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ABSTRACT

A seriesiﬂi novel 32(2—halgethy1)arylfriazénes, many of
;which exhibi£ marked antileukemic activity in animal test |
neabiasmsﬁ has been synthesized'ana ehafacteriged b;th
spectroscopically and bf their esterification of 3,5-dini-

(irnbenscic acid. These compounds can be prepared by aque-
ous condensation of gn/ﬁfgf‘diazanium cation with the appr
priate E—Eiigetbylamine. -, ¢

Their ratis Qf.degcmpasitian in aqueous media were d-
termined pclarpgrgzhically by monitoring the eieétracbemg—

cally active triazene moiety. The rates of decomposition

were found to increase markedly with lowered pH in the range

~< 9.3 to 4.65. The products of -aqueous decomposition, both

volatile and involatile, were identified and quantified by

GC and GC/MS. These included 1-(p-cyanophenyl)-3-(2-chlero-

"and 5‘[3!(§filuﬁfﬁethyl)sl-tfi;zenyljimiéasaleaéécarbax!
amide. Discrimination between alternative pathwaye of de-
composition was.possible by the preparation and use of
selectively deuterated 1-(p§cyanapheny1)éﬂ—cz-chlar@—l,lﬂ
dideuteriocethyl)triazene and l1-(p-cyanophenyl)-3-(2-chloro-
2,2-dideuterioethyl)triazene. The bbservations are consis-
tent with decomposition of 2-haloethyltriazene to generate
the 2-haloethyl cation (pr its kinetic equivalent). This

: .

cation is subject to rearrangements which are detected by

deuterium scrambling. A second competing pathway whic
& .



was revealed by a specific deuterium labelling study may

involve éyclizatian of the triazene to a l-aryl-1,2,3-tri-
azoline intermediate which then undergoes nucleophilic
cleavage with attendant loss D?'Eitfégéﬁg
2-Haloethyltriazenes in general react regéily with DRA
undér physiological conditions. In écntraét to the base
prcmt? decompositions of tih‘é related 2éhalaeth‘y1ﬁitrgs"
soureas (which react largely by base alkylation of DNA) the
triazenes, owing to their unigue acid prcméteddeccgpasitiéﬁy
showed a preference for reaction at the more acidic phos-
phate sites. 1-(p—cyaﬁophgny1)saéggfchiarcethyl)tri:zené
and 5—[3—(2—flucraethyl)glatriazenylliﬂ}dazcle—é—carbcxaéide
feadilyifstefify diethyl phosphate. 1-(p-Cyanophenyl)-3-

(2-chloroethyl)triazene degraded poly A by phmspha

lkyla-

tion at a rate.much fasterspthan for the corresponding ﬁ 8-
? C - ., :

(2-chloroethyl)nitrosourea. 2-Hydroxyethyltriazenes in
general readily degraded DNA presumably by phosphate alkyl-

ation.

A series of antitumor 1égry1—3={3é(2§ch;mrgéthyl)thiaé

ethylltriazenes has been synthesized as trgpspart?farmsﬁgi

sulfur mustard. For 1-(p-cyanophenyl)-3-{S-(2rchloreethyl)-
thioethylltriazene the rate of- decomposition in aqueous

medium, determined pclaragfaphically,‘increased markedly

with decreasing pH in the range 7.1 to 5.1. The same tri-

azene decomposed in aqueous solution to give bis-(2-hydroxy-

=

ethyl)sulfide as the major volatile,product.. Synthesis and

controlled decomposition of the selectively deuterated
&

s



1—(p—cyanap52ﬁy1)EQE{S—(E-chlsfaethyl)—l,isdiﬂeuteriathic—

ethyl}tria e’ pe tted discriminltiaﬁ between glternative .

decomposition pathways. The abservég';SGtépeelabél scram-
bling indicated.the intermediacy QfAQS episulfonium species
in this decomposition. Indication of a second competing
pathway implicating a triazoline type intermediate wik also
obtained. Alkylgtapn of uridine, :hégea as a model fer!
DNA base centres, by l1-(p-cyanophenyl)-3-{S-(2-chloroethyl)-
tnigethyl}triazeng was observed to becu; at the Naspgsitién
of the uridine. I?Aryl—a-fse((2-ebiarcetﬁy1)thiéethyltria=
Zenes also regdily esterify diethyl phosphate. Since such
a reactian‘may have a bearing on tha cytétéxigity of tria-
Zenes, the mechanism of .the esterifitatiom of 3,5-dinitro-
benzoic acid has been@stuéied using specifically deuterated
* triazenes. It may be concluded t@at the triazenes that gen-
‘erate unstable carbonium ions esterify largely by an Sn2
displacement® mechanism whéregslthe generation of stable car-

bonium ions contributes increasingly to an ion-pair mechan-

ism.
Sulfgr mustard triazenes, e.g. l-(p-cyanophenyl)-3-
{S-(2-¢h ethyl)thiaéthyltriazene, pr,ﬁuce{interstrand
e = =

cross-links in DNA. 'Tﬁe cross-linking was observed to in-
crease with decreasing pH in the range 10-5. Different
chemical reactivity during’the alkylation of DNA by 1-(p-
gyangphEﬁyi)—3={S%(2k¢hlaroethy1)thi@ethyl}trigzene and the
structurally related 1—{2=[(Zéchiaraeﬁhyl)thic]ethyljia-

cyclohexyl-1-nitrosourea was observed. No qdepurination was

vi

e



observed with the former whereas the latter g%édgged exten-

sive,ﬂepuriglticn as detected by the application aI gpurinic
?

\n\

site specii enzyme, endanuclease VI.

A series of vinylt ,iazenes withput substituents on the
~vinyl group has ‘been synthesized and studied spectroscopi-
cally. In the case of l-phenyl-3- vinylt riazene and 1-(2,5-

éimethcxyphényi)aSavigyltriazeﬁe tbermally and éhémically

]

induced isomerizations to the corrésponding l-aryl-3-ethyl-

Li

idinetriazene werelabserved_ An examination of the products )

of aq,e us ﬂEQDmpDSItiQH of vinyltriazenes indicated the

intermediacy 6f vinyl cations. The rates af the aqueous \
decompositidons were determined polarographically. They ,
éj . L4
indicated that the ele:trgn-withd;awing groups on the‘ henyl i
< :
ring stabiliie the-triazenp-function relative to the electron-
) p , - - W ue
releasing groups. . . ~

1
Arylvinyltriazenes were observed to a(iylate DNA under\
_ pbysialaglcal chditiQns The base algglatian of DNA by

* these types of vinyltriazenesj and the concomitant degrad-
ation of ﬁhe DSA by the aromatic amines which afé‘amaﬁg the

products of aqueous de mpgsiticn have been observed

largely by employifig cer;gii ethidium fluorescence assays.

. - :
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- 2-halogenoalkylaryltriazene. -

GLOSSARY

AI§ 1-Aminoimifazole-4-carboxamide

BCNU Bis-(2-chloroethyl)-l-nitrosouresa
i . 4
BIC 5-[3,3-Bis(2-chloroethyl)-l-triazeno]imfazole-4-

- "

carboxamide ~
DIC 5—(3iB—Dimethylji-triazenc)1&;@33a1é=4iﬁigbéxgmide
NIC 5—(3-Hanaméthy1—1—triaseno)imidgéale—ﬂsegrbéxsmide
NBP y-(p-Nitrobenzyl)pyridine
PDT 3,3-Dimethyl-l-phenyltriazene
PMT Ss!etbyli1sﬁhehy1triazene
Poly(A) Polyadenylic Acid A

Poly(G) Polyguanylic Acid o

o _ACHaCHC1
Nitrogen mustard HN
™ CH,CH,C1 ,

CH,CH,.C1
Sulfur mustard Sss* 272
“\CH,CH

2 5C1l

[

.5-{3-(2-Fluoroethyl)-1-triazenyl}imidazole-4-c¢arbox-

ONHj | \

The terms "2-haloalkyltriazene" and "2-haloalkylaryl-

triazene" have been used in this thesis to denote
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CIuMs

Ir

cce
CLC
sSS

Chemical "Ionization/Mass Spectrometry

Gas Chromatography/Mass Spectrometry

. Infrared spectrum

Proton magnetic spectrum

~

s
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Apurinic and apyrimidinic v
Covalently closed circular ‘

Covalently cigéed complementary

- Single strand scission

X

It is realized that the widely accepted unit to ex-

4press the concentration of’polynucleic acids ié oD

but in this thesis A260 has been used for practical

purposes.
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INTRODUCTION
®
i 1 L »
Triazenes have experienced long-standing use in the
\
synthesis of azo dyes, imn the rubber industry, and in the

ptaduct;;n of high-octane gasoline. Tumor-inhibitory activ-
ity of a triazene, a phenyl derivative, was first reported
by Clarke et al. in 1955_1 Subsequentlyj imidazole tri-
azenes with potential antibéancer activity [5-substituted
triazeno imidazole-4-carboxamides] were synthesized by
~.. 2healy et QZ.B‘B ' Thus two main lines of triazenes have
been pursued for antitumor therapy: (1) phgnyltriazenes,

and (2) imidazole triazenes.

Phenyltriazenes

The growth inhibitory activity of 3,3-dimethyl-1
phenyltriazene (PDT) 1 in subcutaneous mouse sarcoma 180,
as reported by Clarke et aZ.gl was initially attributed to

the formation 'of a diazonium ion.

(1

This compound préved to be the most promising of*a
large series of compounds tested, mostly triazene deri-

vatives_é



R

Imidazole Triazenes

The ribotide of aminoimidazolecarboxamide (AIC) 2 is

a precursor in purine biosynthesis. In an attempt tgp\ M

{ea

I

design antagonists of AIC that could be used in cancer

, ,
chemotherapy, Shealy et al. derivatized AIG®as l-triazeno
Lmidgzcleiéiegrngiiides.3’5’5 The prototype of triazene

compounds 5-(3,3-dimethyl-l1-triazeno)imidazole-4-carboxamide
(DIC) 3 revealed tumor inhibition in mouse leukemia L1210,

Sarcoma 180, and adenocarcinoma ?553 and was selécted for

AN
‘ A
7 S
] ﬁ
J ™
! N\
0 9]
o S < <]
w

jw

clinical evgluatian, DIC .and its derivatives also inhibited
"alker carcinosarcoma of rgts7 and a human malignant
melanoma. DIC was found to be more stable in aqueous and
alcoholic salutiansﬁthgg its demethylation product,
5-(3-monomethyl-1-triazeno)imidazole-4-carboxamide (MIC) 4

which releases AIC during decampcsiticngg Screening q{\

.~ CONH, ,
@ N i
§ -“:H*CEB
' .

v ~~
H :



4

large numbers of triazene derivatiQes 1n,Ll216‘murine
leukemia revealed that these compounds, with at least one
d%thyl group (of the two alkyl groups), are the most ef-
fective ones.

The hazards of strg:ture-activity evaluations ang
speculations are evidenced by-the fact that 5-[3,3-bis
(2-chloroetpy1)-l-triazeno]-1midazole-4-carbaxamide (BIC)
5 was the most potent derivative in‘L—1210 mouse leukemia,
P CbNHz o , ’ 7
\N——}\MN-N — 2

? | ~TC1 .

H
&

10

both in the initial form9 and in the advanced form. Also,

it. is now génerally accepted that bIC dbes not act as an
antagonist of AIC and that its anti-tumor action is a pro-
perty only of its triazeno function. It has bee% shown
fhat triazenes npt containing the imidazole ring are just
as effective antitumor agents.11’12
The first insight into the mechanism of biological
activity of dimethyltriazene PTD was obtained through the-

13 which revealed that PDT is

studies of Preussman et al.
enzymatically demethylated to 3-methyl-l-phenyltriazene

(PMT) with formation of formaldehyde (Scheme 1).

(4



CH Enzyme \ - CH.O§ ~HCOH
@»n-n-xf 3 — ‘@q.n_," 27 —

\

ppTr CH3 CH,
Qﬁ’ﬁ‘ﬁ"wa : *
B
PMT Scheme 1

PNMT then acts like an alkylating agent, e.g. transferring a
methyl group to-guanine residues to form 7-methylguanine

14

in the RNA and DNA of liver in rats treated in vivo with

15 studying the metabolism of DIC.in

PTD. Skibba et al.,
rats, found"ox;dative N-demethy}ation of DIC in vitro by
rat liver microsomes, as well as in vivo, after intra-
peritoneal injection of 14C-—methyl—labelled DIC. The re-
sulting MIC spontaneously decomposes to AIC and a métbyl-
ating agent. Subsdquently, transmethylation of the.methyl
group of MIC on to the 7 position of guanine of rat liver

' DNA and RNA takes place.

These observations bring out a very important aspect
of the mechanism 6? biological activity of triazenes in
general, namely the existence of a correlation between their
cytotoxicity and their ability to alkylate macromolecular
cell components especially polynucleic acidé. It is also
evident that monoalkyl triazenes are the precursors of
alkylating speciles. lonoulkyl_triazenqs exhibit carcino-

genic}a nutagenic,l6 antifungall7 and antitumor activity.18



Previous work 1nvn1v1§g the relationships of the chem;gnl
propefties to biological properties resulted in the sug-

estions that the alkylating portion of the triazene is

N\

responsible igr therapeutic effeetslg'go and the released
aromatic amine 1nvélved*1n methemoglobinemia is related to
toxicity efféctsgla Anat;er important aspect of tti;%eaes
as prospective thgrggautic'drgg:,n;gely lipophilicity, has
not been investigated. While all three aspects appear im-
portant for physiological activity, it was the correlation -
between therapeutic activity and alkylating ability of the
triazenes that was instrumental in initiating the work pre-

7 , , —~
sented in this dissertation.

Many of the effects of alkylating agents in biological
system; at the molecular level are not well understood.
- They react with several macromolecular cell components and
produce a number of biochemical effects. It is being re-
cognized that many clinically useful agents have nucleic
acids as their principal cell target sites and consequently

degrade DNA as one aspect of their mechanism of 1ctiag,

These include mitomyecins B and Cigl nitrasaure:sgg’ga and
triasen3524

A general equ or alkylation can be written as :

follows:

Nuc. + R-X ——+ R-Nuc. + X

iHugi is the nucleophile which is alkylated and R is an alkyl

group attached to a leaving group X. The mechanism of an



alkylation reaction can be either SNE process or an SN1
process. Simultaneous occurrence of both” mechanisms 1is
poesible.

A number of factors may 1ﬂf1ueg¢é the courke of a
particular reaction. 1{ the process of alkylation involves
charged‘transitiéa states or ;EtEfmediatesi polar solvents
such as water will tend to 1Dw;r activation energies and
stabilize intermediates. Similar reactions occurring in
nonpolar solvents will be considerably slower. Neighbarigg
groups can play an important role in assisting the displace-
ment of X from R and producing stabilized intermediates
whioh react as alkylating agents. Typical examples in-
volving neighboring group participation. include the sulfur
and nitrogen mﬁstaéds where chemically reactive three mem-
bered azifidiniuzxggd episulfonium ions, respectiwely, are
produced. 7

The products resulting from DNA alkylation depend upén

the nature gs well as the soutrce of the alkylating species

—
in conjunction with the relative rescg}vities of various
sites on the DNA macromolecule.2® The nucleophilic sites

in DNA potentially resulting in base alkylation are shown
-ﬂn the following page. The 7apgs;tié; of guanosine is one
of the most readily alkylated sites, especially b§ SN2
alkylating agents. 7-Alkylguanosine may account for 20%

of the total base substitutigg_gs A number of other .sites,
iﬁgluding'the 1, 3 and 7 positions of adenosine and the 3

position of cytidine, have also geen shown to react with
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The structures of the nucleosides sﬁawn are the ac-

cepted major tautomeric forms observed in aqueous solution
of tautomeric heterocyclic com-

This led to the suggestion

[ %]

The energies and alkylations
pounds have been reviewed. 8

tautomeric equilibrium céﬂstaﬁts

28

that the extrapolation of
from one molecular environment to another is inapplicable.



?
The energies of tautomerization can be greatly influencéd
by local molecular environment. This may lead to "rare"
tautomeric forms of purines and p}rimidines in base paired
hydrophobic areas of the DNA duplex and the extent of 'rare"
tautomeric forms can not be assessed on the basis of

aqueous studies.
It has also been suggested that if the factors which

determine the ground state ehergy difference between

t

tautomers, also control the relative transit¥on-state ener-
gies for the first step of an alkylation, then the product

formed will h;..iihe alkyl group attached to the heteroatom

which does not bear the proton in the major tautomer.28

The biolegical implications of alkylation of DNA at
var109§ sites have been investigated. A recent study shows
that a number of minor DNA alkylation products may be bio-

logically more significant than alkylation at N-7 of~

guanosine.29 It has been reported that N-7 methylated

poly G permits incorporation of cytidine residues in the

same manner as does poly G.29 Alkylation of the 0-6 posi-

30

tion of guanosine has been reported. This reaction, in

addition to cytidine N-3 alkylation, might fesult in sig-
nificant mispairing and miscoding of bases. Alkylation of
other sites such as N-3 position of guanosine and 0-4 posi-

31,32

tion of thymidine, 0-2 position of cytidine and nearly

every potentially nucleophilic site of polyuridylic acid

including the 2'-0 position of the ribose has been

documented.33°35



In addition to base alkylation, there is good evidence

that DNA is alkylated at the phosphodiester raﬁg to vary-
ing extents. Phosphate alkylation represen<: 15% of the
total alkylation when DNA is treated with ethyl methane-
sulfonate and only 1% when treated with methyl methanesul-

‘fonate. Work with poly ABE and dide@xynucléatidestT

has
shown indirectly that esterification of phosphates does
occur.signifieantly with ethylating agents. Depending upon
the nature of the alkylating agent, phosphate alkylation
may become a major event and may play a significant role

in therapeutic activity since theAphasphﬂtriestérs formed
can bring about dégfadafién of DNA in the form of single

7

¥

 strand b;sgksi?
l?ifugctignal alkylating agents can undergo a second
alkylation after ihitial attachment to the DNA. Bifunc-
tional alkylating agents have generaiiy been Gbservedzs
to be more cytotoxic than their monofunctional counterparts.
The formation of interstrand gndﬁgf intrastrand DNA cross-
links between two guanine residues for example in the case
of sulfur mustard_has been observed by Brookes and
Lawley!38 Interstrand DNA cross-links induced by other
bifunctional alkylating agents have been detected usiné
various techniques sucﬁ as reversible denaturation experi-

ments,39 spectrofluorometric :ss;yséo and inhibition of
41

alkali-induced strand separation.
Many of the alkylating agents are related to mustard

gas, first used for chemical warfare in World War I,



At gh;t time it was nated27 that limited exposure to this .
agent caused bone marrow suppression somewhat similar to
that produced by radiation. Following this observation,

a group at Yale University tried a nitfagen‘mustard, tris
chloroethylamine, for the treatment of certain bone marrow-
related malignancies. Theése studies, which were undertaken
during World War II and dssgribed afterward by Gilman,42
nét only established the clinicai=péteﬁtial of the mustards,
but also demonstrated their disadvantages i.e. toxicity to
the host and deveiapﬁent of resistance by the tumor. <{Con-
sequently, a widé search was initiated for new and more
selective alkylating agents,

In the last decade or so, there has been somewhat less
emphasié on alkylating agents than on other classes of com-
pounds, e.g. DNA intercalators, or site-specific radical
generators, possibly because of an impression that all the
alkylating agents may be similar in their mechanism of
'actian. Although in this point of view this is understand-
able, some impgrtant differences between alkylating agents
and in the characteristics aftnarmal and neoplastic tissue
have been recagniseég' It seems entirély-passibie that

these differences can be expléited further. For ex&mple>ri

, . , , T g
the selective acidpromoted decompbsition of monoalkyl- el
triazenes combined with the characteristic of neoplastic

43,44

tissue to expibitiéamewhat lower pH than normal tissue

may be sited as an exampie of selectivity. Several mono-

10
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alkylaryltriazenes with structural variations both in the

alkylating moiety as well ag in the aromatic. ring were syﬁs
thesized. during this st id submitted for im vivo stud-

ies. The in vivo data indicgted that many of these novel
triazenes are potent antitumor agents. The gubsequent ob-
Jectives decided upon in an attempt to understand the chem-
ical mechanisms by which these triazenes exerted their
ngfituﬁ@r effects were threefold. An investigation of the
produé¢ts of agueous deéampasitian was undertaken to aésist
in deté:miniﬂg the reactive intermediates involved. The

in vitro alkylation of DNA by nntitumar nitrosoureas has
been Dbserved;tc correlate with their therapeutic effectsf5
A similar study of DNA alkylation with triazenes was car-
ried out using techniﬁues including a sensitive ethidium
bromide fluorescencé.assay. Finally, depending upon the
nature of alkylating species released from a triazene, the
fate of alkylated DNA such as its degfidatian or inter-
strand cross-linking has been investigated.

Sinte reactions of aryltriazenes with DNA are discussed
extensively in this thesis it is appropriate to append a
summary of the basic chemistry, stereochemistry and topol-
ogy of the different DNAs emplayeé in this research (see
Appendix).

A brief discussion of the relevant work as it applies
to successive aspects of this study will introduce e;eh of

the subsequent chapters.



CHAPTER II.

OF 2-HALOALKYLARYLTRIAZENES

éniy one example of a mono(2-haloethyl)triazene,
namely 5113-(2sehlgréethy1)—1itriaseny1}imidazaleéé—
tarboxamide 6, has been reported 46 together with a brief
mention of its aqueous decomposition. Since this did not
provide adequate information upon §hich to base our pro-
Jected chemical and biochemical studies related to this
class of compounds, it became necessary to conduct a sys-
tematic investigation into the basic chemistry of 2-halo-
alkyitriazenés. The information thus obtained was used to
intefpret the reactions of these compounds with DﬁA. " The
objective was to delineate those structural modifications

to optimize their antitumor properties. <

The aryltriazenes required in this study were prepared
by coupling of the aryl diazonium cation with the 2-

halgethylamiﬂe@47

The observation that the presence of an
glectron-withdrawing group in the phenyl ring, particularly
at the p-position, increases the stability of the triazene
and prevents formation of the pentaazadiene during the
reaction of the aryldiazonium ion with the primary nmineég
was exploited in these preparations. In general it was
found that a p-cyano substituent in the phenyl ring con-
ferred the desired stability characteristics. A special

comment may be made in the case of the 2-bromoethyltriazene

ot
[ ]
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14. It was recently reported that when the p-nitrophenyl- —

N02

14

diazonium salt 7 was condensed with 2;brcmaethy1ﬁgihylaﬁine
8 that the product was that of intramolecular cyclization
to the triazolinium salt?® 9. Similar triazolinium salts
have been obsérved A2 a primary metabolite of BIC =~ and as

a product of spontaneous cyclization of 10 to 11.
p = =

CHgy CHz

+ i
P N02C6114N2 J+HaN—CH2CH Br —i—[p NQECSH N=N-N- C’HECH Br}
7 8 l ,
Q) -
N
P NO,CgH, - N7~ = S\N-CH,
!, ’ Br~
; 9
V4 ) Et )
N XCEZCHECI
* N N-N:—H\ —
CH,,CH,C1 N-CH,.CH.,C}
H 2-72 ~-CH,CH,C1
c1”



observed in the prepgraticnkaf the
d

No such cyclization wa

2-bromoethyltriazene 14 that was obtained as a mixture of

tautomers éimilar to the other triazenes. However cycliz-
ation to a 1-ar§1—52§1,?,B—triazalige may be significant

in the aqueous decomposition of triazenes as discussed
special cage and was carried out by recrystallization at
~low temperatures. Purification by standard chromatographic
methods was not possible owing to the rapid degradation on
solid adsorbents as observed previausiygsg The composi-
tion, structures and purity of the triazenes were estab-
lished by exact mass spectral measurements and by pmr and
infrared spectroscopy. In several cases individual tri-
azenes were cﬁgragtETizéd by their formation of ester
derivatives from 3,5-dinitrobenzoic acid. The 2-haloethyl-
triazenes are thermally as well as chemically more labile
than monoalkyltriazenes. Their instability increases in
the sequence F<Cl<Br. It was also observed that the stab-
ility and reactivity is influenced by the number of methyl-
ene units imtervening between the azide moiety and ﬁhe
halogen atom, The general synthetic procedure afforded the
triazenes listed in Table 1. The stability of the triaz-
eno function in 2-haloalkyltriazenes is mainly_ governed by
the nature of the substituent and its position on ?ge aromatic
ring, and is also sensitive to the nature of the halogen in
theialkyl group at thé N-3 position. Inrcammcn with other

aryltriazenes, the 2-haloethyltriazenes were observed to

14
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exist in solution as mixtures of tautomers. Since the
position of equilibrium has a direct bearing on the ﬁé@hlﬂf

- ism of decomposition it was studied for each compound by

pmr .,
x,
—_
" <
:N—¥—CHEC32Y
B H
I!NDE,CN,CDCEB,CDECEES Y=F,Cl,Br

An electron-withdrawing group X in the para position
strongly favours tautomeric form A, whereas such a sub-
stituent in the ortho position gives tautomer A exclusively;

results which are similar to those for other types of

triazenes. 53 2-Haloethytriazenes with an electron-withdrawing

group in the ortho position (and therefore in tautomeric

form A) are much more labile than their para substituted

counterparts. For example triazene 20 was isolable as a
stagble solid whereas its ortho isomer decomposed as soon as
it was formed. A possible explanation in accord with the.é

proposed mechanism Qi'decampasit§aﬁ (discussed subsequently)
is that the crtho triazene is fixed in;tgutgmeric form A by

hydrogen bonding:

e

4

L e g g e s e



decomposition.

The presence of either tautomer in the equiligrium
mixtures was detected by its chafactéristic bands in the
infrared and pmr spectra. For example the NH proton pmr
signals corresponding to both tautomers are observable at
sl§‘i The NH proton absorbing at higher field could be
assigned to tautomer B on the basis of its coupling with
the protons on the adjacent carbon at low temperature and
the assigned couplings were confirmed by double resonance
experiments.

The mass spectra of the 2-haloethyltriazenes showed
several fragmentation patternséT which weré useful in char-

acterizing the new compounds as shown in Scheme 2.

