstablish the xtrie-
ture of the original «ulfonium <alt a= that given

above. Reaction of 1 with carbolienzonymethin-
nineamide has alko been noted

The ability of F to repet with aaines has been long
known. As far baek ax 1912 the reactions of H with
aniline and bengylamine were studied and the prod.
ucte of the reactions identified.® Subweguently the
investigations were widened to include numerous
compiuudx bearing amine groups. With the primary
amines in hot aleoholie solutions, thinzans (i.e.. thio-
morpholines) of the gererald type

CHL Uy
/ N
8 R
\\ /
CHLAH,

were obtained, in which R may be an alky) mdienl
(methyl, ethyl, propyt, batzl, amyl, ete.) or a phenyl
or bensyl group 29947 With secondary amines
under the same conditions, submtances of the strue-

ture
CHAINR,

N\
CUHLILNR,

have been obtained, where R s an alkyl group.®
With piperidine and pyridine tie bin(piperidinium)
or pyridiniam othyl sutfides were isolated 194 In
the reaction of H with glycine ethyl ester in hot
aleoholie solution, three different compounds have
been obtained. These are aulfido-bin(S-othylamino-
othyl acotate),® 1 4-thingan- L-acotic acid 4% and
g-hydroxyothybulSdeg-othylaminoneetie ackd ®

Under milder experimental conditions which are of
greater physiologien! interest, the reaction of 1 with
n-propylamine and diethylamine led to o mixture of
products.? With tricthanolemine, the bis(triethanel-
ammoninm) derivative was solated.t By following
the disappearance of aming niirogen in the Van
Sivke upparatus, it has been demonstrated that 11
rencts with the amino groups of amino aeids and
peptides in aqueous solution at plt 8 and room
tempernture. H also reacts with the amino groups of
brain cephuline$? 1t should be pointed out that snder
physiologieal conditions (pH 7.33) most amines are
ton highly dissorinted to be present to a lirge extent
as the free base, There are, therefore, limitations on
the probability of H rencting with amino groups
inrire?

There ix much indinet ovidenee to indieate that 1
may react with the imidazole growp of hivtidine. The
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CHEMICAL REACTIONS OF bis(3-CHLOROETHYL) svLFing (i) 05

high competition factor of histidine ax compared to
other amino scids is one indication. Additional evi-
denee is provided by the decrense in color given by
histidine in the Pauly dinzo renction (test for unsub-
situted imidnzole) after trentment with H.Y7 The
reactions of histidine and imidazole with g-chloro-
othyl butyl and benzy! sulfidex hax been studied and
the produets isolated (e page 413017

Among the groups oceurring naturafly with which
H does not appear to react under physiological con-
ditions of pll are the indole nitrogen of trypto-
phane,®'73* the guanido group of seginine,'?=* and
the phenolic hydroxyl of tyrmine. Reaction with the
phenalate ion, both of iyrokine ' and of various
phenols ** has been noted, but at plt 7.35 the phenol
group is Inngely undieocinted.®

From the foreguing it ean be seen that 11, under
physiological conditions of solvent, pit, and temper-
ature, is capable of reacting with a wide variety of
naturelly occurring functional groups. The Tist of
mich groups in the ense of H is qualitatively indis-
tinguishable from that already presented on page 396
for the nitrogen mustands, Minor quantitative vari-
ations may be nated, however. Thus, at pif 7.35 the
nitrogen mustards appear to react more readily with
aming groups than doex H. On the other hand, i
appears to react more readify with earboxyl gronps
and with sulfidex than do the nitrogen mustands. In
thix respect 1IN revembles 1, however, more closely
than it does IINT or HIN2.

Ar was noted for the nitrogen mustards, deriva- -

tives of H which might be formed in #feo are all
stable compounds under conditions compatible with
eell life. Direet evidenee in supnort of this statement
hasx been obtained whenever the stability of an I
derivative has been investizted. In the ezse of those
derivativex not specifically studied, stability may be
infernd by analogy with other sithstances of simitar
atrueture,

There hax been one hypothetical type of H deriva-
tive, haowever, concerning the stability of which there
hns heets much speeilution. Ar a working hypothesis
it was suggested by Rydon % that 1 combines
with proteine to form (21 protein) compounds of
the following types, where Pr denotes protein:

CHSCHCILC

i, oM,

| ,
PRCHATNCHC TP HOCHLCHNCTLCH, Py

+ +

CHSCHLHA

Madel experiments presented to support this hy-
puthy <is were also intended to show that the aystemie
offeets of H “are due wo it entringe in the edy as the
compound (2H protein) which releases 11 to react
with sensitive hody constituents, so producing the
manifold toxic effeets.”” % Bubwequently it was noted
that model compounds did wot decompose in this
manter.7% Thus, o+ treatment of phenol with
methyl 2-chloroethyl sulfide (methyl-H;, compound
XXII is obtained which is stable to hoiling strong
alkali. On reaction with another alkylating agent,
namely methy! iodide, the sulfonium salt XX re-
sults, which ix unstable at alkaline pti values ahove 9,

i,

.

N
lﬂ('ll,(‘llgl)('.ll;

<
CH,
(XXID (XX

CHSCHAHOCH,

A similar compound was obtainad from phenol and
butyl S-chloructhyl sulfide (butyl-H). On distilln-
tion with 2N NaOH, XXIII yiclded phenol (85 por
cent), XXIT (9 per cent), dimethylsulfide (39 per
cent), acetylene, and o small amount of methyl
indide. The butyl-lf derivative decemponed simie
Inrly.

The Rydon theory has been appraised in this coun-
try, ¥ and the following conelusions demwn: Rinee in
the decompoxition of XX only small amounts of
methyl iodide and large amounts of phenol are
formed, the major part of XXII does not decom-
pere aceording to Rydon'’s secheme,

2H protein —» H protein + I,

but decomposex in a different manner to yicld prod-
uets which do not possess alikylnting prooertios. The
above-deseribed products of the decomposition of
XXIH were isolated after distillntion with 2V alkali,
i.e,, wuder experimental conditions known to decom-
pove madfonium bases with the formation of dintkyl
sulfides und unsaturnted hydroearbons, This decom-
povition i fundamentally diYerent from the one
originally  proposed by Rydon for 2H oroteins, 1t
wax concluded, furthermore, that the experimental
ovidence for the existenee of 2H protein compounds
in viro or in vifro is lacking, and that these hypotheti-
enl componiidx do not expluin the obwerved gphysioe
logient hebavior of T Itter than do the known ehiem:,
ienl charneteristion of §11 itnf,
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19.3.3 Reactions of 8-Chloroethyl Compound  XXIV, ¢tris(8-chloroethyheulfonium

ehloride, was prepared by trentment of the corre-

B-Hydroxyethyl Sulfide (CH)
sponding  hydroxyethyl  derivative with  thiony)

®

creatr el

e

-
T W

ERbT=Y

The fact already discuraed (page 398), that CH is
an intermediate in the hydrolysis of H, made the ex-
amination of its alkviating properties of some inter-
est. In all cases in which they have been examined,
the reactions of the g-chloroetlyl group of CH are
similiur to those of §11,14.29%540 It hax heen extabliched
that CH reacts with anions by replacement of the
chlorine atom to yield compounds of the general
structure HOCHCHSCHCH.R. The kinetiex of
the reaction are similar to those of H:i.e., CH reacts
acconding to the competition facter mechanism 34
Moreover, ax may be seen from Table 7, the compe-
tition factors of various substances foo CH do not
differ widely from thoae deterniined for ii,

Tamx 7. Competitioa factor: of various substances for
H and for CHM4

Competition fnetom

Subntanens " CH
Monathiophosphate 3.3 X 100 42 %100
Thiemulfate 27X 10 2.7 X 10r
Cynteine 1.2 % e 09 x 10
Thioeyanate 8.7 X 10 78 X 16#
Chloride 21X 1r 24 X1

Acctate 10 52

1t has been shown that CH reacts with the amino
group of amino acids and peptides,”* with the sulfur
of TG ¥ and methionine,” with the imidazole
gronp of histidine,* with the pyridine nitrogen of
pyridine and nicotinamide,” and with the earboxyl
groupm of mudium acotate 3% and sodium hippu-
mte.* Mononeetyithiodiglveothas heenaynthexisnd.V?
The products of the reaction of CH with eysteine and
with valine have heen prejar L9 In the former cane,
renction invoived the sulfhydryl group, whereas with
valine, alkyvlation of the amino group oceurred. The
iolation of 3 CH glyeine compound wax mentioned

on page 404,

Chemical Reactions of Sulfonium
Salts Related to H

In Nection 19.3.1 it was shown that, on hydrolysis
with moderate quantities of water, H givex rise to
severns different <ailfonjum salts. The interesting
chemieal and tosieokgieal propertios of these sulfo-
nium derivatives prompted an investigation of the
propertien of other sulfonium compounds of this

type.

193¢

chloride.*
CICHLCH, C1-
\+

’/
CICHLCH,
(XXIV)

CHLNLL

Compound XXIV and its tranformation product,
bix(B-chlorvethyl)vinyl sulfonium chloride appear to
he the only compounds known in which the sulfur of
H in alkylated. In fact, there are several reports in
the literature which atter to the resistance to ale
kylation of the sulfur of S-chlorocthyl sulfiden,7.9.7¢

When dimolved in water, XXIV liberatex 3 equiv
of HCl to form the trivinylsulfonium ion XXV,
which has heen inolated from the reaction mixture
an & pierylrulfonate

CHy=CH
N+
8~CH-=(H,

CHy=CH
(XXV)

The HCI elimination is stepwise, the intermediate
bin(g-chlvivethyl)viny! sulfonium compound having
also heen isolated. The rata of the H( elimination
is very sensitive to pH, being increased as the pH is
raired. At pH 3.0 for exanple, the half-life time for
the liberation of 2 equiv of HCL is about 25 minutes,
and the thind equivalent of HCHis not libernted, At
pH 9, on the other hand, 3 equiv of 1CI are pro-
duced in 10 minutes. Morcover, at pH 7.5, the rate
of HCL formation is markedly dependent upon the
natnre and concentration of other subwtances in wo-
lution. Thus, an equivalent of borate or hicarbonate
depresses the rate of HC liberution almost 100-fold,
whereas acetate and sulfate depress the mte siightly.
Thix effeet appeurs to be related to the extent of the
disociation of the salts in question at pil 7.5,

It may be noted that XXIV reacts rendily with
thiomulfate, ax doex the trivinyl derivative XXV.*
Compound XXIV abw reaeis with eysteine and with
pyridine.'® In the former ense, 3 equiv of sulfhydryl
groups dizappear, but bis(evaieinylethyh sulfide is
formed. With 2 eqgtiiv of evsteine the <ulfide ix not
obtained. Similarly, in the ense of pyridine, bix(8-pyr-
idiniumethyl) sulfide ix formed. It would uppear.
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CHEWICAL REACTIONS OF bis(3=CHLOROETHYL) SULFIDE (1) 107
therefore, that substitution of the 3 chlorine atoms ,‘-'":"“:\
of XXIV by cysteine or pyridine leads to the forma- o SCH=CH, + CiILY 4 HO ==
tion of an unstable sulfonium salt which decomposes < /
to yield the milfide.* However, when treated with CHCHy “
aleoholic NaOH, XXIV yields tris(8-ethoxyethyl)- (XXVIL
sulfonium chloride. CHeH,
A-Chlorocthyl-1 4-dithiane  sulfonium  chloride / o+ +
(XXVI) was prepared by chlorination of the corre- R /ﬂl‘llgt‘ll,.\'(‘.ll. +on- (1
snonding  hydroxyethyl compound with thionyl CHAH,
chloride. ' (NI

CHOCH, (- CH,CH,
/ + N+
8 SCHLCHLAY 8 SCH=CH,
\\ g N /
CHLA'H, CHCH,
tNXVh (XXVID

The behavior of XXV1 in aqueous solution is in
many respects similar to that of XXIV.* Thus,
XXVI libemter HCI to form the vinyl compound
XXVII which has been inolated an its picrylsul-
fonate. As was noted in the ease of XXIV, the elimi-
nation of HCH from XXV1 ix sensitive to pH and i«
depremed by the presence of bicarhonate.'s

Both XXVT and XXVII react with thiosulfate to
form the inner salt XXVII:

CHON.
7/ N+
R SCHLCOHS0,-
N /
CHCH,
(XXVIID

Evidence hax heen obtained which provex that the
first wtep in this and all other alkylating reactions of
XXV1 in elimination of H(Y to form the viny! com-
pouad XXVIL" At pH 77 the reaction of XXVII
with thissulfate proceeds to completion.. At higher
plt's, however, the reaction stops shost of comple-
tion. Moreover, when the reaction product XXV
in kept at atkaline pll valuen (R 9), it decom-
pores with the liberation of groups titmtable with
iwline.'s

The g-chloroethyl and vinyl sulfoninum salts XX VI
and XXVII both renet readily with pyridine to form
the A-pyridinium ethyl-1,4-dithiane sulfonium salt
XXINX, which has been obtained ax the dichloride
and the dipicrylulfonate.* Ax may he seen in aquas
tion (1), the renction ix a revensible one. Proodf for the
reversihility of the reaetion rests upon the following
facts: 16

The forwand reaction does not go to completion at
pH 7.4, but rapidly attuins an equilibrium condition,
A study of the decomposition of the pyridinium
compound XXIX revealed that the eguilibrium at-
tained by the forward and the revene reactions was
the same. Moreover, it can be seen that XXIX, in
the course of its decomposition, should give rise to a
vinyl group, and hence should act as an alkylating
agent. Indeed, it was found that XXIX consumes
thiosulfate and reacts with the amino group of
alnnine. fn the reaction with thiosalfate, the inner
salt XXVIII is formed. It should be noted that the
behavior of these sulfonium salts is in many respects
similar to that of sulfones (vee page 412) -

A third sulfonium salt of some interesi, 8,8'-cndo-
ethyleue-1,4-dithiane disulfonium dichloride (XXX)
was formed by the reaction of TG with concentrated
HClat 100C.

1~ CH,)CHy CI-

+/ \+
B—CHCH—8
N s
CHCH.
(XXX)

The compound was obtained as a double salt with
zine chloride and as a dipicrylsulfonate. Upon treat-
ment with silver carhonate XXX i transformed into
the vinyl compound (XXVII).*

On the basis of the chemical data reviewed in this
and a preceding section of this chapter, a correlation
has heen made hetween the chemieal reactivity and
the toxichy of n group of sulfonium salts,' §t has
been concluded that the more innoctious sulfoninm
wltx all possews o relatively stable sulfonium sulfur
atom, and do not powews any reactive alkylating side
chmins. The more toxie sulfonium salts, on the other
hand, ench contain either a reactive ride chain, or
a relativeiy un<table sulfonium sulfur atom, or
bath.
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x

1.4 CHEMICAL REAGTIONS OF H
SULFONE. DIVINYE SULFONE. |l
SULFOXIDE AND DIVINYL SULFONIDE

The chemistey of the oxidation prdiets of 17 has
heen studied very extensively. The interest in 1
sulfoxide and H sulfone, and their transformation
precducts divinel sulfoxide and divinyl sulfone, hux
heen manifest. for the most part in an endeavor to
shed some Tight on the validity of the “sulfone the-
ory.” It will be reenlled that, secording to this thee
ory, H must be oxidized in the skin to the sulfone,
the latter being the vesicant agent. “he sulfone the-
ory was diseised previously (Section 19.3.2) and the
rensone for its rejection were pointed out. Never-
thelews, H sulfone (und the related compounds which
are the subjoct of this seetion) has eontinued to e
coive much attention beeause of its vesicaney, tox-
irity, and elose chemienl relntionship to 1.

H aulfuxide i formed on oxidation of 11 with a
variety of oxidizing agents,® such as Hy(% or nitrie
acid. Divinyl sulfoxide may be obtained in excellent
viekl by henting H sulfoxide with agueons sxdinm
carbonate for 1 hour® H sulfone may he prepared,
cither from 11 or H sulfoxide, by oxidation with
agents such ax permanganate, chromic acid, or per-
acitls, The conversion of H anlfone to diviny! sulfone
may be accomplished with ense in a variety of
Wiy 9B 30230.70.7.5% () treatment of H sulfone
with triethyvlamine in drv benzene, 2 moles of HCT
are climinated and divinyl sulfone ix formed.® A
similar renction oceurs when an agueons solution of
H sulfone ix heated with caleium earbonate or
when H sulfone is kept at room tempemture in bi-
enrhonate-huffered molution, 2.8

The ense with which H sulfone climinates HCL to
form divinyl sulfone, conpled with the great chemienl
reactivity of the Iatter, dix led to the now widely
aceepted view that H sulfone is relatively unreactive
and must be trnsformed into divinyl sulfone prior
to undergoing reaction.$=.49-38.8 Qupnart for this
contention derives from severnl considemtions. To
hegin with, in every ense when comparable data are
available, I sulfone and divingl sulfone yield the
same reaction product with a given substance.® Even
with pruteins, it has heen found that treatment with
H sulfone and divinyt <atfone viells immunologieally
similnr products 8% The firmest support for the @om-
cept that 1 sulfone ix transformexd into diviny!
sitllentee prior to undergoing chemienl renction ix de-
rived froom studies on reaction mtes, It has been

found that divinyl sulfone reacts with amine groups,
thiosulfate,ote, more mpidly than does 1 sulfone, ©
and furthermore, that a bicarbonatesaged solution
of 11 sulfone reacts with amino groups more pidly
thun does o frexh solution of the aulfone.® The mte
of the reactions of I sulfone with glyeine or thio-
sulinte in aqueous solution ix no greater thar the
mte of the slimination of HCH from the sulfone in the
abaenee of these renetants,82 In the ense of thio-
sulfute, considerable amounts of 1CT are formud in
the early stages of the reaetion before any disap-
pearance of thioslfate has taken place.®

19.4.1 Reactions of I Sulfone, Divinyl
Sulfone, and H Sulfoxide with Water

H sulfone appears to be very stable in pure water.™
Even on standing for many days, the pil of the soln-
tion © not very low, and silver nitre o gives o negn-
tive ¢ fnint positive test for C1-3 If the pH of an
squeons solution is risd, equivalent amounts of
H+ and CI- are libernted and divinyl sulfone is
formed 2% 8 The elimination of HCL is eatidvaed
by OH-, and depresaed greatly in the presence of
bicarbonate, In water at pll 7.5 7.8 nnd 25C,
106 equiv of HCD are formed within 3 minutes, In
the presence of 1 equiv of NaHCO,, only about
0.37 vquiv of HCL is liberated within 30 minutes,®
It has been noted that the elimination of H(1 from
H sulfone ix slower in Ringer solution containing
phosphate than in bicarbonate. ™ g8-Chloroothylvinyl
silfone (prepared from H sulfone by trentment with
1 equiv of Gicthylamine in dry bensene) liberated
HCY in Ringer phosphate more stowly than did
H alfone ™

Divinyl sulfone appenr to be relutively stable in
aqueous solution. Since, as will be shown Iater,
divinyl sulfone reacts rendily with thiosulfate, the
disappearmnee of reactive vinyl groups on aging the
sitlfone in agueous bicarbonate (pll 8.1) wax followed
by determining the decrense in thiosulfate titer.'®
By thix means, & disppeamiee of sbout 6 per cent.
of the divinyl sulfond in 94 hourm was noted,® Addi-
tion of water to divinyl sulfone ix reported to yick)
thioxane sulfone, presumably through thindigiyeol
stlfone.™

In marked eontrest to H sulfone, Hosulfoxide libnr-
ates HCL only very slowly at phvsiologieal plf val-
105, 1528 The pate of HC) prod- ction is inereased ns
the pIl i risesd, and is depressaad in the presenee of
biearbonte.® When hented with aqueons Natll,
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H sulfoxide gives rise to thioxane salfoxide. The
tendeney for ring closire to aceur i muech less with
the suffoxide than with the sulfeae, so that on heat-
ing with agueous N, COy, divinyl sulfoxide s

formed

19.4.2  Reactionx of 11 Sulfone, Divinyl
Sulfone, 11 Sulfoside, and Divinyl
Sulfoxide with Sulfhydryl Groups

It hax heen known for many years that H adfene
rencts rondily with suffhydey] compounds in general.

With undium thiophenntes nnd meveaptides (i, the

sulfhydryl compounds in aleoholic XaOfl) at 100 €,

compotnds of the general structure

0
i
RECHCHSCHL,CHESR
|
(4

are formed ® 9 Analogous reactions ocenr with so-
dium phenates and alevholates ¥4 Divingl salfone
under similar eondition: rearts in the same manner
to form the xame proclucts,
Both H sulfone and diviny! sulfone renet rendily
with thivsulfate in agueous solutiom at pil 7.5 to
form the same Bunte «alt.® In the initial stages of
the reaction of H sutfone, 1101 accumulates in the
solution more rapidly than thiosulfate disappears,
indieating the transformation of H sulfone to divinyd
wilfone.”® The reaction of H sulfone is markedly in-
hibited hy bicarhomnte, wherens the renction of
divinyl sulfone i naot, n clear indiention that biear-
bonate deereases the rate at which vinyl gronns are
formed Lt does not alter the renctivity of the vinyl
groups onee they are presaint, ™ The Bunte salt formed
in the reaction with thisulfate i< unstable in alkaline
solution. When kept at plt 8.7 for 2¢ 8 hours, there
ix a liborution of groups (thiokdfnte) which comaime
jonline.

It has beea found that the reaction of divinyl
stfone with sulfhydryl gronps is very sensitive to
slight changes in pHL3 3 Tor example, the reactions
with thiophenot to form bix(phenyithioethyl) sulfone
ix eatalyged by nitrogenous bases or bicarbonate, ' 8
In aqueons olittion the rmte of the reaction of divinyt
walfone with the sulfhydryl groups of cysteine or
g-mereaptocthanal increnses  rapidiy ax  the pll
risex.™ With exsteine, bisteysteinylothyh) sulfone is
formed. ™ * Thix compound ix so jnsoluble that it
seprrntex alnzost quantitatively from solution, and

henee the reaction with evsteine has been wuggested
ax a quantitative tool for the determination and
chameteriztion of divinyl suffone 1 should ine
nuted that, on treatmoent of hix(evsteinylethyl) sul-
fone with silver or mereury salta at modemtely
alkaline pI values, the sulfhydryl groups of evateine
are regenerted, as ik divingl salfonedr With
g-mercaptocthanol, divinyl sulffone viehls bis{g-(8-
hydroxyethylthin)ethyl ulfone. In contrast to the
Bunte salt of divinyl sulfone, this product does not
libernte redueing substances at pll 8.5,

The senction of H sulfoxide with sulfhydryl gronps
linx not heen studied extenvively. With sodium thio-
phenates in aleohol, produets of the strueture

0
i
RNCHLCHNCILCHRR

are formed *® With sodium phenntes, condensation
doexs not take place ** It has been found that divinyl
sulfoxide reactx with sulfhydrey] groups to yield com-
pornds of the same genernl steueture,™ 2 fn all cases
the reactions appear to be more sluggish than ave the
corresponding reactions of divinyl sulfone. The re-
action of the salfoxide with thiophenol, which was
first reported not to oceur,® reqguires the presence of
eatalytic quantities of a buse® Reactione with o-
thivhensoic acid and eysteine have also heen ob-
served? The rates of the reactions of divinyl sulf-
oxide with thiosulfate, cysteine, and g-moreapto-
ethanol in aqueous aolution have been studied.™ As
was founid to be the ease with the sulfone, the rates
are markedly senxitive to pll, inerensing as the pll
rises. The renetions of e sulfosicde, hawover, are
much slower than are those of the salfone

19.4.3  Reactions of 11 Sulfone, Divinyl
Sulfone, i Sulfoxide, and Divinyl
Sulfoxide with Nitrogenous Bases

The reactioms of I sulfone and divinyl sulfone
with numenaix nitrogenons bases have been studied
extensively and under a variety of conditions, THe
curly work revenled thut, with primaey and wecon:l-
ary amines, evelie dingan and thinzaninm dioxide
derivatives are usually obtained 39957 wneh ax:

CiLCH, CHen,
OoN

CHAH,

1 Thingan aunide;

+
it ON Rt

CH.OCH,

“Thimantarn dionubey
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With tertinry amines, on the other hand, disubsti-
tuted quaternary derivatives resnlt.?