Scheme 2

(Ar-, | "< —Riazoalkane (, N 1Y)t —2> (Ar-m-cR,OLY)"

|

—ENCH O, [ArN]1* v

. a . ¥
[Ar-N,]’

One new regfeszntative of the family of imidazole tria-
zenes, n:mélj 5-{3«(2-fluoroethyl)-1-triazenyl]imidazole-4-
carboxamide 35 was synthesized for a comparison of its
chemical praper£ies with those of the 2-fluoroethylaryltri-



azenes. Triazene 35 was light sensitive and chemically

labile. It was characterized by its spectral properties
and by its reaction with 3,5-dinitrobenzoic ncié to form
2-fluoroethyl-3,5-dinitrobenzoate. | N

Certain specifically deuterated Eéh3133th§itfi&23333
were required in order to establish fbe mechanistic path-
ways of formation of the prodnéts of decomposition. Accord-
ingly triazenes 32 and 33 specifically deuterated on car-
bons C-1 and C-2, respectively were synthesized from the
corresponding deutera;ed amines which were in turn pre-
pared following the procedures of Brundrett et al;54

In 1975 Shealy et aZ.reported46 2-chloroethanol as the
only identified volatile product of aqueous decomposition
of mono(chloroethyl)triazene 6. AIC was reported as the
major involatile product. The formation of two alkylated -
derivatives of AIC was also\suggested on the basis of cer-
tain peaks in the mass.spectra of the mixture of involatile
products. However, no structures geuld be assigned.

As is evident from the schemé,_éS it was presumed that
the decomposition of 6 proceedéd exclusively via an \Eﬁl
process. Horeover,z—chloroethqnol accounted for only 70%
of the chloroethyltriazene 6,leaving 30% of the potential
alkylating species unaccountediﬁ

A group of six selected triazenes igggg,ég,gg and 35
was separately allowed to decompose at 37° in phosphate

buffered (0.1 M, pH 7.2) aqueous solution in gas-tight

vigls. In order to have an insight into the mechanism of

e



Scheme 3

i
€1 == N~ N=N-NGH,CH,C1

H H

.
+ C1CH,CHN,*

282N

. ¢ H,0 o

decomposition of 2-haloalkyltriazenes, the volatile products
were analyzed by gas chromatography (GC) and identified by
gas chromatography/mass spectrometry (GC/MS) (Table 2).
Each compound was identifted by its retention time compared
with an ;utbentic sample and by its characteristic mASS
spectrum (see Table 2). The involatile products were sep-
arated by prép;r:tive thin layer chraﬁgtagfgphy (TLC) and
identified spectrophotometrically. 1;(p-cygﬁ§pheny1)s3—
(2-chloroethyl)triazene 16 afforded acetaldehyde (11.5% of
volatiles), 1,2-dichloroethane (11.5% of volatiles) and
2-chloroethanol (77% of volatiles). In addition,the fol-
lowing involatile products were identitieﬂ?pﬁeylnanniline
(52% of involatiles); N(2-chloroethyl)-p-cyanoaniline (30%);
1,2-(p-cyanoanilino)ethane (10%), and N(2-hydroxyethyl)-p-

cyanoaniline (8%). When this triazene 16 was allowed to



21

LIl

o Can® foo1) 6z ‘(10a- M
¥'ce ‘diaag ﬂmiﬁ@ *(10H- Jio'ez ‘s’ 66) 99 ‘¥9 z 2.

5 ﬁﬁuha JUTUe) zot Hﬁg@ﬁ JU'LTL) oot 10"dO"HO1Q

: e - (0@ e
i ‘001) 0t ‘(0O°HD ‘9°L1) €F (R ‘2 9%) cv 0dd“HO

oo e I T L e , , , N,N,, ,
gﬁgﬁm 8- R 1°1€) L9 ﬁﬁu@ﬁ 18- R 001) <9 10”HO*aoIg
LS , ’ » O LI e  TEre Yy R ,N, ,N ]
Hauﬁﬂ Jio ﬁg mvﬁ hﬁu@a J'9°6) phT ﬁu ao“Ho1d
“(HO%HD ‘1°£2) ﬂazgazaaau ‘001 =c H2%a@ 10
* - [ - o L , ,,N . ,N, , o)
EE ahﬁ +s v'0) ¥8 gﬁuam J9°E) z8 HO®QJ3”HO1D
. (%au® ‘e£-61) .62 ‘(100-
“2°1e) g9 ﬂ@ ~(TOR- +ﬁ ‘e 2e @@aw m@ qm g 2.

ﬂgaam B fo'8) zot aﬁmaa S ey 001 107a0"HO1D

\\\ ' , , E v ' ¥ (2
e ., (OHD ‘001) 68~ '(0O"HO 'b°12) €F ‘(N 'stey) vy OHD “HO

| : -

(sjuswBeay 'A3ysueju] BATIBI®Y) o/ /w Bionpodd

) g@igﬁmaaséumé

gy + Jaynq

13330q
e3sydsoyd

I3} ing
aj3eydsoyd

1z

SuUOy3IpUC)
uoy31oway

SANIZVIYLTAYVIAHLIOTVH-Z dAITTIIAYT WNIYNALAAA XTIVOIJdID34S ANV

auazZeiJa]

}
ANILO¥d JO NOILISOAMOD3A SNOINDY dO $10Na0¥d 40 NOILVOIAILNIAI TVHLOAdS SSWA

—— i ————

¢ J1avl



. (HO®HMD ‘00T) Tt

,_;,_§a9¢-,+ﬁ,_sﬁéﬁgmm”ﬁscﬂzui
0,c A '$7°0) L9 "(HO®HO-TO.. W ‘L°€) S9
- "(10%H0- LN 8°62

‘001) s9 ‘€9 ‘(TOH- +A ‘LT ‘¥°LE) 8L ‘9L
gﬁauﬁa WA '07E) BT ;ﬁﬁuma JETp) et

. ﬁﬁuﬁﬁ LU o0T) TR ﬁauﬁﬁ 4 '8'g9) 6¢

(10,0 W '8°¥01) 8L "(105 |

(s1- " ,” ‘001) €v (N ‘6°92) 8¢

W ‘L'Ew) 9L

,,g-
(1,0 8-

.HHQEﬂ N S'G) 8bl ,ﬁaumﬂ +

(HO%QD ‘®¥°'g) €€ ‘(HOPHD ‘001) It

K ‘# 1e) Lo (10 1g- R ‘001) <9

Sg
K ‘v'%) $51

‘(10 W ‘819718TA uOU) B8 ‘(10

SE+

sjuawdea] "A1TSuaju] SATIBISY) o/ w

£

15%u5-H00-%HD

(4 £

HO

¥

HO-TOHO-"HO

10%u0- 10H0-C10

CHo=100-S10
€200%HD
2hn?
z

0 aoag

Choag

Sao1o

%

BO®HD

Ho®

ao%HITD

§19Npodd

Jddjyng
aj3eydsoyd
wh

1931 + aajjng

gl

SUOT3TpPuUO)
uoy 3083y

panuyjuod

2USZVT L

RS CLA



23

R FESE- T T P

€ , " (OHD
‘(00"HO ‘P'61) EF “(\m ‘ZTov) wy

‘001) 62

_ | * (HO%HO
00T) 1€ “(d- W ‘L'ST) g¥ (W ‘p21) b9

- *(4%HD
‘00T) €€

10%H0-HOHD

“(dH- M ‘L°22) 9% ‘(W ‘9°8) 99

4 £

HO

Cyat

HO HOA

2%uo%una

sjuowdel; 'A31BuajuU] SATIE[oH) B/uW

s30npoag

uo¥ 31sodwooag

Jezyng

ajsydsoyd gz J0 @

SUOTITPUO] DUIZTBTJIL
uoy31o08aY ‘ ;

panuytjuod ‘g eyqel



decompose in the presence of sodium bromide an additional
product was l-bromo-2-chloroethane.

fic-

[

Aqueous decomposition of the corresponding spec

ally deuterium labelled triazene 1-(p-cyanophenyl)-=3
(2-chloro¥i,l-dideuteriaethyl)triazene 32 afforded acetalde-
hyde, 1,2,-§ichlorci1,1-didéuteriéethanéj a mixture of the
isomeric deuterium labelled 2-chloroethanols bearing the
deuterium predominantly on the carbon bearing hydraxyl
(92:8); a mixture of isomeric deuterium labelled
N{2-hydroxyethyl)-p-cyancanilines bearing deuteriums pre-
dominantly on the carbon adjacent to hydroxyl (70:30) together «
with other deuterated involatile products corresponding to
those obtained from 16." Reaction of 32 in the presence of po-
tassimmbromideéave in addition labelled l1-bromo-2-chloro-
‘ethane with the retention of both deuteriums most probably pre-
sen£<n1both carbons. When the isomeric deuterium labelled
1—(p—cyanopheny1)ESE(Eachiara—E,E-dideutericethyl)triazene
33 was allowed to decompose in pH 7 phosphate buffer it

gave acetaldehyde with deutérium in the formyl group,
'1,2-dichloro-1,1-didguterioethane, a mixture of the iso-
meric deuterium labelled 2-chloroethanols bearing deuterium
predbminantly on the carbon bearing chlorine, (92:8): a
mixture of is&meric deuterated N-(2-chloroethyl)p-cyano-
aniline Bearing fwc deuteriums predominantly on the carbon
adjacent to nitrogen (53:47): a mixture of isomeric deu-
terium labelled N-(2-hydroxyethyl)-p-cyanoanilines bearing

two deuteriums predominantly on the carbon adjacent to nitrogen

h *

b
"



(70:30) and deuterium labelled 1,2-di(p-cyanocanilino)
ethane. Reaction of 33 in the presence of potassium
bragide gave in addition labelled 1-bromo-2-chloroethane,
again, with the retention of both !deuteriums that are prob-

ably present on both carbons.

When 1-(p- cyangphenyl) 3-(2-chloro-2,2-dideuteriocethyl)
triazene 33 was allawed to réact with 3,5-dinitrob nic

acid the product was-" Eéchlarc—z,E-dideuteriaéthyl 3,5-
dinitrabenzagte.§§'exclusiveiy.

Aqueous decomposition of 1-(p-cyanophenyl)-3-(2-
chlaraprapyl)triazene 34 at pH 7 and 37° aff@rdedvagetane}
2-chloro-1l-propanol and 1- chlara 2-propanol (3:2);
1,25d1;hlarogp:gpane and zschiaTGPTGPEﬂE as well as
- p-cyanoaniline.

Representative examples of two 2-fluorcethyl deriva-
tives were allowed to decompose in buffered agqueous solu-
tion and their products identified and quantified.
5-[3-(2-fluoroethyl)-1-triazenyl]imidazole-4-carboxamide
35 afforded 2-fluoroethanol (79% of volatiles), acetalde-
‘hyde and 1,2-difluorcethane (together constituting 21% G?
olatileg), 5-aminoimidazole-4-carboxamide (90% of invola-
‘tiles) and 5-(Esf1uargethy11ming)imidgz&leaéscarggxamide
(~1%).

Decomposition of 1-(p-cyanophenyl)-3-(2-fluoroethyl)-
triazene 15 gave Ziiluaraethgﬁcl (76% of total volatiles),
acetaldehyde and 1,2-difluoroethane (together constituting

24% of volatiles); p-cyanoaniline (86% of invalatilés),



N-(2-hydroxyethyl)p-cyanoaniline (4% of involatiles) and
a trace of N-(2-fluoroethyl)p-cyanoaniline. Thez;elative
stabilities of the triazene$S as a function of structural
variations as well as the pH of the medium were also
established. _

The ki;etic half lives of the 2-haloalkyltriazenes in
buffered aqueous solution could be conveniently determined
electrochemically by following the disappearance of the
polarographic wave characteristic of the triazene which
appears in the range -0.910 to -1.038 V (Table 3). The
obéerved half lives range from ca. 2 min to ca. 38 min.

In the 1-(p-cyanophenyl)triazenes the éequence of stabil-
.itiéS‘depends on the halogen substituent i.e. F>C1>Br. For
a given halogen substituent in the 2-haloethyl-triazenes |
the sequence of stabilities depends on the nature of the
p-aryl substituent: i.e. CH300>CH3CH§KD>CN. There was also
observed to be a marked dependence of the decomposition
half-life on the length of the alkyl chain bearing the
halogen in the series of 1-(p-cyanophenyl)-3-(w -chloro-
alkyl)itriazenes such that butyl>propyl>pentyl>ethyl.

In the case of 1-(p-cyangophenyl)-3-(2-fluoroethyl)-~
trizene 15 a marked pH dependence on the rate of decompési-
tion at 26° was observed (Table 4). The rate of decomposi-
tion increased rapidly as the pH was lowered in the range
8-6 such>that ts at pH 8,7 and 6 were 10,080 sec, 7539 sec
and 3175 sec respecdevely. The rate of the more rapid

decomboéitioh of 1-(p-cyanophenyl)-3-(2-chloroethyl)tri-

4
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VARIATION OF HALF-LIFE (t}) OF

TABLE 4

HALOALKYLARYLTRIAZENES

POLAROGRAPHICALLY AS A FUNCTION OF SOLUTION

H*m

pH AT 26°

6.0
6.95
8.0

9.3

3175
7549

10,080



azene 16 at 26° also showed a marked and progressive in-
crease on lowering the pH in the wider rangé of 9.3 to
4.65. The types of volatile products formed from aqueous
decomposition of the 2-haloethylaryltriazenes are consis-
tent with the general Scheme 4. The observed increase in
the rate of décomposition of the triazenes with lowered
pH suggests a protonation step on the major tautomer first.
This is followed by cleavage to produce the observed aro-
matic amine and the 2-haloethyldiazonium ion or (its
kinetic equivalent) the 2-haloethyl cation. Analogy with
the reactions of 2-haloethylnitrosoureas suggests hydride
transfer and hydrolysis of the latter can give rise to

54,55 Alternatively nucleophilic attack by

acetaldehyde.
halide ion or water on reactive species such as the diaz-
onium ion, 2-haloethyl cation and/or the conjugate acid

of the triazene gives rise to 1,2-dihaloethane and 2-halo-
ethanol, respectively.’_The results with the specifically
deuterated 2-haloefhy1ary1tr1azenes provided further in-
sight into these pathways and the possible participaticn of
the chloronium ion species.

The deuterium labelled products obtained from the
2,2-dideuterio-2-chloroethyltriazene may be interpreted in
terms of Scheme 5. The retention of deuterium label in
the formyl group of the acetaldehyde is consistent with
generation of a transient 2-chloroethyl cation, a subse--

quent hydride shift to give the l-chloroethyl cation and-

the hydrolysis of the latter. While either SN2 nucleo-
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philic attack by chloride ion on the conjugate acid of the
triazene or SNI reactioh via the 2-chloroethyl cation ac-
counts for the 1,2-dichloroethane, the observed formation
of a mixture of labelled 2-chloroethanols requires the
1ntermediaé} 6! another reactive species. The mixture of
2-chloroethanols contains predominantly (ca. 10:1) the
isomer with deuterium adjacent to chlorine. As is the casge
with the corresponding 2-chloroethylnitrosoureas,54 the
small amount (5-10%) of deuterium scrambling is consistent
with a small contribution of the chloronium ion species in
the overall decomposition; |

Entirely complementary results are obtained in the
decomposition of the 1,1-dideuterio-2-chloroethyltriazene.
In this case, and as predicted from a pathway corresponding
to Scheme 5, only unlabelled acetaldehyde is obtained. 1In
this case however, the two labelled 2-chloroethanols ;re
obtained in a ratio of (10:1) containing predominantly the
isomer with deuterium adjacent to hydroxyl, again in accord
with a smh11~COntr1bution from the chloxonium ion. Capture
of the latter species by added bromide ion accounts for
the formation of l-bromo-2-chloroethane. Alternative de-
composition pathways may be envisaged for the 2-haloethyl-
aryltriazenes which would be indistinguishable from the

main pathways outlined in Schemes 4 and 5§ e.g. via the

formation of a diazohydroxide.

4 *
H30

Ar-NH-N=NCH,CH,C1 ——» fArNH; + HO-N-N-CﬁZCEECl



The deuterium labelling experiments do however preclude
the intermediacy of a diazoalkane since this requires the
loss of one deuterium from the 2-chloroethanol and
1,2-dichloroethane isolated from the 1,1-dideuterio-2-

chloroethyltriazene.

+
~ N=N-CD,CH

Aera 2
l + - +

ArNH, + N=N-CD,-CH,C1 —w— N=N=CDCH,,C1

H,0 i
HO CDH CH

Four involatile products were identified and quanti-

C1

2Cl _ ,

tated from aqueous decomposition of triazene 16. The use
of specific deuterium labellink was especi;liy informative
in determining the origin of these products, while there
are precedents for the direct loss of ﬁitrageh from mono-
methyltrinzegesg§7 A similar loss of nitrogen from 32

could yield 2-chloroethyl-p-cyanoaniline. However, the

observation of deuterium scrambling favouring the rearrange-

ment product (52:48) demands the intermediacy of a cyclic

intermediate, but not a symmetrical one. The facts are in

accord with the intermediate formation of the aryl 1,2,3-
triazolinium salt (for which the precedents existé9'51),
a8 shown iﬁiSQheme 6. The much more marked preference for
the formation of the iegrfaggement product with the
2-hydroxyethyl-p-cyanoaniline (70:30) confirms an unsym-

metrical cyclic intermediate with in this case preferential

L
L



S~

a

EHNYHIINDd 10 HQ 19 = X

XCHO%QD-HN-1¥

~ XCQOZHOHN-Iv \ ¢
eN- ;/ ,
X
. q \ xu

xa

i N—

N-IY <+—— |DH"'N N-dY °

/

IN- X7

————
o —

.i.,q_,.,v m.
. oA
A
10°HO-2QD0~N=N-HN—-1¥
) | ]
9 O8wayosg



attack by water at position 4 of the aryl 1,2,3-triazoline.
Whereas the aziridine may participate as an intermediate
it alone cannot explain the observed results. Attack by
p-Cyanoaniline on the intermediate aryltriazolinium salt
(or aziridine) accounts for the formation of 1,2-p-
cyanoanilinoethane. The results with the isomeric
1-(p-cyanophenyl)-3-(2-chloro-2, 2-dideuterioethyl)triazene
33 are entirély consistent with Scheme 6.

The effeéts of a substituent alpha to the halogen were
observed in the decomposition of 1-(p-cyanophenyl)-3-
(2-chloropropyl)triazene 34. The formation of acetone is
rationalized by initial formation of twe diazonium ion
(from protonation of the preferred taptomer) and then a
formation of the 2-chloropropyl-3-cation leads to acetone
by the steps indicated in Scheme 7. This requiresea hydride
transfer from the 2-chloropropyl cation to form the more
stable 2-chloropropyl-2-cation. )

In this case proton loss from the initially formed
cation to give 2-chloropropene is favored by the additional
methyl substituent in contrast to the 2-chloroethylaryl-
triazene case where no detectable quantities of vinﬁl
chloq}de were produced (Schemes 4 and 5). (See chapter IV
for further discussion on this issue).

Nucleophilic attack by chloride ion Teither SN? on the
conjugate acid of the triazeme or the diazonium ion or by
SNI reaction via the 2—chloropropy1-{-cation) accounts Iér

\

the formation of 1,2-dichloropropane. Since both possible
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isomeric chloropropancls were identified as products this

requires a rearrangement of the intermediate 2-chloro-1-
propyl cation to the more stable i:cblﬂra=2;prcpy1 cation.
Thus in this example we e%piay a methyl graﬁp a5 a label
rather than deuterium in S;heme 7. The observed ratio of
3:2 of égCthfD—l-FIDPE#DlZ1-2blérQ22—Ppo§ng is in accord

with the expected greater contribution of this pathway com-

pared with the approximately 10% contribution of the chloro-
56,57

nium ion" '’ in Scheme 5. The fact that a greater yield
of the chloropropanol product of the less stablé cation is
obtained suggests a substantial contribution of direct
sﬂg attack Gg_thé precursor diazonium ion or tbevcgnjugate:
acid of the triazene itself;(5§heme 7). |

The observed order of decomposition of the homologous

series of mébalaaliyl—(p§cyan§pbeny1)triazenes 16>26>24>25

i.e. chloroethyl>chloropentyl>chloropropyl>chlorobutyl

tl"f

deserves a comment. The fact that the chloroethyl homo-
logue decampases‘instest is in accord with the intermediacy
'in this case only of the triazoline species. Analogous
cyclization for gg,gg,aaggé is presumably precluded for
entropic reasons. Moreover, only in thé case of 16 can

the chloronium ion contribute. The intervention of thgf
pathways may be envisaged involving 1,2-hydride shift
leading to a number of possible cationic intermediates in
the 3, 4 and 5 carbon homologues. This may account for the
observed rate sequences which requires detailed individual

examination.



In connection with. the chloronium ion species, the
observation of deuterium label scrambling in the decompo-
sition of thé 2-chloroethyl triazenes afforded an oppor-
tunity to investigate the mechanism of alkylation by these
triazenes. Such a reaction has direct bearing on the
cytotoxicity of triazenes which has bEEﬁsiggiiéﬁféd in part
to the alkylation of biclogical macromolecules. Alkylation
of 3,5-dinitrobenzoic acid éith l-(p-cyanophenyl)-3-(2-
;hiaréaz,Esdideutericethyl)tri&zege 33 afforded only the
Eichléfézz,Esdidéuteriaethyl-3,5=dinitrébénzaate 38
i.e. no detected label scrambling had occurred. This re-
sult is clearly at variance with one mechanism that has
been suggested for this reaction (Scheme 8),58 This mechan-
ism requires the formation of a solvent cagéd ian;pair
which, since it permits Wagner-Meerwein rearrangement of
the intermediate cation, would prédict a certain degree of
label scrambling as shéwni\\A more likely pathway 1is by
SNE displacement which correctly predicts the lack of label
scrambling which is observed (Scheme 9). This result is
then in accgrérwith the previous conclusion of a substéntial
eéntributian %rgm SHE mechanisms in the formation of préd=
ucts from the intermediate diazonium ions or the conjugate

acids of the triazenes , in Schemes 4, 5and 7, However, this

issue has been taken up for further studies and comments in

Chapter IV.
Thezaba?iffindings on the synthesis, the identification

of aqueous decomposition products and details of the decom-

39
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position pathways of new 2-haloethylaryltriazenes has
assisted in the interpretation of their anti-leukemic
action as discussed in a subsequent chaptef.

[ ]

EXPERIMENTAL

Throughout this work melting points we}E'determined on
a Fisher-Johns apparatus and are uncorrected., Infrared
spectra were recorded on a Perkin-Elmer Grating Infrared
Spectrophotometer Model 421 and generally only the prin-
cipal peaks are reported. Absorption spectra were measured
in either distilled water or "spectro-grade' solvents and
were run on either a Beckman DB Spectrophotometer, a
Gilford 250 Spectrophotometer, or a Unicam SP1700 UV
Spectrcphat@meteri Proton magnetic resonance spectra were
recorded on Varian HA-100 or Bruker WH-200 instruments and
were generally measured on a 10-15% (w/v) solutions of the
compound in the appropriate deuterated solvent. The ref-
érence campgﬁnd was tetramethylsilane (TMS). Line posi-
tions are reported in ppm from the reference. Mass spectra
were determined with Associated Electrical Industries
M52, M39, MS12, or M350 (DS50) mass spectrometers. In
general the ionization energy was 70 eV. Peak measurements
were made by cﬂmpgrfsan with perfluorotributylamine at a
rgsclving power of 1500, Kieselgel DF-5 (Camag, Switzer-
land) and Eastman Kodak precoated sheets were used for thin
layer chromatography. Micraanalysgs were carried out by

Mre. D. Mahlow of this department.



1(3)-Aryl1-3(1)-2-Haloalkyltriazenes

General Procedure

A solution of the aromatic amine (10 mmol) in concen-
trated hydrochloric acid (2.5 ml), diluted with water
(12 ml) was diazotized at 0°C with sodium nitrite (0.80 g),
dissolved in the minimum amount of water and the resulting
solution was stirred for- 30 ;in or until clear. Excess
acid was neutralized by addition of calcium carbonate
(1.6 g). 2-Haloalkylamine hydrohalide (10 mmol) was dis-
solved in 5 mi water and deprotonated with potassium bicar-
bonate (11 mmol) (added salia) by stirring at 0°C until

'effervescence stopped., The diazonium salt solution was
filtered cold and quickly transferred to the flaék con-
taining E;halgalkylamige free base and then the reaction
mixture was stirred for 5-10 mim at 0°. A precipitate of
the triazene usually appeared immediately and was washed
;itb cold water, air dried for 1 min and transferred to a
precooled test tube. The product was dissolved in a
minimum amount of methylene chloride at room temperature

whereupon an aqueous layer separated. The methylene
to another precooled container. The triazene was precipi-
-30° and addiﬂé cold petroleum ether dropwise. The pre-

cipitate was filtered, washed with cold petrcieum ether,

and air dried for 1-2 min.

42
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Special pr;caution was exércised during tﬁe condensa-
tion of 2-br6moethy1amine with the diazonium salt as well
as in handling the product. The condensation was usually
carried out at -10° and the precipitate was transferred to
a precooled test tube immediately after filtration in order
to avoid decomposition. 2-Haloalkyltriazenes can be
stored in dry-ice for an indefinite period. The general

procedure afforded the following triazenes.

1-(p-Nitrophenyl)-3-(2-fluoroethyl)triazene 12 <\

G .

(2.0 g 95%), mp 98-100°; Vnax 3184, 3142, 1608, 1595, 1515,

1340 cm™!; 6 (CD,C1,, -20°C) 4.06(2t, Jy = 5 Hz, J, = 30 Hz,

2H, N-CHZ), 4.8} (2¢t, JH = 5 Hz, JF = 47 Hz, 2H, CHE-F),
7.19-8.36 (m, 4H, aromatic); 8.5 and 9.55 (br 2s, exchange-

able, 1H, NH) " 2i2.0715 (45.90%) (calcd. for CBHQFHQDQ,
\ : 2

212.0710), m/e 184.0655 (M—Nz, calcd. for CBHQFNEQE’

. 184.0648), 164.0589 (2.38%) (M-N2—HF, calcd. for CEHSNEDQ’

164.0586) 150.0305 (68.78%) (M-NH-C32CH2F, calcd. for

C6H4N302, 150.0303), 138.0431 (27%) CH—N2CHCH2F, caled. for

C6H6N202' 138.0415), 122.0246 (100%) (calcd. for Csﬂéﬂéz,

122.0228).