0

+ i +
R.N( Il,(‘",‘f(‘ll,(‘ll,.\'l(;

0
The investigations which established these general
nilex are in the open litemture. For the moest part
the reactions involved stbstances (primary and
secondary aliphatic and aromatic amines) of fittle
physiological interest, and were performed under
drustic experimental conditions, the e and the
sulfone being heated in agueons or aleoholic alkali.
However, with one exeeption, the general rules thus
olucidated have been fully eonfirmed by the more
reeent work, It has heen found that aniline gives
hoth the open chain and exelie produets.® Prior to
World War 11 it had also been extablished ¥ that
the sulfonex reacted with phenylhydragine to vield

CHALY,

s AN
(‘.lh.\'ﬂ.\'\ Iﬂ(),
e,

and thae no reaction oceurred with acid chlorides,
ammonia, hydragine, phthalimide, bengaldehyide, or
formie acid.» :

There were alw indications in the open literature
that the milfones rencted with the amino groups of
amino aeide. With glveine estor in aleobolic Nag€'0);,
othyl-1, -thinzan—4-neetate-T-dioxide, or 1,3-thinzan-
4-ncetic acid-l-dioxide had been obtained.? * On
heating glycine or phenylalanine in aqueots NasC'0;,
I, -thiagan-{-acetic acid-t-dioxide and the corre-
sponding phenylpropionic acild derivative resulted,?
More recently, however, | wax shown that both
silione and divinyl sulfone vencted eapidly and com-
pletely at 30 37 ' with the amino groups of amino
acidx it ppienis bienrbonate solution.® The prod-
uets of the reaction with glycine, alanine, phenylaln-
nine, and tyrine were propared and found to be
substituted thinzan dioxides® Identieal products
were ahitained from H =ulfone and divinyl sulfone.®
Moreaver, the same derivatives resulted no matter
which of the three methods of prepartion outlined
above were employed.® Rate studies indieated that
divinyl sulfone combined with the amino groups of
aming avids more rpidly thaa did 1 xalfoned® In
the enwe of the latter, the combination with amino
groups did not proveed faster in the presence of

alwenee of amino avid<* With proline, the hetdine
(NXXT5 wax obtained 100
CHLCH, CHly-CH,
Ve N4 .
o8 N !
N '
(z‘ll -1,
00—
(XXXD
Reaction of divinyl sulfone with the following com-
pounds han also been noted: @3 anthmnilic aeid,
N-methylanthranilie acid, creatine, piperidine, gly-
eviglyeine, N-methybalfanitic acid, and taurine. No
reaction between divingl sulfone and the following
compotinds took place: * lucosamine or its hydro.
chioride, maleie anhydride, N,N«limethylanthrmmlic
weid, mothvl-N,Nadimethylunthrnilate - (051, and
N, Nadimethybadfanitie acid,

The reaction of divinyl sulfone with certain ter.
tinry basex has been studied in some detail.® With
pyridine, bis(B-pyridiniumethyl) sulfone dichloride
in formed .7 In water at pll 7.5, the reaction to
form the pyridininm derivative proceeds rapidly,
but does not reach completion, an equilibeium con-
dition heing attained.” The revene meaetion, the de-
compoeition of the pyridinium derivative was also
investiguted and found to reach the same equilibriufm
value, thus proving the reversibility of the reaction
[equation (2)].

N .
CHOCH,

CH =l
os’ + 2051.N + 200 ==
N
CH CH,
+
CHCHNCAL,
e
0S +20H- (2)
AN +
CHAILNGH,

The pyridinium derivative was synthesised by re-
acting a mixture of pyridine and pyridine hydo-
chloride with divinyl sulfone in aleoholie solution at
room temperature.” It was found, as was to be an-
tiepated from equation (2), that the position of the
equilibrium is determined by the pil of the solution,
High pH valuex favor the reverse renetion, whereas
lower pH valuex favor the torward renetions,” From
equation (2) it may be predicted that in agueons so-
tion  bix(g-pyridiniumethyl) salfone shonhd give
rise to reactive vinyl groups. Ax was expected, ne
action with the sutthydryl group of evsicine, the

3

@&
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amino acids than did the elimination of HCin the  amino group of alanine, and with thissulfate was
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wted.® With eysteine, biv(eystoinvlethyl) sulfone  and a nitrogen mustard, and, therefore, esbibits
was formed.? For purposes of comparison it may be  xome of the propertios of both eluses of compounds, '
noted that bix(B-pyriddiniumethyl) sulfide ix xtable . - >
under these conditions, no reaction with eysteine CHAH, CHASY
ovenrring in 18 hours, / Nt -
An equilibrinm reaction analogous to that ob- o8 N\ G
served with pyridine wan also found to oceur bee CHLL, CHLNLY ]
tween divinyl sulfone and nicotinie acid or nicotine. INXNIV :
amide. With the latter two compounds, however, the 94- ‘.
equilibrium wax further toward the left [equation ('ﬂ,('ll,\ . CHLCHCL ’
(2:] than was found to be the case with pyridine.' (),s/ “sn’ ! )
Attempts have been made to prepare the prduets . s .
3 of the reaction of divinyl sulfoae with the following cie e, CHLCN
basex: 8 ethyl-bix(8-chloroethyl)amine, methyl-bis(8- INXXW)
b ehlorasthybnine, crix(ﬂ-«hlunmth.\'l)amit.w. ethyvle aqueons solution the S-chlorvethy! groups hy »
: diethmolnmine, mf'!h.\'ldimIvm«.tlumim', «lw(lmm.ylu- drolyze with the intermedinte formation of ethyleni-
‘. mine, quinoline, nicotine, brucine, and stryehnine. — gonium ringes Even after hydrolysis of the shloro-
‘, . The experimental mm«l,hcms omnlty.\:«l were th.o cthyl group, however, the substance reacts with
¥ rume s those employed in the synthesis of the pyri-  oyuteine, indieating the presence of a reactive vinyl
: d!tw d«-rl\'nh.w. With the ﬂ;—«-hhmmh.\:lummm‘, cﬂ.tyl- group. The chlorinated product reacts readily with
3 ; dwthu‘noh'mum-, met hyldicthanolamine, qmr!olmo. thiosulfate, consuming 3 equiv in 24 hour
g anel nicotine, reaction products were not obtwined. o g that divingd sulfone renets with protine to »
7 ] With brueine, s derivative of .ﬂw strietine XXX give the botame XXX b been mentioned bofore, '
3 3 wax obtained, and strvehnine yielded XXX ® 1t has Licen noted that this substance i unstable at
- - pH 7.4.% It consumes thiosulfate and rercts with the
PY ot e ¥ sulfhiyidryt group of evateine to form the dieysteinyl
I OG0, /('"‘( WNCall0: gopentive of divinyt sulfone.
3 g oN 08 The reaction hetween H sulfoxide and nitrogenous » q
= 0 : ) ) hares hax pot been studied in great detail. In aleo-
‘ CHCHLNCall, cioon, holie sxdium earbonate solution, primary aliphatie
9 4 a- amines (methyl, ethyl, butyl, benzylamine, efe.)
: § XX\ (XXX vicld the substituted thinzun oxides,™ B
E i Buth of these compounds consime thiesulfate when CHCH, >
b $ kept in agueons solution.' In the ense of XXXIH the e .
i i eonsumption of thioslfate @t be attributed to RN Fo
. decompenition of the compound with the liberation cnen,
4 A of alkylating groups. Compound XXXIII, however, )
: still retaun< one vinyl group whieh might react with M‘"“d“r;" alkyl amines, on the other hand form
: thivsulfate. open chain compounds of the gencral structure:” )
3 Divinyl affone renets with diethanolamine hydro- 1) ’
4 chloride in aleohol to yield bis(8-hydroxyethyl)-1,4- T SO
E ] thinzanium dioxide chloride.”® This substance slowly RN CHLUSCCILN R
3 } liberntes alkylating groups when kept in agueons  With a tertiary aniine, trimethylamine, bix(trimethyl-
¢ solution at pi 7.5 in the presence of eysteine or thio-  ammoniumetliyl)  sulfoxide  dichloride, results?
b sitlinte ™ With evateine the dievstoinyl derivative of Divinyl sulfonide, like divinyl sulfone, reaets with
; ’) divinyl aultone is formed. When treated with thionyl  pyridine in agueons solation, although the rate and »
3 5 chivride, the hydroxyethyl compound is eldorinated  extent of the reudciion is much loss than woas that of
; ; to yield either XXXIV or the isomeric XXXV.2 the sulfones Ax was observed with the salfone, the

There i wme evidence to indieate that XXXV reaction of the sulfoxide with pyridine appears to be
exixte in agqueons solution. . Compound XXXV 1= a reversible one, the pesition of the equilibrium being
baarh o monesubstituted derivative of divinyl sulfone  determined by the pl of the medinm . With methyl-
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412 CHEWMICAL REACTIONS OF SULFUR AND NITROGEN MUSTARDS

amine divingl sulfoxide  yickls Nemethylthingan
oxide,®
19.4.4 Discussion

The information semmarized in this and the previ-
ons Reetion (103 indientos o striking similarity in
hehavior hetween g-sbstituted alfones and g-xub-
stituted sulfonium salt<.* These similaritios may e
summarized as follows: '€ The g-chloroethyl sulfones
and xultonium saltx lose HC by elimination with the
formation of reactive vinyl groups. The elimination
reaetion w1 ench case is similadly  influenced by
changes in pHl and by the presence of salts (biear-
bonate). The  ulfonium salts and 11 sulfone appear
to reaet readily with o number of substances to form
g-athmt > ol derivatives, In ench ense, however,
chemicend reaction ix preceded by the climination of
1O and the formation of renctive vieyl gronps,
There i, in whlition, a «triking similarity in the bee
havior of the vinyl sulfonium and vinyl sulfone
groups thus formed. Both groups react readily with
pyridine in aqueonn solution at pll 7.5 to form
g-pyridinium derivatives, In both carex the reaction
in revordible, and the speed of attninment of equi-
librium, nx well ux the position of the equilibeiom, i
similarly influenced by pH. Furthermore, the pyri-
dinium derivatives in both eases are unstable, and
decompone with the formation of reactive alkyinting
groups which combine readily with sulfhydreyl groups,
amino groups, ete. Vinyl sulfonium and vinyl sulfone
groups react similnrly with thiosulfate. In both enses
the mte of reaction inerenses with rising plt and is
unaffected by bicarhbonate, At plt 8.5 0.5, however,
both thioslfute derivatives decompose with tie
liberation of substanees titratable with aodine.

Finally, it bax been noted that acetie acild ix olim-
inated from  dincetylthie Sglveol methylsulfonium
piervisulfonate and also from dixcetyithiodiglyeol
sulfone by treatment with agqueous bicarhonate, and
that, in both casex, the resulting products cousume
thiowulfate.®

For the genera! problem of vesieation, it is of some
interewt that derivatives of divinyl sulfone and H
slfone are (ar more unstable thon are similar deriva-
tives of 1. Bt ix also of interext that some of the syl-
fone compounds decompose to viekl reactive atkylat-
ing groupx. It seemx not unlikely, therefore, tha
in piro the produets of the reaction of diviny] sulfone
with cellnlar constituents wonkl undergo a similur
devompenition.™ Should stueh o decomposition ocear,
it wonld heeome possible for 1 moleenle of sutfone to
react in sweeesdon with wvernl funetional groups in

a coll until it finally cither reneted with some tissae
component with which it formed o stable componund

or wis removed by the circulntion. !
N\

s CHEMICAL REACTIONS OF \I.K\'l“.
AND ARYL 8 CHLOROETHYL SULFIDES

In the course of the work on vesieants, the chem-
ixtry of severnl substancex of the geneml formula
RSCHLCHSCL (R = alkyl, phenyl, or benzyl group)
has been investigated, Interest in these so-called one-
handed mustards has been stimulated by two con-
siderntions. In the firxt pliee, the chemistry of these
suhstanees has been investignted in onder to aseer-
tain, if possible, whether ther poor vesieunt power
relutive to H s socinted with differences in chemienl
reactivity.® In the second place, studies on oie-
handed vesieants were undertuken in the belief that.
they would tewd to chemistey of groater simplicity
and equal significance to that which could he de-
rived from a study of H itself.??

It has been found that the one-handed vesicants
hydrolyze at a unimolecular rete ax was ohserved
for 1.3 The almolute value of the hydrolysic rate is
different for ench compound and depends upon the
nature of the R group. Thus, the hydrolysis rates in
doscending order are: othyl g-chioroethyl sulfide
(ethyl-1h), propyl g-chlorocthyl sulfide (propyl-i1),
L. phenyl g+hloroethyl sulfide (phenyl-H).%

It hax heen found that the substances Jisted above
hehave like H in reactions involving the g-chloro-
othyl group, substitution of the chlovine oceurring
by a unimolecular process aecording to the compe-
tition fuctor principle Moweover, the competition
factors tor othyl-11, propyl-11, pheayl-ll, and 1§ are
the same for a given ion, og., neetate, ehloride,
thioeyanate, thiesulfate, and monothiophosphate
Since the competition factors refer to hyvdrolysis
rates in water ax a veference, the relative rates of re-
action of the four vesiennts Usted with il of the
above anionx ix the same compared 2o their rtes of
resetion with water, The absolute renetion rtex with
anionx varies with the vesieant in the sume order ns
the hydrolysis mtes with water given above, i,
ethyl-11 > prapyl-tt > H > phenyl-tL* The inter.
medinte pesition of the highly  cesieant 1 in this
i of otherwise relaiively poor vesiennts, indientes
that there is 1x yet no stisfactory chemien] basis to
exphain the eonsidernblse differences in physiologienl
potenes which exist between 1 and the one-handed
vesieants (see Chapters 5 i 230,

The resurtions of Inetyl B-chloroe byl sulfide (mtyl-

SECRET

T T TR R AR TRETN, I

[P

o

R T

Ik afacangs




ok o

)
B s

IR

Rt AT S, Warrmbel NS T et gt |

-1

ST e € b e Em IR Sar g (A g et

RS T At £y

R

CHEMICAL REACTIONS OF 1,.2his(3=CHLOROETHYLTHIO)ETHANE  AND ETHER 13

11) and beazyl g-chloroethyl sulfide (henzyl-1) with
amino acids have been studied in some detail.'? With
eysteine in alkaline solution henzyl-I vields Sben-
gylthioethylevsteine, wherens with the monoamino,
monoearboxylie amine acids reaction oceurs on
the amine gronp with the formation of mone- or
disubmtituted bengylH derivatives of the geneml
formulns V7

CalCHSCILCHNTR
(CALCHSCHS '"3)1.\'"

Monmubstituted derivatives kEnve bheen obtained
with alanine, valine, isoleucine, and phenylalanine.'?
Disubstituted derivatives have been obtained with
tryptophane, although the indole nitrogen does not
appear to renet.”” A mixture of mono- and disulbsti-
tuied derivatives resulted from the reaction of hen-
evl-1 with glveine, leacine, and tyrwine.!? In the
ense of tyrosine, reaction oceurs at hoth the amino
and the phenolic hvdroxyl groun. 1Tt hax been noted
that the monosubstituted derivatives are stable to
boiting in an HClformice acid misture of the type
sometimes empioyed to hydrolyze proteins.'” The
dinubwtituted tyronite e tryptophane derivatives
are stable in alkali on prolonged standing at room
temperature or ou short heating to 106 €17

Butyl-H gives the same typex of derivitives with
the mopoaming acids as does bengyl-11, With lysine,
the eLutyithioothyl derivative has been obtained by
heating the copper salt of lysine with butyl-ll in
slkaline solution. The reaction of butvl-H with the
imidnzole group hus Leen studied in some detail. 7
With imidazole and 6 molex of vesicant, disubstitus
ticn cccurs with the formation of a quaternary salt.
A monosubstituted derivative of imidazole has also
heen obtnined. With histidise in the presence of ex-
coss butvl-lH, a trisubstitution prduet eontai ring
one quaternary nitrogen atom is formed ¥ Appar-
ently two butyl-H rexidues have reacted with the
imidazole group and wre with the a-aminoe group,
sinee hengoylhistidive yiells a disubstitution prod-
uet. With glyevitryptophane there is evidenee to in-

or

dieate that butyl-ll combines with the eacbowd
group to form an ester V7

19.6 CHEMICAL REACTIONS OF L2.bis-

(8 CHLOROETHYLTRIOE THANE ()
AND bis(8- CHLOROETHYLTHIOETHYL)
FTHER (1)

19.6.1 Transformations of 1.2-his-

(8-Chlorocthylthio)ethane (Q) in Water

The kineties of the hydrolysis of (Q in dilute =olu-
tion are reported in Chapter 20, Under these cotdi-
tions complete hydrolysis to Q@ glveol oreurs (Fig-
ure 3). When the ratio of water to € is reduced to
3 volumes, the hydrolysis of Q is slow, due to its
extremely low mte of disolution, and after 2 3 dayw’
shaking, when 2 equiv of C1= have heen lihemted,
only : Hout 80 85 per cent of the H* to be expeeted
on complete hydrolysis of @ has been formed. This
finding indicates that sulfonium salts are present. in
the hydrolysate.2 The faet that the liberation of
H* continues after the liberation of Cl- is complete
makes it probable that some of the sulfonium salts
formed during the hydrolysin of @ are anstable,®?
If aqqueons bienrbonate is substituted for water, the
hydrolysis appears to he somewhat slower, ad the
extent of sulfonium salt formation is less.'

After hydrolyrin of Q with cither water or yuicous
hicarhonate, n precipitate is present in the reaction
mixture.” The insoluble produet, obtained in 35 por
cent yield, vas shown to be o higher bomolog of Q
glyeol, pentacthylenetetmsnlfide-ww’-diol (XXX1).12
The <ame compound was prepared by renction of Q
with 2 equiv of S-mercaptocthasial, and the identity
of the isolated product and the synthesized com-
pound wax established by comparison of the melting
points of the dincetyl and dibengoyl derivitives?
The formation of pentarthylenetetrsulfide-w,w’<diol
wax presumed te oceur acconding to the reaction
sequence given in Figne 3. Aeconding to this scheme
the diol wonlid he formed by hydrolytie eleavage of
the sulionium it of Q chlorohydrin with ( glyeol

CHNCHANA CHSCHACHA N CHSCHAHO0H
i ! +HCE— + 1l
CHSCHCHL CHSCHLC00 CHNCH.CHO0N
Q Q ehlorohydrin Q giveol
- . - ) - o l-’ o
cron CHSCHCILOH CHSCHLCIR0N
+ ‘ i +
Ciron CHSCHOCHS @ CISCHLCHSCHLCH.O0N
CHAOCHSCHCHO CLCHACHSC . CHLoN
+0; INXNVL
Fravae 3. Transformations of 1,2-his(g-chloronthylthiodethane (€Q) in water.
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414 CHEMICAL REACTIONR OF SULFUR AND MTROCEN MUSTARDS

to break the carbon-sulfur hond to the g-hydroxy-
ethyl group. Fither of the other two carbon-sulfur
bremeds-to the sulfoninm gronp might break, and there
are several other sulfonitm salts possible which conld
undengo similar cleavage. In cither ease higher or
lower homologe of the diol isolated would result
Actually, the diol isolnted melted about 6 8 C low,
indienting contamination  with other  sulntances,
probably homolge, Q dyeol was also ixolated from
the hydrolysate in 20 25 per cont yield,"

19.6.2  Reactions of 8-Chlorer thyl Groups
of Q with Compounds of Biochemical Interest

The renctions of @ with a variety of funetional
groups was investignted # in mich the same manner
ax wis done in the enase of the nitrogen mustards, In
ngueons bienrhonate at 25 C it was found that Q
combines with the amino groups of numerons amino
aeids,”? namely, glyeine, alanine, histidine, arginine,
lysine, glutamic aeid, serine, phenylalanine, methio-
nine, and the peptide glveviglyeine, The extent of
the reaction was inerensed by rizing the pl. Evi-
denee was obtained for a reaction of Q with the sui-
fide group of methionine,

By the use of a competition method, empioying
glycine as o reference compound (wee page 403), it
was noted that Q combines readily with imidazole,
the pyridine nitrogen o pyridine itself, nicotinic
aeid and nicotinamide, the imino nitrogen of proline,
the enthoxyl group of sudinm acetate and esrbi-
bhengoxy glutamic acid, the phosphate group of
NaaHPO, or wadinm  glyecrophosphate, and  the
slfide sulfur of thiodigiveol (TG, () shows some-
whait fess activity toward the tertinry nitrogen of
aliphatic aniines such as ivethylamine or tricthanol-
amine.'” Employing thiomifate a< the eeference sul-
stance, it was found that Q) combines with hexa.
methylene tetramine

€} renets rendily with sulfthydevl groups, ns exem-
plified by eyvsteine or thionlfate.? The products of
these reactions, the dicysteinyl derivative and the
Bunte salt of (Q have hoen isolnted? The Rinetios of
the thiosulfute renetion heve been studied, and it hus
been noted that the process, as was the ense with H,
is tinet onder and invdependent of thissulfnte concen-
trution,"”

The produet of the reaction of Q with thiodiglyeol

HOCHAN CHAHON
+ +
SCHCHSC L CIESCHCTES

HOCHCH,

XAXIl CHAHO0N

has heen jsolnted s 0 picryisalfonate and found to
have the straeture XX NILY

The hydrolysis of XXXII has Boen investigated
in 50 per cent acetone and fornd to be considerably
faster than that of the analogous compotnd from 11
and T2 Compound XXX also reaets with thio-
sulfate, and onee again the reactivity is geater than
that of the anndogots 1 componnd,’ o faet, it has
been pointed out that the sulfoninm saits of 1, Q,
and bis(g-chloroothylthioothyly other (1) with 2
equiv of TG purallel in their rntes of hydrolysis and
renetivity toward thiosulfute, the reactivity of the
parent vesiennits,'%1? Thus, for hoth the chlor and
the salfonitm compounds the renctivity in deseond-
ing onder i« Q>T>ILA Purthermore, the vesi-
vaney anld toxicity of the chloro compounds are in
ihe same order,

A ot result of these stdies, it would appesr thet
in riro (@ would renct with the same types of fupe-
tionul groups as would I or the nitrogen mustards,
Q diffu ex from H, however, in the stability of ita oxi-
dotion produets, Both the sulfosides and the disul-
foie of Q are remarkably resistant to hydrolysiv
cither in water or in agueons bienrbonate, A negn-
tive test for C1- was obtained even after Q disulfone
had remained for 25 days in aqueous hienrhonate
solution, '

19.0.3 Transformations of bis(8-Chloro-
ethylthioethyl) Ether (T) in Water

The kinciies of the hydrolysis of T in dilute soln-
tion have been investigated in some detail (e Chap-
ter 200, In more concentrted solutions (i, t per
cont suspensions) T ix roported] to viekd 2 mixtore of
oily sulfonium salts which had a hall-life time of
hydrolysix estimated to be 34 days!® Since T and
its hydrolysis nroduets each contain twe sulfur
atoms, *he possibilitios are great for the formation of
severnl different sulfonium alt<. By trentment of T
with an aqueods solation of TG, the salfonium salt
(NNXID was obtained as o Reineckate.! The sub-
stanee hydrolyzad sowly, 75 per cont in 8 days, and
consunus] thiosulfite (see Seetion 19.6.2),'

HOCHLCH, CH,CH O

+

+
SCHCBHCH CHOCHCHSCICH S

HOCH A8, (NIFQIE

The reactions of the g-chloroothyt groups of T
with compounds of binchemical interest appear not
to have beep investignted. The reactions may be
expeeterd to parallel thase of 1 aml Q.