1-(p-Nitrophenyl)-3-(2-chloroethyl)triazene 13

(1.8 g, 79%) (mp 64-66°C), v__ 3180, 3140, 2605 and 1595

1

cm . & (CDCl,, -20°) 3.8 (t, 2H, CH,-C1), 'A.1 (t, 3H,

3!
N—CHz), 7.2 - 8.35 (m, 4H, aromatic), 8.5 and 9.6 (1H,

-

K2
exchapgeable, N-H); M* 228.0420 (2.45%) (calcd. for -«



C1N,O 228.0414), m/e 200.0361 (23.02%) (M-N caled.

B 9 472’ 2’
for C H C1N_O 200.0353), 164.0588 (18.12%) ((Héﬁz)éﬂﬁli

8 272
calcd. for CEHSN2D2' 164.0586) 150.0346 (4.12%)
(H—NHCEECHECI calcd. for CSHQNBDE' 150.0304), 138.0434
(37.79%) (H=N2CHCH2€1 calcd. for CSESNEDE’ 138.0429)..

l1-(p-Nitrophenyl)-3-(2- Eramaetbyl)triazeae 14

(1.2 g, 44%), mp 30-31°, Voax (due to rapid thermal decom-

position the absorptions were too broad to be assigned to

definite frequencies); 6§ (CDCl, -50°C) 3.8 (t, 2H,
CH,~Br), 4.25 (t, 2H, N-CH,), 7.2 - 8.3 (m, 4H, aromatic),

8.7 and 9.7 (br, 2s, 1H, N-H), m/e 164.0599 (1.25%) -

((M-N,)-HBr, calcd. for CgHgN,0,, 164.0586), 138.0434 (100%).

1-(p-Cyanophenyl)-3-(2-fluoroethyl)triazene 15

(1.8 g, 93%), mp 95-96°; v ___ 3183, 3161, 2228 and 1609.

§ (CDCly, -20°) 4.08 (2t, Jg = 5 Hz, J = 30, 2H, N-CH,),

5 Hz, J_, = 47, 2H, CEEﬁF); 7.2 - 7.75 (m, 4H,

4.8 (2t, JH 1
8.5 and 9.55 (br, 2s, exchangeable, 1H, N-H),

aromatic)

Mt 192.0804 (26.09%) (calcd. for CoHgFN,, 192.0811),

m/e 164,0744 (1.39%) (M-Ng, caled, for CQHEFNE' 164.0750),

144.0683 (4.02%) ((M-N,)-HF, calcd. for CyHgN,, 144.0688)

130.0403 (33.87%) (M-NHCH,CH,F, calcd. for C,H,N,, g
130.0405), 118.0528 (32.11%) (M-N,-CH,CH,F, calcd. for

C7H§ﬁ2, 118.0531), 102.0342 (100%).

T
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1—(pryan§pheny1)—aafgfchlqyﬁgtgzl);:;a;eae 16

(1.0 g, 48%), mp 68°, v __ 3181, 3159, 2228 and 1608 em ", .

2

8§ (CD,Cl,, -45°) 3.9 (t, 2H, CH,-Cl), 4.1 (t, 2H, N-CH,),
8.55 and 9.6 (br, 2s, 1H,

7.2 - 7.75 (m, 4H, aromatic)
exchangeable, N-H); m/e 182.0424 (7.23%) (M-N_,, calcd. for

Cc EQC1H2, 182.0424), 144.0682 (9.74%) ((Msﬁg)-ECIi calcd.

9

for CgﬁaﬁizléiiDSSSIE 132.0638 (11.06%), 131.0638 (100%),

118.0530 (62.79%).

£

)

1-(p-Cyanophenyl)-3-(2-bromoethyl)triazene 17

(Yield 10-40%) mp 39°. Compound (17) decomposed duriﬂé ir

scan. § (CD2C12j -45°), 3.7 (t, 2H, CHSCI), 4.9 (t, 2H,

N=CH2), 7.2 - 7.s'(m, 4H, aromatic), 8.7 (br, ls, inte-

grated for less than one proton, normally observed second
N .

broad singlet caulibnat be traced, N-H), m/e 225.9925

2’ ‘979 2

(20.26%) (M-N,, calcd. for C,H.N_Br 225.9929), 144.0675
(9.74%) (M-N,) -HBr caled. for CgHgN,, 144.0688), 132.0638
(25.25%), 118.0531 (26.52%).

1-(p-Acetylphenyl)-3-(2-fluoroethyl)triazene 18

(0.8 g, 38%) mp 92-93°, v__ 3192, 3161 and 1600 cm™;

§ (CD,C1 H z,

H= 5 Hz, JF = 47 Hz),

8.15 (m, 4H, aromatic), 8.94 and 10.0 (br, .2s, N-H);

2?
Jo = 30 Hz, 2H, N-CH,), 4.84 (2t, J

-45°) 2.6 (g, 3H, Me), 4.08 (2t, J, = 5 Hz

-~

H‘

K
I

M" 209.0964 (35.12%) (caled. for CH,,FN40, 209.0964),

182.0952 (.41%) (M-N,, calecd. for CIGHIBFND’ 182.0981),
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re

148.0734 (16.55%), 135.0682 (44.49%), 120.0460 (87.20%)

119.0490 (100%).

1-(p-Acetylphenyl)-3-(2-chloroethyl)triazene 19

(0.6 g, 27%), mp 48-49°, v___ 3188, 3158 and 1600 cm™ 1,

é (CD2C1 -45°) 2.62 (s, 3H, Me), 3.9 (t, 2H, CH2C1),

2’ _
4.12 (t, 2H, N-CHZ), 7.15 - 8.1 (m, 4H, aromatic), 8.7 and

9.75 (br, 2s, N-H); m/e 197.0607 (21.67%) (M—Nz, calcd. for

C10H12C1N0, 197.0607), 161.0851 (2.01%) ((M—Nz)-HCI, calcd.

for C,,H, NO 161.0841), 148.0760 (77.08%), 120.0450 (100%).

1-(p-Ethoxycarbonylphenyl)-3-(2-fluoroethyl)triazene 20

(1.6 g, 56%), mp 85-87°, v___ 3194, 3174, 1714, 1610:

max
6 (CD2C12, 200 MHz, -55°), 1.35 (t, 3H, Me), 4 (2t each
accompanied by a multiplet at the base, JH = 5 Hz, JF =

47 Hz, 2H,-N—CH2) 4.27 (q, 2H, O-CH2), 4,78 (2t, each
accompanied by a triplet at the base, J = 5 Hz, JF = 47 Hz,
2H, CHz-F), 7.3 - 8t05 (m, 4H, aromatic), 8.6 (t, N-H,
tautomer), 9.85 (br, s, N-H, tautomer). M’ 239.1077

(49.67%) (calcd. for C..H FN302, 239.1070), m/e 211.1017 .

11714
(4.78%) (M-N,, caled. for C,H,,FNO,, 211.1008), 194.0737
(12.58%) [(M-CH,CH,, calcd. for CyHgFN,0,, 194.0730);

:191.0953 (6.93%) ((M—NZ-HCI, calcd. for C11H13N02 )
191.0947), 165.0795 (64.65%), 149.0599 (100%). ‘ - -
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1-(p-Ethoxycarbonylphenyl)-3-(2-chloroethyl)triazene 21

(1.8 g, 70%) mp 58-60°, v___ 3193, 3171, 1715 and 1605 cm™ L,

§ (CDC1 -30°), 1.38 (t, 3H, Me), 3.84 (t, 2H, CHEECl),

3'
4.06 (t, 2H, N-CH,), 4.34 (q, 28, O-CHp), 7.1 - 8.1 (m, 48,
aromatic), 8.55 and 9.58 (br, 2s, N-H). m/e 227.071

6
(21.16%) (I-NQ, calcd. for C11514C1N62, 227.9?13), 191.0949

(19.85%), ((M-Nz)—HCI,'calcd. for Cl H 3“62' 191.0446),

165.0793 (71.29%), 120.0449 (100%).

1-(o>Nitrophenyl)-3-(2-fluoroethyl)triazene 22

(1.5 g; 70%), mp 30-31°, v___ 3322, 1613, 1515, 1338;

§ (CDC1 -20°), 4.08 (2t, J, = 5 Hz, J, = 30 Hz, 2H, E-CHQL

H F

g = 5 Bz, Jp = 47 Hz, 2H, CH,-F), 6.94 - 8.34

(m, 4H, aromatic), 11.74 (s, 1H, NH); M’ 212.0712 (67.61)

3)
4.84 (2t, J

(calcd. for CBHQFN4

calcd. for C8H9FN202, 184.0648), 164.0589 (1.78%)

O, 212.0710), m/e 184.0650 (2.18%)

( H-NZ ’

((M-Nz)-HP, calced. for,C8 gN20,,

1(3)-(o-Nitrophenyl)3{1)-(2-chloroethyl)triazene 23

(1.8 g, 79%) mp 55°, v__ 3329, 1610, 1513, 1338;

§ (CDC1,, -20°), 3.92 (t, 2H, CH,-Cl), 4.12 (t, 2H, N-CH,),

3’ 2
6.94 - 8.34 (m, 4H, aromatic), 11.76 (s, 1H, NH), M’
228.0414 (21.74%) (caled. for CgH,CINO,, 228.0414),
m/e 200.0353 (0.76%) (M-N,, calcd. for CgHgCIN,O,,
200.0353), 164.0592 (1.02%) (calcd. CgHgN,0,, 164.0586),
138.0429 (44.07%), 63.0121 (100%) (calcd. for C,H,Cl,

63.0001).
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H N,O 164.0586), 138.0430 (100%).



Th//fnllawing triazenes were also prepared by the
generalszracedure The diazonium salt solutions were allow-
ed to react with th; corresponding chlarc-glkylgmines and
the pgoducts were purified by recrystallization at low -

temperature.

1-(p-Cyanophenyl)~3-(3 loropropyl)triazene 24

Mp 64-65° (1.5 g, 67%) v___ 3186, 3162, 2228 and 1610 —

8 chEC127 -15°) 2.18 (t, 2H, -CH,~), 3.65 (t, 2H, CH,-Cl),

6.85 (t, 2H, N-CH,) 7.2 - 7.8 (m, .4H, aromatic), 8.5 and

m\

9.5 (br, 2s, exchangeable, N-H) Mt 222.0673 (7.79%)

(calcd. for C,,H ,CIN, 222.0673), 194.0609 (3.62%)

10711
(K—Hg'ealcd. for CIQH11C1N 194.0611), 158.0841 (7.93%)
((!—NZ)QHCIi calcd. for ClDHIQNE' 158.0843), 132,0639

(2.55%), 131.0438 (1.26%), 118.0531 (100%).

1-p-Cyanophenyl)-3-(4-chlorobutyl)tr ene

L]
hw

(1.6 g 67%) mp 82°, v___ 3186, 3153,'2220, 1608 cm™!,

) (CD?Cl;, -15°) 1.85 (br, m, 4H, —CH 3.4 - 3.85

2 )

(br, m, 4H, N-CH, and CH,-Cl), (7_2 - 7.8) (m, 4H, aro-

2 2
matic), 8.35 and 9.4 (br, 2s, exchangeable, N-H); M

236.0829 (12.05%) (caled. for C11513CIN

m/e 208.0768 (1.53%) (M—Ng, alcd. for C..H ,élN;,

208.0768), 172.0921 (0.24%) ((HhN )-HC1, calcd. for

\Ih

c1131252- 172.1010) 131.0573 (ISiSQ?), 118.0529 (56. 771)

102.0343 (100%).
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1-(p-Cyanophenyl)-3-(5-chloropentyl)triazen

o
|3

3160, 2220 and 1610 cm~ L,

[ ]

(2.16 g, 84%), mp 66°, v _ 318

c1,, -15°) 1.7 (br, m,

s
L

§ (CD H), 3.65 (br, sextet, N-CH

2 .
4H, aromatic), 8.4 and 9.5 (br,

2
and CHZ ,
exchangeable, N-H), !* 250 (6.12%) caled. for

-Cl), 7.2 - 7.8 (m

2s

C12515C1H4j 250.0985), m/e 222,0926 (1.33%) (M-N,, calcd.

for C,,H 222.0924), 131.0569 (12.78%), 118.0529

1271572

(100%).
(1.2 g, 50%), mp 50-51°, v___ 3186, 3157, 1674 and 1600

-45%) 2.2 (p, 2H, -CH,-), 2.62 (s, 3H,

1-(p-Acetylphenyl)-3 (3-chloropropyl)triazene 27

=1 .
c? . 6 (CDEEIE’

Me) 3.67 (t, 2H, CH,-Cl), 3.92 (t, 2H, N-CH,), 7.15 - 8.1
4 . ® ;

(m, 4H, aromatic), 8.5 and 9.65 (br, 2s, N-H), M’ 239.0825

(1.70%) (calcd. for C11514C1N30, 239.0826), 211.0765

(1.09%), (M-N,, calcd. for C11514CLND, 211.0766), 175.0996

(3.56%) ((M-N,)-HC1, calecd. for C,,H ;NO, 175.0997),

120.0450 (83.85%).

2-Amino-2,2-dideuterioethanol 28

E]

This ccmpgdhd was prepared by reducing glycolonitrile with

lithiwm aluminum deuteride following the procedure of

54 54

Brundrett et al. bp 40-41°C, ~0.15 mm (1it bp 85-90°,

~10 mm). : : —
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2-Chloro-1;1-dideutericethylaminehydrochloride

A solution of 28 (2 g, 21.6 mmol) in CHCl, (10 ml) was

saturated with hydrogen chloride gas at D'C!\\TQ the 'solu-
tion was added thionyl chloride (10 ml) diluted with CECla
(10 m1) at 0° and the solution was allowed to warm slowly

to 70°. The stirring was continued for 5 hr. The solvent

and the excess of the thionyl chloride were removed under
vacuum.. The residue was purified by recrystallization from
absolute ethanol. Yield 1.5 g, 60%, mp 141-143 (undeuter-

ated, 143-146°).

2-Amino-1;1-dideuterioethanol 30

=3

Compound 30 was prepared by reducing glycine ei&yl ester

with lithium aluminum deuteride following the procedure of -

Brundrett et al.>3 bp 35-38° ~0.15 mm, 1it.>? bp 83-88°C

N

~10 mm). \

1-Chloro-1,1-dideuterioethylaminehydrochloride gi'

¥

The aminoethanol 30 was chlorinated following the procedure

described for the chlorination of 28, .mp 144-146°.

The following triazenes were also prepared by the
;generai proceduré. . The diazonium salt solutions were al-
lowed to react with the corresponding ehicresnlkylaminés
and the products were purified by t;cry;tgllizﬁtian at

low temperature.



1-(p-Cyanophenyl)-3-(2-chloro-1,1-dideuterioethyl)-

triazene 32

Mp 66-67°, v__ 3181, 3160, 2224 and 1608 cm!.

,2' 9 -10°) 3.84 (&, 2H, CHE—CL), 7.2 - 7.75 (m, 4H, .

aromatic), 8.56 and 9.15 (br, 2s, exchangeable, N-H);

u* 210.0644 (3.03%) (calecd. for CQH7D2C1N 210,0641),
182.0578 (18.69%) (M-N 2 caled. for CBH D ClN 182.0580),

146.0810 (23.62%) ((M- N,)EECL, calcd. for CQHEDZNZ'

46.
146.0813), 118.0532 (100%).

1-(p-Cyanophenyl)-(3)-(2-chloro-2, z-dideutericethyl)-

triazene 33

Mp (67-68°), v___ 3181, 3189, 2224 and 1608 em™ L.

8 (CD 2, =15*) 4.03 (s, 2H, NQCHE)E 7.2 - 7.70 (m,
aromatic), 8.5 and 9.45 (br, s,gexehiﬂgeable, N=H); H*
210.0661 (0.50%) (calecd. for CQH7D2C1N 210.0641), m/e
182.0581 (63,.95%) (M-N,, calcd. for CEHTDEC1N2 182.0580),
146.0811 (33.91%) ((M-N2)2H21, calcd. for CSHSDEHE'

[

146.0813), 133.0724 (100%).

1—(p-Cyalepheny1)=3—(2—chlargprcpy1)tria;ene 34

(1.5 g, 72%) mp 74-75°, compound 34 decomposed during ir

scan. & (CD,Cl,, -20°) 1.56 (2d, 3H, CHy), 3.95 (2d, 2H,

N_csg)j 4.4 (m, 1H, CHCl), 7.2 - 7.8 (m, 4H, aromatic),

8.6 and 9.5 (br, 2s, exchangeable, N-H), M* 222.0672

(12:10i) (caled. for C,H, CIN,, 222.0672), 194.0613 (0.57%)
N



90 caled. for C10H11C1H77 194.0611), 158.0844 (1.55%)

((M-Nz)-HCI calcd. for chHIﬁNZ’ 158.0844) 118.0530

(M-N

(30.08%), 102.0344 (100%).

5-[3-(2-Fluoroethyl)-1-triazenyl]-imidazole-4-

carboxamide 35

Compound 35 was prepared following the procedure of Shealy
et al.%® 2_Fluoroethylamine free base (400 mg, 6.3 mmol)

-
was taken in dry ethyl acetate (30 ml) and stirred unde

.
nitrogen. To the stirred solution was added thoroughly
dried S5-diazo-imidazole-4-carboxamide (800 mg, 4.6 mmol) in
one portion. The reaction mixture was protected from light
and the stirring was continued for 1 hr. The resulting
white solid was collected by filtration, washed with ethyl
acetate and dried in vacuc at room temperature, yielding
850 mg (92%) of the triazene mp 119°C (dec). Voax 3478,
3249, 3079, 1645, 1585, 1430 and 1380 cmgli m/g¢ 138.0396
(11.75%) (M-NHCHZCHzF, caled. for Céﬂéﬁso, 138.0398),

137.0341 (100%). Anali calcd. for CEHSNSD C, 36.0,
4.5,

N, 41.6.

H, 4.5; N, 42.0. Found: C, 35.6; H,

General Procedure for the Esterification of 3,6 5-Dinitro-

benzoic Acid by Phenyl-2-haloalkyltriazenes

The triazene (4 mmol) was suspended in ether (15 ml)
, at -20°. To the stirring suspension was added dropwise
3,4-dinitrobenzoic acid (700 mg, 3.3 mmol) dissolved in

ether (20 ml). After the addition was completed, the reac-



tion mixture was allowed to warm up to the room temperature
and the gtirriné was continued for another 2 hr. The re-
action mixture was filtered and the solvent was evaporated
leaving a syrupy residue which on tituration with chloro-
form deposited most of the unreacted acid. The ester was
purified by chromatography on silica using benzene as
eluant. When the imidazole triazene 35.was used, the reac-
tion mixture was stirred for two days at room temperature
-brotected from light at all time. This procedure afforded

the following esters in varying yield.

36 ¢

2-Fluoroethyl-3,5-dinitrobenzoate

From 15 and 35 yield 60% and 30% respectively, mp 84-85°

e , - ) CEaE s o
(1it 86°). Vmax 1735, 1625, 1545 and 1340 cm (in CHEClz)i

) (CDCIS, 200 MHz), 4.7 (m, 2H, D-CHE), 4.99 (2m, 2H,
CH2-F)j 9.18 - 9.3 (m, 3H, aromatic). Compound 36 was
identical in every respect with a sample obtained from re-

actiop of 3.5-dinitrobenzoyl chloride with 2-fluoroethanol.

From 16 yield 40%, mp 89-90° (1lit 92°) Viax 1735, 1625,
1545 and 1340 cmil. 8 (C32212) 3.88 (t, 2H, CEEéC1)

4.72 (t, 20, OCH,), 9.14 - 9.28 (m, 3H, aromatic), M'

273.9981 (2.98%) (calcd. for CgH,N,0,C1, 273.9992), m/e
239.0299 (5.78%) (M-Cl, caled. for CoH,N,0c, 239.0304).
Compound 37 was identical with a sample obtained from reac-

tion of 3.5-dinitrobenzoylchloride with 2-chloroethanol.
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2-Chloro-2,2-dideuterioethyl- -3,5-dinitrobenzoate 38

13

From 33 yield 40%, mp 89°., v ___ 1735, 1625, 1535 and

max
1340 cm™}. & (CDCl,) 4.6 (s, 2H, O-CH,), 9.1 - 9.3 (m, 3H,

Cin. ut ame A11e , v .
aromatic); M 276.0117 (B.53%) (calcd. for CQHSDECINZGE'

276.0117). Anal. calcd. for C9H5D2C1N266: C, 39.05%,

N

10.12%, Found: C, 39.18%; N, 9.83%.
2-Bromoethyl1-3,5-dinitrobenzoate 39
From 17 yield 10% mp 82° (1lit 85-86°) vmix_1740i 1625, 1540

and 1340 cm™l, & (CDCl,) 3.70 (t, 2H, CH,-Br), 4.66 (t, 2H,

0-CH,), 9.1 - 9.3 (m, 3H, aromatic). Compound 39 was
identical with a sample obtained from reaction of 3,5-

dinitrobenzoylchloride with 2-bromoethanol.

METHODS
P larographic Determination of Decomposition Rates
for Triazenes

The Princeton Applied Research (PAR) Model 174A
polarograph and 9300-9301 polarographic cell were used in a
three electrode configuration which included an aqueous
saturated calomel reference electrode.(SCE), to which all
thEﬁtigls in this thesis are relative, a platinum counter
electrode, and a dropping mercury electrode (DME) with a
controlled 2s drop time. The temperature in the cell was

maintained at 37.5:0.2°C by circulation of thermostatted



water unless otherwise indicated. The resulting curves
were recorded on S:HGBEEQE 2000 X-Y recorder. The sample
solutions were buffered at pH 7.1 with 0.01 M potassium
phosphate buffer in 0.01 M KCl supporting electrolyte.

The pH value of the sample solutions were measured with an

mp
Accumet Model 520 pH meter before each run.

Triazenes in general showed low solubility in aqueous
solution, therefore 5% acetonitrile aqueots solution was
used. For triazenes differential pulse polarography of
the aqueous solution was sufficiently sensitive and was used
in each case. All solutions were deareated with purified

nitrogen for 2 min before a run and blanketed with it

during the run.

-Studies Related to the Aqueous Decomposition of

2-Haloethyltriazenes

(a) Identification of Volatile Products

GC analyses were performed on a Hewlett-Packard Model
5840 A gas chromatograph equipped with flame ionization
detector. GC MS analyses were.perfcfmed on an AEI MS-12
spectrometer using helium gas flow rate of 22 ml/min. Sam-
iples were injected onto a 5 ft 10% carbowax 20 M sosicc
:WAﬁ—DMCS 5830 column. The column was heated :at 70° for
5 min and was heated further with a rate of 10°/min up to
120¢; this temperature was maintaingd until all volatile
products had been swept from the column.

4
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A sample of triazene (50 mmol) suspended in 0.1 M phos-
phate buffer (1 ml) pH 7.2 in 5 ml capacity screw capped
reacti-vials Qas allowed to decompose for 24 hr at 37°C,
after the evacuation of the head spacg above the liquid.

The gaseous sample (1 ml) was injecté; by pressure-lock

syringe onto GC for acetaldehyde and other volatile prod- -

ucts, which were confirmed by the retention times by com-

Immediately after the removal of the gaseous contents,

0.5 ml of dichloromethane was injected in to the vial and
shaken thg;dughly and the dichloromethane solution (2 utl)
was injected for GC and GC/MS analyses,

/

(b) Identification of Nonvolatile Products

After the identification of volatile products the re-
action mixture was lyophilized and the residue was purified
by chromatography on silica using benzene/5% acetone as
eluant. The products were identified by NMR and exact mass

measurements.



CHAPTER III.

ALEYLATION AND STRAND SCISSION OF DNA

BY 2-HALOALKYLTRIAZENES

While considerable evidence iadicatejy triazenes in-

hibit nucleic acid synthesis>>'®0

little is known about
their mechanism of action, in particular of their chemical
interaction with cell target sites such as DNA. At first

sight it appears that monoalkyltriazenes are similar to

compose under physiélégical conditions giving rise to
elegtr@phileSTisglél which attack biological macromolecules
such as DNA. However, owing to the unique acid promoted
decomposition of triazenes and base promoted decémpésitién
éf nitrﬂscureassg there lies a difference in the under-
lying chemistry of the two classes of compounds which be-
came evident in their reactiﬁns with polynucleic acids as

discussed -¥n this chapter.

Studies Related to the Alkylation of DNA by Triazenes

¥

DNA alkylation by triazenes was measured by their
relative abilities to aslkylate PM2 covalently-closed-
circular-DNA (PM2-CCC-DNA) using the rapié and convenient
ethidium fluorescence assay.

Ethidium bromide 39 is a trypanocidal dye that inter-

acts with DNA. Le Pecq and Pa@lett153 as well as Morgan

and Paetkauég have observed a marked increase in the
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fluorescence of the dye in the presence of bihelical nucleic
acids while no enhancement is observed in the presence of
single stranded nucleic acids under conditions where re-
gions of accidental self-complementarity are prevented. |

Le Pecq and Paolett163 concluded that the ethid‘um cation
bindg to duplex regigns of nucleic acids by intercalation

between base planes. Their results suggested that ethidium

e ——
Br

C6H5 CHZCH3

bromide binds once for every five nucleotides, a conclu-
sion consistent with previous X-ray diffraction data.sd

They proposed that the fluorescencg enhancement is due to
the occlusion of the ethidium cation, by intercalation, into
the hydrophobic region of the nucleic acids where it is
protected against quenching by the agueous solvent. This
view was supported by experiments that showed that the
fluorescence of ethidium bromide increased when it was
measured in alcohols of decreasing hydrophilic character,

ranging from ethylene glycol to‘octanol.63

0

Morgan and Paetkau observed,4 that when an ethidium

bromide concentration of 0.5 ug/ml was employed, a linear

response of fluorescence with bihelical DNA concentration

up to 0.02 A260 was obtained. The observation that r
L

fluorescence is directly proportional to the amount of



¥

double stranded -DNA in solution has permitted the develop-
ment of convenient assays for measuring (among other chem-
ical lesions) alkylation of DNA.

Alkylation is detected with PM2-CCC-DNA. Using the

\ = =
ethidium fluorescence assay, aliquots of a reaction mixture

containing DNA are analyzed for base alkylation by dilu-
tion with a solution of ethidium bromide buffereé to pH
11.8. The fluorescence of the DNA-ethidium solution pro-
vides an estimate of the total DNA concentration. iﬁ;e DNA
in ethidium solution is heat denatured (BS‘C/Smin) and
tooled and equilibrated to 22°. Under these conditions
unrenctéﬁ‘LHE—CCC-DﬂA returns to register after heat
denaturation because of topological constraints whereas
alkylated PM2-CCC-DNA undergoes a facile erurinatiaﬂ or
depyrimidination in the reaction ﬁixturg or during the

heat denaturation to produce AP sites which hydrolyze P

quickly in the hot alkaline solution. The resulting open
cireular DNA (OC-DNA) heat denatures to form one circ@lar
strand and one linear strand which under the pH 11.8/ con-

ditions do ﬂat bind ethidium bromide, aid as a result the

fluorescence falls to zero. The ratio of the decyease in
fluorescence (after tbg\hegt denaturation and cooling cycle®
to that of the control is a measure of the extent of alkyl-
ation. The basis of the assay is illustrated in Figure 1
Alkylation measured with the ethidium bromide fluore-
scence assay was observed for all of the trizzegeé prepared

in this study. Typical examples of alkylation are shown in



ASSAY FOR ALKYLATION OF PM2-DNA

' 1. 96° pH 12
—_——
2. Cool

Supercoiled
PM2-CCC-DNA

o

et

R .
R* 1. 96° pH 12
B . ot ——— S EEEe—————
('Ht) 2. Cool +
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- - X
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o
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‘£ o After ‘Heat
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Figure 1. Ethidium bromide assay for DNA base alkylation

of PM2-DNA. $



Figure 2 and Table 5. The results are in accord with pre-
vious reports of in vitro alkylation of nucleic acids and

5,66

nucleotides by phenylmonomethyl triazenes6 and by'

in yitro treatment of calf thymus DNA with tritium labelled
llC.67 With the exception of those two compounds runlin
aqueous dfhethyl sulfoxide one may discern in Table 5 a
trend fizouring greater DNA alkylation for triazenes that
decompose more rapidly. However, some exceptions indicate
a complex dependence of structure on the two differert types
of reactivity. The parallel is most clearly discerned
within & group of triazenes when stability of the aryl-
triazene 1s governed largely by th; nature of the alkyl
group in the side chain (e.g. 15, 16,34 and 25). An
apparent exception fo this general trmend is in the case of
1-(p-cyanophenyl)-3-(2-chloropropyl)triazene 34 with a de-
composition half 1ife of 1494 sec. Compound 34 alkylates DNA
at a much slower rate than does l-(p-cyanophenyl)-3-(2-
fluoroethyl)triazene 15 which has a comparable ti of 1392 sec.
It is possible that the potentially alkylating electro-
philes generated from 34 are removed to a greater extén; by,
for example, proton loss and hydride transfer (Scheme 7).-//
The relative stabilities of ortho nitro substituted tria-
zenes (where pmr evidence indicates freezing of one tauto-
mer by intramolecular hydrogen bonding, see previous
chapter) and the para nitro substituted isomer is also re-

o
flected in their relative rates of DNA alkylation (Figure

2).
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Figure 2.
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Thermally induced DNA strand scission resultisg
from alkylation by 3-(2-haloethyl)aryltriazenes.
Reaction of 1 mM drug in 10% aqueous mcetonit-
rile with 1.0 Aygqy unit of PM2-CCC-DNA pH 7.0,
37°. Prilled ly-gol- are fluorescence readings
after heat depaturation at 96°/3 min followed

by cooling to 22° (m-m) 1-(p-cyanophenyl)-3-
(3-bromoethyltriazene 17; (0 -¢) 1-(p-nitro-
phenyl)-3-(2-fluorocethyl )triazene 12; (a4 - a)
l-(p-carboethoxyphenyl)-3-(2-fluoroeth 1)tria-
zene 20; (@ -0) 1-(o-nitrophenyl)-S-(3-fluoro-
ethylJiriazene 22; (v -v) 5-[3-(2-fluoroethyl)-
l-triazenyl))imidazole-4-carboxamide 35. (0 -0
control reaction.



TABLE 5 ¢

RELATIVE EXTENTS OF ALKYLATION OF DNA AND RATES OF -

- AQUEOUS DECOMPOSITION OF 3-(2-HALOETHYL)ARYLTRIAZENES

&
p-Rl—C684-N-N-NH(C32)n -R3

% Loss of Fluorescence ti

Compound n R, - R
1 "2 37°, pH 7.2 10 1% min® (sec)®.

w

18 1 CH40 H F 23 2304
20 1 EtOCO" B P 29 . 1863
20 1 Et0OCO H . F 19b . . 1s22b
34 1 CN CH, C1 2 ~ 1494
‘15 1 CN B F R 1392
25 3 N H Cl 21 : 872
35 #  (Imidazole) F "W s0® . 704®
24 2 CN B Q 24 . 396
27 2 CH,cO0 B Q1 33 . g64
21 1 EtOCO H  Ct 48 o 164
16 1 CcN H C1 30 104
19 1 CH,00 B C1 41, | : <1

®1 mM drug in 10% aqueous CH3CN unless otherwise stated.
ty4 indicates time for 50% decomposition.

bIn 10% aqueous dimethyl sulfoxide.
o



The 3-(2-baloethyl)aryltriazenes are very labile com-
p@ﬂﬂélvlnd (in contrast to the corresponding nitrﬂ:aurni:)ss
their rates of decomposition increase with decreasing pH
of the medium as discussed in Chapter II. The concomitant
increased rate of generation of electrophiles is reflected
io a parallel increase in the rate of DNA alkylation in the

pH range 10 to 6 (Table 6).

riazenes Induced DNA Single SBtrand Scission (8SS)

\h-!‘

The Ilugrncgn{;g assay described in this chapter can also be
adapted to detect single strand scission of covalently closed

c¢ircular DNA (CCC-DNA). The amount of ethidium bromide 39

'tnken up by supercoiled PN2- GCC-DHA is restricted due to topo-

logical constraints. Single stxand scission of EECsDNA-rgs
sults in the pré“duét ion of open circular DNA (m*%g which
flafit‘,ll constraints are removed. Depending on the
superhelix density of the parent CCC-DNA the OC-DNA can take up
to about SGFZ; more ethidium than negatively supercoiled CCC-DNA
with a ;érrg:pcndin: increase in fluorescence observed. D
As described earlier PM2- CCC—L!M returns to register
and to the 1n1t111 ithidium fluorescence intensity after
the heating (96°C/3 min) and cooling (22°C) cycle whereas
PM2-OC-DNA, upon heat denaturation forms one linear and one
circular strand. Thus strand :génritian removes the d’uplai
regiops under pH 11.8 conditions which is reflected in the
fall of fluorescence. This sequéence of events is illustra-

i

ted in Figure 3.
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TABLE 6

EFFECTS OF pH OF THE MEDIUM ON THE EXTENT OF ALKYLATION

OF_DNA AND RATES OF AQUEOUS DECOMPOSITION OF

3-(2-FLUOROETHYL) -P-CYANOPHENYLTRIAZENE 15

Medium pH % Loss of Fluorescence t
37° in 15 min _ 26°, (sec)

10 0o 18000
T ' 10080 o

[+«
ot
o

7549

-]
i
-]

. 6 o 20 ..., 3175



'R 1 _ 1. 96° pH 12
— . —_—
(-H*) Depurinated 2. Cool +
() PM2-DNA ’
Supercoiled - * Denatured DNA
PM2-CCC-DNA \ No Duplex
‘' (R)
- \
- NlEkEd
PM2-0OC-DNA
130 .- Before Heat
o .= Denaturation
S 100
o
5 3
:g s After teat - ’
52 Denaturation
. U
0——- —— .
Time
Figure 3. Ethidium bromide assay for the detection of

single strandsscission of supercoiled PM2-CCC-

DNA.
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The relative increase in fluorescence upon nicking the

DNA can be further enhanced by initially treating the PM2- ,

CCC-DNA with calfthymustapaisgmerase.ll7 Hgtive§ngsCCE§DNA
contains negative super ccils,llg The topoisomerase by acting

as both an endonuclease and a ligase removes the super-
coils to relax the DN,Agil7 During this process the number of
intercalation sites for ethidium (which'itself unwinds the
supercoiled PuzeCGC—DﬁA) is decreased. The relaxation
process can be monitored by a 25-35% decrease in fluore-
scence. The conversion of relaxed PM2-CCC-DNA to PM2-0OC-
DNA now results in relative 80-100% increase in fluore-
scence which consequently incréasesithé sensitivity of the
assay. The use of the ethidium bromide fluorescence

assay in conjunction with calf thymus topoisomerase is
illustrated in Figure 4.

Single strand breaks are conventionally detected by ,
gel electrophoresis or by alkaline sucrose g?%éient sedimen-
tation. A particulaﬁ advantage gf empl@?ing the alter-
native ethidium assay however is that it permits a discrim-
ination between two distinct types of DNA single strand
scissian as was observed i1nitially with the Zehalaethyl—

nitrosoureas. Type I SSSEQ is relatively =apid and is

attributed to alkylation of the phosphate resfidues followed
by assisted tri-ester hydrolysis. Type I1I SB8%° is rela-
tively slower and (owing to the selective effect of

iikylitibﬂ. depurination or depyrimidination, then base

67
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opening of the AP site.

A slow production of alkaili labile sites which result
in single strand breaks in DNA is observed after treatment
of relaxed PM2-CCC-DNA with triszenes. The reaction mixture
was incubated at pH 7, 37° and assayed at pH 11.8 buffer
(which quenches further reaction of the triazene with the
DNA) (Figure 5). As has been observed earlier with 2-
halcethylnitrcsaureassg controls verified that untreated
DNA is stable under the high pH conditions for 120 min,
Under certain conditions (e.g. in the ﬁresenge of adven-
titious traces of metal ions) triazenes can undergo decom-
position to give free TidiﬂilE;TD However in the present
case the slow strand scission assayed at pH 11.8 was un-
affected by prior treatment at PH 7.0 with superoxide dis-
mutase, by cgtalasé, or by free radical scavengers such as
isopropyl alcohol or sodium benzoate or by EDTA. These
observations rule out a free radical mechanism for the DNA

strand scission suchnas operates for bleomycin or anthra-

cyclines in the presence of reducing 1geats.7l'?2

Origin of Single Strand Breaks Produced by

stglaegﬁy;ggyltgi;;eneg e

Having excluded a free radical process for the SSS of
DNA and in the absence of evidence for Type I 8SS it seemed
probable that the Seczabnléethyi);ryltri;senaﬁ were giving
- rise to strand breaks primarily as a result of Type II1 888

- consisting of bage alkylation, followed by depurination or
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Time (min)

"Figure 5. Confirmation of Type II 585 induced in DNA by
S 3-(2-haloethyl)aryltriazenes with site specific
repair enzyme and with alkali incubation. Reac-
tion of 1 mM drug with 1.0 Apgp unit of topoiso-
merase relaxed PM2-CCC-DNA at pH 7.0, 37°. Open.
symbols are fluorescence readings before heat
denaturation at 96°/3 min taken after 60 min
incubation with the drug followed by treatment
with either endonuclease VI Or alkali AEEAy at
pH 11.8 (J-0) 1-(p=eyanophenyl)-3=(2-chloro-
ethyl)triazene 16 and incubation with endonu-
_ clease VI; (A-X) triazene 16 and incubation at
- 37° at pH 11.8: (o-0) I-(p=carboethoxyphenyl)-3-
(2-fluorocethyl)triazene 20 and incubation with
endonuclease VI: (V-9) trlazene 20 and incuba-
tion at 37° at pH 11.8. (0 -0) control reac-
tion. :
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or depyrimidination and subsequent hydrolysis of the
apurinic sites produced. A monomethyltriazene has been ob-
served to alkylate the guanine residue of calf thymus DNA
in vitro probably at the N-7 pcsitign.ss In addition the

acile loss of alkylated bases from the modified DNA poly-
73,74

oy

er to generate apurinic sites is well documented.

m
The postulate of Type II SSS induced by triazenes was con-

1

irmed by using the apurinic site specific enzyme endo-

"y

nuclease VI®® on the triazene treated DNA. A prompt and

extensive production of SSS was observed (Figure 5) con-

firming apurinic sites produced by the 2-haloethyltria-

zenes, N
Monoalkyltriazenes in general alkylate acidic sites on

75* Also our observa-

DNA more effectively than basic sites.
tion that 3-(2-haloethyl)aryltriazenes readily esterify
diethylphosphate (see experimental) indicates that the
alkylation of the phosphate residues of nucleic acids By
these triazenes could be a significant event both in vivo
and in vitro. Previous studies on 2-haloethylnitrosoureas
had éhawn that E-Eh1§PGthy1EtiDD;Df the phosphate backbone
does not give rise to extensive Type I SSS, but that 2-
hydroxyethylation leads to assisted hydrolysis giving very,

69,76-78

rapid S§S (Figure 6). Since aqueous decomposition

of 3-(2-haloethyl)aryltriazenes gives rise to substituted
anilines and since apurinic nucleic acids have been reported
to be cleaved by aromatic amines via a Schiff base inter-

79, 80

medixte the possible contribution of this pathway had
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Figure 6. Hydrolysis of a DNA phosphotriester catalyzed

by the 2-hydroxyethyl group.
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to be considered. In the study of this effect in the case

of 2-haloethylnitrosoureas this is only significant in the

2]

:se'gi anilines bearing electron releasing groups,

€.g. p-methoxyaniline,and even in such cases is unlikely to
be competitive in vivo with the operation of specific

AP endcgucleasesisg The anilines released from the present
aryltriazenes are without exception those containing
electrgnsiithéraﬁigg‘gréups s0 that their effects on

AP sites produced by the triazenes may be neglected.

The intermediacy of 1,2,3-triazoline implicated in the
agqueous decgmpcsitiaéioi (2-haloethyl)aryltriazenes has

been discussed in Chapter II. It was considered ap?fépfiité

to synthesize a representative triazoline such as gl and

synthesized from the

(Scheme 10).

)
N -

+ =

NECl
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74

The triazoline gl.iié incubated at 37° and at .pH 7 in the
presence of sodium chloride for 24 h, the products were
separa{ed by silica gel chromatography and identified as —
p-N-(2-chloroethyl)aminobenzonitrile and p-N-(2-hydroxy-
gthyl)aminobenzonitrile. Since these products were also
obtained from the corresponding triazene 16, this together
with other evidence (primarilygfrom deuterium 1ibe1}ing
studies described in Chapter II) supported the intergediagy
of the triazoline in the decomposition of 16 (Scheme 6).
Ha;ing identified the triazoline 41 as a key inter-
mediate in the aqueous decomposition of 16, it seemed pos-
sible that, depending on the leaving group ability of the
halogens in the side chain (Br>Cl>F), the triazolines could
be formed from 2-haloethyltriazenes to varying extents in

agqueous solutions. Therefore the reaction of triazoline

41 with relaxed PM2-CCC-DNA was studied in order to de-

lineate the contribution of this type of intermediate to

the overall reactions of 2-haloethyltriazenes with DNA.
The triazoline 41 was incubated with PM2-CCC-DNA at 37°,
pH 7 and the progress of the reaction was monitored using
the ethidium fluorescence assay for 2 hrs. During this
period only a slow and progressive alkylation of DNA was
obseived without DNA singlé strand scission of either Type

¥

I or Type 11 (Figure 7).
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Type I and type 11 555 induced in DNA by differ-
ent 3-(2-haloethyl)aryltrisazenes. Reaction of

1l mM drug in.10% squeous acetonitrile with 1.0
Apgp unit of PM2-CCC-DNA at pH 7.0, 37°. Open
symbols are fluorescence readings before heat
denaturaticon and indicate rapid Type 1 53%.
Clomed symbols sre fluorescence readings nfter
beat denaturation at 96*/3 min followed by cool-
ing to 22° and reveal Type II B8SS confirmed by
the specific affect of endonuclease VI. (0-0)

1-(p-cyanophenyl)-3-(2-hydnoxyethyl)triazene 43;
(A-4) 1E(P!§L:bﬁitbﬂiyphiiyl)aii(?ah?ﬂFﬁxylthjllé
trinzene 45; (o-0) l1-(p-cyanophenyl)=-3-(2-meth-
oxyethyl)triazene 44; (V-V) 1-(p-carboethoxy-
phenyl)-3-(2-metboxyethyl)triazens 48; (o0 -0)
triazoline 41 or control reactionm.



Hydroxyethylation of DNA and Concomitant Type-1

Strand Scission

It has been reported that hydroxyethyl phosphotri-

esters of DNA result in strand scission under neutral

77,78

conditions. However, there is some disagreement con-

cerning DNA' strand scission after hydra;yethylatiéﬂjfl

" In a model study conducted on the B-hydroxyethyl phospho-

triester of the deoxyuridylyl-(3'-5')-uridine dfnucleotide

76



17 -
42 it was observed that the nucleotide is stable at pE 7.5 and
40°C but will readily nnde}go base catalyzed hydrolysis in
aqueous ammonia at 20°C to yield a mixture of nucleotide pro-

¥ ,
dnct..sz

In order to investigate tbq kylation of the phosphate
backbone of DNA by monoalkyltriazenes in general the following
two experiments were designed:

) (m 3-(2-hydroxyethyl)aryltriazenes 43 and 45 were prepared .,
and their cbeﬁ:lctry in aqueous solution as well as their reaction
with DNA was studied.

'hen 1-(p-cyanophenyl)-3-(#f-hydroxyethyl)triazene 43
was allowed to decompose at 37° in the presence of chloride ion,
acetaldehyde and 2-chloroethanol (1:2) were identified by
GC/MS. 1In the absence of chloride ion, ethylene glycol was
the major product. . | ’

Similar agueous deconpocition at pH 7.2, 37° of
1-(p-carboethoxyphenyl)-3-(2-hydroxyethyl)triazene 45 in
the presgénce of chloride ion afforsled acétlldehyde tnd' /
2-chloroethanol in a ratio of (1:'2). The involatile pro-
ducts included ethyl p-aminobenzoate and the diarylamine.
The latter products, accounting fér 30% of the involatiles, '
may arise as ‘shown in Scheme 11. ‘

It is evident from the products of aqueous decomposi-
tion that 2-hydroxyethyhry1triuzonec deconpoo; to generate 'é
potential electrophiles in a manner similar to what has '
been observed with 2-haloalkylaryltriazenes discussed

earlier.
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azene.

79
riazenes 43 and 45 caused rapid and extensive Type I

S8S when incubated with PM2-DNA (Figure 7)., . This observa-

tion indicates an efficient hydféxiethylati@n of the phos-

phate residue of DNA resulting in strand scission. Under

[«

similar conditions and as a control the corresponding

2-methoxyethylaryltriazenes 44 and 46 gave no evidence of
L J

extensive Type I SS5 but, like the triazoline only a slow

and progressive alkylation. This can not be attributed to

differences in rates of decomposition and thereby.of
(Eéhydraxyéthyl) and (2-methoxyethyl)triazenes decompose
' comparable rates as measured polarographically (Table 7).

Since no Type I strand scission was observed either

with 2-chloroethyltriazene 16 or the corresporniding triazo-

line 41 it was concluded that although 3-(2-haloethyl)-

aryltriazenes decompose in part via an intermediate triazo-
line the latter while giving rise to a 2-hydroxyethylani-
line by ring opening and loss of nitrogen does not generatei

an appreciate concentration of 3-(2-hydroxyethyl)aryltri- -

ssessment of Nucleic Acid Phcsph%te Group Alkylation

‘b‘

(2)

3-(2-haloethyl)aryltriazenes Employing RNA.

I

The results discussed above implied but did not prove
that treatment of DNA with 3-(2-haloethyl)aryltriazenes
\ ,
(or monoalkyltriazenes in general) leads to alkylation of

the phosphate residues. Ethyl and methyl phosphotriesters
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TABLE 7

r

. POLAROGRAPHIC BEHAVIOR OF SELECTED ARYLTREIAZENES

_ P-R,-CgH,-N=N-NR,~CH,CH,R,
o . : 2 _ " -
Compound Rl 82 Ra Ei(V) vs S.C.E. t} ‘a
. (sec)
. ' . ’ . .
43 CN H OH ~0.925 576 ,
43 - OR - . *»
44 CN H OCH; = -0.945 756
45 COEt H OH -0.926 1302
LR .
46 to,Et ‘B OCH, ‘O'Qif 1650
52 CN H H -0.930 397
. N ~ .
53 CN (CH,OH) (H) -0.922 399
== 2° . .

®Determined in 10% aqueous acetonitrile.
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of DNA are stable under neuiral gagditianssa and ethyl _
phosphotriesters hydrolyze only very slailf in 0.1 N HLGE.34

RNA idternucleotide 11 nkages are much less stable and the
glycosidic 11L;5g3§ much more stable than these:af DNA.
Phosbhptriesters_cf ribonucleotides are unstable over the
enfire pPH range presumabiy die to participation in the v
_hydrolysis step by ,the 2‘ihydraxy1 group on the !ugar -
moiety (Figure 8). 85 This property permits the observa-
tion of RNA degradation by alkylating agents to be used as
a diagnostictesticr phosphotriester farmatgan:3§’76
Alkylation of the base residues of RNA produces a more

stable system than in DNA and therefore, depﬁ?inltiaﬂ or

depyrimidination of glkylated bases followed by hydrciytic

\

cleavage is less likely EQ contribute to ENA:dngEdEtiﬁﬂ,
The average molecular weight of poly A was_determined
before and after 1ngﬁbaticﬂ with the 2-chloroethyltriazene
16 at 37° and pH 7.0 using sedimentation velocity changés
measured on a Beckman analytical ultricentrifuge The mole-
cular weights were recorded as 162,000 and 87,000 respective-
ly indicating an approximately 50% loss in molecular weight
over a period of 1h. ?heresultssu§§e=tth;téxtensive 2-
chloroethylation of the phosphate residues of nucleic acids may
contribute signifieltﬂy in the mode of action of 3-(2-chloro-
ethyl )aryltriazenes but thnt 2- hydraxyethyllticn of nucleic
acids is not significnnt in contrast tg the case of 2-haloethyl

uitroaourets.69 Such hydraxyethyintiﬁn of nucleic acids, if it

had occurred, would have resulted in extensive Type I 8SS as

B

81
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in the case of reaction by 3-(2 -bydroxyethyl)aryltriazehes 43

and 45 described earlier nnd shown in Figure 7.

In conclusion, the evidence suggests Phat ‘3-(2-halo-
ethyl)aryltriazenes generally undergo chemical transforma-
tions under /Physiological conditions to generate electro-
philes including the 2;ehlcraeth§1 catiog and, as a minor
pathway3 the lsgryitri;zaline_ Because of the ﬁnique}ncid

promoted decomposition of tkiazenes which may lead to pre-

tissue (which has slightly low-
*

43,44

ferﬂntial renctian‘in tumgr
H than normal tissue ~'7  this may result in preferen-

er
tial and extensive nlkylltian Qf the DNA phcsphnte residues
l)tboug% the bases are also alkylated) resulting in single
‘strand scission largely of Type 11. Several of these new
types of aryl triazenes, especially the 2-fluoroethyl der-
ivatives 18, 20 and 35 exhibit pramising antileukemic pro-
perties in animal test systems (Table B). A brief comment
on the remarkable activity of 2-fluoroethyltriazenes is
warranted. It is po 1b1§ that zefluaraethyltri;zenes,
being the most stable within a group of ;ahaiaethyltrinzi
enés; reach the macromolecular cell targets intact, and

with a minimumxlcss of potential eiectraphilgg, for example,
Vvia triazdling formation, alkylate the macromolecules most
efficiently. However, the icﬁgr :;tivity ot ather nt;ble
monoalkyl triazenes g:i be related to the f:etéré such as-

3

80lubility and lypophiliecity etc,
° ~
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a-Hydroxylated Derivatives c:7Anti§gmdfAggnlkylgr;izengs .

86 that metabolic aéﬁydrgxyiatian could

The suggestion
play a critical role in the carcinogenic activity of di-
methyl nitrosamine (or in the expréséian of anticancer
properties of 2-haloethy1nitr§§€ﬁreas) has been supported
by the recent development of synthetic routes to .
.a-acetdxydimethylnitrosaﬁiné 21.87 Unlike dimethylnitro-
samine the acetoxy derivative is markedly mutagehic without

[

-

- 7‘ F gd
‘ - CH,0R 47 R=Ac
O-=N-N\\ . —_—
,/ . Me 48 R=H -
.. BB-90 _ ) ) .
prior metabolic activation. Chemical studies with a

range of a-acetoxymet%ylﬂitrésimines corrobordate the theory

-

that such compounds are noh-enzymatically deacetylated to
L 2

unstable ﬁydroxymethyl dérivatives which decompose to af-

ford alkylating spec:les.afi'r"gl’92 )
A similar oxidat;ve activation process has been pro-

posed to explain the fact that 1—;ry1§3ia-diméthyltriazenes

49 although inactive in vitro %ﬁvelgp antitumor properties

X
~R 49 R =Me 51 R = CH.,OH
N=N-N — i — 2
. N\ Me 50 R=H
. . L L. . . 4,93 _
in vivo or after incubation with liver fractions. In

these cases alkylating monomethyltriazenes 350 are implicated
as the cytotoxic species. Although the related a-hydroxy-

methyl intermediates 48 and Ei:have been regarded as only



transient species until 1:tely, K. Vaughan et a1.2? have
developed a simple route to synthesize the latter type of
compounds. IAlthcugh ethylating triazenes have been found
to be less‘active than methylating triazenesgé a recent
. example of a monoethyl triazene 53' has shown a moderate
antileukemic activity (Tgbleissi In order fo gain insight
into possible matgbclié pafzways the 3-ethyl-p-cyandphenyl-
triazene 52 and 3-(hydroxymethyl-3-ethyl)p-canophenyl-
triazene 53 were pfepareé; i |
It is noteworthy that triazeme 52 could be prepired
by controlled gaﬁdénsatién of ethyl magnesium bromide with
p—cyanaphénylazide (%ghgﬁé 12) without significant inter-

ference by attack on the nitrile gfcupiin contrast tp an

earlier report,of the inapplicability of this pracedur(ﬁ75

~Scheme 12

CNNB" + ngHS!gBr — [CN(lgEr)il!-N—Czﬂsl’ '

) . 1520
NCN:,N_*_“‘CQHs
— H B
52

It was also remarkable that the pmr spectrum of 53

shows two doublets at 5.056 and at -45° but énly one douh-

let at 5.156 at 30° indicating rapid interconversion of (
the syn and anti triazene configurations at room temﬁér!

ature (Figure 9).