(NNNID
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Chapter 20

KINETICS OF REACTIONS OF SULFUR AND NITROGEN MUSTARDS
By Barnctt Coarn

0.1 IN°  WDUCTION

aE KINETICS of the reactions of the sulfar and
T nitrogen mustands, as revealed by investign.
tions cotdducted in the United States and United
Kingdom during World War 11, are summarised in
thix chapters Mthough the data are reviewed here
heeanse of their significance to physiotogienl mecha-
nisme of action, it shoukd be noted that they bear also
upon the contamination and decontamination of
wiater, foud supplies, matériel, and terniin, and upon
the stabiligation of the agents in stomgee,

The kinetie dntn may be reeoneiled with the fol-
lowing twosstep mechanism for the renetions of hoth
the sulfur and vitrogen mustards, RZCH 00 ix
taken ax o medol S-chloroethy] compound in which %
represents the sulfur or nitrogen atom:

Step 4. The reversible thermal activation to a
evelie oninm eation with liberation of (1

+

[ |
RZCILCILCT == RO 4 (1 m

Step B, The renction of the evelic onium eation
with anions and with various uncharged nucleophilic
maoleculex to form the end products of the overall
reaction:

-+
IAHAN, + X - — RZCULCNN (20
+
RZCWCH: + HS — RZCUCUN + 1 (20)
+

RZCHAH: + RN —> RZCILCHLN R (2

Representative examples of X~ in equation (2n) are
C (in which ense siep B is the revenal of step \),
O, RCOO-, RS and 8,05 Important examples
of X in equation (2b) are HaO and RNH.. Im-
portant examples of RX in equation (2c) are reae-
tions with tertiary antines ‘e, pyridine and alkyl
sulfides (e.g., moethionine). 1 is libernted only in
the ease of the secomd of the three possible types of
reaetion in step B,

* Pameed an infortantlon aenilable to vmion 0 of the Nne
tional Defense Reseneeh Committer as of September 1, 1045,

»

The hydrolyxis products of sulfur mustands (e.g.,
thiadiglycol) can enter venetion (2¢) with the forma-
tion of & series of sulfonium derivatives, Linear and
eyelic quaternary aamonium  derivatives enn be
formed by comparble reactions of the hydrolysis
prexlizets of the niteogen mastands, Moreover, the
evelie onium eation can renet with the tertiney nitro-
gen atoin of an unchanged nitrogen mustard to form
s wericx of linear and evelie polymoers containing
B-chiorocthyl groupe. Thewe Intter renctionn are
quantitatively important in concentrated solutions,

In the enwen of the important nitrogen and sulfue
muistands, which contain more than one g-chloro-
ethyl group, the twoestep renetion is repentesd with
ench group, .

Step A i« the mtedetermining reaction of the sal-
fur mustards. In the case of the nitrogen mustands,
owing to the greater basicity of nitrogen relative to
suilfur, step B is so much slower that it becomes the
rate-controlling maction. Thix is the busis for im-

portant quantitative differences hetween  the re-
action kineties of the two cluwes of compoumds, The
evelie onium eations of the nitrogen mustamds acen-
mulate in solution and then disappear as a result of
hyelrolysiz and other renctions: the rte of disappenr-
ance of the onium cation varies with the nutare aad
concentration of X-, HX, and RX, In contnwt, the
evelie sulfonium eation of the sulfur mustants does
not aceumulate to an appreciable extent, it the
rate of formation of the finnd produets in still de-
pendent on the nature and coneenteation of X-, HX,
amel Rox. In the exse of the sulfur mustanks it has not
heen poresible to determine the alvointe mtes of indi-
vidual renctions in step B8, hut the wlative mtes.of
the reaction of the evelic onium jon with pairs of
“eompetitors” {(X—, HX, RX) ean be aseertained ex-
perimentally. In this manner o serien of relative

velovity eonstants or competition factors has heen

built up. In view of the important physiologieal roles
attrilnited 1o thiol componnds in metabolism, it is of
interest to note that thiol anions (e.g., thiophos-
phonates, thioasifnte, evsteine) uve unigquely high
rewtion mtes with netivated suffur mustand,

The overnll renetion mte in the ense of the sulfur
mustards ix independent of pIl over o wide mnge,
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416 REACTIONR OF SULFUR AND NITRIGES MUNTARDR

The corponding reactions of the nitrogen mustands
are pHedependent. This resuits from the fact that
the nitrogen mustunds are weak buses which can
unddergo the mitial renction of eyelization (step \)
only when they are in the form of the uncharged base
moleenle. Innsmuch as reactiom (2h) (including by-
drolysix) liberates 1Y, the kineties of the nitrogen
mastards ia unbuffered solutions may become highly
complex.

In the detailed review which follows, the nitrogen
mustands are considered firt beenuse the theory of
their reaction mechanizms is hused on more complete
and direot ovidence than ix available for the sulfur
componntds,

2.2 B-CHLOROETHYLAMINES IN
HOMOGENEOUS SOLUTION

A tendeney toward intmmoleenlar eyvelization s
the initinl reaction in a polar solvent i a chareter-
istic property of primary, seeondary, and tertinry
alkylamines in which one or more alkyl groups are
hnlogenated in the beta to omega position. The trans-
formation viclds halide, and a more or less stable
heteroeyelie commound. In the eane of primary and
secondary amines, the heteroeyvele may be rither an
imine or an imor 1im ion, depending upon the pli.
Tertiney amines vield exclusively the imoniam ion.
The investigntions of the past severnd venrs upon the
tortinry A-chlorocthylnmines have considermbly ex-
tended the deseription of the chemistry and kineties
of this interesting g up of compounds,? 3.7.9- 1198 andd
in partieulnr have demonsteted the considermble re-
activity of the evelie ethylenimonium ions ax alkyl-
ating agents.

In the cane of the plmary halogenated atkyl-
amines, the kineties of the cyelization procewe in
aqueas and part-aguects solutions had heen studiced
rather extensively before the war.®* The forwarnd proce-
o of ring formation, under proper cotditions, was
extablished as a strietly fisst-order reaction unafe
feeted by moderte concententions of salt, alkali, or
tie w: il contaminants:

+

4
NCHACH NI == CHACH) XU, + X+
CHACHONH + H-

The mte of evelization «wax shown to be influenced
by the length of the side chain, by the substituents

thereon, amd Hy the nature of the halogen aud of the
solvent.® Ax indieated in the ogquation above, the
process waik known to be revemible, but the kineties
of the baek reswtion do not seem to hinve boen studied
in the early investigntions, except for wnsuceessful
attempts * to detormive the equilibrium constunt in
the gchloroethylnmine system. The failure was prob-
ably due to interference by side rewetions (polymeri-
rations).® It i, in fuet, known that dimerization and
polymerizgation ean tuke place and become quanti-
tutively important in concentrated solutions and at
clevated tempertares !

The nitrogen mustards which have been of gremt-
ext interex, s potentinl chemient warfure agents dur-
ing World War {1 are ull tertiary amines of the gen-
el type (CICHCH)oNR where R in cither an
alkyl or a S-chloroethyl gr p. Consequently the
most detailed recent studies concern these tertiney
amines, but primary and secondary  halogennted
alkylamines have also reeeived some attention,

Sinee for halogenated alkylmines in genernd the
procest of evelisation conxists in o displacement of
the atkyl halogen hy the basic nitrogen atom, the
basicity of the nitrogen atom is a factor determining
the enne of the displcement. Moreover, eyelisation
catnot oceur when a proton beeomoes conndinnted
with the nitrogen atom. Consequently, in the ense of
the nitrogen mustands, which are all more o- low
wenk Iavaes, the renetion rete witl be o fanetion of ptl
in aolutions of moderate and low pil. For the aame
renson, the salts of the nitrogen mustards, in the ahe
senee of sufficient exeens of strong acid, suffer some
imsecintion to the free base which will eyeline at itn
charnetoristie rate, ‘This accounta for the tinding that
tneir hydmehlorides in water solution hydrolyse, but
only at a very slow rate. For example, it has been
ealeulated that a 6.3 solution of the hydrochloride
of methyl-bix(B-chloroethyDamine (HIN2:, in the
presence of a slight excess of HCL decomposes at o
unimolecular rate with a half life of approximately
3 yeurs @ (disacintion of the Iase, evelisntion, and
stheeqquient  hydrolysis were included in the estis
mate).

In a natum! water containing a disolved nitro-
gen mustand, or in an aged solution of a pitrogen mus-
tard in distilled water, uncontrolied acidifiention
oveurs, uxunily as o result of the hydrolysi: < ¢ the
eyvelic intermedinte, The concentration of residual
free amine is thus altered, thereby complieating the
kinetics of the initial evelization reaction and also of
submequent reactions. The result in such unbuffered

SECRET

.

]
K
®
)
®
)
)
)
» @
]



ks ey g

I ST D N 4 AR A e s M

At

4 -

RSNRRAGEN e Wier K XY S VT

R T S o o PRy e g

S-CHLOROETHYLAVINES 1IN HOMOGENEOUS SOLUTION s

solutions is a comples <hifting equilibrium of com-
aonentx and reactions which are extremely diffieult
to formulnte, In such enses, the end products at cqui-
tibrium will depend more or less on the initial cone
centrutien of the amine, ita solubitity, and the ree
activity of ench component of the system ax con-
ditioned by the progressively changing pil during
the renetion.

In kinctie studies the complications mentioned
above have generally been avoided in part by meas-
uring the reastion mte in the presence of exeess
alknli.® Procedures 34 employving baffers to main-
tain constant pll have the disadvantage of intro.
ducing buffer anions which may modify the subme-
quent reactions of the eyelie imonium jon. A theo-
retically more satisfactory and flexible moethod
maintains constan pil without buffers by means of
micernsive micro-pdditions of alkali under electro-
metrie control. Under these conditions, the obwerved
tute of eyelisation is proportional to the degree of
acid dirsociation () of the ammonium ioe of the
smine, thus:

Ke
(e, rate conntant, k' = ak, » By k

where &y in the rate constant at pli conditions under
whish the ammonium ion is fully disocinted (@ = 1),
and K in Jhe apparent dissocintion constant of the
ammonium ion as an aeid.

20.2.1 General Formulation of Reactions

The more or lows systematice kinetie studiex which
are the main coneern of this survey were conducted
under three genemd types of experimental comditions:
(1) in imbnffered water held at constant ptl, with the
aminex at low (0.0005 0.%53f) concentrations; 1=
(2) in bienrbonate-huffered water (pll 7.5 8.5), usu-
ally with the amines nt relatively high (0.03 0.153)
concentrations; * ¥ and (3) in unbuffered  acetone-
wator solution, with the amines at relatively high
concententions, 71 ¥ The datn extablish with high
probahility that the renctions of the tertiary g-chloro-
othytamines fullow the geneml seieme ontlined in ohe
introduietion (Section 201, For these compounds
stop A may be written with its velocity constants as:

+
. —_
RN CHCIAT == RNCHLCN, + 1 (13
L)
Under the evpesimental conditions the possible xi-
multanemss and ucvessive reactions in step B are:

+
RNCHCHs + HO -2 -NCHCHON + 11 (2d)
+

\ [ 3
RNCHA s + RNCHATC ~2 Tinear and
eyefie dimets (20)
+

—

N
ReNCHAT 4+ RNCHATON —2p

+
R NCHLCHNAOLUILCIO0 ()

In the case of amines eontaining two or three g-chln-
roothyl groups, the reaction sequence ix undergone
by ench aich group in sieeesdon.

In the following presentation, evelisntion (1), re-
venul of exclization (1), hydrolysia [(20), » specin)
ease of (2h)], dimerisation [(2¢), a specinl cnse of
2¢1), and addition of electron donors {eertain re-
actiotn of typos (20) and (25, including (20) ux n
specinl ense] ave dinciseed convoentively.

20.2.2 Cyclization

The olmerved rate of the forward reaction of the
nitiugen mustards and theiz annlogs in water at con-
stant pH has been found to eonform strictly to that
of o fintcorder provesa in dilute (up to 0.013) soiue
tions of the amines, and to be complieated by highor
ovder reactions at higher concentrations.” The aver-
age hent of activation of this reaction in dilute solu-
tion ix approximately 22.8 kenl mole for the two
tertinry and the two secondary mono(B-chloronthyt)e
amines exsmined, and 245 +1 keal/mole for the
seven tertinry bix(B-chlorocthyDamines (see Tuble 1).

Reaction (1) cun be conceived ® as proeceding
through an intermediate carboninm ion (In) stuge:

+ + I
RNCHLOHCIS== RN CHOCH O S==R,N0CHCH;, - O
4] (117} i

The hypothetion! compound, Tn, should hydrolyse
dirvetly through an Sy process, and titrimetrie evi-
denee tonding, to support this mechanism has heen
offered 't Bowever, eareful eleetrometrie mensures
ments fniled to corrchomte this olwervation, ' The
postulintod enthoninm ot is doubtlee formed, hut its
grent ense of intrsmolecilae evelizgntion through the
influcnee of the eleetron donating central nitrogen
ntom shoubd lenve practically none off the ion avail-
able for the much slower bimoloenlar ronetion with
water.

In agreement with the evidence that the rmte of
evelization is determined by the thermal activation
of the uncharged amine, it wis styown, in the ense of

SECRET

® oo




¢ 418 REAC(IOXS OF SULFUR AND NITROGEN MUSTARDS
Tamk 1. Kinotien of initial evelization of cortain g-chlomethylamines. The compounds nre arranged in the order of . -
inereaning stability in water at 25 (', @
Cone. = 0.005-G.ABM b
Cone, = 0.0005-0.0025M in waters® in 06.7 per econt acetone
Activation | __ e e oo inwntert @
encrgy in % ¢ »ne
ke, ) k Tl pit =74 | Reltives | &
Compound enl,; mole R L. S L SO 3
ompound | { pK? (min=) | (min™") p 1) (min) IR, (min-1)
CHCH,), .*‘ .
y, g
N~ CHAHA 230 6.7 1.9 8.20 0.80 0.004 . . , .
~ N
CHLAHA Co
CHLHLCH, P
/ S
N- CHLCILO 248 65 0.920 485 0.93 0.16 . oo
\\ N
¢ CRN \ )
3 (CHCH, b
: / g
: N—CHLHLT 240 64 0627 3m 0.95 0.24 . . i
N :
; CHLN :
v CHAH, :
i / ;
1 N—CHAH, 2.4 86 0557 252 0.10 2.7 80 0.2 ]
5 N ’
g CHAOCH
: CHLH,
H /7
< N--CHLCH,( 230 6.4 0.527 2.79 0.05 0.26 58 0.8
AN
! CHLCHL
A (IN1) » O
r CHCn0
: 7
§ N-CHAA 24.7 42 [ X]] 1.50 10 0.4 2.5? 00055
& N
3 CHCHA
z (1IN®)
; CHOCHACH, :
¥ 7 . >
! N=CHLOIL 246 53 0,22 100 1.0 0.4 .. ves ;
i . :
- CHANO
on,
/ =
N= CHAHL 21.1 8.2 0.8 043 o.m 1.6 59 o.m H
N ' 3
CHAeNA N
(11N2) 4
('"8 ‘ . - N
, 7
: N--CHATLOR 2107 7.3 0.081 0313 067 33 . e
: ~
CHLRA
ClLn, ’
, N CHLCION . eee 66 0.13 »
‘ _enaena l
t ® Fletnton e ter Srpths lamine, the drawiation of wlich was snsnmst 100 e the st 11 A6 T (ot et meetimw-wnter wldution ne in wnter, Ky « 16 210 ¢
I PR, = N,
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S-CHIL.OROETHYLAMINESR IN KOMOGENEOUS SOLUTION 419
Tant® 1 (Continved)
- - Cate. = 00050150
Cone, = 0.0005-0.002°M in water® in L7 per cont neetone
Activation in watert®
energy in 20 7 ¢
Compound (k,:?,.:;:,g.) & k w4 lh'hluw' ky
pK. (min~Y) (min~; ., 1y (min) pKa {min-*)
/ll
N—CHA'H, 22.5? 03?7 0.00M4 0.042 0.020 /25 . vee
\\
CHLHLCL
n
/
N—('H, 2257 2.2? 0.0MmR8 0.090 0.024 s .e vee
( HACHLA

JIN2, that the afe was not influenced by a change in
the ionic strength of the medium.?

The specific rtex of evelization as observod in un-
buffered agueous solution at constant pH ** and in
6.7 per cont acetone-water solution 1* are summa-
riseed in Table 1. Tabulated aleo ace the degree of dise
sociation (a) and the half life (1,) of each compound
in water ender physiologica! conditions of plt and
tempernture (pH 7.4 and 37 (). Lo preciee mte
atudien * made in aqueons hicarbonate buffers at ph
7.5-8.5 indieated subutantially the same orders of
magmitude for &y ax thoe found in unbuffered aqgiie-
o solution ot constant. ptl, The values for &y in
water inclide implicitly o factor for the back re
action,® but the indieations are that this factor is
negligibile, Obwervations #f upon HN2 in 8 and 30 per
cent othanol-water solutions vielded for & the value
0.07 008 min-! at 250, and 0.31 min ' at 38C,
The onder of lability of the homologmix tertinry
f-chloroethylamines in water is compamble to that
reportest for bis(B-chloroethyh silfide (1) and theee
of its homologe ¥4 (nee Table 7).

In acctone-water solution, the magnitude of &y
was found '™ to he langer in the following easex: in
the eane of a stronger e, heenie it ix a better
electron donor: in the ense of n less hindesad nse:
and in the ense of an amine with more freedom of ro-
tation which is et fromen, thus resylting in lew en-
tropy deerense on formation of the ethylenimonium
ion. Nimilur generl deductions may be dmwn from
the data obtained in water, although Table 1 dis-
clowes an unneeonntable irrgularity in the distribn.
tion of the values of &y in acetone-water <lution s
eompared with the cotresponding valies in acmeonus
solittion,

The effect of change in water concentration upon
the cvelization of HN2 in unbuffered acetone-water
solution at 25 C is suamariscd in Table 2% [t may

Tame 2. Kinetien of evelization of mothyldis(s-chlo-
roethyd anine (1IN2) in un-mm-\mlu mlmi«mn.

Molar ¢ ﬂ;;-_ llrht-.;r;‘v;h—u.- Aﬁivnlkm w lnx B
of water ok at25C (K, inkeal/mole)  (sre-t)

- —

L] ] 10 33
3 10 12 a8
16 20 174 11.08
b7 480 17.9 1.73
iy ) 1,000 24.1¢ 4.0t
© B = e temperaturesindeendent lumw i the Arthenies epumtion:
b= BeK AT

1 Culewlatedd from duta of ‘Table (,

be noted that tie aetivation energy of 1IN2 in pure
water ix ewentinlly the same as that for the remuoval
of ehlorine from a primary alkyl chloride, but that ns
the woter concentration ix diminished, the process,
although much dower, beeomes e temperature-

depondent, &8

.23 Reversal cf Cyclization

The formation of HN2 from the 1-methyl-1-(8-
chlormthyliethelenimeminm ion (111)

oy,
+/ ~
CILN —H,
N
CHOonet
o -

»

in aqueants solution was studied in detail > This
process, the reveral of the eyelizgaton renetion (1a),
yvickded a bimokeular mte comstant & ) which was
strongly influenced by the jonic strength (o) of the
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420 REACTIONS OF SULFUR AND NTROGEN MUSTARDS

solution. as defined by the follawing equation agppli-
enhie at 37 C; —C.875 in the lognrithm of the bhimo-
lecular rate constant, A°_, = 0.13, extmpolated to
s=0, and —1.0376 ix the applicable Debye-

mental data and found to be 1.5 and 1.4 rexpectively
(s~ 0.1). In mite of the temperature differonce,
these values are of a higher onder of magnitude than

thow found or calealated for water solution at 37 C, P
Hiteked constant : Large effeets of this kind would be expeeted in ve. : :
log k., = = D&TS - 1.0870! + 0.3%% m'timfs between jons of diﬂ‘«‘wm. sign when the di- i z
cleetric constant of the medium is lowered, beenise g 3
The distinetive effect of the ionie strength upon the  all offects due to interionic atteetion would be in- b P
kineties of the reaction with (1=, asx well as with  ereased. For N,N«diethyl-g-chlorocthylamine in 66.7 f " B
807" (e Table 3), identified I uniguely as 2 per cent acetone-water solution, F ; ix stated to be "
singly charged positive jon.2 Thix identification s cory low, 1
in harmony with theoretical deduction from con- Addition of chloride ion (e NaC'l) retards the ap-
ductivity measurements, € and from the compo~  parent mte of cvelisation of 1IN2 in water; !t at ;
sition of the isolated picevbalfonate of 111.° pH 2.0, 30 C, and g = 0.005-0.10, the data conform » ;
The equilibrium constant for the revensible re-  to the following empirieal linear relation in which 3
action (1a), in the case of HN2 in water (00053 at  —0.652 is the logarithm of &y extrapolated to sero 2‘
37 (), was fonnd to be Ky, = 3.68 moele/l at p = 0,  chloride concentent’ 3: 3
ard 6.57 at g = 0.154 {physiological saline). The log b = ~0.652 — 0.00 [(1-3 3
Intter value corresponds to 97.6 per cent renction in . : H
favor of TH at theoretieal equilibrium.®* The values  20.2.4 Hydrolysis » 3
of the back-reaction constants of the other g-chloro- Reaction of the ethylenimonium jon with water |
ethylamines which have been studied may be de-  procecds much more slowly than the initis! eyelisa- i :
duend from the duta given helow [see renction (20)  tion "4 Through the mnge, pit 3.6-8.5, the mte H
and Tablex 3 and 4], of hydrolyuiz of HE remained constant within the i
In 66.7 per cent acetonc-water solation, k.y was  experimental crror® The kineties of the alkaline { o
alw found to be sensitive to the jonie strength of the  hydrolysis of the ethylenimonium ion have not been » @
solution.?* For othyl-bis(B-chloroethyhamine (1IN1)  addequately annlyacd. From the prctical standpoint, ) 4
and 1IN2 at 25 C, the values of k_; were determined  HN2 can be decontaminated by treatment. with ex-
by graphieal and mechanical analywis of the experi-  coxs aqueons alkali for 1-2 hours®
Tanre 3. Kinetiex of renctions of imonium jons of nitrogen mustands with 1,0, 807 =, and HCO3, The tabulated figurea
are the himoleenlar mte conxtants, k, for reaction (2d4), and &, for renction (2a). The dimensions of the constants ane
liter/mole min. ‘ .
k . T el - ——d 5 X e oo smmme o =3
Bimoleeninr mie I
Rimoleeular mte eonstants in water nt 37 (. constantx in 0,77, %
e eonmtant pli acotonewater :
sofution at 25 C1* i
Tmonium imm ,. -0 » = 0.000 ” :—O.IM' i s~O! 2
R+ e [ - - b
Tt !
N—CHLOH, HO KO- HOCO: Ho 8O- neo; 1o §
e 78 p'1 4.0 76 | pHH3IG | plle0 pil 24 pIL uncontrolld :
1ty k. x by ks k, W I ks k. X 10 ;
- ——— = g o - . v - }
W[
~ChEAL 1A ~CHLC 3:.¢ 13,0001 ees vee 2,0t vees 15, .
—CHARAT | —CIe10n a0t . .. Lo e 7 >
—CHAHALT | -CTICH,), 1.39 130 0nm ves am 0.055 .
—ClHAHAY - CHLCHLCH, n.as K3 [1X) 1} ] fee 128 0.0:0 .
~-CHAORAT | -—CH, 0.90 Ky 74 0.070 0.63 12 0031 0.5
—CHALCULT | —CHCH, 0.a67 H13 0.067 .es ™ 0.ms 3.0
~CHOHOH i ~-CN. 0.233 .. . .. ees [
—CHA'H, i — UM, ~ 003 n cee 7 veee ‘e
* The comstants for 840 ° Lod 100, sre sulijert 00 amall rorreetions fir change in artivity between g ® Dl g = 00 05, T .
1 Thewr tate ¢ are njgeaimations snd nee gwebmidy tens bom, .
$ tAmervationa mude at pit o,
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The relutive stability of cvelie imonium ionx in
general permits the direet evaluation of their mtex
of hydrolysis under suitable conditions Data are
availnble for seven of these ions at low concentmtions
in unbuffered agueous solution ot constant pllY
The bimoleeular mte constants at 37 C are given in
Tuble 3. They confirm the report ® thai for the

P aneontrolled, the following pseado-unimolecular
vilues for ke were reported: frisg-chloroetivhemine
(JIN3), ~ 003 min-'; N1, 0.0057 min *; HN2,
0.001 min=*.'** These values, rorreeted for the con-
centration of water, are recorded in Table 3 and show
the expeeted order of magnitudes, exeept that the
hydrolysis rate of HN1 seems to be unexpectediy

homulogons  (B<chloroethyDethylenimonium fons of  high,'®
the type s e e
: + 20253 Dimerization
R—-.\" end, The dimerization provess (20) in solutions contain-
) ing water can be formuluted as an initinl Linoleeular
CHLCIC addition, followed by eyelization with the climination

the hydrolysis rates in water inercase in the follow-

ing order:
R = CHL<CHCHLCH SCHCTL),

The activation energies for the hydrolysis in water
of the 1-(8-chloracthyDethylenimonium ions of 1IN,
HN2, and isopropylbis(g-chlorocthyhiamine wore
20 +1 keal ‘mole within the tempersture ‘mnge of
37 50 C. The heat of activation for the hydrolysis
of the l-methyl-t-(8-hvdroxyethyDethyler ' monium
jon was found to he 27(+ 2) keal ‘mole within the
temperature mnge of 25 37 (@

B: tween pll 3.6 and 8 5 (u = 0.005), the hydroly-
wix rate of I in water remnined constant, 3«2 jndi-
enting that very low concentrations of M- had o
negligible effect on the procews, Change in g at low
fonie xtrengths shonld not affeet the hydrolysis mte,
bt at high ionie strengths (x = 0.1 0.5) the hy-

diolysin rte of T was retaided 12 30 per cont and
paeed through s mininin, 2

A full deseription of the overall kineties of N-
methyl-gchlorocthyl-g-hodroxyethylamine in dilute
aqueots solution at pIP L6 and 37 ¢ wan obtained
with the aid of the experimentally determined con-
stants, pK,, ki, and k. (k- asumed nogligible).”