L
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eyn 53 anti C2H5

& ’ .
Compound 53 is a plausible primary oxidative meta-
- - T

bolite of (3-ethyl-3-methyl)p-cyanophenyltriazene 54 and
54 in tur&t?auld give rise to 52. While 54 would be in-

- " 5

‘

¥

active towards DNA in the absence of enzymatic activation,
compounds 52 and 53 generate electrophiles and at compar-
able rates in accord with: general Scheme@iz% The half -

lives for decpmposition in 10% aqueous CH,CN of 52 and 53

are identical at 397 sec (Table 99. The volatile productsof

decomposition of 53 contained formaldehyde and ethanol

. (82% of volatile). The involatile products of 53 cantaiﬁed

"p-(N-ethylamino)benzonitrile and p-aminobenzonitrile. Sim-

ilar %queous decomposition of triazene 52 gave ethanol
(100% of volatile p;gduct$5 and the tﬁg involatile products
of 353. -

¥When triazenes 52 and 53 were incubated with
PM2-CCC—D§A at 37°*, pH %_ and the progress of alkylation was
dbnitored employing ethidium fluorescence assay, a pro-
gressive alkylation of DNA was observed by both triazenes

at a coﬁpargble rate as shown in Figure 10.
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| TABLE 9

POLAROGRAPHIC BEHAVIOR OF MONOETHYLTRIAZENE 52

AND _a-HYDROXYMETHYLETHYLTRIAZENE 53

Reduction Potential td (sec)

88
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-Figgre 10. Thermally induced DNA strand scission resulting

- from alkylation Reaq&iéb of 1 mM_ drug in 10%

gqueous acetonitrile with 1. 60 unit of
PM2-CCC-DNA pH 7.0, 37°". Symbﬁls are fluor-
escence feadihgs after heat denaturation at
96°/3 min followed by cooling to 22°. (a-a),1-
(p-cyanophenyl)-3-ethyltriazene; (Dii),l—(pix
cyanophenyl)-3-ethyl-3-(hydroxymethyl)triazene,

(0-90), control reaction.
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EXPERIHEHTAL

The following triazenes were prepared by following the

general procedure described for the 2-haloalkyltriazenes in

Ly
(= o
™
\u;
=
m
s |
L]

Il

1-(p-Cyanophenylazo)aziridine 40

The neutralized diazonium sadt solution was filtered

and the filtrate cooled to -5°. To the stirred solution was

added aziridine, in slight excess, dropwise. After stir
ring the mixture for 5 minutes the solid product was col-
lected by filtration, washed with cold water and purified

by rapid recrystallizaticn from CH Cl by cooling in a solid

yielded the triazene as an off white solid m.p. 45° (60%

yield). P.m.r '[CDCI  -20°), 2.3 (s, 4H, aziridine ring
A . o

3!
protons), 7.2 .- 7.7 (m, 4H, aromatic).
) ' /

1l-(p-Cyanophenyl)-, *;' ,2,3-triazoline 41 1

M\

The azoaziridine 40 -was isomerized following the procedure

of Heine and Tomalia. ;14

The resulting solid product was

purified by recrystallization from methylene chloride and
- . _

petroleum ether at low temperature as an off white solid

‘m.p. 124° (95% yield). Anal. calcd. for CgHgN,, 172.0749,
M*, 172.0757 (0.7%); Calcd. for CgHgN, ! 144.0688, M'-N,,
144.0685 ¢78%) (mass spectrum). P.m.r. [CDClSJ 3.55 and

4.5 (2t, 4H, 7CH2CH2 ), 7.25 - 7.7 (m, 4H, aromatic). B
E] 7 , B i 77-1 *

Ir Vmax (Cc Cla) 3223, 1610 cm



;a(pjgggpcpheﬁylj—a-(Bﬁhyd§9xyethy})trigzg@e' 43

his compound was obtained as a yellow seolid which was
L o Sy
purified by recrystallization from methylene chloride at

-10° m.p. (dec.) 100° (90% yield). Anal. calecd. for

CoH, N, O, 190.0855, M', 190.0853 (7.5%); calcd. for
+

CoH N0, 162.0793, M'-N,, 162.0793, .(1.6%> (mass spegtrum),

P.m.r. [CDClSJ 2.15 (s, 1H, exch. OH), 3.9 (br, m, 4H, .

CH,0), 7.3-7.8 (m, 4H, aromatic), 9.5 (br, s, exch. NH).
3466, 3288, 3261, 1609 cm™l.
a

NCH2
v
max

.. ' , v
1-(pséyanéphéﬁyl)a§;jgfmegpq;yethylptriazéne 44
. 4
The product was obtained as a so0l3d which was purified by
. "
recrystallization from methylene chloride at -30° by
adding petroleum ether dfapwise m.p. 81° (92% yield).

o . C vArm rvad -
Anal. calcd. for CID 12NQD 204.1012, Mt 204.1012 (14%).
Caled. for ClDH12N2® 176.0949, nt aNg, 176.0951 (1.5%)
(mass spectrum). P.m.r. [CDC1,-40°] 3.4 (s, 3H, OCH,),

3.7 (t, 2H, CHEO), 3.9 (t, 2H, NCHE), 7.1 - 7.7 (m, 4H, —

aromatic), 8.6 and 9.6 (pr, s, 2H, NH). Ir Vmax (CHCIS)i

3182, 3160, 1609 cm™ 1.

The following triazenes were obtained as viscous oils
which were extracted in CHECJQ' dried (HgSQ4) and preocipi-
t:ted from the filtered solution by cooling in dry 1ice-

acetone and adding petroleum ether dropwise.



;-(pngrbaet§§§y§§engljéas(Eshygrque;ﬁyl)trigzege 45

A yellow solid m.p. 88-90° (EDi yield). Anal. calecd. for

) . mer aaam  u¥  mem - X P .
CllglﬁﬁSDB‘ 237.1113, M, 237.1106 (1%); c;{igi for

C,,H,<NO,, 209.1052, M*-N,, 209.1047 (0.5%) (mass spectrum).

11715 73’

2
P.m.r. [CD,C1,] 1.35 (t, 3

OH), 3.85 (br, s, 4H, -NCH,CH,07), 4.3 (t, 2H, OCH,),

7.2 - 8.1 (m, 4H, aromatic), 9.2 (br, s, exch. NH).

Ir v (CHCl,), 3504, 3229, 3188, 3162, 1715, 1688 cm

Jtriazene 46

;f(pgéérbc§§§§§yphenyl)fgfggfmgthaxyetgg

A yellow solid m.p. 61-63° (92% yield). Anal. calecd. for

N } : - + i R — L
C12H17N363, 251.1270, M, 251.1268 (20%); Calcd. for

C, ,H,,NO,, 223.1208, H+—N2i 223.1206 (5%) (mass spectrum).

1271773
P.m.r. [CDC1

Bi

3.75 (t, 2H, CH,0), 3.85 (t, 2H, NCH,), 4.35 (q, 2H, OCH,),

7.2 - 8.2 (m, 4H, aromatic), 8.7, 9.9 (br, s, 1H, each,

exch. NH). Ir Ymax (CHCla) 3225, 3190, 3171, 1702,

1-(p-cyanophenyl)-3-ethyltriazene 52’

This triazene was prepared following an adapted procedure

of Dimroth, 115 A solution of 1.44 g (10 mmol) of p-

cyanophenylazide in 2 ml of anhydrous ether was added

slowly to a solution of 11 mmol of ethylmagnesium bromide

in 10 ml of anhydrous ether. After stirring the reaction

H, CHE)i 2.1 (br, s, 1H, exch.

-1

20°] 1.3 (t, 3H, Cﬁg)i 3.4 (s, 3H, DCHB)i



was added dropwise under cooling until the salid dissalved
2

The ether layer was removed, washed with water and dried

(CaClg);g%ffter removal of the solvent the solid residue
was purified by recrystallization from meth?lene chloride:

petroleum ether at low temperature affording the triazene

L :
52 m.p. 95-97° (76% yield). Anal. caled. for C_H. N

9710 4
174.0905, M', 174.0907 (34%); calcd. for CoH,y oN,. 146. 5543,
M'-N,, 146.0843 (3%) (mass spectrum). /P,m,r. [cD,

l*-J
o)
—
M
[
) o -
[
——

1.3 (m, 3H, CHy), 3.7 (m, 2H, CH,), 7.45 - 7.74 (m

aromatic), 8,35 and 9.65 (br, 2s, exch. NH). Ir

=1 \ _a oM

(CHCIE) 3184, 3160, 2219, 1608 cm

;—(p—Cygngpbeﬂy1);33§thyif§e(bydra;jgeﬁhy?ﬁ;i}h;g@g 53"

This triazene was prepared by adaéting.a procedure due to
Vaughan and gcﬁerEETS_gé p-Aminobenzonitrile (1.18 g,
10 mmol) was diazotized at D;S° in a mixture of 2.5 ml of
concentrated hydrochloric acid and 10 ml of iatér using
800 mg of sodium nitrite dissolved in the minimum volume
of water. The excess acid was neutralized with 1.8 g of _
CECQS and the aqueous solution of the diazonium salt was
added to a cold, premixed solution of 0.5 ml of ethylamine
and (5 ml) of 40% aqueous formaldehyde. After stirring for
15 min the resulting precipitate was collected, washed with
old water, dried under vacuum and recrystallized from
Z;ZEIE petroleum ether to afford triazene §g as a white
crystalline solid m.p. 55§55"(4g% yield). Anal. calcd.

far CIQHIZNQD N, 27.45%, Found, 27.15%. Calcd. mol. Wt,3



204.1047, M', 204.1007 (0.4%), 174.0906, x*-cn,o,
146.0842, M'-CH,0-N,, (mass spectrum). P.m.r. [cp,Cl,,
~45°1 1.1 - 1.45 (m, 3H, CHy), 3.65 - 4.0 (m, 2H, CH,),

4.4 - 4.7 (m, 1H, OH), 5.0 - 5.3 (2d, NCH,0), 7.3 - 7.7

(m, 4H, aromatic), [CD,Cl,, 30°], 1.3 (t, 3H, CHy),

2.95 (br, s, 1H, exch. OH), 4.85 (q, 2H, CH,), 5.15 (d, 2H,
NCH20), 7.3 7.7 (m, 4H, aromatic). Ir Voax (CHCla)
3432, 2228 cm 1,

1-(p-Acetylphenyl)-3-ethyltriazene 53"

Yellow solid m.p. 82=83§7(82% yield). Anal. caled. for

. - o . + - = _
CIOHISNSD’ 191.}@58, M, 191.1056 (43%). Calcd. for

C,oH,3NO, 163.0997, u*ing, 163.0996 (7.5%) (mass spectrum). !

P.m.r. [CDCl,, -45°] 1,3 (t, 3H, CHS)’ 2.6 (s, 3H, (Z)EHS}i ‘

4.6 (q, 2H, HC‘HE)E 7.1 - 8.1 (m, 4H, aromatic), 8.2 and
=1

10.2 (br, 2s, exch, NH). Ir Vmax (CHCIS) 3216, 1667 cm

Preparation of diethyl 2-haloethylphosphates via ester-

ification of diethyl phosphate with 2-haloethyltriazenes.

Diethyl, 2-fluoroethylphosphate ;,

A typical reaction ‘required the addition of 450 mg (3 mmol)
of diethyl phosphate in 10 ml of ether to a“suspension of
- 600 mg (3 mmol) of 5-[3-(2-fluoroethyl)-l-triazenyl]imida-
'zole-4§carbaxamide in 50 ml of anhydraus ether. The reac-
tion mixture was p;atected from 1ightiand therstirring was
continued for 12 h. kftgr filtration and removal of the

solvent in vacuo, the residue was chromatographed on



. N\
-
florisil'nsing gh;créfarm as eluant and affording 60 mg
(10% yield) of triester. Anal. calcd. for CgH, gFO,P,
201.0692, W', 201.0704 (mass spectrum). P.m.r. [CDCl,].
1.36 (t, 6H, 2CHy), 4.07 - 4.38"(m, 6H, OCH,), 4.58 (2m,
2H, CHyF). Ir v . (CHCly) 1470, 1440, 1380, 1360 and

1250 cm‘li

2—Cﬁlorogt§y}fdiethyl phosphate

A solution of 1.5 g (10 mmol) of diethyl phosphate in

10 m1 of ether was added to a stirred suspension of ©.5 g
(12 mmol) of 1-(p-cyanophenyl)-3-(2-chloroethyl)triazene in
20 ml ofﬁinhyﬂraus ether at room temperature. After 30 ﬁin
the p;oduct was isolated and purified by chromatography an-
florisil using benzene/5% acetone as eluant yielding the
triester 12 210 mg (8% yield). This m;terial was identical

to an authentic gsample prepared by glitergturepracédureills

Depurinated PM2-CCC-DNA

To 409 ul of PM2-CCC-DNA 8.0 AéED was added 25 ut'1 M
sodium acétate butfer pH 3.05. The‘misture was incubated
at 37°C. 2 ut aliquots were withdrawn and added to the
standard assay solution (which was 20 mM phosphate, pH 11.8,
0.4 mM EDTA, and 0.5 ug/ml of ethidium) the fluorescence
was measured and compared to thl{ obtained after heating
at 96°C/3 min and followed by rapid cooling.

Under these conditions unreacted PM2-CCC-DNA returns

to register after heat denaturation because of topological
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iconstraints. Depurinated PM2-CCC-DNA shows a decrease in
fluorescence due t6 llkaline strand scission of the apurinic
site in the assay medium. The ratio of the decrease in
fluorescence to that of the control Hs & measure of the
extent of depurination. As long as the initial fluores-
cence‘reading remains constant, DNA degradation g%her than
depurination is neiligible. A previous study has EBD?BSS
that a 90-120 minute incubation is necessary to introduce
at least one apurinic site per molecule. After incubation,
50 uL of 1 M pH 7.2 phosphate buffer is added to quefich

thgwgﬁgstion. The solution of apurinic PM2-CCC-DNA may be
fg

stofed for several days at 4°C.

Endonuclease Specific for AP Sites ofAEEQhE{;chiEACcli

(Endonuclease VI)

Endonuclease VI was purified according to Véfiy and
Rassartllo from E. coli BATCC 11303; after the phaspbacél-
lulose chromatography the enzyme was stored in 0.15 M NaCl,
10.04 M sodium phosphate pH 6.5 with an equal volume of
glycerol and kept at -20°, For the experimenté, this pre-

paration was diluted with a suitable buffer.

Assay for Endonuclease VI Activityv‘

The bisfs of the assay is that the enzyme cleaves
AP PM2-CCC-DNA and thereby converts it to linear DNA
which results in a change in ethidium fluorescence both

before and after heat denaturation when measured at pH 8.0.



The reaction solution consisted of A? PI-LcccébﬁA l1.0

Aogp unit in phtassium phosphate buffer pH 8.0. A 10 A
aliquot of the eniyme was added and the reaction solution
incubated at 37°C for 15 min and the fluorescence of the
resulting PM2-OC-DNA read using the standard pH 8 ethidium
assay. Conversion of PM2-CCC-DNA employed in this study to
PM2-OC-DNA by the endonuclease VI re;ulted in a character-
istic 30% increase in fluorescence as a result of the re-
lease oT~topological egnstraiﬁtsg After heat denaturation
at 96°/3 min, when the PM2-OC-DNA is converted into single
strands, then rapid cooling to 22° the fluorescence was
read again. An active endonuclease VI fraction is revealed
by loss of fluorescence after heat denaturation. The con-
trol for the assay consisted of a similar reaction sub-
stituting native PM2-CCC-DNA.

i

METHODS

All fluorometric measurements were performed on a
G.K. Turner and Aéﬁaeiztes.ledel 430 spectrofluorometer
equipped with a cooling fan to minimize fluctuations in the
xénan lamp source. Wavelength calibration was performed as
described in ihe manual for the instrument. One-centimeter
Bquare cuvettes weré used. The excitation wavelength was

25 nm and the emission wavelength was 600 nm. The 100 x

L

scale of medium sensitivity was generally used, and water
was circulated between the cell compartment and a thermally

regulated bath at 22°C.

\E
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Fluorescence Qg;g;min;t;gﬁAQQ,ngfgéﬁiDggrbyiT;;a;gnes

A 20 pt aliquot was taken at intervals from the reac-
tion"mixture [50 mM potassium phosphate, pH 7.2, 1.2 Agéo
units of PM2-CCC-DNA (90% CCC), 1 mM triazene in a total
volume of 200 uf at 37°] and added to the standard assay
mixture (which was 20 mM potassium phosphate, pé 11.8,

0.4 mMd EDTA, and 0.5 ug/ml of ethidium). The flucreg;ence
af%er heating at 96°/3 min f@iiéwed by rapid cooling was
compared with the initial value.

Under these conditions unreacted PM2-CCC-DNA returns
tg register after heat denaturation because of topological
c@nstrainfs. Alkylated PM2-CCC-DNA shows a decrease in
fluDrESQEBEE because of thermally induced depurination fél—
lowed by alkaline strand scission of the apurinic site in

the assay medium. The ratio of the decrease in fluores-

cence (after the heat denaturation and cooling cycle) to

that of the control is a measure of the extent of’ alkyla-
_ ) , /

tion. 1In a control experiment it was shown that none of

" the; components interfered with the ethidium fluorescence.

Ethidium Fluorescence Assay for Type I SSS of DNA

A 300 ut sample containing PM2-CCC-DNA 1.0 Aygo: 50 mM
sodium cacodylate buffer pH 7.0 and 400 mM NaCl was incu-
bated at 37° with the topoisomerase 0,01 Argo- The fluor-

escence was monitored by transferring 20 ul aliquots into

2 ml of the pH 11.8 assay solution. When a 25-30% decrease
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in fluorescence had been observed (typically fequiring a

30 min incubation), a 2 mM concentration of the desired

drug was introduced and the fluorescence again monitored

using 2 ut aliquots in 2 ml of the pH 11.8 asssy solution.
Readings were taken within 30 sec after addition of the .
aliquot so that AP gite hydrolysis does not contribute to

the observation of Type I SSS.

’
Ethidium Fluorescence Assay for Type II SSS of DNA

After the fluorescence reading had been taken to de-
termine Type I SSS the pH 11.8 assay solution containing
the 20 ut aliquot of reaction mixture was incubated at
37°. At designated times, the solution was reequiliﬁrated: .
to 22° for ‘the fluorescence reading. A gradual increase in |
fluorescence 1ndicates a gradual formation of nicked DNA

-~ N
due to basic hydrolysis of the labile AP sites.

Detection of AP Sites

A 300 ut solution containing 2 mM drug, 50 mM sodium
cacodylate pN 7.0 and relaxed PM2-CCC-DNA 1.0 A260 was
allowed to react for 120 min while monitoring for Type 1
SSS. 20 uf of the AP endogxclease solution was then
added (the amount was determined by previous experjments
with low pH depurinatéd PM2-CCC-DNA). The fluorescence
was then monitored using the standard pH 8 ethidium assay.

The percent of fluorescence increase with respect to the

fluorescence at time O min was corrected for dilution by
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the enzyme solution.

Detection of Phosphate Alkylation byABNAggggfgégﬁ;gn

A 150 42 solution containing 4 mg/ml poly A (Sigma Mw
162,000), 150 mM sodium gggadylafz buffer pH 7.0 and 150 mM
of 1-(p-cyanophenyl)-3-(2-chloroethyl)triazene 16 was incu-
bated for 1 h. The reaction was gquenched in ice and
dialyzed against 50 mM ﬁatassium phosphate pH 7.2, 100 mM
N4C1, 1 mM EDTA in triply distilled water at 4° for 24 h.
The dialysate was thén diluted with the dialysis solution
to 1.0 AZSD and the sedimEﬂtaticn velocity determined on a

Beckman Analytical Ultracentrifuge.

General Method for the Aqueous Decomposition of

Aryltriazenes

All decompositions and analyses Qiﬁthe decompésiti@n:
products were performed following the procedure given in

. K
Chapter II unless otherwise stated.

Identificitién of Ethylene Glycol in the Aqueous Decom-

position of 42

GC Analysis was performed on a Hewlett-Packard Model
5840 A Gas chromatograph equipped with flame ionization de-
tector. An aqueous solution of the decomposition preducts

was injected onto a 6' column of porapak Q (80-100 mesh)

maintained isothermally at 200°C Eéth helium gas flow rate

of 20 ml/min. The observed retention time for ethylene

glycol was 6.5 min.



CHAPTER 1V.

TRIAZENES AS TRANSPORT FORM OF SULFUR MUSTARD

Although bifunctionality is not a prerequisite for
antineoplastic activity, the most active agents are bi-
functional and have generally been Qbservédga to be more
lethal than their monofunctional caunterﬁarts. The greater
efficacy of bifunctional alkylating agents with respect to
cytotoxicity has been attributed to their ability to cross-

link complementary strands of DNA. Nitrogen and sulfur

mustards are two suéﬁgbifunctianai alkylating agents.
Although the concept of using nitrogen mustards in various
traﬁspcrt’fcrmstgs anticancer agents has been investiga-
ted?°~98 with a certain degree of SUCPESSQQ in the field
of cancer chemotherapy, a ﬁarallel approach using sulfur
mustards has not received such attention. Selective

cytotoxicity of N-phosporylated nitrogen mustard such as

cyclophosphamide (cytoxan) 55 towards tumor cells has been

attributed to the concentration of pbésphgmidasegg

in tumor
cells that liberates nitrogen mustard. Sulfur mustard as
such is too rgactivé for clinical use. The concept of
using triazenes as a transport form of sulfuf mustard is

based on the possibility of a selective decomposition of

102



monoalkyltriazenes in neoplastic tissue due to slightiy
lower pH than the pH exhibited by the normal tissue.

’ ,
Studies on the Synthesis and Decomposition of

1fphgny;%3j{51(Esch%grpetby;)thigg;&g;trigzgpes and

Related Compounds

The triazenes were prepared by coupling of the cor-
responding aryl diazonium cations with appropriate primary
amines (Table 10). The electron-withdrawing groups were
maintained in the phenyl ring for stability as well as for
ease of purification Qf!the triazenes as discussed ip
Chapter II1. The generalsbehéviaur of the triazena-functingﬁt
of this serieg of triazenes showed a marked similarity to . j
_that of other monoalkyltriazenes reported earlier. For
the selected compound $6 the rate of decomposition in
aqueous medium determined polarographically increases mark-
edly with decreasing pH in the range 5.1 to 7.1 (Table 11). -
The triazenes were unstable on solid adsorbents thus pre-
venting their purification b? standard chromatographic
method. Instead they were recrystallized at low temper-
atures. The composition, structures and purity &f the tria-
zenes were established by exact mass spectral measuréﬁents
and by pmr and ir spectroscopy. Esterification of
3,5-dinitrobenzoic dcid with these triazenes provided addi-
tional structural proof. The triazenes of this series were

)

found to be thermally as well as chemically more stable
-

=

than the corresponding 2-chloroethyltriazenes reported in
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TABLE 11

pH td (sec

156
300

7.1 o 1362
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Chapter 11. B

As observed for monoalkyltriazenes in general,
S-(2-ch19roethy1)thioethyltriazenes exist as a mixture of
tautomers in solution. An electron-withdrawing group X

in the para position strongly favours the tautomeric ‘form

C. However, triazenes with an electron-withdrawing group

X ‘4 . =
T:::lN i: N
. - . . _ e e e - -
-N=NCH CH25CH CH,C1 ,5H§¥CH CH SCHQCH;CI

! 2 272 2772 2
H C -D H

co,C,H

X = NO 31 C0xC g

2,CN,COCH

in the ortho position are unstable, plausibly for the rea-
sons given earlier (see Chapter II).

The mass spectra of the S-(2-chloroethyl)thiocethyl-
triazenes show the general fragmentation pattern outlined
for 2-haloalkyltriazenes in Chapter II. Additionally, they
show a characteristic high relative intensity peak due to
the intact side chain which further fragments to give ions
corresponding to episulfide and 2-chloroethyl group, again,
in relatively high intensities. Another common feature of
these molecules is sulfur assisted elimination of HC1
which occurs after the loss of nitrogen. This is not ob-
served when sulfur is replaced by oxygen or if there are
three methylene units intervening between sulfur and
chlorine (Scheme 13).

Triazene 67 specifically deuterated on C-1 was synthe-

sized from the corresponding deuterated amine in order to
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establish the mechanistic pathways of mation of certain
products. Triazenes 62 and 63 werdiithesized in order to
study the involvement of sulfur in determining the chemical

reactivity of S-(2-chloroethyl)thioethyltriazenes in gen-

eral.

Studies Related .to the Decomposition of Triazenes

' The aqueoﬁs chemistry of the triazenes with sulfur
activated side chain was studied relative to the similar
triazenes incorporating structural features designed to de-
acfivate the side chain. The use of specific deuterium-
labelling in the activated side chain was also informative.

Five triazenes were allowed to decompose at 37° in
phosphate buffered (0.1 M, pH 7.2) aqﬁeaus solution in gas-
tight vials and the valatile products were analyzed by GC
and identified by GC/MS (Table 12). The invalétile pro-
ducts were separated by chfématégréphy and identified
spectrophotometrically, 1s(p-cyancphenyl)éSEfSefzschiééé—
ethyl)thioethyl}triazene 56 afforded bis(2-chloroethyl)-
sulfide 68 (2% of volatiles) and bis(2-hydroxyethyl)sulfide
69 (72% of volatiles). In addition the following invol-
atile products were identified: p-aminobenzonitrile 70
60% of involatiles); NE{S—(E-chléréethyl)tpiééthyl}—p!
cyanoaniline 71 (4%) and N-{S-(2-hydroxyethyl)thioethyl}-p-
cyanoaniline 72 (16%) (Scheme 14).

Aqueous decémpésitigg of ?he corresponding specific-

ally deuterium labelled triazene 1-(p-cyanophenyl)-=3-
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{S-(2—cbldroethy1)-1,i-dideuteriothioethyltriazene 67 af-
forded ﬁ-{S-(Z-hydroxyethyl)thioethyl}-p-cyanophenyl;niline
72" with deuterium on all four carbons im the side chain.
The percent distribution of deuterium on carbon 1, 2, 3 and

4 was approximately 15, 15, 33 and 37 respectively.

[ and D around
C are not shown]
The deuterated product Zl' corresponding to 71 had deuterium
on carbon bearing chlorine predominantly.

When triazene 67 was decomposed in anhydrous 1, 2-
dimethoxyethane the involatile product 71' was formed in a
low yield (5%) with deuterium on Ci, C2 and C4 in approxi-

mately equal amounts. There was no detectable amount of

deuterium on C, ;}‘Zl'. The aromatic amine 70 was the

1-2 3 4 [H and D around
—C-C—S—'C—C Cl C are not ghgﬁ]j]

71

major product. The volatile products obtained from non-
[ 4

aqueous decomposition of 56 contained chloroethylvinyl

sulfide 73 and bi-(B-chloroethyl)sulfide 68 in the ratio

1:2 (Scheme 15)
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All involatile products obtained from aqueous as weil
as non aqueous decompositions of 67 showed retention of
both deuteriums.

' Aqueous decomposition of l1-(p-cyanophenyl)-3-{S-(3-
chloropropyl)thioethyll}triazene 62 afforded 3-chloropropyl
" vinyl sulfide 74 and 2-chloroethyl, 3-chloropropyl sulfide
75 in the ratio (3:2) accounting for ~8% of the volatiles.
Thé involatile products N-{S-(3-chloropropyl)thioethyl}-p-
cyanoaniline 76 and N-{S-(3-hydroxypropyl}thioethyl-p-
cyanoaniline 77 together accounted for ~3% of the invola-
tiles and p-aminobenzonitrile 70 was the major product
(Scheme 16). From the aqueous decomposition of 1-(p-cyano-
phenyl)-3-{0-(2-chloroethyl)ethoxy}triazene 63, 2-chloro-
ethylvinylether 78 and bis(2—chloroethyi)ether 79 in the
ratio 2:1 (9% of the total volatiles) were identififd as
the volatile products. Invqlatile products N-{O-(2-chloro-
etbyl)ethox§}-p-cyanoan111ne 80 and N-{O-(2-hydroxyethyl)-
ethoxy}-p-cyanoaniline 81 together accounted for less than
5% of the involatiles and p-aminobenzonitrile 70 wag, the
major product (Scheme 17). Triazene 64 on decomposiJ!gn
afforded N-{S-(2-hydroxyethyl)thioethyl}-p-cyanoaniline 72
in 8% yield in addition to p-aminobenzonitrile 70 as the
major involatile product (Scheme 18).

When bis-(2-chloroethyl)sulfide 68 was allowed to react
with p-aminobenzonitrile in aqueous etbt;:I the major pro-
ducts were bix—{2;(p-cyanoan111no)etby1}sulfide 82 and 72

formed in the ratio 4:1 respectively in 72% yield. The
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aniline derivative 71 was a minor product [Equations 1, 2, 3].

A'rNH2 + CICHECHESCHEEH C1 —:és ArNHCHECHESCH CBZHZ. 7
71 +"HC [1]

ArNHCH,CH,_SCH, CHECI + H 0 —» ArNHCH CH SCH CH,,OH

272 72 +3Hc1 [2]
ArNHCH,CH,SCH,CH,C1 + ArNH, —= ArNHCH,CH,SCH,CH,NHAT
82 + HC1 [3]

The same reaction in anhydraus 1l,2-dimethoxyethane afforded
82 and 71 ip approximately equal amounts in 40% yield. The
aniline derivative 71 hydrolyzed to 72 under the conditions
used Igr!thé aqueous degﬁmpésigiaﬁs of the triazenes 56 and
67. g

The Qbservea dependence of the rate of decomposition

of the present series of triazenes on the pH of the medium

zenes suggesting that a similar mechanism could be oper-
ative at least in the initigi_stages of decomposition. The
protonation of the major tautomer is followed by either
cleavage of the leﬂg bond of the triazene or the protona-
ted triazene becomes susceptible to SNQ attack by electro-
philes at the carbon-bonded to Ny in the side chain (Schemes
14 and 15). Sulfur assisted hydréiysis of the chloride in
the side chain to form the corresponding Sgsafﬂshydrgxy-
eth&l)thiaethyltr{azene 64 prior to the degampasition of
the. triazeno-function could be a competing route as indica-

ted by the decomposition product N-{S-(2-hydroxyethyl)-



&hia&thyl—gfcynnagniline 72 obtained from 64.

A pumber of alternative pathways may be considered to
interpret the observed distribution of deuterium labels in the
products. An episulfonium species may plausibly account for
the scrambling of deuterium between Cy ;ﬂd C,. The sulfur
assisted hydrglysig of the half mustard is facile since the
polar solvent promotes ionization. ' )

The formation of cyclic intermediate 77 may account
for E%e localization of deuterium on CS and Cé in the side
cb:iﬁ of the involatile products from 66. Precedence for
such an intermediate exists in the case of 2-haloalkyl
triazenes (Scheme 19). The sulfur assisted labilization of
carbon-chlorine bond in the side chain of the triazene promoting
the cyclization to form the triazathiaoctene may overcome the
entropic factor involved. 1If formed tbe':yclig’species 77
correctly predicts the scrambling pattern.

From our experience with 2-chloroethyltriazene 16 the
mzjarprﬂduetinitinllygeneratedfremtbeiziagatbiaactegeieaa
pair should be 71' with deuterium localized on carbon |

‘bearing chlorine and the minor product should be 72’ with!
deuterium on c:rbﬁa bearing hydroxyl group.

If the deuterated derivative 71' hydrolyses through an
episulfonium intermediate tﬁe deuterium has an equal prob-
jgbility of localization on Es and C4g Therefore éhe amount

of deuterium on G4 will be greater than the amount on éS'

However, an alternative explanation that can account

for the biased accumulation of deuterium on C-4 in 72' is

< ;
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the possibly predominant generation of B-chloroethyl,

' 8'-hydroxyethyl sulfide directly from the triazene 67 via
SNE process (see the esterification of the carboxylic

acid) that will direct the localization of deuterium on
carbon bearing the hydr@xﬁ?‘ETﬂug. 7The sulfur half-mustard
portion of this species can pfgceéséig alkylate the amine

without further scrambling of deuterium. Structurally

related bis-(B8-chloroethyl)sulfide alkylates p-aminobenzo-

nitrile,
The greatly reduced yield of 71' formed from the

non-aqueous decomposition of gz-indicgtedithe inability of
the solvent to sustain charged intermediates and hence the
generation of episulfonium intermediates is ret;rde;. This
in turm could be reflected in the retardations of sulfur
assisted intramolecular cyclization, intermolecular alkyl-
ation of the amine by episulfonium species mnd the scé;mg
bling of deuteriums on C, in 71'.

Owing to the multiplicity of the mechanistic possi-
bilities for the formation of the aniline derivatives from
the triazene §g it is not possible to delineate a unique
mechanism at this time. However, in view of the substan-
tially higher yields of the involatile products from 56

compared with those from 62 and 63 it may be suggested that

predominantly intramolecularly,
) 2-Chloroethylvinylsulfide could not be detected in the

. [ .
aqueous decomposition of 56 although 3-chloropropylvinyl-
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sulfide 74 and 2-chloroethylvinylether 78 accounted for a
substantial portion of the volatile péeducts from 62 and
;érespegtiéélyg A somewhat similar abservat&aa was made in
our study with 2-chloroethyltriazene where vinylchloride
could not be detected in its aqueous decomposition whereas
2-chloropropyltriazene gave 2-chloropropene (Scheme 7).
Whether this observation indicates that the elimination pro-
ducts are obtained mainlyifrcm ibe conjugate acids of the
triazenes in a slow process in the absence of intramolecu-

lar cyclization, can not be said with certainty.

\)-i‘

he alcohols which ﬁgfe anticipated among the volatile
products could not be detected from 62 and 63 under our ana-
lytical conditions.

Compound 76 1is the only chloroalkylamine obtained
I;Eg 62. Alkylation of aniline by the %ecampasitién pro-
duct 2-chloroethyl,3-chloropropylsulfide 75 presumably
proceeds *with the preferential activation of the 2-chloro-

ethyl moiety.

Uridine is of low reactivity toward most alkylating

agents except diasaalkanes.73 An earlier attemptlDO to
study -the alkylation of the structurally related nucleoside

thymidine with sulfur mustard did not lead to any identifi-
able product.

When the triazene 56 was allowed to react with tri-

Y

acetyl uridine in anhydrous 1,2-dimethoxyethane the Nge!

alkylated product 83 was obtained in 8% yield. On using the

specifically deuterated triazene 67 for alkylation the corres-
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ponding product 83' contained deuterium in the side c¢hain on<§¢—
carbons a and B8 -to N3 in a ratio 3:2. ' The observationas
indicate that Na-proton of uridine with a pKa of 9.17 can

protonate the triazene, most likely at N-1 position fol-

lowed by its decomposition generating episulfonium alkylat-
ing species and the alkylation proceeds via an ion-pair
mechanism (Scheme 20). However, the relative distribution
of deuterium in the side-chain of the product §§' indicates
a certain degree of SN2-displacement by the pyrimidine

nitrogen in a fashion similar to the one discussed subse-

quently.

Mechanism of Esterification of Carboxylic Acids by

Monoalkyltriazenes

The triazenes of this series also readily esterify
3,5-dinitrobenzoic acid and diethylphosphate as observed
for 2-haloalkyltriazenes discussed in previous chapters.
The ifability of the alkylcarbonium ion generated from -
3,5-(2-chloroethyl)thiocethyltriazenes is greatly influenced
by the presence of sulfur at the B-position. This may be
contrasted with the effect of chlorine on the stability of
the 2-chloroethyi cation via chloronium intermediate, gen-
erated from 2-chloroethyltriazenes. This feature of the
- former class of triazenes provA:ed a further oppértunity to

examine the mechanism of esterlfication by monoalkyltria-

.-
zenes.

L]
A previous study58 of this reaction was based on
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kinetic measurements of the rate of decomposition of mono-

alkyl group substitution. This study led to the conclusion
that the alkyl group leaves as & cation in a rate-determin-
ing step. The observed rate order HEfEt{Prifaut corres-
ponded to increasing stabilization of a cation and the re-
'verse order to that expected for a bimolecular substitution
at carbon. However, altering the degree of substitution
in the alkyl group also alters steric factors that could
influence the course of the reaction,

The present investigation 'employed a combination of
specifically deuterated triazenes 33 and 67 in which the
relative stabilities of the potential alkyl carbonium ions
have been altered while keeping the steric parameter con-
stant. When triazene 67 was allowed to react with 3,5-
dinitrobenzoic acid the product was a mixture of S-(2-
chloroethyl)-1,1-dideuteriothioethyl, 3,5-dinitrobenzoate
84 and S-(2-chloroethyl)-2,2-dideuteriothiocethyl-3,5-dini-
trobenzoate 85 formed in the ratio 60:40.

The distribution of deuterium between the es%ers 84
and 85 indiQEEESESNE displacement as a minor pathway and
that the stability of alkylating episulfonium specieé con-
tributes largely to an ion-pair mechanism (Scheme 21). 1In
contrast the less stable chloronium ion that would be gen-
erated from the 2-chloroethyltriazene 33 does not contribute
to any ion-pair mechanism and the esterification proceeds

exclusively via Sy 2 displacement as discussed in Chapter II.
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it appears that the mechanism of the esterification
depends én the nature of the alkylating species. The in-
creasing steric hindrance at the site of reaction in the
triazene and the formation of stable carbonium ions e;n;

tribute increasingly to the ion-pair mechanism.

8-(2-chloro ethyl)thigethyltriazenesreadilyesterify‘%

diethyi phosphate as observed with 2-haloalkyltriazenes.
Triazene 56 gave diethyl,S-(2-chloroethyl)thioethyl phos-
phate 86 in 10%yield when allowed to react with diethyl

phosphate in anhydrous ether [Equation 4].

G - 7 D
g%iCLP41i+!Arﬂi%?ﬁ%}%;ﬂfﬁjgcgfﬂa—S—E Cf%;FPAIﬂEG%Eiﬂéj%CI
OCH 56 B ooyt 86

+ ArNH, (4]

It is conceivable that triazenes may alkylate acidic sites
-

on DNA because of their unique acid catalyzed decomposition.

However, irrespective of the site of initial alkylation

on DNA the sulfur half mustard portion from the alkylated
sites can proceed to alkylate various sites on the comple-
mentary strand resulting in interstrand cross-links. This

F]

has been verified in the subsequent chapter using DNA.
Y-(p—gitrabenzyl)pyridine (NEP} has been used for
quzlitﬁtive detection as well as quantitative estimation of
various alkylating species including nitrogen and sulfur
must&rdsglcl . The method depends upon the capacity of a
reaqent to alkylate NBP and thereby convert it to the

. quaternary pyridinium state which is highly colored in an



alkaline medium (Schemg 22). 1In a typical reaction, a mix-
ture of an alkylating reagent apd NBP is heated for a
stigdgfd period of time (20 min). After cooling and intro-
duction of alkali the intensity of the color developed is
measured spéctrﬁphctcmetricgiiy at 600 nm. Absolute con-
centrations can be determined using a standard curve. This
method was used to compare the alkylating properties of the
triazenes employed in the DNA cross-linking study.

The phosphate triesters 87 and 88 prepared from the

0 0
W ) N
CoH0~P~OCH,, CH, SCH, CH, CH,C1; czaso-i OCH,,CH,,OCH ,CH,,C1
2lg Colg
87 88

triazenes 62 and 63 respectively, along with the uridine
derivative 83 and the phosphate triester 86 ,prepared from

the triazene SE were allowed to react with BBE under sgim-

ilar conditions. Compounds 83 and 86 alkylate NBP while

87 and 88 failed to show any sign of alkylation. It is

conceivable/that in 83 and 86 the presence of sulfur in
the side chain promotes alkylation through easily formed
episulfonium intermediates whereas the phosphotriesters

87 and 88, lacking such activation, fail to alkylate NBP.
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SCHEME 22




" EXPERIMENTAL

;LS)féf?i%?(l)fiSﬁ!ZﬁGblEtﬁEthYl)thi?gthy11;?;13&@25

General Procedure

The aromatic amine (10 mmol) was diazotized following
the procedure given in Chapter I1. The neutralized diazon- f
ium salt solution was allowed to Téiﬁt‘ﬂith S5-(2-chloro-
ethyl)thiaethylamine free b&selog (10 mmol) at =5° by
stirring for 5-10 min. Usually the triazene precipitated
- a8 4 80lid that was purified by recrystallization from
methylene chloride/petroleum ether mixtures at low temper-
atures.

The general procedure afforded the following triazenes

1~ (p-Cyanopheny yl)-3- {s- (2-cblorgethy1)thiaethyl}triizene 56

(1.4 g, '52%), m.p. 72-73°: v 3182.5, 3158.9, 2222,
max /

& (CDC1,, -45°) 2.9 (m, 4H, ch -s-cR,),

3.7 (t, 2H, CH,-C1), 4.0 (t, 2H, N-CH,),

(m, 4H, aromatic), 8.75 and 9.7 {t and s (1:5), 1H,

exchangeable, N-H}; M' 268.0545 (1.30%) (calcd. for

11H13C1H§S 268,0550), 240. 0485 (2.0%) (H—Ng, calcd. for

c
Cll 13C1N25 240.0488), 2@4,6715 (0.38%) (M=N2)QHC1, caled.

for C11H12N25 204.0721) 118.0533 (100%); 123.0035 (19.12%);

+*
1
(5./‘: caled. for C438C1S 123.0035). Anal. calcd. for

C,1H;3CIN,S: C, 49.16, H = 4.84, C1 = 13,22, N = 20.85

= 11.92., Found ,C = 48.98, H = 4.81, Cl1 = 13.41,

Z W

= 21.20, S = 11.60.
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1-(p-~Acetylphenyl)-3-{S-(2-chloroethyl)thioethyl)}

«.— triazene 57

. (.8, 29%), m.p. 64°, v___ 3220, 3193 and 1600 cm™).

8 (CD2C1 30°) %;5 (s, 3H, Me), 2.9 (t, 4H, CHZ-S—Cﬂz),

2
3.65 ¢t, 2H, CH,-Cl), 3.9 (t, 28, N-CH,), 7.15 - 8.0

(m, 4H, aromatic), 9.2 (broad, s, exchangeable,»lﬂ, N-H),
M’ 285.0695 (0.60%), (caled. for C,2H;gC1N;0S, 285.0703),
257f063§\(3.41%), (M-N,, caled. for C,,H (CINOS, 257.0641),
221.0871 (0.89%), ((M-N,)-HC1, calcd. for C, o8, sNOS,
221.0874), 135.0682 (64.34%) 120.0452 (100%) ; 123.0637

*AC1
(13.38%) (25 , calcd. for C4H8CIS, 123.0035).

‘1-(p-Ethogycarbonylghenyl)-3—{S-(2-chloroethy1)thioethyl}

triazene §§

(0.90 g, 29%), m.p. 54-56°, v . 3250.9, 1687.3, 1605.8;

§ (CDC1 -15°) 1.4 (t, 3H, Me), 2.90 (t, 4H, CHZ-S-Cﬂz),

30
3.7 (t, 2H, CHz—Cl); 3.95 (t, 2H, N-CH2), 4.35 (q, 2H,
OfCHz), 7.1 - 8.2 (m, 4H, aromatic), 8.5 and 9.5 (br, 2s,
1H, exchangeable, N-H); x* 315.0804 (3.02%) (calcd. for
C13 18ClN 028, 315.0808), 287.0746 (i3.66%) (H—Nz, calced.
for C13H18C1N028 2§7.0746) 251.0983 (3.39%) ((H-N )-HC1,
calcd. for C13 17NOZS 251. 0980) 165.0785 (42 62%),

178.0859 (100%), 123.0036 (45.10%) (giﬂf calced. for
C,HGC1S, 123.0035).



1-(p-Nitrophenyl)-3-{S-(2-chloroethyl)thioethyl}

triazene 59

(1.1 g, 38%), m.p. 50-52°, Vmax 3173.5, 3135.8 and 1595.

§ (CDC1,, -15°) 2.95 (m, 4, CH,-S-CH,), 3.7 (t, 2H,

cﬁgéc1), 4.0 (t, 2H, N-CH,), 7.19 - 8.4 (m, 4H, aromatic),

8.6 and 9.6 (br, 2S, 1H, exchangeable, N-B), M' 288.0444

(caled. for C, DH13CLN§GES 288.0448), 260.0389 (13.39%)
(M-Ng, caled. for Cl0513C1NEGBS 260.0392), 224.0619

“(3.45%), ((H—H2)§EC1 calcd. for ClD lzﬂszgf 224.0622),
138.0429 (100%); 123.0034 (31.60%) ( Z\ ., caled. Tfor

C,HgC1S, 123.0035).

S-(3f§ydrggyg;§py1lthicggpylémiﬂe 60

To a solution of 3-mercaptopropanol (3 g, 32 mmol) in
25 ml of 95% ethanol was added 4.5 g of potassium hydroxide
dissolved in a minimum amount of water and the mixture was
heated to 90°C under stirring. To the stirred hot solution
was added dropwise a saturated solution of 2-chloroethyl-

aminehydrochloride (4.0 g, 34 mmol) in 95% ethanol. The

reaction mixture was stirred at 90°C for 2 h. The stirring

was continued overnight at room temperature. The solid was
collected and the filtrate was concentrated under raézced
pressure on a rotary evaporator. The product distilled
5(152‘2153‘; 0.2 mm) as a colorless liquid (yield 58%).
6(CDC14) 1.8 (m, én)i 2.5 - 3.0 {m, 9H, (3H exchangeable)},

.+ 3.66 (t, 2H, CH,-0).

[ ]
[ ]
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S-(3-chloropropyl)thioethyamine 61

- Amino alcohol 60 (2 g), was dissolved in CHC1, (20 ml)

and saturated with HCl1 gas at 0°. Thionylchloride (10 ml)
diluted with Cﬁﬁlg (10 ml) was added to the amine hydra—iz
chloride 'at 0° and the reaction mixture was stirred at

room temperature fcr 48 h. On evaporating the solvent and

excess of thignylcblcridé the tarry residue solidified
when triturated with anhydrous ether. The solid was re-

crystallized from_chloroform/ether.

{

1-(p-Cyanophenyl)-3-{S-(3-chloropropyl)thioethyl}

]

triazene 62

Triazene 62 was prepared folllowing the Eéﬂéfgliprga >
cedure. (0.9 g, 32%), m.p. 60-§ 3178.6, 3156.4,

2223.8 and 1605 cm™'; 6 (CD,Cl

2.05 (q, 2H,

CHZ-CﬁzifZHg)i 2.6 - 2,95 (m, 4H, CHZ—S-CH ); 3.7 (t, 2H,
CHz-Cl); 3.95 (t, 2H, N*CHZ); 7.15 - 7.75 (m, 4H, aromatic);

8.7 and 9.6 (br, 2s, exchangeable, N-H): M' 282.0711

(2.80%).(caled. for C H,;CINQS, 282.0706); 254.0648

12715
(13.66%) (M-Np, c#lcd. for C,,H, CIN,S 254.0645); 118.0531
(100%); 137.0182 (29.58%) gé?ﬁc caled. for CgH,oC1S,

137.0183). ‘ ! ' .
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1-(p-Cyanophenyl)-3-{0-(2-chloroethyl)ethoxyltriazene 63

(1.6 g, 63%), m.p. 60°, Vnax 3179.2, 3158.3, 2220.3,
1

1609 cm . (6, CDCl,, -50°), 3.6 - 4.1 (m, 8H, N-CH,-CH,, -
QCEECH Cl), 7.15 - 7.80 (m, 4H, aromatic), 8.85 and 10.10
(t and s respectively, 1H, exchangeable, N-H); !*'25259772

(10.67%) (caled. for C ClN D 252.0777), 226.0688

11713
(1.21%) (M-N,, caled. for C))H ;CIN,O, 226.0687), 118.0529
(79.05%), 102.0343 (100%), 107.0262 (8.48%) ( R™C! calcd.
for CéﬂgClQ; 107.0264); anal. caled. for 611313C1N D
C=52.27%; H = 5.14%, N = 22,17, O = 6.33 Found C -

52.35%; H = 4.90% , N = 22.60%, O = 6.70.

1-(p-Cyanopheny1)-3-{S-(2-hydroxyethyl)thicethylttiazene 64

The compound was prepared following the general pro-

cedure. The diazonium salt solution obtained from the diaz-
Gtié;ticn cfilo mmol of p-aminobenzonitrile was allowed to
react with 9 mmol of S-(2-hydroxyethyl)thiocethylamine ﬁfter ’
neutralizing the excess acid with Caccgi The product was
extracted with G32C12, the combined extracts dried (MESDQ)
and the solvent was removed under vacuum. The gummy residue
was dissolved in GH2212 and cooled to -30°. On adding
petroleum ether a solid precipitated which reverted to a
gummy liquid during filtration (yield 70%). Vmax 3410 (OH, br),
+ 3180, 3160, 2223 and 1608 em™1 5 (CD,C1,, -30°) 2.8 (m, 4H,

CH,-8-CH,), {3.72 (t, éHE-GH), 3.9 (t, -N-CH,-)

Total integration 5H, includes -OH} 7.1 - 7.85 (m, 4H,

aromatic), 9.45 and 11.7 (t and s(br) respectively, 1H, NH).



8 (CD2(212 32°*), 2;8‘(m, 5H, GHEESiCHE + OH), 3.72 and 3.9
(2t, 4H, CEzaGﬁ and N-CH, respectively), 7.1 - 7.85 (m, 4H,
aromatic), 9.0 (s, br, 1H, N-H). On adding DZD the multi-
plets at 2.8 and 3.8 (two triplets at 3.72 and 3.9 toge-
ther) each integrated for 4 H: The broad singlet at 8.0

.~ ppm disappeared. !*/e 232.0756 (H-EEDj caled. for

C11H12N40j 232.0783),

S-(2-hydroxyethyl)-1,1-dideuteriothioethylamine 65

This amino alcohol was prepared by condensing 2-
chloro-1,1l-dideuterioethylaminehydrochloride 29 with 2-

mercaptoethanol following the procedure reported for the

corresponding protium campcuﬂd;lgg

-

ngz-ch;aréethyl);;i}?dideutériﬁghigetbylamine
-

Hydrochloride

I

Amino alcohol 65 was chlorinated following the liter-

1-(p-Cyanophenyl)-3-{S-(2-chloroethyl)-1,1-dideuteriothto-

ethylltriazene 67

Triazene 67 was prepared following the procedure for

the corresponding protium analog (yield 55%), m.p. 70-71°

o

\Y 3180.9, 3157.3, 2223.1 and 1605 cm~
max :

2.80 - 3.05 (m, 4H, CHEESECH,); 3.6 - 3.85 (m, 2H, CEzsci);

(s, GD221

)

7.15 - 7.80 (m, 4H, aromatic); 8.65 and 9.55 (br, 2s,

exchangeable, N-H); § (CHCIS, 2Hl) 3.92 (s, N*CDE);

‘20‘ );
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‘ T
ut 270.0675 (3.29%) (calcd. for C11311D2N4CIS, 270.0675);
242.0615 (4.45%) (M-Nz, calcd. for C11511D2C1N28, 242.0613);
206.0851 (1.19%) ((M-Nz)-HCI, calcd. for C11§10D2N28'
206.0847); 118.0534 83.62%); 102.0350 (98.28%); 125,

S~c1
(40.05%)2543 .~ caled. for C,H.D,CIS, 125.0161).