By combining these data with the correponding

values of pK,, ky, and k. (k-y found negligible; for

HN2, the ovemll kinoties of evelization and hydroly-

i of the Intter compound 1t pH 7.6 and 37 C could

be filly desetibedd 32 ge g meries of four sceewdve

unimoldeculnr or prerdo-unimoleentar renctions. In
thix deveription the assumption was made that the
two syccessively formed ethylenimonium fons re-
acted to o negligible degree under the experimental
condition< with the end produet, methyldicthanal-
amine (pK, == 83). This asumption wax slme-
quently verified anudvtically. ™

In 607 per cout neotone-water solution at 25 C,

of (1, an follows:
4+

T .
ReNCHCHAT 4+ RNCHA T 2
[{11}] \
CRAH,

gy A
rapid N

RNCHLCH,
N+
..\'“: ——

“t
Nty + (1

Clgt ',

Vs
oenen,
©sclle st

(Vinear dimrt}

Because of favorable configuration, the trunsforma.
tion of the lincar dimer to the cyclic dimer is o rapid
procew?® The direet dimengation of two cyelie
imonium ionz (V) has been suggested,® hut. ciectro-
static considerations would appear to make it a less
likely mechanizm. However, since chioride fon in
usnlly present in the system and promotes the re-
conversion of V to IV (revemal of evelization), it
might appear that direct dimerization had oceurred.
In 66.7 per cont acotone-wator solutions, ks at
25 C was found (o In: 0.40 for HIN2, 0.08 fur [N,
and apparently very much less for HIN3.7* Numeri-
eal valves of &y for solutions of nitrogen mustands in
pure water are unavaiinble, but the relntive values
may be inferred from the data presented in Tables 3
and £, These data are in accond with the oheervations
that 1IN3 i= much fext prone to dimerise than is
HIN2. In widition, the former more readily undengors
sudwtitution of one of its g-chlorine atoms. These dif-
ferences are aseribable to the differences between the
strongths of the two bases, NS being considemisly
weaker than HINZ (see Tuble (). ta general, the
higher homology of HIN2 exhibit. fess dimerization in
agneons solution than N2 itself, nnd ns a resnlt
these compottiuds possess grenter <toruge sthility.©
However, it has been pointed out that the exient of
dimerization of the higher homologs in o given situ.
ation may be limited by their colubifitios * or by the
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AND NITROGEN MUSTARDS

balunee hetween their ratex of solution and the rutes
of formation of the corresponding ethylenimonium
ions.® It should be noted that the data of Tablexs 1,
3, and 4 wete ohtained under conditions of concen-
tration that made dimerization a negligible factor
In certain cases the kinetiex of dimerization does
not. follow the normal second-onder conrse. s an ex-
ample, in pure liguid HN2, the dimerigation mte is
stated to be of zero order,® Thix result i evidently
due to the fuet. that the dimer is quite insoluble in
this medium and leaves the effective concentmation
of HIN2 constant; henee the dimerization mte wounld
have to be of gero order. The eatalytie offects of small
amounis of water and oxygen upon dimerigation in
ligquid IN2 have been noted.® In dried solations of
IIN2 in bengene, the dimerization mte wax appar-
ently of the fisst onrder; in absolute ethanol, also,
HN2 was found to dime-ize at a fist-onder mte
(ke = 0.005 min ! nt 25C; £ = 15 17 kea).® In
anhvdrous hensene and aleohol, the effect of low
diclectrie comstant wonld be to make the dimerizgation
process (20) fanter than the fint-order eveligntion
process (1n), and the latter waitld therefore beeome
rate-dotermining. Henee a first-order kineties of
dimerization would be observed,

The g-chlorine atoms of the evelie dimens (which
are proJiced ar mixtures of stereoisomens) » are not
reaulily replaced in acid or nentenl solution. In the
eane of the dimer of [IN2, N,N’-dimethyl-N,N’-bix(g-
chloroethybipiperaginium  dichloride, no olmervable
hydrolysin oecurnal i agueorns solution at pit 4.9
and 38C. 77 apparent half life was 23.5 days at
pH 8 and 4. dnxsat pi 109 In the ease of the dimer
of HINT in agqueons solution at 25 €, excess alkali in-
dueed relatively mpid elimination of the two chlorine
wtonms in two sneeessive hinsdeculnr reactions he-
tween the dimer and hydroxyl ion The reaction
liberating the first chlorine atom proceeded more
rapiddly than did that liberating the seeond.®

At high tempertures (131 178 C) in sended tubes,
the dimer of HXN2 in aguems solutions hydrolyzl
slowly at « prendo-unimolecutar rate deseribed by
the relution:

ko= X 101 ien HT i t
It wax noted that the pit foll from 3 to abont 1.5 dur-
ing the first 15 per eent of this reaetion; nnd there
wae evidenee that «<ide renetione oeeyrersd, @

2.2.6  Addition of Eleetron Donors

The renctions of the imonium jons with eleetron
donors, as ovemplifid by renctions of the generad

types (2h) and (2¢) and of the special type (26, are
of great importance for the elucidation of physiologis
cal mechanisms and for the design of provedures to
neutralize toxic derivatives of nitrogen mustards
which have grined admittance to tismues and ody
fluids. The corresponding reactions of the sulfur
mustands are likewise of importance and are dis-
cussed later,

In generad, the renctivity of an imenium fon, ax
mensgred by the veloeity constants of reactions (2h),
(20), (21), (21), und the revenal of (1a), should be
reduced by the same structuml and energy factors
that enhance the veloeity of the eyelisation process
us measured by by However, certain apparent ex-
ecptions to this inverse relation wre revealod by com-
purison of the data presented in Tables 1 and 3.

The addition of 8,05~ and of HCO; to o number

of the homuologous evelic imonium ions in water at
A7 C wan studied in some detail, and the exsentinl
rendts for u = O and 0.154 are shown in Table 3.2¢
The thiosiifute derivative (Bunte salt) of JIN2 was
foundd to he stabla in saintion.® " The corresponding
dipropionic acid ester was relatively unstable (¢, ~ 3
houre at pH 7.4 and 37 ), and the carbonie acid
ester was too unstable for isolution or confident meas-
wement.?= An important. deduction derived from
these data and obwervations on phosphates * is that
certain huffers enn and do interact with the eyelie
imohium ion. The relative valuos of k4 in Table 3 for
the renctions of the various imonjum ions with
84005 7 are substantindly the same ax those for the re-
aetions with HOCOZ . The same ix true for the relative
values of k., o0 indieation that the dicriminetiog
abitity of these eyvelie compounds ix not affected by
the differences in strueture which they exhibit, This
corresponlenes wonkl be expected to hold for any
other reaetions of the imoninm ions which proceed
by the same mechanism under the same conditions,
A eomparabile rituntion, revesled by “competition
factors” for substanees rencting with derivatives of
slfur mustands, is discussed later,

The bimob«ular rmte constant (k) for the renction
of the L-methyi-1-(@-chloroethyhethylenimoninm ion
(HD), derived from 1IN2, with other electron-onnt-
ing gronps (inchiding C1, Tor which bz = &) were
determined at 37 C and g = 0 and 0151, They am
shown in ‘able 12 Ax indieated above, from such
duta one may estimate the corresponding values of
ks for the other imonium jous listed in Table 3.

The veuction of the eyelie ethyienimonium ion with
aminex and tetmmines, as exemplifid by reaction
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Tane 4. Kinetiew of reactions of L-methyle1-(g-chboro.
cthyhethylenimonium jon (111) with cleetron donoms at
37C. Original sonrees of datn sre given in the hiblioge

mphy.!.
&=.. T = R " i = A et ——
Himedeettlsr mte eotmtant
FElecton (ky, in L'mole min)
donor pit a=0 s = 0154

Chlavide 38 013 0.064
Prpionnte . 74 0.13 20510
Benzoate ‘(Z: 0.12 0.m7¢
dl-Alantine

earboxylate 6.0 0.1-0.2? e
Thiveyanate 8.0 Approx. 3(30() cees
Methyhdi- { 74 10?

ethanolamine 8.4 sece

* Nit eoerreted for activity at g = 0034,

(21}, has been shown to oceur more or loms readily.®
in the case of tertinry amines, there are indications
that the steric configuration of the substitsients modi-
fien the accomibility of the amine nitrogen and thus
influencen its mte of repction with the imonium jon.2*
Thix fact would have an obvious bearing on the
kinotiex of the terminal reactiois of the nitrogen
mustands in water.

23  A-CHLOROETHYLAMINES IN
HETEROGENEOUS SYSTEMS

The hehiavior of the S-hnlogenated ethylamines in
waer apensions of siitahly activated carbons is of
interest from the standpoints of physiological mech-
anisma andd of decontamination of water. Two pri-
mary amines, S-bromoethylamine and g-phenyl-g.
chloreethylamine (Codls - CHCL-CHaNHe) have heen
wy studied. It wax found in cach caxe that the mte of
eyclisation of the amine in alkaline solution was
slower, and the revere procs < in acid solition wis
faster in the presence of Merek's blood charconl than
in itz alwence. 74 Thix finding ix in agreement with
the genemt rule that the formstion of adsorballde
siblwtances in favorsd at interfuees, Lo, the shift of
equilibrium at an inteiface ix positive with a deerease
in surfice energy. Fach of these primary amines was
more strongly aduorbied than itx maore solubile othyl-
enimonium jon, nnd, in newtral solutions containing
enrbon, the equilibrium (amine == evelie prduet)
was atrongly <hifted towand the amine,

The evelimtion of S-phenyl-g-ehloronthylamine
(half life of approximately 4 minutes in homogene.
ots solution) was cnly 85 per cent complete at 18
hours in the presenee of activated earbon, At 23C°,
the rate constant in the heterogeneous svstem wns

1 70 of that in homogeneous solution, and at 37 ¢
the correnpotding mtio swas 1 20,9 The fuet that the
temperature coefficient of the evelization was lower
in the presence of suitable carbon than in ite alwence
in direet ovidence that the reaction was taking plaee
at the interface, The kinetie data obtained at diffor-
ent tempemtures permit the caleulution of the valuex
of Eand B in the Arthenius equation, &, = B.e~F &7
for the reactions in the homogeneaus akd heteroe
gencous syxtems, Thene values are shown in Table 5.

Tamed. Kineties of eyclization process of g-halogenated
aminer in homogenems sobition and in heterogeneous
nystemn comtnining activated enrinm,

e o g— ro— e s = == -

Type of activated 4 log B

Componnd enrbon preaent (keal)  (neet)
CALCHCICHN Y, None 20 124
Wionnt ~2) 1.1

Carbomflin 13.5 6.2

BeCHCHNN, None 25 4.9
Mlown? 0.3 104

The decrease of E would tend to accclerate the mite |

of cyelization, but the proportionately greater de-
crense of 18 rexutlts in a net retandation of the reaction
in the prexence of the carbon

The ahove olwervations on primary amines soem
10 be corrobomted generally by reports on the wl-
sorbabitity of the tertinry gchlorocthylamines and
their produets from water solutions onto activated
charcoul.!* HIN3 and tricthanolamine appear to be
efficiently wlorhed, but “DR3pwitive materinl”
(presumably ethylenimoninm componumds) was hanlly
adsorhed at all. The same holds for HNT, exeept as
madified by it« greater solubility wind by ilw grenter
stability of s polne 1othyll-(B-chloronthylethyl-
enitnonium ion,??

20.¢  CORJIIELATION OF TOXICITIES ¢
OF 8-CHLOROETHYLAMINES WITIHI
KINETICS OF TREIR CYCLIZATION

Tt hax heen noted 243 that o good correlution ox-
itz botween the subentancous toxicities * for mice of
the hydrochlorides of o number of tertiney amd
seconddary g-chloroothylnmines and the half lives of
the amines in aquenis solutions wider physiologival
comlitions of pll and tempemture (37 C, pll 7.0,
The shorter the half life of the amine, the greater jts
tozieity. A comparubly clenr-cat coredation does not
exist between the sabentaneons toxicities of the
hydrochlovides and the renetivities of the first-step
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424 REACTIONS OF SULFUR ANVD NMTROGEN MUSTARDS

ethylenimonium ion< of the amines, The possible im-
plientions of these and other correlations v tween
toxicity and the properties of sulfur and nitrogen
mustards and their derivatives are diznssed in
Chapter 22,

20.5 SULFUR MUSTARDS IN
HOMOGENEOUS SOLUTION

As indieated by the scheme presented in Sec.
tion 20.1, the renctions of the sulfur mustands are
qualitatively similar to thase of the nitrogen mus-
tandx. Evidence will be presented to show that ey-
cligntion oeeurs (ax with the nitroaen mustards) hy o
thermally  activated  solvolytic  mechanism,  The
oniwa jon, n thir ense an othylenesulfonium ion,
which is thus formed then rencts with water and
other unchurged nueleophitic molecules and with
anions to form varions products. The reaction se-
quence is repeated if the sulfus mustard contains a
second g-chloroethy! group. Thus, one may write for
a typienl sulfur mustand, RSCHLCHCL the tollow.
ing resctions, which correspona to renctions (fa),
(20), (20), and (26) given on page 417 for a {ypical
nitrogen mustand:

RSCHAHL -‘T,'_- us('u;'u, + 1 (i
+ o~y

m:vu:('u; + 110 e RRCILCILON + 1 (2e)
+

nﬁmi'u, + RSCHCTLT =25 dimen (2h)
+

*
i i
RNCHCH. + RNCILCTLON —
+
RSCHCHSCRLCILON (207
n

However, important quantitative differences exist
hetween the reactions of the sulfur and nitrogen mus-
tards, Thewe differences refloet the lener hasicity of
the sulfur atom nx comparesd with the nitrogen atom,
The maxt important difference is the relative mtes
of steps A nad B [reaetions (1) and (2a), (2hy, (203,
page 151 It will b recallad that with the uitne
gen musiands step B s slow relative to step A,
Convequently the imoninm jon formed in step \ may
aceumniate in relatively large amounts, and it can be
isolnted in the form of its salts, With the sulfur mus-
tands, on the other hand, step B ix s much faster

than step .\ that the Intter determines the rte of the
overnll renetion and little sulfonium ion ix ever prese
ent. Indeed, it haas nover been isointed and its exist-
ence is deduced from indireet evidenee, Thir eyelic
compound is an aetive slkvinting agent s and the ulti-
mate distribution of ~CHCHSR residues among
eleciron-donating groups present in the solution ix
determined by the relative concontrations of these
groups and by their relative reactivities (“Ccompe-
tition factors”) for the ethylenesulfonium ion. A
socondd quantitative difference between the two
claowen of compounds is that dimerization of the
g-chiloroothyl sulfides is gonerlly negligible,

Evidenee to support these conchsions hins been
derivedd from kinetie studies of the renetions given
above and ix presented in detail in the following dis-
vrission of ench of the reactions,

205.1 Evidence Bearing on Ethylene.
sulfonium lon Formed in Rate.
Determining Step

Studier during World War | showed that the rate
of hydrolysis of bix(B-chloroethyl) sulfide (1I) in
aqueous solution ix zoverned by a first-order, temper-
ature-dependent step, H-— activated M3 The
following additional frets load to the conclusion that
activation of I and related sulfur mustards ix a re-
verible solvolytic proces during which chloride ion
in libemted, and that the resctions of the aetivated
complex are always so much more mpid thao its mte
of formation that the latter reaction becomes the
ratedetermining step of the overll proces:

1. The hydrolysis of 11 results in the ultinate
formation of thimdiglyeol, SCHCH O, and
2 moles of HCL Hydrolysis of g-chloroethyl 8-y-
droxyethyl alfide (CH), which ix the partial hy-
drolysiz preduet of Houd o representative mono-
B-chlorethy} sulfide, liberates 1 mole each of thio-
diglveol and HCL In the cnse of solutions of cither
H or CH in water, the rates of liberation of chloride
ion aned of hydrogen jon are identient within experi-
mental error,'®

2. As wist early demonstrated for 1, the hysdroly-
six of numerois B-chlorvethyl sulfides has now been
shown to proceed initinlly seconding to the Kineties
of 1 monomolecular reaction. Devintions from a first-
order course ocenr during the latter part of the re-
action and may be accounted for by the effeet of
necumulating chioride im (e Seetion 20.2.4) and,
in the ense of I and other compounds with two
B-chloruethyl grougs, by the complienting effect of
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»

a socond, suecessive, fist-order reaction involving
the second g-chloroethy! ;voup.

3. In unbuffered solution the apparent rate of
hydrofysin of H is pl-independent over the mnge of
pil 3 f1amm

4. Various substanees, including those usually
useed to I e solutions, enn renet with activated H
and me- ne consrse of the overll renetion, Indeed,
sme 1 e (e, monothiophosphate) renet w0
much wore mpidly thin does water that in their
presenee little or no hydrolysis (formation of thio-
digh col a1 w0 ") oceurs, 592 Novertheless, the over-
all mte of disappenranee of H is not aftered by the
presencet ¥ of sich substaneest In other wor ° |, this
rte is determined solely by the concontention of H
und the temperature of the solution,

5. The wddition of chloride im (e NaC'h in mod-
emte concentration retands the rate of dicappenr-
ance of IT without gltering the final cutcome of the
reaction ax measured by the production of 2 equiv
of acid per mole of 114 The quantitative offects
of different concentrations of added ehloride jon are
in accord with the concept that revenal of the acti-
viition process occurd by the himoleeidar renction
[renction (1b)] of the activated H with chloride ion.'

6. The apparent rute of hydrolysix of H ix not
altered in the presence of metallic eatalysts (v.g.,
Agt, Cutt, M+, Nitt, Fotrt)em

7. In solvents lews polar than water, the reactions
of H are markedly rotarded 5o

R In necordanee with the concept that the re-
actions of 1 in water involee an initinl solvolytic
step, vapor phase hydrolysis does not oceur to an
appreciable extent.!

The above observations indiente cleardy that 12
and reluted g-chloroethyl Yilfidex undergo a mono-
moleculnr rate-determining transformation consist-
ing of a solvolytie ionization into chloride jon and a
anitively changed Cnetivated™) residue, The Intter
has been reganded ax the primary carbonium ion,
RYCHLCHg 0 Howover, no ovidenee s nyailable
that primary alkyl halides undergo 4 monomoleculnre
solvolysin of this tvpe. Maorcover, the activated ine
termedlinte from 11 differs from thowe wenally en-
conntered in sofvolytic reactions in that it retains the
ability to diseriminate between the varions ube
stineen with whicl it may renet. As a conseqrience,
it has heen sugggestedd t-2 that the aetivated enrlemium
ion postulated above is stabilized by ring forma-

* Parported aceelemition of the mie in the prosence of mono-
thingdumphinte bn b leen disproved, =«

tion to a virtunl or actunl ethylenesatfoninm jon,
+

RSCHCilg. Such an ion must be reactive beeause of
ite ring “temin, but it must he considerably more
stable than the simple carbonium jons postulated to
ceenr in the hydrolysis of secondary ad tertiney
atkyl halides,

The postulated mechanism, which permits the
earbon atomn to attain o normad oetet of valenee elee-
trons by <haring a pair with the sulfur atom, has per-
suasive chemical annlogios? the closest being the
formation of the ethylenimonium jon in the ease of
the nitrogen mustards (see Section 20.4).

;.52 Kinetien of Overall Reaction of
bis{8-Chloroethyl) Sulfide in Aqueons
Solution '

Although the hydrolysis of 1 in water proceeds ns
8 succession of reactions, the major part of the to-
tal reaction, S(CH/CHCg 4 2H,0—>8(CHLCH
Oz + 2HCL can be deseribed as 1 single, qunsie
matiomolecular process 3 The rte constant for
this process (or its initial portion) as determined by
mensurement of acid libertion will he designated as
k;. Much of the information on the renctivity of 1
has been acquired theough the wie of this approxima-
tion. Accondingly, represeatative results have heen
hrought togrther in Table 6. The data reveal the
chameteristic temperture coefficient for the overal!
process, The econspicuous retandntion in sen water
ar compared with the rate of reaction in pure water
may be related to the chloride fon concentration of
the former.

Kinetics of Formation of
Ethylenesulfonium lon

The rate of formation of the postulated ethylene-
mulfonium ion from solutions of g-chloroethiyl sulfides
in water has been determined dirvetly by mensuring
the rate of evolution of chloride jon, and indireetly
by mensuring the mte of acid production. As stated
above, the lntter procedure ix valid beenise hydroly-
sin is very mpid compured with the mte of the cyeli-
sation renetion (i.e., ke > > k). An alternntive ox-
perimental procedure has heen to determine dircetly

205.3

* 1t in of intorent that the displneement of ehlorine in the
wxygen annhag of H, bis(gchlurontlivt) other, procoeids by an
entirely difforent meehanism. There in o evidonee for the
exietence of & monomudeculne activation step to form an
onium compound.'? The reaction i bimoleenlar. For renction
with OH -, ks = 0.023 } ‘mole ming for renction with 8.0, =,
ky = 032 | /mude min,
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Tamie 6, Apprent ente constants (k, ) for hydrolvais of affur mnstargs in water, Medingm usually eomtamed £ 5 por cont
ethuted or isopropanol,

! i
Componnd | Medinm ’
bis(8-Cllvrathyl) syl | Water I
fidle i !
m i ]
| |
] }
l
Sen woter
!
1,2bin( g-Chloroethyl- Water
thioxthane (extrapolnted)
(0] $2¢¢, dioxnne
in water
bin{ A-Chloroethylthieo- ‘ntor
ethyl) other
)] Warter |

Temp &, f Refer-
(S (min-t) (min) onces Notea
(11} 0.4 1580 5t Data not consistent due to
10.0 0.012 378 inadequaey of sapling
20 i 07 14.7 procedure
K ] 021 33
374 027 24
125 00215 22 32 E = 17-18 kenl,  Vali
-] 0.4 LHY ] untformiy low nx though
K1) (N1} AN from  syatomntie  orror,
10 0.24¢ 2.7 Usedd quiinhiydrone eleee
0 0.644 | truce,
4.5 0028 248 M B~ 208 keal. Titrimet-
246 omy 71 rie, indientor,
N 0355 2.0
250 0328 a7 3 Titrinwtrie, hinlieator,
no 0219 3.2 23 Tritimetrie, glins cloct rinde,
20 0.4 74 g E ~ 228 keal Titrimetrie,
2 0476 1.9
n 042 20
b ) 0476 E X)) n Tirimwtrie,
b 0.02 (] 40 ‘Titrimetrie, indientor,
0 0.8 23 23b Titrimetrie, gl cleee
trode,
25 ~04 1.7 2 Extenpolated to water from
following experiment.
b} (X1 -1 K1 21
25 0.212 33 30 Pl = 3842, F=20keal,
25 0298 2.8 41d A% othan.d present, pil =
H-R,

Tanee 7. Kinoties of fonization of gchloroethy] sulfizles at 25 (.

CENCHAIAT | Mediom b BT Refer Nt %
t14) (min-1) (kent) onee
HOCH.CHL- ‘nter R 6.8 kY§ Glane olectrade, pll
<14 ethanol in water 0.0 cae 20 Neleetive extmetion of CH
o' sthanel in water 0,23 cee 41e Titemtion ot newd
..... 0,235 . e Computed from &, = 0174
3¢ acetone in water 0.260 eee I8 Determined acid and  ehloride;
n = 0144
CICNLA - Water 0.8 183 an Ghow eleetrode, plt
0.6 . p.L 1) Selective extemetion
3¢ aretone in water]  0.155° .. 113 Determined acid and ehloride;
u = 0144
CHOCH - 377 othanol in water 0.6080 cee 41d Titeution of acid
CHAOCH. 0N~ 3¢ othunol in water 0.900 . 41d Titration of acld
Cells~ 3¢ ethanol in water 0.02% - 4td Titration of acid
Can e, 17; othanol in water 0.200 105 23h Titention of aeild
i 20 ethanol in water 6.3 ! vee i Titrstion of acid
=OPNCHCH- | 3 aectoneinwater | 0700 l ces 8 Titration of ackd

® Crleulated 1rom the apquoqiiate cquations for 1w eomerative fiestord s proreees,

the seleetively exteeted H and CH after various

renetion tinwes s

Table 7 summariges the availnble observations for
the simpler g-chlorocthyl sulfides in water, othanol-

SECRET




T aeot A o < o —— T

SULFUR MUSTARDS IN HOMOGESEOUS SOLUTION

425

water, and acetone-water solutions. In goneral, the
ronetion mte follows  finctearder conrse aind in de-
termined by Fyin reaction (1h). The reverse renetion
in nogligible under these comditions,

1t will be noted that in the enses of 1 and CH the
renction rte nx dewrmined from chunges in pttap-
pears to be lower in water than in ethunol-water or
acotone-water solutions, 1t may e suspreted that
the difference ix due to experimental errom, It the
difference were renl, it wortld signify that, contrry to
general observation, the organie solvents aceelorated
the ionizgation rate. in addedition, it will be ohmerved
that the renetion rates in water as determined hy the
privedure of weleetive oxtretion of 11 amd CHE=Y
are higher thun thoe determined by means of the
changes in ptiy7»

1n the ense of 11 and ClEin 5 per eont neetone-
water solution, the renction rate was not signifi-
enntly influenced by chunges in jonie strength in-
duced hy addition of an inert wlt (mxlium benzene-
sulfonate), and the small amount of ehioride aceumu-
Juting ns n renetion produet hud no detectuble offect
on the kineties of the proces !

2054 Reactions of Ethylenesulfonium lon

Sinee the hydrotysis of 11 and CH Crenction (20)]
proceeds within experimental error a8 rapidly a4 the
rate of formation of the ethylenexulfonium ion, k.
must be relatively grent An aceumuation of ax much
e 3 per cent of ethylenesulfonium ion cotht oveur if
k. woere M) times greater than & A» the maximum
probable accumulation ix not more than 1 por cont,
k. should be at leaxt 100 times ax Targe as Ky 't

From the standpoint of detoxitieation of the sulfur
mustard in tieaex and hody fuids, the renetions of
othyienesulfonium fon with <anions are of great im-
portance. These renctions are t ypified by the general-
isedd renction (201, The participation of chioride jon
in the himoleenlar reveral of eyclition {reaction
(1) or (1] ix o specinl ense which may he treated
firnt.

A quantitative estimate of the abwlute rate of re-
veran) of evelizntion is not powible, beentise the mte
comstant (k) s inextrieably sweawinted with the
fte constant of hydrolysis (k.), and the latter i tow
high to be measured in any of the systems that have
heen investignted.

An indicnted abave, aidded chloride jon retands the
apparent hydroiysis rite of 1 without altering the
endd result. 4 This means that the available cthyl-
encsulfoninm ion, which & rencting simultaneonsly

with C1- to form [T and with water to liberate hydro-

gent o, procduces acid at o lower e in the presenee

of acddded ehloride than it would in water atone, The

retardation of hydratysis may b deseribed either by

an empirical lincar relation [equation (3)]7 or ax n
vatio of apparent hydrolyxis mtes derived with reason-
able punmptions from the kinetie fuws for two siee
consive monomoleeutar renetions fequation ()] In
equations (3) and (), by and £y represent tho intrin-
e e constants respretively in water aned in water
phux added Cl, and &, and &, are the ecorresponding
apparent rte constantaas experimentally determined
by mensurenient of aeid produetion over the fimt
% 20 per vent of the overll renetion (ace Table 6),
In practice, &3 &k, hus boen wenmed to be cqunt to

ky k.

o
lug.-.%’* - - LAGEICEY (for30C) )
& 1
T TFPALT] ()
Hydrdynin ente in presence of competitor X
fivdrolysia rute in water -
1
TEArg W

Feq is termed “the competition factor of chloride
jon,” and provides o measire of the reactivity of the
chioride fon toward the ethylencsulfonium ion, as
compured with that of water. The competition factor
Fx for any anion X~ is forinulated in the came way,

and by appropriate mordifieations of the type cquae

tion represented by equation (3b), the competition
of misturerof hydrolysieinhibiting wibstances can be
formuinted in terms of their respective concentrntions
and spevifie competition frnctom b

The empirical relation (3) ix inadequate in that it
prediets unreasonably increasing values for the res
activity of chloride jon as the jonic strength ap-
proaches sero."* The competition factor equation (4u)
i not preciee either, for its we gives values of Fy
which vary with chloride ion coneentimtion a4
Although this eyuation correetly assumes that the
rolative rates of combination of anions with cthylene-
alfonitim_jon depends only upon their chemieal
natires and relntive concentetions, it does not take
inte aceount the cffect of jonic strength upon these
imoleeular reactions, Since Fx represents a funet ion
of the ratio of the mte constants for the reactions of
the eation, cthylenesulfonium, wiih uneharged water
and with negatively charged anion, sospeetively, Fx
shoukd be sensitive to change in ionic st rength, Fur-
thermore, previse caleniations of Fx hy use of equa-
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428 REACTIONS OF SUIFUR AND NITROGEN MUSTARDR

tion (4b) require exnet knowledge of the values of ky
and k. These values are usually approximated as
the initinl eatex (k, and £7) of the respeetive procesecs
at zero reaction time. The approximations may be
very close at low tempematures, but at 25C and
higher the errors may heeome appreciable. Thus, at
95 (* with H, &, is about 5 per cent too high if ealen-
latedd from the origin to { = 0.5 minute, and 10 per
cont too high if enlenlated to ¢ = 1 minute; and in
the presence of monothiophosphate jon, the errom in
L, caleulated for these time intervale are 14 and
26 per cent, respectively.tt It may be suspeeted that
thix souree of error accounts, in part at least, for the
rather wide discrepancies hetween the k; values re-
ported by various olwervers (ree Table 6).

In spite of these inherent sources of error, the or-
dem of magnitude of the competition factom for vari
on anfons are significant. Determination of the reln-
tive values for a wide varicty of compounds 34 has
been of great practical value in furnishing a basis for
the seleetion of theee claswes of substances likely to
verve s offective dot sieants of 1. It has alwo pro-
vided a general indcx of the relation of chemieal
structure to the clectron-donating strength of com-
pounds posseweing unshared cleetron pairs, as may be
ilusteted by the examples given in Table 82 In

Tanx 8. IMustrative competition factors,

Anion Competition factor

(\N°) ra
Dithwphomphete 130,000
Thivwulfate 27,000
Phemplinte ™
Sulfnie 3

view of their posible deepedhyniologienl signifieance,
the unigue prsition of thiol compounds ax strong
competitors shonld be emphasized. A complete table
of competition factors is given in Chapter 19.

It merits emphasin that addition of sbstances
with high competition factoms does zot aceclerate the
mte of disippearance of 1i from aqucons solutions,
hut merely alters the final produets of the overall re-
action. The renetion in the presence of thiomilfate
provides an example.!# The two ethylenesiifonium
jons formed in siccerdion by an H molecule zeact
with the thisaulfate jon to prictuce the Bunte wit,
RCHCHSN,), The mte of the procew in cene
tinily the same ax for the production of thindiglyrol
(i.e., hyddrolysiz) in pure water, but in this case virtu-
ally 210 hydrolysis oceurs,

The quantity which ix of significater for an ue-
curate deseription of the rates of reaction of anjons
with ethylenesulfonium ion ix not the competition
factor as above defined, but rather the rate constant
of the particular competing agent relative to that of
water at some standard jonie strength. For chloride
jon such n constant has been defined as the “reltive
ste constant of chloride ion at jonic strength g, a8

follows: 14
“-q
(rev)s = (L::)-

In this equation k- is the second-order mte constant
for the reaction of ethylenesilfonium ion with chlo-
ride ion, and k, is the proudo-finst-onder rte conxtant
for its reaction with water. In the ense of bot! i and
CH, (rcr-) has o value of 18 £ 2 st p = 0.144 and
attaine & limiting vatue of 34 £ 4 at g = 0.000, At
constant u these vales are independent. of ehloride
jon concentmtion,

The dimerisation of Schloracthyl sulfides to the
corresponding linear sulfonium and eyelie 1,4-dithi-
onium compounds acconding to n action (2h) has not
been encountered. In the case of the nitrogen mus-
tanly, the corresponding compounds are formed toan
apprecinble extent (are previous diserion and Chap-
roer 19). With H, however, the welatively Jaw hanicity
of the sulfur atom would make such c-mbinntions
very unstable.'®

Azindieated by renction (20), the additions (some-
times incorreetly termed polymerisations) of ethyl-
encaddfonium  jons and  thindiglyeol  (T4G) oceur
renddily in agqueous solutions. The slfonium come
pourds, H-1TG, H2T6, and CHTG are formusd
(e Chapter 19, It will be noted that only the find.
of there three compounds contning a g-chlorvethyl
group. The formation of sulfonium salts is favored
when the initial concentration of H is high.*-# These
addlitions also oveur in axhydrous mixtures of H and
TG, but at lower rates than in agueous solutions,

The himoleculer reactions which result in the
formation of the sulfonium compounds have not heen
sabjected to systematic kinetie annlysis. The chem-
ienl renetions of the compounds nre disenseed in
Chapter 19,

2035 Reaction Kinetics of Sulfoxides,
Sulfones, and Mustards with Two
Sulfur Atoms

H sulfoxide, (CICHCHS80, s relatively re-
sistant. to hydrolysis; *# the reaction proceeds only
very slowly at plt 8.7
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H sulfone, (CICTLCH )80, also resists hvdroly-
six in unbuffered agureons solution,™ hut its conver-
sion to diviayl sulfone, (CH, = CH)S0,, and HCT ix
eatalyned by hydrocyl ion. Upon the addition of
sodium hydroxide, 0.55 equiv of chloride ion and of
acid per mole of H sulfone was liberated in 90 min-
utes at pH 6.5 7.0, and, at pll 7.5-7.8, 1 equiv of
chloride ion and acid appenred within @ minutex.”?
On the other hand, in the presenee of bicarbonate at
pUI 7.5-7.8 the renction was markedly retarded (to
one-fiftieth or less of the above mte).?

Divinyl sulfone does not renet deteetably with
water in neutral aqueons solution, and renets only
very slowly at pil 8.4.17

1,2-bix(8-C hloruethylthinlethane (Q or sesguimus-
tard) in 42 per cent diosune in water solution hy-
drolyaes at a mte comparable to that of H in water
(ee Tuble 612 The initial libemtion of acid follow:
a fintorder eottree for which £, = 0.086 + 0.006
min-' at 28 ¢*. Thix apparent rate increuses with in-
erense in the water content of the renction mixture,
varving ax the fourth power of the water coneontra.
tion. Extrapolation to pure water gave &, ~ 0.4
min-t. & second, much slower stage of acid liberation
hax alw been olwerved and related to the hydrolysis
of the second B-chiomothyl group. For thix, k, =
0.00396 min-t in 32 per cent dioxane in water.®

There is evidence to indicate that under cortain
conditions (), like H, can aact with the produets of
i"s own hydrolvss to form sulfoninm salts, In eon-
trast to the sulfonium salts of H, some of the sul-
fonium salts of () appear to be unstable. For example,
pentacthyienctetrasalfide-s, o'-dioi (IV)

SCHAHSCHACHONR
Ha
n«

SCHAONSCHOCHON
[13}}

has been isolated after hydrolysiz of Q by 30 volumes
of water (see Chapter 19,

Q sulfone in cither pure water or hicarbonate solu-
tion undergoes no deteetable bydrolesis for at Jeast
i month?

bix(B-Chloroethylthioethyly other (T) appears to
hydrolyze in two stages and at an even more rapid
rate than 1 or (.2 The data shown in Table 6 relate
to the firt stage. In the ense of one extimate,® the
value for £k, was arbitrarily determined from the

slope of the straight part of the log concentration
verstig time curve; in the ease of the other entey,® the
initial vadue of the slope was wad as the bavis of the
oxtimate,

2.5.6  Kinetics of Oxidation of bis-

(3-Chlorocthn]) Sulfide (1) by Peroxides Y

In methanolewater solution, the oxidation of H by -

wren peroxide and Ha0; is slow and accompaniod by
solvolysis with resultant acid production and in-
crease in the bimoleculnr mte constant, With uren
peroxide in 844 per cont mothanol in wate, by =
00018 0.0083 1 /mole min; with HyOgin 06.7 per cont
methanol-water, &g = 0,012 40.023 | mole min. The
resatdts indieate that HaOg and stz yielding HaO, are
not active enough to be welful for decontamination
under phyviologieal conditions.®

The oxidation of the sulfur of H to the sulfone
state should tend to reduce the strengih of binding
of the g-earhon atom, and in the cose of Lix(8-pyrie
dinium cthyl) mdfone, the hinding was found to be
such as to permit the direet olwervation of a revers-
ible reaciien which was eatalysed by OH-,

+
OSCHLH: NGl + 200 - =

ON(CH-=Clf)y +2C8LN + 200
At lower plf, the equilibrium wan foreed towand the
left, and at higher pH towand the right.'?

206 KINETICS OF SULFUR MUSTARDS
IN HETEROGENEOUS SYSTEMS

In heterogeneous systems sich as oveur in tisates
aml on moist termin, the vario phases and intor-
phases provide numerois posibilitios for the distii-
bution of compounds such ax H, its intermedintes,
amd itx resetion produets. Under mich cireumstances
no mtionn! physieochemicend picture of the defailed
behavior of 1 or any other pendistent agent i possible
at the prevent. time,

It merits mention that for some systems (o8,
moist tormin contaminated with droplets of a sulfur
mustand), the hydrolytic and other venetions dis-
cuxsed in the preceding sections have little practieal
henring on the persistence of & hazard for troops, The
limiting physicochemical factors an the stes of
evapomtion aml of solution”

Blood and plasma are relatively simple heterogene-
onx biological syatems in which the apparent mtes of
disappearance of 1 and CH have boen st udiold (<o
Table 9). The entriex of the table suggest the exist-
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430 REACTIONS OF SULPUR AND NITROGEN MUSTARDA

ence of & specics variation. They indicate alwo that
the rates of disappearance from the hlood or plasma
of different individuals of n given species exhibit &
notable variation and are, in general, lower than the
eatex of dissppearance at. the same temperatare from
homogeneous solutions containing the same concen-
teation of chloride ion,

The rates of disappearance of both H and CH are

lower in whole blood than in plasma. It follows that
the collular elements of blood must pacticipate in the
removal of H and CH from the extracellulm phase.?

However, it is apparent that the removed agent is

not destroyed so rapidly as that which remains in
the plasma. Prowumably reverdble wlwrption with
or without solution in nonsqueons phases playa a role
in this plie.omenon,

Tasg 8. Apgarent rates of decomponition of hissrhloroethyl) sulfide (1) and s-chlomethyl g-hydrmxyethyl sulfide

(CHj in whole blond and in plaxma,

The data were obtained by selective extraction and subeequent determinntion of 1 and CH. The apparent rter of
decomponition are tabulated in terms of the apparent firt-order mte constant (k) and the half life (1), In the enne of 1,

&, refem to the fimt jonigation step.

[ T - e ——— T s
Anticong- Temp ‘ ] Refere
Agent Spreien Medium ulant (&) (min-t) (min) onee
il veve 09 Na(1 ..., 25 0.037 19 2
Man Blood Citrate 23 0.03-0.04 17-2¢ 20
Man Plasma Citrate 2 0.008 n 2
Man Blood Heparin 3 0.014-0.023 -5 n
Sheep Hlond Heparin 23 0.03 24 2
Rabbit Hlood Heparin 25 0.012-0.014 H0-60 b7
Rabhbit Bloed Heparin ¥ 0.000 " 20¢
Rabbit Blonnd Heparin L4 0.08 ] e
Rabhit Bloont Heparin 37 e R4 13
Rat Blomd® Heparin n 0.0534 12 H
Dog Blond Ozalate b3 0.02-0.03 73 2
cH Rabhit Bioed Heparin 25 0.12 58 20h
Rabbit Riood Heparin 37 053 13 20h
Rabbit Plaema Heparin 23 0.085 82 20h
* Eauilibeated with 3 per eent Oth,
“
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Chapter 21

EFFECTS OF SULFUR AND NITROGEN MUSTARDS ON
PROTEINS, ENZYMES, AND CELLS

By Milton Levy *

2 INTRODUCTION

HE PRACTICAL ONRCTIVES of the work reviewnd

in this chapter huve been st forth in Chape

ter 19, Section 19.1. The prevent chapter reviews the

work falling hetween the strictly chemieal studies

(Chapters 19 and 20) and the investigations on the

mechaniom of cutaneous and systemie injury in ani-
malx and man (Chapters 22 and 23). )

The primary seientific objective in the wor’s de-
weribed in this chapter has been the development of
a theory of vesieant action in collular terms. Several
desiderata for sich a theory are evident. It must pro-
vide for rapidity of renction of the vesicant and forthe
delay in the development of gromly visible damage.®
1t must account for the effectivenems of low dovages of
vexicant. It must account for the relationship be-
tween the quantity of vesicant and the qualitative
and quantitative nature of the remilting damage,
The hope appears vain that a single reaction result-
ing from a vesicant may he fournd responsible for all
mibwecuent events in the development of injury be-
canse the studies on many systems have shown that
the reacting groups are multiple. 1t is. therefore, to
he expeeted that the dincovery of an especially sensi-
tive material may indieate the minimal reaction for
damage without explaining all the olwerved effects
an the vesicant concentration or time of exposice is
inereneed,

Although some actions of vesicants in various
thiwea may be the rerult of acid liberated through
hydrolyxis, 4 the acikd hyvpothesin® has heen re-
jeeted an inadequate 208t The sqpgeetion that
delay in action in relaied to & necowary preliminary
formation of a sulfone (H sulfone or divinyl sulfone
from mustant) ¥ has heen dinerpeed, 28-18000 Extie
matex of the oxidation potential required to ac-
complish thix change ¥ indieate that living cells

wonld not be able to bring it about to an appreciable
extent.

It seoms gencrally agreed that . mpid reaction
with protein material 330 (see Chapter 19) is the
mext likely primary chemien! event of biologieal in-

*(f:New York Univorsity Colloge of Medicine,

terent, There appears to be no read necemity for o
strictly chomienl mechanism acting on the vesiennt
to explain the delayed onmet of deteetable injury.
The delay in sufficiently explicable in terms of the
exintence of noninstantancous proceswes in normal
functioning. Any delay in manifestation of the action
of a vesieant can be deseribed an the time requieeld for
the defect or demangement. produced by the mpid
chemical action to be effectunted in a demonstrable
manner through otherwise normal mechanismn, (n
thin basis, the postulation of protein compounds
which may slowly release unchanged vesicant # is an
unnecenary  complieation, and pamliclism of de-
velopment of lesion to ensyme innctivation 7™ may
oceur if the Iatter in & revtlt rather than a enuve of
pathological changen,

A very common phenomenon rewilting from the
action of vesicants in very small amounts is inhi
bition of cellular reproduction. Comeal epithelium,
regenerating liver, yeasts, tiwue cultures, tumors,
and marine eges show one form or another of delayed
reproduction when treated with vesieants.  With
marine eggs, the most marked delay is in early pro-
phase. In 5o far ax is known, the deluy in the cnse of
other kinds of cells is at & correnponding phase of the
cellilar reproductory eyele. In genemal, effects on
grom metabolism reqjuire move drastic treatments

thin those that suffice to inhibit ccllular repro- .

duetion,
Delayed reproduction points to effects involving
nuclear material. Additional evidences of nuclear in-

volvement have heen obitained by study of nuclei and.

chromosomen in vesieant-tronted materiad, and from
the ficling that vexicants prevent the swelling of
isolated nuelei mwpended in sodium dioctylsiecino-
milfnte solutions,

Loovening of corneal epithelium is a reslt of dee
rangement of comeal metabolism producad by vesi-
cants. The alteration scems to involve an increased
proteolysis,

Reaction of the vesicants with proteins have been
shown to alter the physieal propertios (solubilities,
acidkbase hehavior), the entalytic properties (enzy-
matic activity), and the biologien! properties (im-

SECRET K]

Ve

T e ey vt U T
g

s
u("{:r




20 o

o -

[t

~

T T s B oboTot oo ar s e S T e 1T T30 S ST ot kg i B -

SR TN MO W R R LA A PEIEI T bl

T

432 MUSTARDS ON PROTEINS, ENZYMES, AND CELLS

munological reactions) of the protein. Studies on
ensymen tendd to dissocinte in pitro and in vive sensi-
tivitien. It shoulid he omphusiged that the in eitro
rewilts with proteine and enzymes have generally
involved relatively high concontmtions of the renet-
ing vesicants,

A diffieulty which persiate is the evalustion of ex-
perimental results in terms of the doses to which the
whole organism might be subjocted. In most of the
experimental worh, the eontrofled concententions of
vesiennts have been used in as nearly uniform media
ax piwsible, The presence of a lipid phase and of mem-
beanes, and the subsequent, probably nonuniform,
dintribution to all parts of the body prevent a simple
extrapolation of the results of in vitro stidies to mnl-
ticellulnr orgnisms,

21.2 REACTIONS OF PROTEINS WITH
VESICANTS

21,21 Reactive Groups of Proteins

An would he suygeested by the reactions of the sul-
fur and nitrogen mustards with amino acids and
other simple compounds of biochemienal interest
(Chapter 1), contain funetional groups of proteins
react with these vesicants. The reactons are pH-
dependent boeause the active forms of the toxie
agents are positively churged othylonesulfonium and
ethylenimoninm jonx (Chapters 19 and 200 which
presumably renet only with uncharged or negatively
charged protein growps, At physiologieal pll (6.0 -
8.0), carboxyl, imidugole, thiomethyl, and sulfhydryl
groups reaet to o significant extont, A fow aming
groug nlso react. Phenolic and aliphatie hydroxyl,
indolyl, guanido, and most amino groups do not
renet,

At pll 8.8 6.0, bistg-chloroothyDh sulfide (H) re-
acts with all or maxt of the carboxy] groups of pro-
teine .t At pH 6 8, imiddazole groupe react.* At pl 6,
few or natie of the amino gronps react, If the acetions
ocenr in alkaline medin, however, amino gronps do
ronet.? In the action of butyl gchloroethyl sulfide
(batyllh) on inadding, about 3 per cont of the rencting
butylil enn be meoversd attached to the smine
group of phenyinlanine,” suggesting that at the pil
of treatment (7.1 7.06) the terminal amino groups de-
rived from phenylnlanine are only partially in the
fonie state,

Ntudy of the dietary availability of the amino
aeids of casein tiented with H ot alkaline renetion

shows that ite lysine, histidine, methionine, and
threonine bocome gaavailable for rats % Adidition
of arginine, lysine, and eyntine does not adequately
supplement this Hetrented ennein for chicks.? §f the
caxcin i treated at neutmlity, only methionine and
threonine become unnvailnble for rate2% The threo-
nine ix made available by aeisd hydrolyais, wherens
methionine is not. The probuble interpretation x not
that the hydroxyl group of threonine reacts with 11,
but mther that thix amino acid fails to be liberited
in ubworbable orm by the wetion of digestive en-
gymes on the Hetreated enswin.® So interproted, the
resuits conform to the demonstited nonrenetivity
of the hydroxyl groups of serine and threonine with
H (Chapter 19). Bacteriologienl ety also shows the
spevinl renctivity of methionine and o losser sensi-
tivity of lysine in cnnein, 2
The possibde renstions of the phenolie and indolyl
grotpw in protein are obweure, Theae groups are re-
sponsible for the reduction of the Folin phenol re-
agent by proteins, ‘The rengent is reduced to a lewser
extent hy I protein than by native protein at pli 8.0,
but the difference disappears when the reduction
takes place in more alkaline medium 2 or in the
presence of doetergent.'? These factors also inerense
the reduction eaused by many native proteias. If o
etion of H with pheaolic groups were to oceur,
there would be formed an ether which would, in all
probability, be stable to alkali and cortainly stable
to detergents, It scoms that the e of chromogenie
power is hest deseribed s a “covering™ of phenolie
(and indolyl) groups mther than as o direet reaction
with vesicants, The phenomenon of “covering™ 18
usualiy attributal o the folied chameter of the
protein peptide chains, which may be modified, per-
haps through the formation of new hydrogen bonds,
hy renction of the vesiennt with groups other than
thowe concerned directly in redueing the Folin re-
agent.,

Sulfhydryl grosps are of specinl interest heenise of
their relation to oxidation-reduetion reaetions which
are important in engyme action and in determining
the physical properties of certain proteins, Kevitem
probably  renets with 18 threough its sulfhyeyt
groups.®er Iy the enses of nrense, denntonad egg ol
bumin, and papain, sulfhydryl groups disappear un-
der the action of 1. Not all the groups in urense react
to the same oxtent, and under some conditions the
aetivity of the engyme in not impaired as o conses
quence of the reaction.® By working at low phiosphate
concentration, inactivation ean be produecd by 1 or
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INACTIVATION OF ENZYMES BY MUSTARDS 433

othyl g-chlororthyl sulfide. The inactivating action
of vesienntx i also enhaneed at high pH valees, The
phosphate probalily proteeta through compratition. ™
The sensitivition of so-called aulfhydryt engymes to
vesicants vary considerably (see Section 21.9).