Alkylation of Triacetyluridine by Triazene 56

Triacetyluridine (.095 g, 0.25 mmol) and triazene 56
(0.134 g, 0.5 mmol) were dissolved in anhydrous 1,2-dimethoxy-
ethane (5 ml) in an air-tight container. ,The reaction ﬁix—
ture was stirred at 50° for 48 h. The solvent was removed
under vacuum and the residue was subjected to chromato-
graphy on silica usiné a solution of aéetone and benzene
(1:5) as eluant affording the Naialkylated product 83.
(vield, 5%), v__  1751.4, 1714.1 and 1675.8 cm™ ),

S (CDC13, 400 MHz), 2.15 (m, 9H, 3—CH3), 2.8 and 2.95

(2t, 4H, CHZ—S-CHZ), 3.7 (t, 2H, Cl-CHZ), 4.15 (t,v2H, .
CH,-N-), 4.35 (s, 3H), 5.35 (m, 2H), 6.82 (d, 1H), 6.0

(d, 1H), 3.78 (d, 1H); m/e 456-1204 (M-HCl, calcd. for
C,oHo 4N 055, 456.1202); CIMS (NHg) 518 (M +18); uv (CHBOH)

197242
max. 273 nm.

»

N-3 Alkylated Uridine From Triazene 67, 83'

P

v___, 1751.4, 1714.1 and 1675.8 cm™ .
max

2.15 (m, 9H, 3-CHy), 2.8 (s, 2/3 H, -S-CH,-CD,NH,),

8 (CDC13, 400 MHz),

2.95 (t, S;gﬂz—CH2C1), 3.7 (t, 2H, CH2C1), 4.15 (s, 1/3 H,

-N—CHZ-CDZ—S), 4.35 (s, 3H), 5.35 (m, 2H), 6.82 (d, 1H),



-

6.0 (d, 1H), 7.38 (d4, 1H), CIMS (NHS) 512 (M +18);

uv (CHSOH) max. 273 nm.

Esterification of 3,5-dinitrobenzoic Acid by Triazene 56

To the stirred suspension of triazene 56 (0.6 g,
2 mmol) in anhydéous ether (10 ml) was slowly added
3,5-dinitrobenzoic acid (0.6 g, 3 mmol) dissolved  in anhy-
drous ether (20 ml). The stirring was continued for 10
hours. The reaction mikture was filtered and the solvent
was removed under reduced pressure. The viscous residue
was subjected to chromatography on florisil using benzene

as eluant. This procedure afforded the following esters.

S-(2-chloroethyl)thioethyl-3,5-dinitrobenzoate

(0.5g, 68%), m.p. 60-61°; v _  (CH,Cl,) 1736.4, 1550 and
1345 em~1. & (CDC1y) 3.05 (m, 4H, CH,-S-CH,), 3.7 (t, 28,
CHy-C1), 4.54 (t, 2H, O-CH,), 9.10 - 9.25 (m, 3H, aromatic
m/e 332.9935(0.55%) (-1, caled. for C, H,  CIN,OgS,
332.9948).
Anal. caled. for C,,H ;CIN,0.S, C = 39.52%, H = 3.29,

N = 8.38

Found ¢ = 39.52%, H = 3.31%, N = 8.17%

S-(2-chloroethyl)1',1'- and 2',2'-dideuteriothiocethyl-

3,5-dinitrobenzoates 84 4 85

° -1
m.p. 60°, Vmax (CH2C12) 1736.1, 1550 and 1345 cm™ .

é (CDC13). 3.02 (m, 2.44 H, Cﬂz-S—CH2-+CD2-S—C32),

137

)



r
[
wd
oo

2H, CH,-Cl1), 4.65 (s, 1.56 H, GECHE), 9.15 - 9.3
2.
_ 51!

)
0-CD,), 3.02 (s, .88 zgl, €D,-S-)» M' 336.0148 (0.54%) .

2
(calcd. for Cllﬁgpzﬂzﬂss, 336.0152).

(m, 3H, aromatic); & (CHCl,, Hi' 4.65 (s, 1.22

General Procedure for the Esterification of Diethyl

Phggpbatgvgj_giTri;segg

was added dropwise to a stirred suspénsian of the triazene
(2 mmol) in ether (10 ml) at -20°. After the addition was
completed the reaction mixture was allowed to warm up to
0°C and the stirring was continued for 30 min. The sol-
vent was removed and the residue was purified by chromato-
graphy on fiérisil using a mixture of benzene and acetone
as eluant. Initially 5% acetone in benzene eluted p-
aminobenzonitrile. The proportion of acetone in the
e;uant was increased gradually during the chromatography.

This procedure afforded the following phosphate triesters.

Diethyl, S-(2-chloroethyl)thioethyl phosphate 86 .

from triazene 56

j A purple viscous liquid, yield 8%. 6.(CDC13),E%1
-
.1.35 (t, 6H, 2 Me), 2.85 (m, 4H, CHE=S§CH2), 3.62

CH,-C1), 4.1 '(m, 6H, 3 DEQHE), m/e 241.0617 (1.33%,
(M-Cl, calcd. for C8318QQPS' 241.0663), 240.0578 (9.07%) -
(M-HC1, caled. for 2351764PS, 240,0585), CIHSE(NHS)

294 (M +18).

=



Diethyl, S—(3-chloropropy1)thiqgtbgl phosphate 87

from triazene'62

Yield 6%, (6, CDCl,), 1.35 (t, 6H, 2 Me), 2.05 (m, 2H,
CHp), 2.75 (m, 4H, CH,-S-CH,), 3.65 (t, 2H, CH,-Cl),
4.15 (m, 6H, 3 0-CH,). CINS (NH;) 308 (M+18).

Diethyl, O-(2-chloroethyl)ethoxy phosphate 88

from triazene 63

, o
Yield 65%, v _  (film) 1270 cm™" (P=0),

1020 em~! (P-0) ¢ (CDC1,), 1.32 (t, 6H, CH,), 3.5 - 4.3

(m, 12H, CH2). Anal., calcd. for CSHIQPD5C1 (MW + proton

261.0659, MW - proton 259.0502); C=36.92; H=6.92.

Found (261.0653, 259.0498, mass spectrum); C = 36.81,

H=6.77. CIMS (ammonia) 278 (M + 18),

Alkylation«of p-aminobenzonitrile

I. A mixture of p-aminobenzonitrile (10 mmol) and
bis(2—chlo{{etbyl)sulfide (10 mmol) in 2 ml of aqueous
ethanol was placed in a feactiviali After vigorous
shaking a turbid solution was obtained. The reaction mix-
-ture was maintained at.37° for 72 h. On cooling the
reaction mixture needle-shaped crystals precipitated. The
solid product was collected and iéentified spectroscopi-
cally as 82. The filtrate was evaporated to dryness and
the residue was separated by éﬁrcmatagriphy on gilica
using benzene/5% acetone as eluant. One of the products

was identified as 72.

[l



II. A.mixture of éénmiﬁabeﬁzanitriie (10 mmol) and
bis(2-chloroethyl)sulfide (10 mmol) in 2 ml of anhydrous
1,2-dimethoxyethane was placed in a reactivial. After
shaking a clear solution was obtained. The reaction mix-
ture was maintained at 37° for 96 h. On cooling the reac-
tion mixture the compound 82 precipitated. The product was
collected, and the filtrate was evaporated to dryness.
The residue was purified by chromatography as in the case
of I described above affording, bis-{2-(p-cyanoanilino)-
ethyl} sulfide 82.

v 3360, 2220 and 1610 cm

max

§ (CDCIB) 2.8 (t, 4H, CE_ESiCHE), 3.34 (m, 4H, N-CH

2
6.48 (t, 2H, exchangeable, N-H), 6.6 - 7.44 (m, ‘BH

aromatic). CIMS (iﬂa) 340 (M + 18),

Reaction of Ha—glgz;t:igggtilgr;d;n§ 83 and phosphotri-

esters 86, 87 and 88 with y-(p-nitrobenzyl)pyridine

(NBP

10% Stock solutions of 83, 86, 87 and gg were prepared
in acetone. The reactions were carried out in 10 ml
screw capped test tubes containing water (2 ml), ecacodylate
buffer pH 7.0 (1 ml), NBP (400 ut, 5% in acetone) and ép

10 uk of stock solution. The reaction mixtures were

-

immersed in a hot water bath for 20'., Subsequently the
reaction mixtures were cooled and 0.25 N KOH solution

(1.5 ml) was introduced in to each test tube.
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Studies Related to the Aqueous Decomposition of

S-(2—chloroetgy1)tbioethyaryltriazenés

N 2N
Identification of Volatile Products

GC/MS analyses were performed on an AEI MS-12 spectro-
meter using helium gas flow rate of 20 ml/min. Samples
were injected onto a 4 ft 10% carbowax 20 M 80-100
iA'¥DICS 5830 column. The column was heated at 70° for
S5 min and was heated further with a rate of 4°/min up to
150°; this temperature was maintained until all volatile
products had been swept from the column. Two volatile
products 2-chloroethylvinylsulfide’ 73 and bis(Z—Zhloro—
ethyl)sulfide 68 were identified using this procedure.
The observed retention times for 73 and 68 were 11.37 and

\

'25.6 min respectively.

Identification of Bis(2-hydroxyethyl)sulfide 69 in the

Agueoﬁs Decomposition of 56

GC anilysis was performed on a Hewlett-Ppckard Model
5840 A gas chromatograph equipped with flame ionization
detector. An agqueous solution ¢f the decomposition pro-
ducts was injected onto a 6' column of Porapak Q (80-100
MESH) maintain;d isothermally at 240°C with helium gas
flow rate of 19 ml1/min. The observeq\retention time for

69 was 26.23 min.
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A sample of triazene (50 mmol) suspended in 0.1 M
phosphate buffer (1 ml pH 7.2) in 5 ml capacity screw
capped reactivials was allowed to decompose for 72 h.
The vial was cooled in ice and 0.5 ml of dichloromethane
was injected into the vial and shaken tﬁaraughlyi The
dichloromethane solution (2 uf) was injected for GC and
GC/MS analyses. For the identification of 69 2 ut of thé

aqueous solution was analyzed.



CHAPTER V. )

DNA_INTERSTRAND CROSS-LINKING .

BY
S- (2-CHLOROETHYL)THIOETHYLTRIAZENES

The application of the ethidium fluorescence assay has
been extended to detect and estimate the amount of coval-
ently linked cgmplemejtary DNA (CLC-DNA) produced after

103,104 Using the

reaction with an appropriate compound.
assay, aliquots of cross-linked DNA are analyzed for CLC

-sequences by diluting them in a solution of ethidium brom-
ide buffered to pH 11.8, The fluorescence of the DNA-.

. ethidium bromide solution is measured to obtain an estimate
of the total DNA concentration. The solution is then heat
denatured (96°/3 min), cooled quickly (0°C) then equili-
brated to 22° and the fluorescence of the solution is again
measured. Under these ccndiggans separated DNA strands do
not reanneal, CLC-sequences can reanneal since the cross-
link may servé!as a nucleation point. Reagneaiingrfesults
in the formation of double stranded DNA which binds ethi-
d;um bromide. The ratio of the fluorescence after the
heat denatugation and cooling cycle to the fluorescence
before heat déhatufatign is then a measure of the extent
of covalent inﬁérstfand cross-linking. The assay is con-
ducted at pH 11.8 to prevent spontaneous formation of short
intrastrand bihe;igai structures after heating and cooling
of separated single strands of DNA. Such structures are

unstable at pH 11.8 when compared with those formed by
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éCC;DﬁA and are due to a certaip amount of self-complemen-
tarity within ftrands of naturally occurring DNA’S}D‘ 105
The validity of this assay procedure for éetectiﬁg the for-
mation of CLC-DNA as a result of a chemical eross-linking

event has been confirmed by experiments with the enzyme

Sl—endanu2121sei103

7

5 enzyme specifically cleaves
single-stranded DNA and is essentially inactive on duplex
DNA. fherefgfe; it distimguishes DNA which is renaturable
because of a chemical cross-link from DNA which separates
into single-strands upon heating. Cross-linking without
strand scission is depicted in Figure 11.

The assay for alkylation is complicated when the
alkylating agent also cross-links DNA. 1If the alkylating
agent cross-links the DNA, the loss of fluorescence that
normally occurs after heat denaturation of the alkylated DNA
is not observed instead a return of fluorescence is observed
as sbqin for example in Figure 11.

8-(2-chloroethyl)thiocethyltriazenes 56, 57, 58 and 59
covalently cross-link DNA under physiological conditions.
Although the same reactions occurred more efficiently at
37°C, in a selected case a significant amount of cross-
linking was observed at 0°C, !The rate of cross-linking
increases with decreasing pH in the range 5-10 (Figure 12)
which ik parallel to their pH §Ependent rate of decomposi-
tion measured polarographically and is in accord with the
suggested mechanism of reaction for this class of triazenes

(see Chapter IV). The cross-links were observed to be
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Figure 12." pH Dependence of DNaA erassilinking by §-(2-
chloroethyl)thioethytriazene 56. Reactions
were perfor;ed at 37°C in a total volume of
200 ut buffered at pH 4.7 (4-A), pH 7.2

(0-0), pH 10.1 (0-0) with potassium phos-

5 mM triazene.
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o
stable for over 48 h in 0.15 !-HLQI and 0.015 M sodium
citrate, conditions which have been repcrte’lgg’107 to ;
reverse the interstrand cross-links prcéuéed.by carzino- \

ph%llin. This suggests the tcrm;tian‘af two covalent bonds.
bnlike the observations with Eichleraethylnitraiauregsi5 the
two alkylating steps in the process of intgritr:nd_grﬁi:a
linking are kinetically less distinguishable by ethidium
fluorescence assay. However, during tﬁenlkylntianaf PM2 -
CCC-DNA (discussed at length) scmeindicnficngi a 2 step
reaction in the 1;nter3trn.nd érassiligking wag obtained.

Since one of the two alkylating steps in the process
of interstrand grassalihking is due to the sulfur half-
mustard portion of the alkylated component of DNA it is
conceivable that the initial site of alkylation to complete
the event is not crucial as demonstrated by model studies
in Chaoter IV. The uridine derivative 83 and the phasph;te:
ta:lesterggréprﬁesenting an alkylated base and an alkylated
phosphate diester of a DNA strand, respectively, alkylate
DNA at comparable rates under physiological conditions.

Alth?ugh 2 time dependent rate of alkylation of super-
coiled PM2Z-CCC-DNA by triazene 56 could not be obtained
owing to a progressive interstrand cross-linking, a sub-
stantial decrease of fluorescence after heat denaturation
(68%) durig; the first 5 min of ipcubation of the reaction
mixture indicated that the primary alkylation may have some-

what lower activation energy than the second step, and that the

secondary alkylation is a slightly delayed process. When



the supercoiled PM2-CCC-DNA was relaxed with calf thymus
topoisomerase, the two steps became kinetically indistin-
~ guishable. The alkylation of PM2-CCC-DNA with respect to
‘ its topology has not been studied and any comments on the
observed dependency of the rate of ?fcssélinking on the
topo¥ogy of DNA is beyond the sccpéiﬂf-this dissertation.
The triazenes 62, 63 and 64 gave no indication of

erassilinking although a time dependent progressive alkyl-
ation of DNA was observed. The observations are in accord

with the model studies conducted in Chapter 1V,

DNA Single Strand Breaks iﬂgp&?ﬂ,b373f62%c51§TDEtQ31)—%

thiocethyltriazenes

A progressive production of base labile sites was ob-
served when PM2-CCC-DNA relaxed with calf thymus topoisome-
rase wis incubated at ﬁE 7, 37° with triazene 56 and assayed
at pH 11.8. What appeared to be mainly Type I SSS was de-

tectable only after 80 min of incubation and gradually in- '

creased over the next min. Incubation of the assay

solution at 37° for a periad of up to 3 hryg did not shéw!
any enhancement in the extent of SSS indicating a complete
absence of Type II S8S. Addition of endonuclease VI to the
reaction mixture followed by assay at pH é:buffer indepen-
dently confirmed that the triazene 56 did not cause any
Type Il S8S. These results show that the sulfur mustard

triazenes differ iﬁ‘behgvicr from the 2-haloalkyltriazenes

which exhibit only Type II SSS.
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The aqueous decomposition of triazenes and the cor-
‘ resp?nding nitrosoureas has indicated consistently that
some of .the alkylating species generated from the two
classes of compounds are either the éume or chemically equi-
valent. The aqueous decomposition of nitrosourea 89 has
confirmed the generation of episulfonium species 29.108

This provided an oppo:;unity to compare the action of the

]

I NG,
FAxlw-cazcnzscnzcnzm Ds-cmzcnzm 920
B N\‘o 89

nitrosourea 89 on DNA with that of structurally related
triazene 56.

When nitrosourea 89 (known to produce cross-links)45
was incubated with relaxed PM2-CCC-DNA and assayed at pH 11.8
buffetr both types of single strand scissions were observed
(Figure 13). The depurination caused by nitrosourea 89 was
confirmed by employing endonuclease VI. Therefore despite
the fact that the triazene 56 and nitrosourea 89 both gen-
erate episulfonium species 90 in their aqueous decomposi-

tions, the preferred sites of alkylation by two types of

149

cpmpounds in the presence of DNA appear to be significantly =

different. It is also possible that owing to the greater
reactivity of 2—chloroethy1triazene‘l§ compared with that
of S-(2-chloroethyl)thioethyltriazene 56 the former shows
less selectivity in terms of site-preference while alkyla-

*’f{;g DNA. The alkylating species from 16 may react with
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Fluorescence
8

130 -

E 3

cnggdylnte buffer pH 7.0 at 37°C with 5 mM
nitrosourea 89.
followed after 130 minutes of reaction with;

(0) endonuclease VI; (+) 90 minutes incubitiaﬁ

at 37° pH 11.8;

ol L AAIA A

60 120 180 240 300 360

Time (min)

Reaction of PM2-CCC-DNA 1.0 A,

with endonuclease VI),.

in 0.05 M

Measurement of Type 1 SSS (e),

(&) control (relaxed PM2-CCC-DNA
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sites that lead to depurimption and depyrimidination (see
Chapter II1I). Sa(zi;blareethyl)thiﬁetbylt:i;EEﬂes in gen-
eral due to their greater stability compared with those of
the corresponding 2-chloroethyltriazenes show higher selec-
tivity for the primary sites that can predominantly be the
phosphate residue of DNA. 1In contrast, the selective basge
promoted decomposition of nitrosoureas makes the purine

and pyrimidine bases as its preferred site for alkyla-
tion, a property that has been further substantiated by the
observed depurination of DNA due to the nitrosourea 89.

The secondary sites of alkylation to complete the
cross-linking in the case of representative triazene 56
may include the purine and pyrimidine bases. However, the
sites such as N-3 position of deoxyadenosine and N-7 posi-
tion of deoxyguanosine that lead to facile depurinations
appear to have Been precluded even as secondary sites of
alkylation.

The origin of Type I SSS observed with triazene 56 is
not clear. However, it may be noted that S-(2-hydroxy-
ethyl)thioethyltriazene 63 causes an extensive Type I SSS
in a manner observed with 2-hydroxyethyltriazenes discussed
in Chapter III. Whether a slow formation of 8~(2-hydroxy-

ethyl)thioethylphosphotriester 21 which like 2-hydroxy-

etbylphcsphctriester77’78 provides an intramolecular assis-

tance in the hydrolysis of phosphate residue of DNA leading

~—

to Type 1 SSS can not be said with certainty.
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l .
, CoH, o-#-ocnzcnzscazcnzoa

OC,H 91

It was desirable to know the significance of the dis-
tance between the two sites of alkylation to complete the
process of interstrand cross-linking in terms of kinet}cs.
Also, it was decided to investigate if there was any assis-
tance from sulfur in the generation ofcinitial alkylating
species. An appropriate combination of triazenes for this

purpose would be S-(3-chloropropyl)thioethyltriazene 62

and S-(2-chloroethyl)thiopropyltriazene 92 along with

CN

N-N-N-CH,CH,CH, SCH, CH,C1

92

S—(2—chlorogthy1)thioethyltriazene’§§. However, the tria-
zene gg turned out to be unstable and these studies were

carried out on the corresponding nitrosoureas 93 96 and 89.

Decomposition of Nitrosoureas 95 and 96

The décompositions were carried out at pH 7.2, 37°C.
One milliliter of a 50 mmol nitrosourea was allowed to de-
composé in a sealed vial for 72 hrs and the products were
analyzed by GC/MS following the procedure used for the
stfucturally related triazenes described in the experimental

section of Chapter III,.



Nitrosourea 95 kave 3;chloropropy1 vinylsulfide 74
and 2-chloroethyl,3-chloropropylsulfide 75, accounting for
73% and 8% of the alkyl side-chain, respectively. becics
hexyl isocyanate accounted for most of the nitrésoufea
(Scheme 23). Nitrosourea 96 gave 2-chloroethyl, 2-propylene-
sulfide 97 accounting for 69% of the alkyl side-chain. The
isomeric product 3-chloropropyl,vinyl sulfide 74 and
2-chloroethyl, 3-chloropropyl sulfide 75 accounted for 2% and
15% of the side-chain,rgfpectively. Cyclohexyl isocyanate
accounted for over 90% of the nitrosourea (Scheme 24).

The polarographic rates of decomposition of nitfagﬁur-
eas 95 and 96 determined under identical conditions are
very close (Table 13). This observation indicates that the
initial decomposition of these compounds proceeds via a
labile intermediate such as a diazohydroxide formed in a
rate determining step (Schemes 23 and 24).

The nitrosourea 95, like the corresponding triazene
gzk_failed to form any interstrand cross-links as anticipa-
ted and for the reasons discussed eaflier. When the nitro-
soureas 89 and 96 were allowed to react with DNA under
physiological conditions (pﬁ 7.2, 37°) the rate of inter-
strand cross-1inking produced by the former was higher com-
pared with the latter as observed over a period of 20 min
(Figure 14). This indicates that perhaps there is an
optimum chain length of a bifunctional alkylating species
for an efficient cross-linking of the complementary strands

of DNA. However, further investigation is necessary for a
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ABLE 1

Ll

POLAROGRAPHIC BEHAVIOR OF NITROSOUREAS 95
AND 96 DETERMINED )IN 5% AQUEOUS ACETONITRILE

Nitrosourea #95

Nitrosourea #96
»

B
oo



Percent Cross-Linked DNA

ol L | YUY S W W T

0 10 20 30 40 50 &0 120

Reaction Time (min)

DNA interstrand cross-linking of A DNA 1.0

A,.. in 0.05 M phosphate buffer pH 7.2 at 37°C

260
with 5 mM (A) nitrosourea 89 and (0O) nitro-

sourea 95.



;conclusivé statement in this regard.

The triazeneg 56 and 57 exhibit significant anti-
leukemic properties in animal test systems. Structural
modifications in the side chains of the triazene 56 and
the nitrosourea 89 invariably resulted in the loss of

activity (Table 14).

Cons&deration of DNA Interstrand Cross-Linkigghby

3-(2-Haloethyl)Aryltriazenes ’ _ .
LV

By analogy with 2-chloroethy1nitrosoureas45 one might .

anticipate the detection of DNA interstrand cross-links by
the 3-(2-chloroethyl)aryltriazene 16. Although, as has

been pointed out in chapter III, extensive alkyiaticn of -
both t@e bases and the phosphate tesidues of DNA by the
triazenes'is apparent the interstrand cross-links were not
detectable. A number of factors seem to be involved here.
First under comparable conditions the triazenes decompose
much more readily and thus give rise to a higher local con-
centration of electrophiles than the comparable nitrosoureas
bis(2-chloroethyl )pitrosourea (BCNU).68 Second itAis the
2-chloroethylation of the DNA bases by 2-haloethylnitro-
45,109 However the

triazenes, owing to their acidic activation,75 show a pre-

sourea which result in cross-links.

ferential reactivity towards the phosphite residues of
nucleic acids. This is reflected in the more extensive de-

gradation of RNA by triazene 16 (50% in 1h) compared with

\
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that produced by BCNU (16% in 1h). Third the onset of
interstrand cross-linking by 2-chloroethylnitrosoureas can
normally be observed after about 2 hrs of incubation at
37’545 Dufigg this time period the extensive amounts of
alkylation of the phosphate mesidues of the nucleic acids
(indicated by both the RNA and DNA experiments) leadingnte-
strand séission may prevent the detection of 1n§ inter-

strand links that might be farmeg by the aryltriazenes.

EXPERIMENTAL :

1-[2—[(2§ch1@r§ethy1)thip]ethyl]—Sgcyclghe;yl—li

‘nitrosourea 89 was prepared following the literature pro-

) 458 :
cedure. o)

S—{gfhydrg;yethy})th;ag;gpyl;piﬁe 83

2-Mercaptoethanol iié allowed to react with 3-chloropropyl-
amine following the procedure described for the preparation
of S-(3-hydroxypropyl)thioettiylamine 60. The amino alcohol

’
distilled as a clear liquid at 125°(0.2 mm).

Sf(Egghlprcethyll;bipﬁf@pylgpigeAqu;cchlar;gg 24

The amino alcohol 93 was chlorinated following the procedure
described for the chlorination of Ss(BQ%gdraxyethyl)thiee

ith?ll‘i§§,1D2
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(97

1-{3-[(2-Chloroethyl)thio]propyl}-3-cyclohexyl-1-

nitrosourea 25

§-(2-chloroethyl)thiopropylamine hydrochloride 94 (250 mg,

| 1.3 mmol) was deprotonated viéh triethylamine (150 mg,

1.5 mmol) in chloroform solution at 0-5°C. To the stirred
solﬁtion of the amine was added cyclohexylisocyanate (175
mg, 1.4 mmol) dropwise and the stirring was continued for

10 hours. fhe reaction mixture was washed with water,

dri;d (l¢804) ind concentrated under vacuum. On adding
-petroleum ether dropwise i-{3-lzschlcraethyl)thia]prapyl}ia—
fcycldhexqu‘fa precipitated as a white s0lid which was ’
pdrifled b; recr;ctallization from chloroform/petroleum
ethef 225 mg (62% yield); R.p. 96-98°,

v (c32c12-.) 3440)360 (KH) 1672.6 (C=0) cm™!,

Pmr (CDC13) § 0.9 -"2.1 (m, 12H, CES)‘ 2.82 (t, 2H, Cﬁg),
2.84 (t, 2H, Cﬁz), 3.23 - (q, 2BH, Cﬂz). 3.4 - 3.7 (m, 1H, CH),
3.64 (t, 2H, an), 5.14 (d, 1H, exchangeable, NH), 5.44 (t,
1H, exchanz;;ble, NH). m/e 242 (M-36), Anal. calcd. for
C,2B24CIN,08, C=51.70, H=8.25, N=10.05, S=11.49

Found C=52.00, H=8.44, N=10.04, 8=11.65

A 100 mg (0.36 mmol) portion of the urea was dissolved in

2 ml of 97% formic acid at 0-5°C, and 200 mg (2.9 mmol) of
sodium nitrite were sdded slowly over a 20 min period main-
taining & temperature of 0-5°C. After stirring the reac-
tion mixture for 30 min 10 ml of cold water was added. The -

mixture was extracted with chloroform, the extract was



washed with water, dried (EgSQé)i and the solvent was
removed affording the nitrosourea 95 as a yellow oil
60 mg (54% yield).