2122 Changes in Protein Resalting
from Reactions

The changes in propetties of proteine resulting
rom vesiennt action have heen studied only with
materind subjeet to rather drastie treatment. In the
vane of H, oxerns liguid vesieant has practienlly al-
ways beot present. The necessity of produeing ex-
perimentally mensiinble results is the renson for the
use of such high concentrations. Perhaps the results
may, with cantion, be extrapolated to the lower con-
cotitrations which are of greater interest,

The proton affinities of & protein are modified by
renetioh with vesiennts, The chief evidences for the
participation of the carboxyl and imidagole grouge
nre the changes in the acid-base titration eurves aml
paseloctric points of the proteinsd ' In the case of
hemoglobin, 1 also ineronsex oxygen affinity and
sinceptibility to oxidation to methemoglobin with-
out, iowever, rearting direetly in the “heme” portion
of the mokeule.! After treatment with H, collagen
becomes more difficult to gelatinize or to digest
enzymatienlly st

H ir a specific hapten in proteine % The pro-
duction of H-protein complexaes in vive prolably ne-
counts for the sensitigation to vesieants (see Chap-
ter 235, Certain products obtained by the reaction of
vexieants and serum proteine are said to be toxie wo
tissue cultures and to whole animals 30

Nuwleoprotein is preeipitated by treatment with H
to o greater extent than are othier proteins.® How-
ever, trentment of solutions of “Tucleoprotein from
the thymus or from chicken ervthroevte nuclei in
6 per cont NaC'l with low concentmtions of H pro-
dueed no changes in viseosity, nor did the nucleo-
protein isolated from H-treated thymus or chicken
ervthroevte nuelei show any difference in viseosity
from normal materinl

213 INACTIVATION OF ENZYMES BY
MUSTARDS

A very attretive theory concerning the action of
vesicants has been the enzyme hypothosis of Pe-
ters ™ v 2 I wax based on the finding that bistg-chio-
roethyh sulfone (H sulfone) inhibited the oxidation

of pyruvate by bezin minee, und upon the previowly
discovered inhibition by 11 of the respiration amd
glyeolysiv of tumor tisue® The use of 2,3-dimer-
captopropanol (BAL) as an antidote in amenieal
poisoning was doveloped on the hasis of this hy-
pothewisx and the evidence that sulfhivdeel groups
were particularly coneerned. The hypothesic pro-
porend that the initind significant lexion produeed hy o
vesieant ix the inhibition of an enzyme, and that
pathologieal changes follow ax o result of the sulyes
quent changes in metabolism. The engyme hypothe.
six was purticilanzed for vosiention as o hexokingse
hypothesis 34 and more generlly as a phospho-
kinnse hypothesix 32 A very similar hypothesis wans
developed in the open literture with regand not only
to vesieants but also to suffoennts and lachrymators
The olmerved actions of the agents (i.c., inhibition of
glyveolysis, limited response of frog musele to KY)
are aseribed to ensymatie disturbsnees brought about.
by renetions with sulfhydest groups, in analogy with
the aetion of indoueotic aeid.® 2 The Peterchypothe-
sis and its suceess in leading to the development of
BAL served as the impotus for testing the aetions of
vexicants on mauy engymes in u more or jess pure
state, and for the examaination of the engyme con-
tents of the tises of intoxicated animals,

The aetion of H on ensymes hus been roviewed 2
In only one or two canex wax the mte of innetivation
s grent ax to suggest that the ensyme might come
pete signifienntly with the generad tivaie proteins for
the vesieant.? The same conchision seems justified for
the nitrogen mustards beeatise, in general, the sensi-
tivities of 2 series of engymex fall in the ame order
for different vesicants, Parallel in vitro and in oieo
studies, particularely of engymes related to enrbo-
hydeate metabolism, show that the sensitivity of an
snzgyme in rilro is not accewarily an indiention of
senxitivity /n o/ro. Nor does the same enzyme aetion
behave similarly in different tissues of the xsame ani-
nual. 2 et bt The profoiund effects of destruetion of
cellular architceture on the rates amnd orientations of
metaboiie process present an obstaele (o stady and
interpretation of engyme behinvior in pire 2 At the
present state of our knowledge it seems doubtful
whether further studies of the effectx of vesiennts on
enzymes would aid in the fdentification of the pri-
mary chemienl lesion,”

Enzymes are proteins. Some muy have specinl
prosthetic groups, or active conters, not derived from
amino acids, In =0 fur ax the enzgymes eontain the came
functionnl gronpw ax other proteins, their reactions
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with vesicants will not differ in kind from thowe of
other proteins. In so far as speeial groups are present,
these may react more or less readily. Reaction of
vesicants with groups in an engyme need not cause
inactivation.® The sulfhydryl ensymes existing in
oxidised and reduced forms are not equally sensitive
to vesicants, Some sibatmates (choline with choline
oxidase,2*.b glucose with hexokinase 374) have a pro-
toctive action. While these may behave ax if they
compete for the active conter with the vesicant, the
protective compound is not able to reverse the action
of vesicant after reaction has occurred.

In Table 1 is given a liet of the ensymes studied
along vith extimates of their relative sensitivities,
The estimates are necewutrily somewhat impression-
istic hecaune they are based on reporta of experi-
menta in which conditions of treatment varies
greatls as to temperature, concentmtion, and time
of action. From the table it is evident that the most
sensitive ensymen are among thowe concerned with
choline (choline and betaine aklehyde oxidasex and
brain cholineeranen), with carbohydmte and phos-
phate metaholism (hexokinase, creatine phosphe-
kinase, Lyrophosphatase, and pyruvie oxidase), and
with protein (peptidases of serum, plasma, skin, and
lung). There in no evidence that these in vitro inacti-
vation: are produced by ax mild treatments as have
definite inhibitory effects on cell division or on the
swelling phenomenon deseribed in the following
sectionn,

YEAST METABOLISM AND
REPRODUCTION

B-Chlovocthyl vesicants interfere with the metabo-
lism and reproduction of vensts. The development of
colonien in plate cultures-s treated yeast has heen
used to demonstrate Jethality,!220iana0e8 gnd the
grovwth in fluid media measired by turbidimetrie
means har been aned to demonstrate effects on
growth 1ate 2t The presence of dend ecells, unlems cor-
reeted for, may produce errors in turbidimetrie
gronth rate methecls, and slowing of growth may be
aifficient to prevont colony formation in plating-out
methodw ™ No serionx discropancies sgist in the
findings by the two methods, although the turbidi-
wetrie method seems to vield more information,

A single trentment wiih a sublethal dose of 31 pro.
lomex the genemtion time of vensts for as many ax
ton generutions. Growth follows the waal logarith-
mie formula during this time and the period of sl

214

normal growth rate ix terminated by cessation of
growth for a period followed by return to the normal
untreated rate.2®! The inhibition caused by 1, HIN2,
HN3, or ultraviolet light ia irreversible, but the inhi-
bitior cauned by formaldrhyde, indoacetate, eyanide,
fhioride,?™ or divinyl sulfone ™ i reversed by sus
pension in fresh media. Divinyl sulfone seems to have
both reversible and irreversible effects.2*« Inhibition
by divinyl silfone ix lified by changing pH from
7 to 5.8. ~r by adding glutathione te ihe poisoned
yeast,?* although the divinyl sulfone bound by the
yeast in not liberated.?*» The role of glutathione is
ohacure. Aithough sulfliydryl groups disappear from
yeasts treated with H or divinyl sulfone, the amount
disappearing is not proportional to the effect on re-
production; nor are the sulfthydryl groups restored to
normal by resuspeneion or changing pi,*** condi-
tions which at least partially reverse the inhibition
by divinyl mone.!™ The pomibility of reversing the
effects of H by oxidising combined H to sulfone in
#itu hax been considered, but the toxicity of the
peracids required proved too great »¢

Morphological abnormalities appear in H-treated
yeast after 10 hours, but after 25 hours the cultures
are composed of normal appearing cells. Prolably
the return of normal growth rates depends on re-
peated divisions of a few celis which escape injury.?*~
The permeability of yeast to chloride, thiosulfate,
and phosphate is not affected by treatment with
H.2* About half of the H reacting with yeast is in a
form soluble in trichloroacetic acid. The remainder is
fixed in part by water-soluble protein and in part by
insoluble coll constituents, %

The reproductive defact has no «imple relationship
to the gross metabolism of the yeast. Much lower
concenvrations of vesicants inhibit growth than have
any effect on cither oxygen consumption or anacrobic
carbon dioxide production, 2 2%.4 g 4 the usually
puison-susceptibde utilisation of acetateI™d Yeast
enzymex hoth in oivo and in pitrs are much less sensi-
tive than in the reproductive syrtem.' There are at
least two, if not many more, Hesensitive systems con-
nected with reproduction, as is shown by the linenr
relationship between amount of 1 fixed by yeast ani
concentration during treatment 2> = and by the lack
of a similar regularity between H concentration and
prolongation of generation time, Abrupt chunges in
dope oceir in the Intter relntionship.2™-y The netions
af reverdible poisons are genemlly additive to the
action of I, indicating that a multiplicity of fane-
tiona! disturhanees ean result in profongation of gen-
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YEAST METABOLISM AND REPRODUCTION 435

Tante 1. Sermitivitien of engsymes to vesieants in ritro,
. Btandard treatment is considered to be incubation with 3 mM {1 or equally active amounts of other reagents for

3 to § hour,
0 noeflect it bis(8-Chloroethyl) sulfide
1 up w 209, inactivation HN2  Mothyl-dis(g-chlorurthyl amine
2 20-004, innetivation HN2  tris(a-Chloroethylnmine
3 60-90% innctivation
4 90-100%, innctivation
Ensyme H HN2 HN3  References Eatyme N2 HN3  Referencen
Adenunine deaminane 0o .. o 2Mb Lacene o .. . 37
Adenylic acid deaminsee 2 2 .. 13 lactieaciddehydrogenase 0, o 6,21b,
Adenylpyrophaphatane 2 2 13 m, 37c
Adenylpyrophaphntase Tanthionase o .. . 12
{mymmin) . 1 1 2b Levcine deaminase oo e 1 2h
Aerobie phosphorylnee 2 2 .. 13 Malieaciddehydrogennme 0, t 3%
Alanine oxidine .. aetivity .. 2th Myokinae 0 e .. 13, 2th
increaned Papain 2 o1 .. 3,8,37,p
Alenhol deh 1 .o . 37¢ Pegwin 0-3 1 1 10, 21b, 37¢
d-Amino acid oxidane 0-1 ] 0 6,3 Pepwinase (heef spleen) 0 . 3
Aminopeptidane o .. . 3 Peprinase (swine kidney) 2 . 3
Amylane 0 e . 37 Pepinogen 2 . 10 "
Arginaee .. 0 0 2 Peptidmre (rerum, plarma, .
Ancishie aeld oxidane o .. . 6 skin, lung) 4 4 .. 37
Betaine aldehyde oxidane .. 4 4 2tb roxidane 0 e 37
Carbonie anl.ydease ] 0 0 37 Phenylalanine deam'nwe ., 1 1 2nb
Carbuxylase 0 1 1 6, 21h, 37c | Phospliatase (acid and
Carboxypeptidane a .. .. 3 alknline) 0 1 2 19r,21h,47
Catalase o .. o 37 Phonphheszokinase 0 o . 13
Ca L .e . 37e Phasphoglucomutare 0 ] . 13
Cholinesterase (rerum) 0 2 2  6,194.2ia, | Phorphorylase 2 1 1 13, 21b
h, 30k Polyphenoloxidue 0 0 0 2ih,37%
Cholinenterase (brain) 3 4  2th, 3e, Fiyalin 0o .. . 3%
b 7{)] Pyaphosphatase 3 3 .. 13
Cholinesternse (kidney) . . 13 Pyruvate phasphokinase 2 2 .. 13,8
Tholinesterane (eye) . | I 194 Pyruvie mxidae (B.Coli) 3 .. 6,3The}
Choline oxidase 4 4 4 13,2120 Pyruvie oxidase (brain) 3 1 be,l
Chymopapain 1 3 Pyruvie oxidae (kidney) .. 3 3 2ab
Chymatryprin 1 . 10 Pyruvie oxidane (liver) . . 2 32Mab
Creatine phosphokinrre 4 3 13 Pyruvie oxidase (skin) 3 . . nd
Cytochrome ixidare 0 0 0 8,21h,37¢ | Ritwnuelenne 0 . . 7
Deuterohesokinase 2 2 13,37 Suecinudehydrogenaee 0 2 2 6, 21h, J6l,
Diaphorase 0 37c 37ep
Enolaee ) 13 fuemee (1 . 10, 37¢
Fumamee v . e Thymonueleodopolymernee | 0 .., 18
Glueme dehydmgerane v 8t Trimephmphate dehydro
Glutamie acid oxidase . 2 2 2lab genare 0 2 .. o3
Glyeerulptumphokinase - e . 13 Trypein 0 2 .. 1,3
eGlyeermphimphate dehy- Trypwinane 0o .. . 3
drogenme 0 e Ureane 02 .. . R, 20ii, mm,
Glyoxale | I A 1 1]
l'ﬂ“ﬁhmﬂ‘ 4 2 oo '“' '30 37". "m .e X 2 2")
h, i, §, k, | Valine deamir--e . 0 1 2
op Y.anthine oxianse 0o .. o 6,37
Histaminane 3 n 0 :.' 2th Zymuohesnee o .. .o e
0 . . "

Hyalurmidase

* Remudt degendde ¢ demphate conventention,

eration time % The action of vesicants on yenst is
“very complex™ * and lethality ix probably related
to the accumulation of many small defects 20
Separate dradtic 1 treatments of the vitamine
neceratry for yeast growth fail to make them un-
available for veast. This applier to biotin, inositol,

thiamine, pyridoxine, and g alunine.” The following
water-wluble constituents of veast extraets are not
affecte] by 5T treatment of yeast: ™ adenosine tri-
phosphate, diphosphonucleotide, adenylie acid, nnd
nicotinie aeid.

Other vesiennts and related compounds that. are
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MUSTARDS ON PROTEINS, ENZYMES, AND CELLS

ethyl g-chloroothyl sulfides.t

21,3 CORNEAL METABOLISM AND
LOOSENING

Exposire of the isolnted cornen to satumted H
vapor (which produces severe deliyed injury in mbh-
hits after a I-minute expoiire) results i loosening of
the cornenl epithelium. The loosening enn be quanti-
tatively mensured after 5 12 houns's' At 28-33C°
the procems of lomening takes 6 hours to develop,
The lewening doces not develop if the treatod comen
in kept at 0 18C after the fourth hour, After 10 -
12 hours at low tempernture, reexpeare to 28 (°
often results in loosening.! Snnerobiosix slso in-
hibits loowening. Anaeruhiosis during 10 hours after
exposttre prrtly inhibits Joosening in the sfmequent.
10 haurs of acrobiosin.'* The dependence of lomen-
ing on deranged metabolic processes is indicated by
these findings. Phyxien! loosening of the Danielli type
is procduced by treatment. with aleohols, but i in:-
medinte.™ Delayed loosening is chameteristic of
vesicants, freeging, iodonceiste, fluoride, and cortuin
drugs, expecinlly histamine.'” That proteolysin js
concerned ix indieated by the ability of trypsin and
chymotrypein, when properly injected, to produce
the loowening. Ribonuelense, lipase, and hyaturoni-
dase have no comparabie effcet,

Trentment of comen with H results in increasing
affinity for acid dyes, probably beeanse of formation
of sulfoninm groups,'*

Mnny subwtances injected into the comnen prodis.
elinieal lexions. A survey (not including vesieants) of
these and others tends 10 disoviate the effects on
isolated engymes from lesion produetion. Some which
have noeffeet on comnenl metabolivm prodiee leons,
some which affect isolated engymes of the cornea do
not affect the xame enzymes in rien, and some which
affeet respitation or glyeolysis of surviving cornea
produce no lesions when injected into the cormen
n aifu %

Expostire of supravitally maintained heef corncas
to 11 vapar produced a 30 per cent. drop in oxyren
consumption, which hecomes apparent 10 hours after
expomire. Jucrense of exposure bevond a2 maderate
dose prenduces no greater change. The rate of dizap-
pearanee of Inetie acid deerenses immedintely after
exponuire, bt inhibition of anaerobie glyeolysis de-
velopx only after long expostres and long inenbation
times. The threshold for severe elinienl svmptoms in

lothnl to yeast are JIN3,® HIN22% and benzyl and.

the rabbit ove is 1 per cont of that for inhibition of
glyeolysis in the surviving heet eve. Thus, inhibition
of anaerehie glycolysis appear to bear no ental ro-
Intion to the development of «linienl symptoms,
The increase of Inctic acid in comens exposed to 1 is
due to an inerensed rute of its production in He-ex-
posesl cornend epitholium and cun be inhivited by
iodoncetate. The major portion of normal, metabo-
lized comenl carbohydmte does not pass through
Inctic acid phase of the carhohydmte eyvele,™
Glycogen and phosphate frctions are but slightly
affected by expostire to 1™ The comen utilizes
pentoses, particulardy ribowe and xylose, at about
half the mte that it e ghueoe, Addition of ribose
#pares glveogen and lnetate, and its atilisntion s
inlthited by jodonectate and fuoride but pot hy
arcnite or malonate. Exposire of comen to satumted
H vapor for 10 minutes has no effaet on rifsase utilizne
tim. Only slight inhibition follows 20:ainute ex-
poares Pyruvate is wsed more rapidly than nny
otivr texted smihetance hy comen, but. exposare to 11
does not offect this utilisation. The renction, which
is not a simple deearhoxylation, occurs in the opi-
thelium and not in the corneal s:roma.t™ Among
products which might result from pyruvate, acetate
and butyrate are used only wowly, but acetoin is
used mpid'y. H doex not inhibit acetoin utilisation,
but does inhibit butyrate utilisntion,!®
Expoare to H increnses the nonprotein nitrogen

content of heef cornens. One-half to two-thinds of the
inerease iz in the form of amino nitrogen.!™ A 15-
minnte expouire prduces a maximal offeet which,

however, jo not evident until after o Isteney of 3~
¢ hours, The incrense is independent of temperature

from 28-35 ', but. 1 only one-half as great at 13-

18 €. The rte of dirppearanee of ammonin ix not
affeeted hy 1L™ The incrensed nopprotein nitrogen

prohably results from proteolysis, '™

216 TISSUE CULTURES

The offeets of H and various othor compounds
on tisaie cultures depend on the dosge. Large duses
procluee congulation of eells, probably heense of acid
production.® The geneml reaction to 11 or 1IN2 in-
volves shrifikage of colls, withdrawai of fine Procesees,
swelling of fat globules, and nuelear shrinkags,**
Smaller dowes inhibit growth.>> Produets from the
action of 1 or 1IN2 on fowl plasma sare toxie to tivue
cultures and inhibit wound healing in mice 1 The
prextucts are lese toxic than the vesieant feom which
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EFFECTS ON NUCLEL AND NUCLEAR ACTIVITIEN 137

they are formed, but it scems unlikely that the
toxicity in dus to residunl vesicant sinee it is not re-
moved by hot acetone extraction of the dried powder,
Neither thiodiglyeol nor HCL produces similne prod-
uets from plasma,™ 1IN2 inhibits the growth of
chick embrvo heart cultures and, at lower coneen-
trutions, the peristaltic movements of gut fragments,
The toxicity deerenses during ineubation. There is no
diffoientinl suseoptibility between epithelium and
fihroblusts, The findt. obeervable changes are in mito-
chondrin.® Bone marrow enftures from H-poisoned
animals show abnormalities chicfly in the letcoeytes
and their mobile precumson® Cultures of wormal
bone marrow can be used to demonstete protective
setion agninst H by arious compounds.®

ns CARCINOGENESIS

-

The induetion of tumors in mice by earcinogenic
hydroenrhons in inhibited by H* through 2 loea!
and noetnperistent action. That ix, 1T and the hydro-
carbon must be applied together to Jemonsteate in-
hibition. The epithelinl hyperplasia preliminary to
tumors is not affected ¥ Among other compounds, 1
milfone powemes the same ability to a lewer degree,
but 11 sulfoxide dors not poseesy it af all% The
anacrobie glveolysis of tumor minee is inhibited to o
greater extent by 1 than is its respirntion.® The ob-
vervations: indieate to the writer that inhibition of
mitosis may he the enuse of the prevention of de-
velopment of tumors,

E1 R ] PERMEABILITY

The permenbilitien of ervthroeytes, of veast >
and of the cornen 2™ are but little, if at all, affeeted
by H. In Nitella treated wi'h 2 or 3 millimoles of 1
permenbility is inereased and turgor drops. The
change is mpid and ix not produeed | - the hydrolytie
products of 1LY Comenl turgeseenee is reduced by
the action of 112™ in vitro*™* and in simn.2™ Sinee
the water content of cornenl epithelivm is modified
by substances and treatments which do not eanse
epithelinl loomening, the two are not enusally re-
Inted.'™ The prnence of o eapillary  permenbility
fuetor (leucotaxine) in H blister and lung edema
Huid (phoggene produced) indicwzen that this sub-
‘wtanee ix libemted by isties subjected to the action
of chemical warfare agents. 1t« relation to the pri-
mary events remains obsenre.®

T tranwformation of the shape of mbhit erythro-
evtes from dise to sphere, which iz pradueed by ex-

ternal pressure amd is perhaps related to permenbil-
ity, ix not madified by treatment with 1IN2,%

219 EFFECTS ON NUCLEI AND
NUCLEAR ACTIVITIES

CHROMORMAL MECH,. S1eMs
The offects of H on chromosomal mechanisms luve
been studiod with Drosophila melanogaster and with
Tradexcantia bracleata. Sublethal doses in drosophiln
reduce fertility by interfervnes with meiosis and em-
hreogenosis, The rate at which ses-linked lethals
appear s much inerensed over normal. Many ehn-
meomal brenks and rearmngements appenr.®s A
similar situntion (with chromosomal breaks and frag-
mentation) is found in Hetrented pollen greain nuelei
of T. bracteats. Scvere offects are nielear pyenosis
ana coll death. Surviving cells enn divide and truns-
mit. chromosome abnormalitios, & "
1Y
Metosin 1IN MAMMALIAN (KL
In sorneal epithelium, & small fenetion (ahout | per
eent) of the eolls enn be obwerved to be in mitosis at
any given time. Application of H or IIN2 diminishes
the number in mitosis greatly. The delay is in the
onnet of mitosia. Thowe cells which have begun the
process (i.0., show a mitotic figure) pass through to
divirion without defny. The doses regquired to produce
thix offeet by direet applieation are much smalier
ti.e., nhout 1/100) than those which suffice to enunse
clinical damage. Parenteral injection of HN2 sufhi-
cient to produce delayed death inhibits mitosis in
intestinal mucosa and hone marrow, as well as in
comeal epithelium. Recovery in the comea occurs
spontancousdy after a slow development of maximum
inhibition many hours after doege at threshold
levels. '™ In spite of the inhibition of mitosis, henling
of mechanieally or vesieant-denuded areas of cornen
oceurs normally up to the time that the epitholium
sloughs off. This healing takes place by migration of
marginal colls, a process not. inhibited by vesdeants
bt inhibited by anoxin, idoncotate, loeal anese
theties, epinephrine, ete™ The effeciive dimes for
mitaotic inhibition in cornen are far | Jlow the neero-
tizing dowes for H. 1IN2, and 1IN3, and at about the
neerotizing dose for Jewisite,” Higher doses thun
thome which inhibit mitesis produce nuclenr frag-
mentation in comneal epithelium. The fragmentation
is considered o form of pathologien! mitosis resulting
from action of the vesiennts on eells in o “premi.
tatie” state> At any mte, thoswe changes it the en<
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.438 MUSTARDS ON PROTEINS, ENZYMES, AND CELLS

vironment such as reduced temperature and anoxia
whieh inhilit mitosis in normal comea inhibit the
development of nuclear fragmentation in vesicant-
treated cornea.!*™ In regenerating liver, where mi-
tosin in active and inhibited by H,'* nuclear frag-
mentation does not seem to remult from vesicant
treatment, indicating that the sequence of events in
cotneal epithelium is not general !

Mrroste In Marine Ecas
The development of starfish egge is inhibited by H
in mea water.®® The effects of vesicants on mitosis
have heen studied in detail, using Arbacia puaetulata
't The obrerved effects depend on concentration,
length of contart, and the time during the develop-
mental routine at which contact occvrs with vesi-
cants. When miitably treated with vesicant hefore
fertilisation, delay occurs during the events accupy-
ing the period hetween 55 and 75 per cent of the
normal cleavage time (early prophase). This may
correspordl to the ‘“premitotic” state in comeal
epitheli:m. The egzs reach the “streak” stape in the
sme time, whether treated or not, snd pass from
spindle stage to cleavage independently of dosing.
The intervening time (streak to spindle) may bhe pro-
longed eightfold. If the vesicant is applied for a
limited period after fortilisation, the delay in the
first cleavage can be produced only hy treatment be-
fore 55 per cont of normal first cleavage time has
elapeed, and in progressively Jess the closer to the
time of cleavage as the treatment is applied Appli-
eation hetween 55 per cent of normal firdt cleavage
time and 75 per cent of first cleavage time produces
maximum deluy in the scond eleavage. Treatment
at progressively Inter timexs hetween early prophase 1
and early prophase 11 powduces less and lewe inhi-
bition, until the second cleavage ix not delayed by
treatment at or after the latter time. The system be-
haves ox if & wennitive substance more or lems speeifie
to ench clenvage hul been variously protected or ex.
powed to the vexsieant during the development. The
sensitive mibetance is not restored by rexting hefore
insemination and after treatment.™
Effectivenes in the reaction is greatest for 1IN3
and progrescively lewefor 1, HX2, and formakdehyide,
Formallchyde ix effeetive over a very narrow range,
about ' 2millimeles. Greater soncentrations produce
granulations and hlistering of *he cells after about
2 hours. Abnormulities in divisions are evident in
egpe treated more heavily  than required for the
above demonstmtions, or when the development pro-

ceden in the presence of vevicant. Treatment of sperm
has not heen studied to w0 great an extent as the
treatment of eggs. However, many abnormalities re-
sult when normal eggs are brought into contact with
treated sperm. Such sperm may enter eggs and, al-
though they do not initiate the rive of a fertilisation
membrane, nevertheless prevent the entrance of more
virile sperm which actively swarm about the eggs.

As a remult of treatment of arbacia egw, the nielei
exhibit a threesfold increase in volume and abnormal-
ities of development can he obwerved in stained
sections X

SweLLING PrENONENA

The nucleated ghosta prepared by saponin hemoly-
sis of avian erythrocytes swell when placed in 6 per
cent NaCl or in 0.1 per cent sodium dioctylsuccino-
mulfate (Aerosol OT) in 0.9 per cent NaCl. Thesn
materials are solvents for nucleoprotein, but do not
free it from the nucleated ghoste. The swelling of
ghosts in Aerosol OT solutions is enormous (i.e., sev-
eral hundredfold) but definitely limited. The mecha-
nism of the sweiling phenomenon is believed to be
osmotic and dependent on the solubility of the nor-
mally undissolved ® nucleoprotein in solutions of
Aeronol OT and in 6 per cent NaCl. It is believed that
solvent action on the nucleoprotein enhances the
asmotic pressure of the nuclear contents and fluid is
drawn into the nuelei which conacquently swell until
the hydroutatic pressure produced by the clastic re-
sistance of the membrane balances the osmotic
pressure. 't

The effect of treatment with vesicants is to de-
erease the swelling. On U shove hiypothesing the
vesicant either reduces the osmotic effect of the
nuvleoprotein or increasen the rigidity of the elastic
container. No effect indicating aggregation can be
observed in the cese of isolated nucleoprotein treated
with H at the low eoncentrations necessary to in-
hibit xwelling of the ghouts. The second hypothesis is,
therefore, the more probable. After reaction with
vesicant hax oceurred, the inhibition of swelling is
not reversible by resuspension or by treatment with
thiolfate. The inhibition requirer. time and it= rate
can be measured. It is accelerated at inereased tem-
peratures. The sensitivity to vesioants of the swelling
phenomenon is greater than that of any other isolated
mazifostation of vesican? action.™

Intact erytirorytes ave swollen and hemolyzed by
Aerowol OT. The swelling ix less sensitive to inhibi-
tion by vesicants: 86 per cent swelling Josd is pro-
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EFFECTS ON NUCLEI AND NUCLEAR ACTIVITIES 419

duced when 870 X 10-% millimole of HN2 has re-
acted per erytivocyte and when 7 X 10" millimole
han reacted per ghoat; the corresponding figures for
70 per cent loas are 360 X 10~ and 1 X 10~ milli-
mole. The difference must be ascribed chiefly to the
reaction with hemoglobin which in present in the
intaet coll but not in the ghost, The hemoglobin eonld
properly be called the more reactive subatance in the
intact cell, but it is not important to the swelling
phenomenon,

Among substances which are not vesicants, cya-
nide, iodoacetate, and fluoride ions have no effect;
formaldehyde is effective in quite low concentrationa
(i.e., of the same order of magnitude as the vesi-
cants). The damage by fornaldehyde is lem the
greater the concentration of nucleated ghouts,
whereas with H, HN2, and HIN3 the amount of

damage is independent of the ghost concentration.

Suspensions of lung, bone marrow, kidney, spleen,
intestinal mucom, and skin of rmts and rabbits are
swollen by Aervwol OT. The concenteation of Aerosol
OT required to produce maximum swelling is differ~
ent for each tiesue. In some casee (i.e., intestinal
mucoms) the swelling ability is mpidlv lont after
preparation, whereas in otheis the eapacity to rwell
i retained long enough to demonstrate that the tis-
sues are sensitive to vesicants. For lung and hone
marrow, the sensitivity is of the rame order ax for
ghosts. In spite of the sensitivity of the isolated tise
mies, no decrease in swelling ability of the lung or
hone marrow after LDsa or supra LDsy doses of HN2
or HN3 to rata or rabbits could be demonstrated up
to 4 or § hours after domage. Various possibilities are
considered in explanation, but the problem of the
key lesion in vesicant injuries is not solved by the
swelling phenomenon.®®
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Chapter 22

" 'SYSTEMIC PHARMACOLOGY AND PATHOLOGY OF SULFUR
AND NITROGEN MUSTARDS

By William P. Anslow and C. Rilcy Houck

INTRODUCTION

ik CHAPTER ix n roview of clamidied fiterature
T concerning  the systemic  pharmacologic and
puthologie aetions of the sulfur and nitrogen mus-
tardn (B-chloroethyl vesiennts), Attention ix given
chiefly to bix(B-chlorocthyl) milfide (1), cthyl-bix(8-
chloracthyDamine (HN 1), methyl-bix(8-chlorocthyh-
amine (1IN2), trix(B-chiorothyhamine (HN3), and
isopropyl-bix(B-chlorocthyamine (TL 301). Data
are included on additional compounds deemed perti-
nent to the undestanding of the action of the above
compounds,

Syatemic injury hy the g-chlorocthyl vexieants is
that injury which results from distribution of the
agents by way of the cireulation, ‘Thus, systemie in-
jurv always follows parenternl adminixteation, in-
clnding »kin application. In addition, it arises from
om! administrution. However, on inhalation, the
development. of systemic injury varies with the
species, apparently depending on their sise. In
smaller animals in which the narrow upper respim-
tory prseges may abeorh the vapor, systemie injury
resulte only when the animals do not suceumb to
asphyxial death (edema of the glottis), In Inrger
animals, inchuling man, systemie injury following
inhalution ia rarely demonatrable. Here, the wider
respirtory passages permit vapor to reach the lungs
where damage sesulting ine xtensive edoma may pre-
cipitate mpid asphyxial death. 1 mpid death ix
avoided, superimposed secondnry infeetion may be
the cme of delayed death in the alwenee of signifi-
cant systemie injury. In this chapter inhalation ix
disctpeed only when it has involved svstemie ab-
aption,

e

Common Features of Systemic
_ Fifects

Many fenturen of systemie intoxieation aré com-
mon to the S<chlorocihyl vesicants. Following wl-
ministration of L., doses, animals show no immedi-
ate injury but die of systemic intogieation in 70 -
110 hours (detayed death), and pathclogie examina-
tion of such animals reveals injury to the xame tis-

2.4

auen, differences being reconded only in the intensity
of the lexions, Therpeutie approaches to allevintion
of systemie intoxication have attained no significant
siceess, although some prophylactic procedures will
prevent systemie injury, Systemic injury in man fol-
lowing inhalation or skin exposire is infrequent and
is & bad prognostic sign,

In amall animals given doses causing deisyed
deaths, no tonie effecin may be evident up to 40
hours, but. the animal soon stops eating and drinking
and rapidly loses weight, Museular weaknem nid de-
hilitation incrense progremively until the animal is
proxtrate. Watery dinrrhea appears, reflecting dam-
nge to the intestinal tret; there is a lows of control of
Inily temperature, slowing and enfeeblement of
respiration, and exadur o .y be preceded by convule
rive tremors which probably refieet cerebiral anoxin.

In the dog, nausea and vomiting accompanicd by
anorexin usunlly begin a fow hour after intoxication
and may pervist with incrensing severity through the
socond or third day, and dinrrhen variably stained
with hlod makes its appeamnee by the second or
third dny. From the thind to the fifth day, wenkness
appears, bady tempemture in reduced, the extrem-
ities heeome cold, and the animal gradually goes into
terminal coma. Death waially rexults from respime
tory fuilure which in tum is o consequence of pe-
riphernl cireulatory failure.

The evidenee for the existence of peripheral cirett
Intory fuilure consists of reduction in the volume of
extracellular fluid, circulating plasma volume, total
circeulating ved eell volume, total circulnting plasma
protein, and plasma chloride. Terminally there is a
marked oxyen umsatueation of the jugmlne blood
(arterinl satumtion presumably being normal), M-
leviation of some of the ahove changes by fluid and
cleetrolyte replncement st terminal stages enines
dramatie improvement, Ax this therpy falls to eore
rect underlying lesions, only tensient benefit is
whieved,

Changez in some blond eonstituents, e.g,, glucowe,
laetate, and pyruvate, are inconsistent and Inek
specificity, sinee they are wsovinted with unrelnted
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other hlood constitients, e.g., Athumin and globulin,
nonprotein nitrogen, fibrinogen, inorganic phosphate,
pentose, phasphocreatine, cholesterol, and  other
lipicis, are more conuistent. Sneh changes appear to
possest some uniformity, sinee they are amoviated
with a limited number of related trmumatie proce-
dures, Insome casex, thevare concomitants of periph-
eral circulatory failure: in others, of infections dis-
enaes, metabolie disorders, burns, ete. They possibly
refleet some: underlying funetional divwnder common
to these various forms of injury.

The f-chlorocthyl vexicants are evtotogic agents
eapahle, if present in sufficient concentmtions, of
killing any type of coll, However, when distributed
in the body in the staall amounts which are present
after LD donex, the most sensitive tissues are the
blood-forming organs (hone marrow and lymphoid
timtie) and the intestinal mucosn. Boneemarrow in-
jury consintx of depletion of the grmnulorytic series
and degenerative changes in the megnkarvoeytes,
and culminates in aplasia. Lymphatic tisswe injury
in the spleen consints of fragmentation of lymphoid
eollx with phagoeytosic of chromatin partieles, and
cellular depletion of the sinuses. In the thymus, ey-
tolysin of the lymphoid collx of the thymie corpusele
and interstitind tinie orcume, Injury to the intestinal
tract, particularly the small intestine, consists of de-
strvetion of the mueosy with desgquamation and ne-
erowis of the epithelinm, and hemorrhage in extreme
CHNCN,

Injury to the blood-forming organx ix refleeted in
chuanges in the circulnting bhood, The abrapt injury
to the lvmphatic tisue i parlleled by an early dis-
appearanee of lymphoeyte«from the blod, At the
ame tite there is an absolute grnudoeyvtosis, the
rexnlt of stimulation of the hone marmow, leding to
the discharge of grandoeytes into the cirenlation,
T i stimulating process may be completed at 24
hour, =0 that blood counts at 28-hour intervals fre-
quently show only & progresive lencopenia which
reaches a maximum peri pasen with other symptoms
at 3 or Ldays,

In surviving animals estrmmedullary hematopoi-
exix may oceur in the liver before regeneration oceirs

abruptly the levcoeyte count i the Bood. Tegener-
ative activity may persist for weeks,

The only prophylactic and therapeutie provadures
which have attained any degree of surcess are those
operating on the prineiple of intermal decontnmina-
tion, Various sulmtances (e.g., wxdium thimaifate amd
hexamethylenctetramine) which are known to react
chemically with the g-chlorocthyl vesiennts signifi-
eantly alter mortality rte when given prophyloeti-
enlly in doses sufficient to yicld relatively high blomd
levels. The xame subwtances are offective therapeuti-
eally after skin contamination if trentment is initi-
ated mpidly, i, before significant systemic nhsorpe
tion occune, It seems apparent that these procediires
effectively decontaminate the agenta in the blood and
extracellular fluids and thus provent entmnee of the
agents into the cell. Once a sufficient quantity of a
B-chloracthyl vesicant has reacted with cells of the
body, the damage is irreparable so far ax existing
knowledge goes, Thuw all attempts at specifie there
apy, us well an of symptomatic thempy, have failed,

In man there are fow uncompliented data indieat-
ing xvstemic injury. Eardy vomiting, by some nsu-
cinted with systemic almorption, is believed to be
nonspevific beeause it oceuns in a variety of condi-
tionx involving skin trauma. Delayed gnstrointestinal
disturbanves and leveopenia have in many cases isdi-
entedd syxtemice intoxiention. The frequeney and pro-
longed durntion of the gnstrointestingl disturbanees
powibly indieate an inercased sensitivity of the hu-
man intestine {o the wetion of the g-chloroothyl vesi-
eants. On the other hand, the human hematopoietic
svstem scomia relatively insensitive, as judged by the
rure appearanee of lencopenin, ustindly present only
in fatal ensex,

22.t2 Individual Pharmacologic Actions

Above LD dowen, and sometimes at LD doses,
certain chareteristic phurmacologie actions are man-
ifest, chicfly on the nervons system. They are reauldiiy
olicited on intrvenons administration, less rendily on
administrution by other routes,

Chalinergic action in porsessed by both H and HN2,
und in chametorized by musearinie action on glands
and smooth musele and nicetinie ~otion on ante-

B we
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in the hone marrow and lympheid tisaie, Lympho-  nomie ganglin and skeletal masede, In the ease of ’g

eytes recover hefore granuloeytes, and marked hypers — both ngents, periphernl stimulation of toea! offector ¥

plusine of the thymus< amd lymph nedes, paralie! with — colis nppenis to saccount for the musearinic responses, 2

this recovery, i histologieally demonstmble. Regen- — although eentral exeitation, apparently  minimal, i
erative netivity in the bone marrow may eause a dis~  eannot he exclidded. Chaolinergie aetion is not cons - - ‘33;’

charge of immature granvlocytes sufficient to mise  siderod a factor in the development of the syndrome b
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442 SYSTEMIC ACTION OF SULFUR AND NITROGEN MUSTARDN

lesding to delayed death snd is not responsible for
iate vomiting and diarrhes. Cholinesteras- innetiva-
tion is probably nnat involved in this cholinergic
action.

Parasympathicolytic action is shown by HIN3 at
small doves, an judged by paralysis of eandine vagal
fibers and antagonism of the action of pameympa-
thomimetic drugs. A similar parasympathicolytic
action of H, 11N2, and T1 301 appears to be present
in severe intoxication,

Convulrive action is wo distinetive of HN3 ax to war-
rant clasification of this agent as a true convulsive
drug. High dosex of this compotund given parenterally
have an immediate, direet, intense convulsive action
which results in death within 6 hours. Central stimu-
Intion is a property of H and HN2 at high dowes, but
the aetion is not ximilar to that of N3,

Paralytic action is poseessed by both HN2 and
HN3. Thix action is characterised hy a progremsive,
irrevendible museular wenkness and may cause death
in a number of hours. .

Neurologic injury nas heen olwerved in animals in-
toxicated with HN1 and HN2 hy either gawing or
intravenous administration, but never after intoxi-
cation by other routes or with other agents, This in-

jury lias usually appeared about the Giind or fourth
day in animals showing no other evidence of sy«
temic intoxication. In extreme cases the injury is
fatal, and among survivors hyperirritability pemsists
for woeks,

22  (B-CHLOROETHYL) SULFIDE
(MUSTARD, H, DI, DHX)

Pharmacology
Toxicrry '

The parenteral toxicity of H for various . pecies is
shown in Table 1. For additional information on the
toxicity of H, the reader is referred to the following:
intmaperitoneal  administrntion to the mouse,#2
mt,'™ and dog* oml administmtion to the mb-
bit v intramusenlar administeation to the rab-
bit ;' and upplication of neat H to the unclipped fur
of the goat and mbbit.

%91
P2

Dintrintrion axn Excretion ov 1l

H penctrates the skin readily (vee Chapter 23).
A large part of that which has penetrated passes
through the skin, into the circulation, and hecomen
available for producing syxtemie injury.® Thux ex-
tirpation of the contaminated skin of rabbits *® and

rats "2 iy officacions in prevention of systemie injury
ad in sving the animals only if the provedire i«
carried out within 10-158 mimites after contamina-
tion, Having entenxd the blood, H is rupidly dis-
tributed to the timues. Fifteon minutes aftor skin
applieation of H containing 8,3 the nulionctive miliur
has been found in all examined timues exeept the
eve.** Following the applieation of 5 mg of rudio-
active I to the skin of the rat, 0.17 mg wax div
tributed throughout the organism within 30 minutes,
This amount ix more than an L))y, dowe given intra-
venotsly, 14
Under conditions which permitted trcing an aver-
age of 85 per cont of the 8% applicd to the skin of rta
as H, the concentration of 8% in the tissues renched
maximum values between 2-6 hours and therenfter
decreased until fairly steady values were renched at
24-72 houns.'? At all times the concentration in any
one tismie wax found to correspond clomely to the
average concentration in all tisaies, except in the
kidnev which consintently showed higher concentra-
tions. A concentration of 8% significantly higher-in
the bone marrow than in lung, liver, kidney, and
brain has been reportad * to follow <kin contamina-
tion with radionctive H. However, this important
obervation has pot heen confirmed in other Inhora-
tories. e In the blood the concentration rose
during the first 6 hours and fell thereafter until a
seeondary increase, powibly related to hemoconeen-
tration, occurred at 48 and 72 houre.'™ During the
fimt 6 hours the concontmtion of 8% in the plasma
was higher than in the eells, but at 12 hours and
therenfter the situation wan reversed, The total
urinary exerntion in 72 hours contained 30 per cent
of the applicd §%, the greatest fraction having ap-
peared in the first 24 hours.' The exereted product
wan in the neutral sulfur fraction of the urine. =
When a solution of rdioactive H disolved in teie
acetin was injocted intmvenously, 8% was found in
the urine "= and bile ' within 10 minutes. Urinury
exeretion parnliclod urine formation, .\t termination
of the longest experiment (7 houm) the 8* concen
tration m the urines was still high. The highest total
excrotion was obtained in one experiment of 4 hount’
duaration and amounted to 22 per cont of the 8% in-
jeetedd, In the bile 7 per cont of the injeeted 8% was
exeroted within 3 hours; the maximam concentration
oceurred hetween 20 and 30 minutes. The exereted
procuct was not identified. At the end of the experi-
ment (3! hours), the contentx of the stonuech and
small intestine contained relatively small quantities
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(B-CHILOROETHYL) SULVIDE (MUSTARD, M, DH, DHX)

- Tanre 1, Parentern! tuxicity of 1 for various specke, (LD in-mg/kg).
3 N .- PG = pmpylene gliveol en. = approximately ing. = ingention
i TG = thiodiglyeot inj. = injection or injected neut & undiluted
P S T -
E Route Intravenouw Subeutaneois Cutancous
3 Animal | LD | Ref. {sodvent | Remarke | LDi | Hel. | sotvent | Remarks | LDw | Ref. | Remarke
0.08 ml 2 | 230 PG |0aml20g g
3 Moo | 86 20y PG soln pep n 21 Neat 72 23k 5
9 . 20gmonne {01030 81 | Tributyrin L '
. 07 | 2n| PG loamiamg 1onl/200% | en. I8 | 23k (Mite, lmek; b SR
T - 32 2% PG inj. in ing. pre- W
g 33 | 230} Neat fiank vented . \% .
o) "m t i‘:’
5 Rat 0.8Aml/200g ]
2.0 2 PG inj. in [} 123a $ ki
; fiank R%
4 g 56 | 65 | Powille 2
E ing, 3
E - I ml/200g L]
: 7.4 2% | Semame ofl inj. in >188 | 37 ! Site, tuilf 2,
A : fiank % R
1 1 /2008 H
| 50 | 2% | Nevameoil l.:j;kln %
: L 4 &

I mi/200 g
85 23p | 83 aleohol | inj. in

W . Py , .
. hack 3 - 4
{34 N
o

‘o, h
23, pbrire

52 | 23| Neat Flank it
2 . e !
b 2-3 8 | Tributyrin | Vol and wite ¢ ::;.q
1 not atatey i%
: 16 | 123 0.2% soln o
; )
E 4 27 | 20! PG | 05miskg | 20-30 | R4 | Tribmtyrin en 100 | 23% | Tng. pre- ¥
) — el = PP —~] — mlu‘d ) 'é -,_‘.
e tt| 20! TG | 05mine E31
3 , . 40-50% | 116 | Ing. pre- il
g Ralbit 34 | 230 | Neat |, Rapidinj, vented ;E,%
. 45 | 2| Neat | SMowinj. 10-18]1 | 104n .
. 5100 | 104s )
(hli‘m 2040 | 84 | Tributyein 20-25 | 5
4 i
f Dog 0.2 b g TG Inavel, 5-108 1 104a 20 a5
i of 1-2m} _—
E: 1-2° | 1Ma
D [P i —— —
5 Gont i ) LT Neat | o | 6
I e - -
1 * The talur 1.0 ma kg s given for H diadved in seanme cil. et the tomicity of H in corn ol or in Hoauld parafin w . foumd to te simitar,
l t Fo prevot excomsive evnpnntion, the rite wan covered for 15 snutes at wheeh time deeontamination by serubbing with ether wan earewed out.,
i $ The animaln were ancsthetized during the spgdiention amd kept an wntil the warnt s nis longer viahie on the skin.

§ Emlier 138 the LD for 1 apgdusd to the tail of rats was peported as 18 ma k. With ingeation gaevented. s 178 rata died of unknown eagam fidlon -
ing sppldirntion of 188 mg kg of 1§ 200 the 139,

The valer i stated tor tee “minincemn fatal dwe.” No details are givvn,
€ Thim valur smembe an eariier value, 10 13 me ke but the amendeed valer remnine b + than the Amereean valie,
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SYSTEMIC ACTION OF SULFUR AND NITROGEN MUSTARDN

Py

‘of $ which:must have heen-exereted into the gut hy

nome rotite other than the bile,

The kidney, liver, and hone marrow showed an 88
content higher at one hour than at 21y, 4, and 12
hours, wherens the pesk concenteation in the lung
oceurred st § howrs, The conecentention in hone mar-
row and intentine at 1 hone was compamble to that
in the liver, lmt remainea lower than that in the kid-
ney and lung.3ek At 1 hour only a very small
quantity of 8% wax fonmd in the thyroid, heart
musele, xkin, hair, and in o representative sample of
skeletal musele,

At 1 hour the distribution ratio of S hetween
eolls and plisma (concentention in eollx concentrn-
tion in plasmn) wias 038, and the total quantity of 8%
in the eells and plasma was 10 per cent of that origi-
nlly injectesd, The concentmtion in the colls re-
muined approximately eonstimt. However, the con.
centration in the plasma deerensed until at § hours
the above distribution mtio rose to 0,54, After thours
the plusma concentration remained faisly constant.
When o solution of mdioaetive H in trincetin was
added to whale bld in itrn, the distribution mtio
at 12 hours was nenrly the same ax that at 12 hours
i vivo. However, in the early stages (20 minutes)
in vitro, the concontention of 8% wax higher in the
colls than in the plasma, & cireumstance which gave
a distribution mtio of 1.7.Y%4+ A considerable portion
of the 8 (mainly in the plasmn) wax extenetable by
means of ether and nectone,!h

Gross CLINICAL O8KERVATIONS

The svstemic action of 1T in experimental animals
and man hax reeently been reviewed, %" When given
to mont. Ithbomtory animn® Yarentemily, H in aiprm-
LDy dosex can canse salivation, vomiting, defeen-
tion, brulyenndia, and arrhvthmia followed by tachy-
eardin, incrensed respirtony ente, vagal parlysis and
partial heart bloek, pavehomotor rextlessness, atasiz,
hyperexeitability, and convulsions and death within
a few hours. The symptoms and period of survival
vary somewhat with dowge and route of administen-
tion, At LDz doses in varions speeies denth ix de-
lnyed, usually until the thind or fourth day, during
which tiwe notable systemie effeets are consistently
demonstenble, Salivation, vomiting and defeention
or diarthea, aml (in mice and mts) seeretion of el
fears may follow immediately upon intoxieation,
Presumably thewe changes arise from a pamsympa-
thomimetie netion which may or may not reflect &
“eholinergic’” aetion on the end organs. These aeute

effects shoukd be distinguished from the delayed:
vomiting and persistent diarrhea which are probably
atiributable to loeal intestinal lesions,  Intestinal
hemorrhage may cause a bloody dinerhen which is
rore in rodentx but often seen in dogs, goatx, and
ents, Two additionnl and invarinble signe of intoxi-
ention are anorexin, probubly efermble in part to ine
tostinal injury, and woeight lom, The weight lons in
not due entirely to anorexin, 0 considerable part re-
sulting from lows of clectrolyvte and water in the
dinerhes, vomitus, and ponsibly urine This condition
in annlogous to that seen in intextinal obstruction,
cholem, and dysentery, where fatal oligemin can re-
slt in, from 3-8 duyw, The symptoms vary with the
species, Gastritin and enteritis with dinrehien may not

~ar in rodents, except after oral administration
or after licking topically applicd H; however, the
stomnch and small intestine ave often distended awd
filled with a yollow viecous materin],2ktmndn,,
270 47 B350 Md .o 70,48 90, L0t D0r I 00 o 120 1200 . 120,129

After skin application of supraeL Dy doses in doge,
in many instanees o period of ineresed neuromien-
Inr excitability is followed by one of depression, and
convulsions do not appear at all, although salivation
and defeeation are present. ™ Thix neuromuseular’
excitubility is not acwoeinted with s low blood level
of total or ionie endeim, ™

Ancithesin may influence symptomatology and
survival time in doge after intravenous injoetion of
siprit-Lldsn doven. Briddyeandin and  hypotension,
which appear enrly in Jogs under barhital anesthesin
or morphine sulfate and are evaneseent, are seen only
pretermivally in conscious dogs. Although anesthesin
abolished rotehing and vomiting, the doge mirvived
onfy 4 6 hours, whorens conseions dogs livesd 3-
4 days I«

In goatx, within a few houm after skin application
of 0 sith-L.1):a dose of mustard, the loeal edema may
le o severe that a reduction in plasma  volume,
hemoconcentration, and a shoek-like state result,
These developments are accomprniovd by lowee
toxix, n slight to madentte rise in plasma nonpro!
nitrogen (NPX), and o transient inerease in respirn-
tor; rate and rectal temperature, Mter renching .
peak at 16 hours, ali the above values retum to por-
mal by 21 hours. Plasma transiusions given soon
ufter intoxiention prevent the above changes,*

Gassing with masave dosex of H vapor results in
virtually the same clinieal ebanges as intoxication by
peenternl injoction or entaneos npplieation > e e
However, salivation, vomiting, amnd weight Joss did
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(B-CHLOROETHYL) SCLFIDE (USTARD, H, DH, DU\) s

. not oveur when the hend of a dog was protected from
1 vapor, while only the body was exposnd tosd.e

Broon Strmes
A reduetion in the number of white hlond eoells g
well ar various biochemical changes in the blood fol-
low parenteral injection or cutancous application of
1.Ds o greater doses of 1, Blood platelets are mark-
edly decrensed in severely intoxieated dogs, but ap-
purently not in other species®® The red blomd colls
are apparently little affected.  The redduction in
white blood colls involves both grnuloeytes and
lvmphocytes, Thix levncopenin affords o good index
of the severity of intoxieation and powibly weakens
the defense of the animal against infeetion. It may
be precedad by leucocytosis Insting » day or more,*
Mo 424782, 0 £.00.00,70,53.000.122 Ty aninuls W"l with
H, levcocytonis, leucopenia, and lymphopenin may
or may not occur. Respiratory traet inflammation
due either to the direet action of H or to superim-
posed bacterial infeetion may frequently produce a
leweveytosis at o time when leucopenin would other-
WIND APPORE.S: 1 220 e 90

A hemoconcentration indicated hy increased red
blood cell count, per cont hemoglobin, and hema-
toerit may rapidly foliow intoxicatiom. This has been
olwerved in various species after parenteral, topical,
and vapor intoxication $47.wd60.70.408 Ay 5 myle, the
hemoconcentration is lews striking in mbhbits than in
other apecion 72 [n surviving animale, at a time
when the loucoeyte cimmt may be retuming to nor-
mal or shove, & progressive anemia may oceur,- 78148
with no alteration i the reticlo-endothelinl sys-
tem.*® In rabbits and dogx this anemia frequently re-
sembles the idiopathie or bewsene type. The hema-
toerit, per cent hemoglohin, und red blood cell count
deerrane with no change in the color index, mean
corpusenlnr volume, or dinmeter as mensured by the
Prico-Jones method 71 Thaw it appeams that the
marrow produces fewer red colls for a time, and that
in some instancex the colls are immature,$2-70210%8 The
delnyed anemin may refleet an initinl injury of the
eryvthroblastic timue which, beesiine of the longer
life of the red celly, is not evident during the fint few
dnyx of intoxication. Intestinal hemorrhage may also
contribute to the anemin. Since red eells are readily
digested, the stool may not be frunkly bloady except
in extreme instaneess Tomosidermin, tepieally pros-
ent, indicatex 4 murked destruetion of red cells in
the buxdy.*
Definite changes ean be demonstrted in blomd obe

tained from intoxiented animals, An inevensed sedie
moentation e of red cells, inerease in congulibitity
of the blond, and an inereased tendeney to nggluting-
tion of cellx have heen obwerved. Ited cell fragility in
not alterd, These changes are murked after LD or
grenter doves of H injeeted purenterally. Markedly
inerensedd  agglutination may  indicate that  the
changed propertios of the red eells contribute to in-
crensedd coll destruetion in vies ax well ax to the ulti-
mate circtulatory failure which appenrs to bo the im-
medinte cowe of death.® An inerense in sedimentation
rate of red colls has also been found in sbbits from
24 hourr to 4 days after cutancous applieation of o
mib-LDs dime of H. In many instanees the sedimen-
taticn rate returned to normal concomitantly with
healing of the cutancous lesions, It is believed that
changes in the plama were responsible, heeause
normal corpuseles in plasma of treated animals nedi-
mented faxter than corpuncles of trented animnls
in normal plasma%

Biochemical studies of blood reveal no definite and
signifiennt changes in blood erentinine, bilirubin, in-
organic plamplate,'® total acid-soluble phosphate,
phosphate liberated from ATP in the blond,”* and
calcium (total or fonic)'™4.'2 after parentoral intoxi-
cation with LDy dowes of 1. On the other hand,
fairy consistent changes have been noted in plavsmn
protein, NPN, ures, chloride, glucose, pentose, cho-
lesterol (total and free), phoxpholipids, fibrinogen,
phosphoerentine, phosphopyruvate, and hwetie weid.
v consistentiy ated definitely, alterations oceurred
in bloond phixphatase.!2 COgcombining powerW/.m
and the albumin-globulin plaxma  protein ratio
(A ,/(;),n.u.a.«.u.u..m 1.0 070 50,28, 70,93,96, 1 08:) 192

Total plasma protein concentantion decrenses in
rahbits and goats after skin application of 117 but
after intmvenous injection may increase in dogs and
eats within 21§ hours, 01 gp yomain constant. in
rubbite.” An incrense in the volume and specifie
gravity of thomeie duct lymph is seocinted with
hemoconcentration and increased proteia  coneen-
tration in dogs and eats after intevenous intoxicn-
tion M.t The A (i ratio does aot consistently change
in mbbits,” dogs, and catuB0™ hut decrenses in
goaty,

An alteration of the electrophoretie pattern of
plisma has been reported. A decrense in the albumin
fraction and an increase in the asglobulin froetion
with no consistent. or marked changes in the pemain-
ing globulin frnctions oceurred in dogs severely in-
toxieated with 1T by all routes of administantion, or

SECRET

i
3

v

e '.!A-..

, .
g T e




e

A w

440 SYNTEMIC ACTION OF SULFUR  AND NITROGEN MUSTARDN

with HINT, TIN2, or 1IN3 (only intmvenously intoxi-
ented animals studicd). These changes in- the electro-
phoretic pattern appenr to be nonspecifie, heeause
they were present also after burning and freezing the
skin, expeatre to X rays, bone frneture, and intra-
dermal injeetion of turpentine. The patterns were
unlike those seen in many infeetions diseasest*

A rise in NPN (chiefly urea) after parenteral in-
toxiention usually ovetrs as the animal grows wenk
aned loses Iexdy weight but sometimes appenrs only
terminntly, =m0 800308 [t wepves, nt lenst in mts and
mbhits, ax @ sensitive indieator of intoxication, cor-
reluting well with outwand manifestations of tox-
ivity.”? This rise is not scen after inteperitoneal or
intmmusenlar injeetions in mbbite,® 3 or after in
halation in rats 2 and dogs®

Plaxmn ehloride waally decrenses, the extent de-
pending on the dose and route of administetion, =3
43,52 M1, 122

The following studies have not been informative:
Dloed gchicome lovels, 1238604060 Mn.0.00 30 35.9% el ol
and intravenoix ghicose tolemnee, et =

A threofold rine in hlood pentose oceurs in dogs 30 -
00 minutex after intruperitonenl injoction of a supea-
LD o dose of T, The rise is not definitely related to
the incrensedd hematoerit or glueose, bt parnliels the
inerense in plasma inorganie phosphate. [t ix not
prevented by three units of insulin given intrwve-
nously 30 winutex before intoxiention 37

Total chokesteral inereaned in weverely intoxicated
doge® It increased simultancousdy with an inerense
in blood NPXN in rbbits after intravenous injeetion,
and in rats after intrperitoneal injeetion.® A sig-
nificant prolonged rise in plasma fibrinogen oceurred
in gonts after «kin contamination '= and in rats and
dogx after intravenous #jections.? A striking corre-
Intion between the inerense in fibrinogen and both
froe and total cholestornl hax been olmerved in dogs
after intravenous mjection and entancous appliea-
tion of 11, .\ rise in plasmn phospholipicds parlicled
the rive in total cholesterol, These ame changes oce
eitrredd in 1IN, HN2, and HINS intoxication. s A de-
creane in phosphorreatine and an inerense in phos-
phopyruvate and lnetie acid ocenrred in rats gssesd
by exposttre of only the bedy 2 nid sftes skin appli-
ention> The ptt ot the blood did not cha ge in
gvsed dogs 3 Arterial oxvgen saturation fell to 75 per
cent 15 mimtes after supm-LD.a dorex of H given
intravenonsly to dogs under tnrbital anesthesia, al-
though the lungs at death were not edematous or
engongel % After gnssing, arterial osvgen un<atuon-

tion can result from direet respimtory injury and
may conceivably Jed to-the death of the animal, ™

Denvimive Stepies Basen ox Gross Cuikicat,
ORSERVATIONS > )

Parasympathetic Nervous  System.  Parnsvmpae
thetie activity ix believed to be responsible for the
salivation, lerimation, miosis, defecation, bisvly-
enndin, hypotension, and the early vomiting amd
dinrchen seen after 1 intoxieation, This overaetivity
might result from (1) inerensed dischnige in efferent,
fibors clivited reflexly or by contral xtimulution, or
(2) from n direet action of I on peripheral effector,
Evidonee for the peripherl action of H ix as follows:
(1) denervation of the salivary glands does not pre-
vent the stimulating action of H on salivation,"s
{2) atrupine, except. in very large doses given before
intoxiention, does not  prevent  salivation et
(3) vagotomy does not prevent hrvdyeandin, hypo-
tension, or the increwe in motility of intestine in
ailn et (1) miosis, typical of 8 general parsym-
pathetic discharge, may be abwent, and (5) H one
venibly depresses the conteetility of both the nore
mal and atropinised isolnted frog henrt, %

During H poisoning there iz an clectrieal hyper-
excitahility of the vagus (musenrinic offeet) followed
by paralysis (atropine-like offect). In the dog given
intravenous H or exposed to H vapor, there is o
marked depresant offeet of 1T on the heart, deereas-
ing the foree of contenetion of hoth auricles and
vontricles, and impairing A- V condnetion, sufficiently
in some instances to priduce partinl A -V block. The
arterial blomd presaire slowly falls and the heart may
resume its normal rate. At this stage or hofore, the
heart does not respond ‘o strong vagal stimulntion,
With convulsive doses of 1, the blomd presare rises
during a seizure, and falls agnin afterwand. 1t de-
creases fuirdy rapidly before denth, In the ent at this
stage the intmvenous injeetion of a strong dose of
acetyleholine produces & marked rise in blomd prese
sure, 11, therefore, has o clear ateopine-like effect in
the ndvanced stage of poisoning.  The musearinic
offeet iz charmeterised in the enrlier stuge when
atropine fuils to antagonize the offeet of 1 and the
heart remains shawesl, However, if atropine is in-
jeeted in Inrge dows before H, the musenrinie offeet
on the heart ix supproseed,Voe.1mia.an

It had been postulated that the action of 11 might
be due to o slow acenmidation of acetyleholine re-
sulting from the inhibition of cholinesiornse in the
ey "% Jlowever, the fiuet that atropine ean aholish
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(3~CHLOROETHYL) SULFIDE (MUSTARD. H, DH. DH\)

e

the eandine slowing priduced by the isjection of
acetvicholine but not that produced by I intoxiea-
tion wems to indieate ©ut the <lowing after H s
not due to the accumulation of nectyleholine. s

Burhital, ethyl urethane, sdium pentobarbital
{(Nembutaly, sodinm amytal, other, and sodium bro-
mude were effeetive in oliminating vomiting in dogs

ufter inteavenons 11, Sodium amytal appenred most
promising, for it prevented all vomiting with only
slight general depression of the animal. %

H stimulutes the seeretory aetivity of the salivary
glinds of doge and ents, Thix ix due probably to an
action on the gland itself, int=much s the phenome-
non remains unaltered after section of the secretory
nerves, During poisoning there is a hyperensitivity
of the chordn tympani (3 musearine-fike ~ffect) fol-
lowerd by o progressive pamdysis (an atropine-like
offect) e r.10ie 108 10y

H injected subceutaneonsdy in a witle mnge of doses
stimuliatex the seeretion of gastrie juice in conscions
congw. Sinee exsentially the same response ix elicited in
animals with so vagal supply to the stomach (Heiden-
hain poteh doge) ax in animals with a vagal supply
(Paviov pouch dogs), the stimulation ix more proh-
abiy due to a direet stimulation of the seeretory cellx
vin 11 cireulation than to reflex excitation threagh
the vagns's H{ (an.] HN2-HCD produes seeretions
from the vannulated stomach and dusdenum of de-
enpitated and decerehmted eats. These were trige
secretions and not  transwdates and, when on-e
started, could not he prevented but merely redueed
and mede more viseous by large doswes of atropinee,?
Direet appliention of 11 to the gastric mueosa of dogs
with Heidenhain pouches deprossed aecid seerction
but inerensed the volume of 00, This How was
not copious nor continuous and so did not resemble
the low of intestinal seeretion olwerved after dipect
application of H to the inte<tinal muema,'™ This
cirenmstance suggest< the poxsilnlity that the stimu-
lation of gastric seeretion after parenteral injection
may not be -lue to 11 itself, but indireetly to some
seanel of H intonieation. ™ Histamine has hoen sog-
gesten].??

The increase in the extemal secretion of the pan-
erens, starting abosst the same time as ahvation n
ents and doggs tander other or chlormlose anestbesin)
after the subuntancons ndministention of 14, was not

antagonized by atropine, given befors or after in-
axiention. = \detailed goantitative <tudy in dog
under ddifferent conditioms  (after ligntion of the
pylorie valve or the common bile duet, or aftor «we-

tion of the cervieal vagi) suggests that this response
muy be due to both an indireet action through
seeretin, and a direet action of H on the gland
N‘“:"Iu& A

H, unlike the pamsymputhomimetic drags, pil-
carpine, exerine, and sectyleholine, fails to inerease
the seeretion of hile v Jlgweyver, it directly
stimnintes contenetions of the gall bldder resilting
in discharge of hile, 10 10

A stimulution of seeretion from the small intestine
wax produced by parenteral injections 2-4% or direet.
application " of H to the intextinal mueosa of ents
atd dogs. This secretion wax qualitutively different
from that obtained from normal animalx; it was pink,
turbid, odorlexs, had a low chlo.ide and protein con-
tent, little or no buffering power, and only a small
amount of dinstare activity, Thus it was difficuit to
aseertnin whether this wax a true seerction of the
mucosa or simply @ transodate resulting from an in-
erensed permenhility of the mucosg, ™

The maotility of ixolated loopx of dog smnll in-
testine with or without vagal connections is in-
cronsedd. ' Intestinal motility prodveed by vagal
stimulation ix gradually depresseid. However, 1 does
not alter the response of segments of mt jojunum to
piloearpine, advenalin, and atropine added to the
sipension bathe ® After dircet appliention of 11 in
stiblethal doses, the motility of isolated loops of in-
testine may be initially depresse 1, then stimulated "™
or initially stimulated and then depressed,' ™ gradu-
allv returning to normal in rither case,

Water anid Electrolyte Metabolixin, The enrly olwer-
vations that 1 hax o marked effiet on water and

clectrolyte metabolism in the dog 97 heve heen con-,

firmed recontly %5 In doge given | mg kg of 1
intras enously, a negative water balance awcompanicd
hy inerensed intake appeared during the first 24 hours
and continued until death on the thind or fourth day.
Tissue water content dild not change, and the de-
eread serum chloride and CO-combining powsr in-
dieated that severe dinrthen mther than vomiting
was the chief factor in the dehydmtion,

When climination of watcr and electrolyte o
from the bowel was attempted by partial enterectomy
in tasting dogs * the amlbrutancous injection of 2 4
LD .« dosesof H redted in (D o retention of water
without chloride during the first 20-haur period,
Loflawend By (2) the exereton of approximately the
<t volume of extrn water during the second 24-

¢ femovnl of small intestioe from mening of panereie
duet in the dodenim to the Seweend valve,
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ACTION OF XULPUR OAND NITROGEN MUSTARDS

homr period.  This eyelic upset of water balunee wos
not dependent upon an inereased intuke of water, and
was not due to retention of extra water overnight in
the stomaeh or ol ne a result of interference with
their funetions by 11 An inereased mate of weight
loss, inerense in nitrogen and chloritde exeretion, and
a negntive fluid balanee were present only when
dinrrhon andd vomiting oceurred (in 3 7 doge), sug-
goesting that the factor of prime importanes in weight
Joss after H is the loss of fluid from the bowel, rmther
than an inereasedd tissie eatabolism. ' In thiz study
no account was taken of the posxsible ole of the
kidney which others have considered significant in
intoxiention by the g-chloroethyl vericants,  (See
“K[pecinl  Studies on TIN3 Intoxieation,”  Seetion
22.6.1.)

ot given an intraperitoneal injeetion of TF amd
in mbhitx given H intravenonsly, urine urie aeid amd
ereatinine exeretion were normal. The total nitrogen
remuined normal or showed a slight inerease despite
the marked fall in food intake, indicating enhaneed
endogenons  catabolism  of protein. Urine NPN
{chiefly uren) decreased, the low point in urea coin-
ciding with the peak in blood NPN (chiefly urea).
The undetermined nitrogen increased at the expense
of the urea fraction and was nof due to ammonia
excretion, There was an inerease in inongnic phos-
phate, but chloride fluctuated. A phenol nd exeretion
test indieatod an impairment of renal function by the
thind day and correluted well with toxie symptoms.®

st mbbite given a sub-LD: o dose of H cutaneously,
the urine urea output inereased markedly, assaociated
with an increased blood urea, but remained constant
in faxting normal animals,  The increased output was
assaaitttedd with a deereased urine volume. The creati-
nine outpnt, remaining: constant in fasting norma)
ammals, rose slightly for the fird 2 davs after in-
toxieation, then fell along with body weight. Micro-
~copic examination revealed no kidney damage,?*

The istruvenonx injection of uren (1 g k) soon
after e <kin application of 1 to dogs under siinm
barbital ane<thesia produeed  dinresis resulting in
anhydremin and  hemoconeentrtion with ne ap-
previnble change in the bload pressare, or in exene-
tion, plasma level, or clearance of urea, Later, us the
cirenlutory system failed and the Dlood pressure de-
ereased, a similar injection of uren resyltedd in oligurin
with n rise in plasma uren aned 2 deerense in the arey
clearanec. 1t ixapparent from the above experimentx
that up te a certain limit renal funetion after H in-
toxiention ix normai. However, even thongh the

blood pressure does not fall, in moderate degrees of
hemoconcentration the Kidney in 11 intoxication ap-
pears to be lew capable of eliminating inerensed
amounts of gren than andee normal conditions, This
suggests a partinl filure of peripheral cireulation
with a normal blomd pressare.®

A signifiennt deerense in pheana voliime has boeen
ubserved in gonts and rabbit< attor catancons intosi-
cation by LD doses of 1,779 In dogs, after intr-
venous injection, total ervthroeyte volume was re-
dueed although plasma volume remained normal. =

From urine and blood stwdiex and gress elinieal
olmervations, it ix evident that after purenteral in-
toxiention with LD, doses of H, exsicention and
oligemin oceur after the second or thind day when loss
of cleetrolytes and water in the dinerheie stool, vomi-
tus, and urine and or aecumu