Vpax (CHpCl,) 3420 (NH), 1725.5 (c-c): Pur (CDC1,)

§ 0.9 - 2.2 (m, 12H, Cﬂz)j 2.5 (t, 2H, CEE)‘ 2.8 (t, 2H,

CH,), 3.6 (t, 2H, CH,), 3.9 (t, 2H, CH,), 3.7 - 4.1 (m, 1H,

CH);, 6.8 (d, 1H, exchangeable), m/e 271.1354 (calcd. for

i

C,oH,,C1IN;0,8, 271.1354, M-BC1). Anal. calcd. C= 46.82,

H=7.15, N=13.65, 8=10.40

Found C=46.60, H=7.15, N=13,97, S=10.41

1-{2-[(3-Chloropropyl)thiolethyl}-3-cyclohexyl-1-nitro- °
sourea 96
N

8-(3-chloropropyl)thioethylamine hydrochloride 60 was de-

protonated with triethylamine and allowed to react with

above. 1*(25[(3-Ghlgrapfapyl)thi@]ethylsﬁgayélahexylgrea
~was obtained as an off-white solid that was purified by
recrystaliizatian from chloroform/petroleum ether (66%

yield); m.p. 71°.

= Q) om™! .

Vmax (CEECIQ) 3420, 3360 (N-H), 1673.9 (

c
Pmr (CDCl,) 0.9- 2.15 (m, 12H, CH,), 2.5 - 2.8 (m, 4H,

2CH,), 3.35 (t, 2H, (W), 3.85 (t, 2H, cgg)‘fj 3.3 - 3.7 (m,

1, CH), 4.1 - 4.9 (m, 2H, exchangeable). M’ (278.1227,
calcd. for C12533313235- 278.1219),
Anal. calcd. C=51.70, H=8.25, N=10.05, S=11.49

Found C=51.84, H=8.36, N=9.83, 8=11.63



The urea was nitrosated as described for 95. The

_nitrosourea 96 was obtained as a yellow oil in 49% yield.
L]
_ ) ~ o 77777_1
Vorax 3400 (NH), 1725.9 (C=0) em .

Pmr (CDC13), 0.9 - 2.2 (m, 12, Gﬁz): 2.52 (t, 2H, CHE)'
» , ,
2.7 (t, 2R, CHz), 3.6 (t, 2H, CHQ), 4.0 (t, 2H, EHE)‘

3.7 - 4.1 (m, 1H, CH), 6.84 (d, 1H, exchangeable), M'.

307.1123 (caled. for C..H,

C1N,0,8, 307.1121).

8§=10.40

1 2

Anal. calcd. for N=13.6

[ ]
o

Found N=13.51, S=10.43

METHODS

- k1

Fluorescence Assay for Determining CLC Sequences in DNA
L3 L1 9 4 2 LLEE L]

Produced by Triazenes and Nitrosoureas

A 20 pt aliquot was taken at intervals from the reac-
tion mixture (50 mM potassium phosphate, pH 7.2; 1.0 ABEO
units of A-DNA; 5 mM drug; total volume, 200 ul) at 37°C
and added to the standard assay mixture (which was 20 mM
potassium phosphate, pH 11.8, 0.4 mM EDTA, and 0.5 ug/ml of
ethidium). The fluorescence after the heat denaturation

and cooling cycle compared with control times 100 gives the

percentage of CLC-DNA in a sample.

Detection of Type I and Type II SSS of DNA

The SSS of DNA was studied by fluorometric methods
using ethidium bromide assay as described in Chapter III.
Relaxed PM2-CCC-DNA 1.0 Azeo wags incubated with a 5 mM

concentration of the desired drug.



- 164

General Method for the Aqueous Deccmpqsitipﬁ of Nitrosoureas

All decompositions and analyses of the volatile

[« 9

e
composition products were performed following the procedure

given in Chapter IV,



CHAPTER VI,

ARYLVINYLTRIAZENES AND THEIR REACTIONS WITH DNA

Vinyltriazenes 98a-d have been suggested as sources of

vinyl cations.112 It was considered desirable to investi-

gate the chemistry and the biochemical aspects of this

class of compounds. A previous study on vinyltri’azenes112

2_,1 98-a, R =R,=C/fi,
I-N=N/ "R, 98-b, R =p-tolyl;Ry=CeHs
H 98-c, Ry=Cglls;Ry=CH3

98-d, Ry=CgHs;Ro=H

dealt with the triazenes extensively substituted in the

vinyl group. The present study has been mainly directed to

the triazenes unsubsfituted in the vinyl group for the
following reasons:

1 A vinyl cation has been suggested as a possible inter-
mediate in the aqueous decomnosition of antitumor 2-
haloethylnitrosoureas (Figure 15). Therefore, it was
desirable to generate vinyl ocations from an independent
source such as a vinyltriazene and study their chemical
reactivity towards biological macromolecules, principally
DNA. ’

2 For a given aryl grogp'of an arylvinyltriazene any sub-

stitution in the vinyl moiety reduceg the solubility of

a triazene in aqueous solutions. Since the in vitro

165
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reactions with DNA are conducted under physiological
conditions, the aqueous solubility of a compound under
investigation becomes an important aspect of its bio-

chemical properties.

Synthesis 13@,Prg;g;;ie:ngfgrylﬁigyltriggqug

The arylvinyltriazenes employed in this study were pre-

pared by coupling arylazides with vinylmagnesiumhalides

[Equation 5). In certain cases this procedure has been modi-
fied by substituting a vinyllithium for the Grignard re-
agent [Equation 6].

0
ArN + RD?iEng=—qk[AﬂHHgK}4&N4IE{ER]Eé!ﬁEAr4§#$hNA3§{HR (5]

0 F
Aﬂq *liﬁdzmis—aigﬂRLihmﬂtiﬁiiﬁj£é§§sgpﬂﬂ4hn{3413. [6]

X = Cl,Br

Although the vinylmagnesiumhalides condensed with p-
-cyanophenylazide without significant interference by attack
on Fhe nitrile group ”j observed earlier (see Chapter III),
the corresponding vinyllithiums seemed to attack the nitrile
group ihiéh limited their application. Several vinyl-
triazenes have been synthesized by employing these two
routes (Table 15).

The only example of an arylvinyltriazene unsubstituted
in the vinyl group 99 was isolated during an Ltt;gptad!:yns
thesis of the triazoline 100 [Equation 7],113 This reaction

is severely limited in scope since other azides give rise
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s » ‘
to the corresponding triazolines.

o .
P-NO,CH N, + 2012=§m2 —_ p-m2C6H4—V—N=N—M2 + 24e,30 [7]
) H

t 2
7~ N\
P-NO,CgHy N N
\ / 100
HC-—CB?
A

It has been commonly experienced that in order to obtain
&2 stable monoalkyltriazene an electron-withdrawing group in
the phenyl ring, particularly.at the p-position is essen-
tial. However, an extended conjugation provided by the
'vinyl group imparts an unusually high stability to the sys-
tem and it has been possible to isolate vigyltriazenes with
éubstituents on the phenyl ring varying from p-CN (strongly
electron-withdrawing) to p-oMe (strongly electron-releasing)
groups. The sfability of vinyltriazenes seems to correlate
with the substituent-effect observed in general for mono-
alkyltriazenes. Vinyltriazenes with an electron-withdrawing
group on*the phenyl ring are more stable than if the sub-

stituent is electron-releasing as indicated by the respect=

ive rates of decomposition measured“bolatographically in
Table 16.
# .
Vinyltriazenes like other monoalkyltriazenes can not be
: : t
purified by standard chromatographic methods owing to their

o
rapid degradation on solid adsorbeénts. The solid vinyltria-

<
zenes were purified by recrystallization. The compositions,
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. TABLE 16

HALF-LIFE (t}) OF ARYLVINYLTRIAZENES DETERMINED

POLAROGRAPHICALLY IN PHOSPHATE BUFFERED (0.01 M, pH 7.1)

(95:5 AQUEOUS ACETONITRILE AT 37.5°
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structures and purity of the present series of triazenes’

were established by spectroscopic measurements. The pmr

{
spettra showed that the vinyltriazenes were obtained in an

acceptably pure state and did not require further, purifica-

Unlike other monoalkyltriazenes, the vinyltriazenes exist

in solution only in tautomeric form A. Conversion of A toB

X X
N-N=N-CH=CH, —_—
A B

X = p-CN, p-Cl1, H,
p-OMe; o-OMe; 2,5 di-OMe

appears to be irreversible. When triazene 101 was subjected

to distillation under vacuum, in addition to its thermal de-

composition, the isomerization from 101 to 110 took place.

A similar isomerization was observed when 2,5-dimethoxy-
phenylazide was condensed with vinyléagnesiumchiaride in

the presence of magnesium bromide generated in situ under
anhydrous conditions. The isomeric product 111 was obtained
in a quantitative yield. A concerted [1,5] sigmatropic
migration of hydrogen may be involved ih the isomerization

of 101 to 110 (Scheme 25), ;




Scheme 25

CHq
Nag tmN—Nat-E *
S_OSN — N=N-N=C-H

110

The fragmentation patterns in the mass spectra of

vinyltriazenes ar

azenes reported in previous chapters.
other monoalkyltriazenes are acid labile which is reflected
in their rates of aqueous decomposition measured polaro-
graphically [Table 17].

Mass Spectral Fragmentation of 1—Ary1;3aViﬂy1tri;;eg§s

, 7 g L +
O )]
« x " "N-N=N-CH=CH ]y Ny |

) ) 2 i 2
/ ; -
| ~CH,=CH-N,H .
. g - icﬂz-c-NiN 5 =
x | X/&'H +
. u, | |

Decomposition of the Vinyltriazenes

Studies on the aqueous decomposition of monoalkyltri-
azenes reported in previous chapters were essential in

order to interpret their mode of action on DNA. A similar

similar to those of other monoalkyltri-
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TABLE 17

VARIATION OF HALF-LIFE (t}) OF Avrnunus:ﬂm
DETERMINED POLAROGRAPHICALLY AS A FUNCTION

OF SOLUTION pH AT 37.5°

GQ | ’
f -N=N-CH=CH,

102
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., study was conducted on selected vinyltriazenes 101, 109 and

110. The compounds were allowed to decompose at 37° in

phosphate buffered (0.1 M, pH 7.2) aqueous solution in gas- -
Lo - * . la u LLEL I
tight vials and e volatile products were analyzed by GC ‘

and identified by GC/MS. The involatile products were

-

separated by»ﬁiiahgtagraphy and Addentified spectrophotomet-

‘rically. Thus,~l-phenyl-3-vinyltriazene 1Ul and its isomer

-,

110 both gave Egetéldehyde accounting for 100% of the vola-

‘tiles, Aniiine'was the other common product from 101 and

s

110. The triazene 109 affgrded pf%pianaldéhyde and acetone
£ === " ‘

in the ratio 10:1 respectively.' o-Anisidine.accounted for

95% of the triazene 109,

Identification of acetaldehyde and aniline from 101 as

products of aqueous decémpasitian*daés not necessarily indi-

cate the 1ntermediaéy‘af vinyl cation since its isomer 1160

also yields the same products. However, detection of ace-

tone in addition to propionaldehyde as a product of aqueous
déc@mpééitiés of 4109 suppcrts‘the intermediacy of a vinyl
cation (Scheme 26). An SNE—type nucleophilic displacement .
at aﬁ!spg hybridized carbon is unlikely, therefore, the

formation of vinyl cations from vinyltriazenes in general is

1
plausible. .

The vinyltriazenes studied in this chapter give a posi-
tive test of alkylation with NBP (see chapter IV for intro-

-

duction to the reagent NBP).



Ar-N-N=N-CH=CHR

H’ ° L e

SCHEME 26

5
H,O

H

. AI_E_HSN;CH:EHR
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Action of Vinyltriazenes on DNA

Arylvinyltriaéenes alkylate PM2-CCC-DNA under ﬁhysiéi
lagical conditions as demonstrated by the ethidium fluores-

gepce assay. The rate of alkylation parallels the obsefved

rate of décampésitiéﬂséf winyltriazemes measured polaro--
- . l
" graphically in Table 18. ,
DNA Single Strand Breaks Induced by Arylvinyltriazenes
and the Nature of its Origin ' '
— — — .
- A praductian of SSS5 was abserved when a tridzene treat-
‘'ed PM2-CCC-DNA was incubated at pH 7, 37“3;3& assgyed at
'pH 11.8 buffer. v
Unlike other mcn@alky%tfiazeaes discusséd in the‘pre-
a a

vious ﬂhaptérs; vinyltriazenes show both types af single
strand sgiSSian; The origin of Type 1 SSS observed with "p
'Eghydrgxyethyltfiasenés has been related to hydroxyethyla- )
tion' of the phosphate residues of DNA (éée Chépter 111).

With aryivinyltriazeﬁes the Type I 885 is dependent on the
‘nature @ffﬁhe substituént on the phenyl ring. When the tri-
azenes 101, 102 and ;gi'ieré'allcwéd to react with DNA under )
‘ physia%ggical conditions the rate of -strand scission was
parallel to the Qbser%ed rate of stgand scission of Ap

DNA by the ccrrésﬁanding aromatic amines undér gimilar con-
ditions (Figure 16). On the basis of the latter observation
it may be concluded that the Type 1 SSS observed with the

vinyltriazenes is mainly due to base alkylation leading to

R
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TABLE 18 -

RELATIVE EXTENTS OF ALKYLATION, OF DNA AND RATES OF

, AQUEOUS DECOMPOSITION OF ARYLVINYLTRIAZENES

—_ — = ¥
” B

X

’ENENLCIA:]gCHE *’-zkr 7

H )

- % Loss of<Fluorescence td s
[ 37°, pH 7.1 in 30 min ($ec)? . .

T - . . ’ ’

0 7710 -
101 H 33 . 1536
104 p-OMe , 53 ° : 588

’ T =



8
né

N4

n2

* Fluorescence

1o

108

106

104

102

A —e I - | i

100 L—

Figure 16.

> b - - &
60 120 B0 240 300 360 420 480 540

Reaction Time [min)
Re\ic,t‘i‘oa of AP PM2-CCC-DNA incubated at -
379112$Hi7.2 with: 5 mM (O) p-methoxyaniline;
([j)\péiline; (A) p-aminobenzonitrile, or con-
troi.{lfluerescence values obtained withikh 30
sec of addition of 20 uf aliquot to pH 11.8

assay solution. ) : '
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depurinatidn and depyrimidination followed by Schiff base

formatiog7gfso with the released ;rgmétie amines. This

further results into strand degradation (Figure 16). The
Type 1 SSS observed with 104 was .rapid and extensive which

prevented the detection of the Tﬁﬁe I1 S55. However, the

Type II SSS was confirmed in the case Df the less reactiv:

triazene 106 employingsb&%ic as well as enzymatic hydra-

lyses (see Chapter I11). Thevinyltfig;eneswe:e }nnctiﬂ;

in vivo in sthndard animal leukemia test systems.

EXPERIMENTAL

1-Phenyl-3- vinyltriaze es

.General Procedure

¢ A solution of the aromatic azide (10 mmol).in anhydrous
ether (2-4 ml) was added slowly to a stirred solution of

vinylmagnesium bromide 1in tetrahydrgfuraﬂF(TﬁFléL;L4mm31)

over a period of 30 min. After stirring for another 30 min. .

5 ml of cold water was added followed by a saturated aqueous

solution of ammonium chloride just enough to éisééive all

the solid. The aqueous sclution was Eitrgctedfin ether

(2x10 ml). The ether layer was washed with water ang

-

‘dried (lgSO4). On evaporating the solvent the wWinyltria-

zenes weré left behind in acceptably pure state. Agy at-
tempf to.purify liquid triazenes by p;epsrn;ive chrgmata:
graphy on silica, florisif or aluminsa was unsuccessful 7

owing to rapid decomposition on these surfaces. The solid

produc.ts were ’recrystgllised from CH2Clg ata low t;émpers,ture.

L

N\

P
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. This prccédu7e afforded the following triazenes.

1-Phenyl-3-vinyltriszene 101 -~ X

L ] . s .
Viscous liquid; pmrgﬂéﬁcla _ gss) §4.85 (4, 1H); 5.15

(d, 1H); 6.7 (m, 13);;35i 7.4 (m, 5H); 11.14 (br, 1H, ex-
changeable); M', 147.Q793 (38.42%), (calcd. for CgHgN,;

147.0797); m/e 1%?;@715 (2.33%) (!aNEi calcd. for CBEQNE'

119.0736); 93.0577 (100%) aniline. v___ 3300, 1733 and

1600 cm™ !,

1-(p-Cyanophenyl)-3-vinyltriazene 102 i .

Yellow solid, m.p. 120°; pmr (CDCl,) $5.15 (4, 1H);
5.45 (d, 1E), 7.1 -~ 7.4 (m, 3H), 7.6 (m, 2H), 9.55 (br, 1n,
‘exchangeable); M' 172.0750 (28.37%) (caicd. for cgagxé;
172.0750); m/e 144.0685 (3.87%) (M-N,, calcd. for CgHgN,,
144.0687); 102.0343 (100%); v 3253, 2200, 1600 em~}
and 1590 @™l | |
" .

1-(p-Chlorophenyl)-3-vinyltriazene - 103 ; .

Yellow solid m.p. 68°; pmr (CDClg) & 4.75 (d, 1H),
5.0 (d, 1H), 7.0 - 7.3 (m, S5H), 9.6 (pr, 1H, EIGﬁlﬁgéiblé)ggai;;éﬁx
u* 181.0104 (45.90%); m/e 153.0339 (0.95%), 127.0184 (p- |
3160, C

chloroaniline, caled. for CS”ENCI, 127.0170); Vmax

1680,
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;f(pfﬁethaxyppggg;)fﬂfviﬂxlggggzgne 104 M

: (A low gelting h%grascnpic solid); 'pmr (GDCl, -30°) ‘
§ 3,75 (s, 3H), 4.5 (d, 1H), 4.75 (d, 1H), 6.8 - 7.45 fm,
50), 9.0 (br, 1H, exchangeable); M' 177.0899 (39.44%), .
’ - _ _ = = _ . 5 _ E o _ ) = _ ,7,
(caled. for CgH, N,0, 177_633?), 149.0830 (1.71%) (M:N,,
calcd. for (CgH, NO 149.0841), 107.0505 (100%); v, . 3280, )

4
1720 and 1600 qm!. ; {},

-
1-(o-Methoxyphenyl)-3-VinyltriaZene lﬂiffsfgj; :

(Viscous liquid); pmr (CDCl; - 30°) ¢ 3.75 (s,

5.05 (d, 1H), 5.4 (d, &), 6.7 - 7.55 (m, 5H), 9.75 (4

calcd. for CgﬂllNSD, s

calcd. for gggilﬂa

@xchangeable); Mt 177.0902

177.0902), m/e 149.0852 (@
] ’ * :
149.0863), 123.0684 (100%) o-ani

”_]
cm

3330 and 1800 .

. & ,
1-(2,5-Dimethoxyphenyl)-3-vinydtria

(Viscous liquid); phr (CDC13 -30°),

( §3.75 (d, 6H), 5.1 (d, 1R)

L 3
6.75 (d, 1H), 7.1 - 7.35 (m, 2H), 9.7 (br, 1H, exchangeable),

=T T -
fiﬂé\x o 1° - DC ) ” for * ] i NO.,
Ty \m/e 179.0945 (0.74 for 'C, oH, 3NO,,



o
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The following isomeric mixtures of propenyltriazehes

were prepared by the following general procedure. /

!

20 Mmol of l-bromo-l-propene(cis-trans mixture). was

stgkén in 15 ml of dry ether, To the solution was added 205

.. of freshly cut lithium after thoroughly washing with

leum ether. The reaction mixture was stirred at room
- % B =

F

started inlgaut 5 minutes. After stirring for 20 min the.

reaction mixtQre turned slightly yellowish indicating com-

plete lithigtion of the bromoalkene. To the vinyllithium

was added 4 1 of aryl azide.diluted with 4 ml of dry
ether at room temﬁeratuféi Afﬁérgstifring the reaction
mixture for 20 min any unreacted lithium was rgmévéd mechan-'
ically and the cooled reaction mixture was treated with
dilute ammonium chloride solution. The etheré;gyér WaAs re-

. e = = -
moved, washed with cold water and dried (MgSO,). On evapor-.

ﬁiting ether the vinfltriagenes gseparated in & reasonably®

+

pure state. The following three triazenes prepared by this

procedure were formed as viscous liquids and could not be

_further purified.

1-(Phenyl)-3-(1'-propenyl)Triazene 107
. .= o o o ;\ T o .
.(Viscous liquid). pmr (CDCl, -35°) & 1.9 (d, 3H),

5.2 - .25 (2m, 1H), 6.9 - }.5 (m, 6H), 10.25 (s, 1H, ex-
c

11V3

1161.0963), mfe 133.0871 (2.43%) (M-N,, calcd. for CgH, N,

changeable); M~ 161.0949 (39, 56%) (calcd. for Co]
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133.0892),93.0577 (100%), (aniline, calcd. for CgH,N,

93.0578).. ' ;o
1-(p-Methoxyphenyl)-3-(1-propenyl)Triazene 108

= s o T
(Viscous liquid). pmr (CDCla) § 1.7 - 1.85 (24, 3H),
3.7 (s, 3H), 4.8 - 5.9 (2m, 1H), 6.7 - 7.4 (m, 5H), 9.4)(bf;

1H, exchangeable); M' 191.1055 (calcd. for C,,H,,N,0

191.1059), 163.0986 (1.71%) (!gﬂg, calcd. for Cloﬁigﬂé

163.0997), 123.0684 .p-anisidine, 107.0505 (100%).

- 1-(o-Methoxypheny1)-3-(1'-propenyl)Triazene 109

"(Viscous liquid). = (pmr, CDClB
-3H), 3.8 (s, 3H), 5.3 - 6.3 (2m, 1H), 6.8 - 7.2 (m, 4H,
aromatic), 7.55 (m, 1H), 9.7 (s, 1H, exchangeable), M
19;i1056 (25.58%) (caled. for C15513N391W191'1055)*
163.0988 (1.38%), (H:NQi'calcd, for CIQEZEND 163.0997),

123.0629 (100%) o-anisidine. v_._ 3333 and 1600 cm L,

Isomerization of 101 -+ 110

Triazene 101 was dis®illed under vacuum (.2 mm) and the
fraction at -100°C was collected. The product was identi-
fied as l-phenyl-3-ethylidenetriazene 110. The compound wiijfs

identified by its distinétive pmr spectrum.

E N=N-N=CHCH, 110

-
et



pmr (CDCI,) 6 2.15 (d, 3H), 6.5 - 7.4 (m, 5H), '
7.8 (Q, 1H), m/e, 119.0734 (M-N,, caled. for CgHgN !

] 2!
119.0735), 93,0435 (100%) aniline. ' '

SUMMARY

This study has examined a num?er of aspects Diithe
cpémistry of several types of monoalkyltriazenes. Followfng
«rom our conclusions in the_fifgt phase of the study ne;
types of alkyltriazenes wereisyntbesized incorporating
structural features which have pesulted in significaﬁily in-
creased antineoplastic activity in animal test éystems!
Polarography has proved to be a éQH?EDiEﬁtrtéchiqué for
measuring the relativé.stgbilities gnd.fates of decomposi-
tion of the triazenes in aqueauslsglutiénsg Tﬁé increase
in ratés of dégampasitian of triazgnes on lowering the pH
of the médium suggests that the m@nealkyltriazéﬂes may -ex-
hibit some selectivity for tumor -tissues that exhibit
slightly lower pH than thé normal tissue, 2-haloethyl
alkylating %pegies have been detected in the décémpasitiaﬁ‘
of 2-haloalkyltriazenes. Evidence was also abtaigéd for
the preéence_qf a triazoline intermediate from a 2-chloro-
ethyltriazene duriﬁg agqueous decgmpasiiiéni Some evidence
for the presence of an episulfonium speéies has been obtained
ig the aqueous deccmpasitian'ai S-(EGGthrDEthyl)thiaethylf
,triazenes. . Indication of a parallel pgthway possibly in-

volving a triazoline type intermediate was also obtained.



" The essegti;1 st?ﬁctﬁ:ni features heeessgry-tc promote DNA
interstrand cré;séligiing which empirically appears te.en;'
hanéé their Eﬁ?iléHkEﬁiQ préﬁertiés have peen delineated by
model stﬁdiesﬁ‘ |

The reacéiané of triazenes with %urifiéd;DﬂA ﬁ;ve also
been studied. Inradéitian'tafalkyiaticni Sé(z—shlaraethy{);
thiaalkyltrigzenes that genefaté bifunctional alkylating

agentigpreduee DNA interstrand cr@ss-iiﬁks as evidenced by

gthiiium fluorescence assay. The studies.indicate a pre-

ference for alkylation ol phosphate residues 6f DNA by

*

/ i
monoalkyltriazenes.

1%

DNA dégradgt;gn!by monoalkyltriazenes of the following
structuf;l types has also been ;xamined%whgfe triazene in-
duced single strand_scission (SSS) depends on the nature of’
the glkyligraupi iTypé I SSSrwhich results from phosphate
aléylatién_is extensive in the case of hydroxyethyltriazenes
while 2=h§1ééthyltriazenes appear to react 1§rgé1y via
Type 11 SSS of DNA by base alkylation followed by depurin- //f‘
ation or depyrimidination ahd subsequent hydfaifsis of the /
AP sites. | , (

Using vinyltriazenes it was possible to investigate the
chemical properties under-physiological conditions and fbe
passibleibigl@gical significance of vinyi cations vhicb.
bave been previously postulated as intermediates in the
aqueous decomposition of 2-haloethylnitrosoureas, and of
the aromatic amines which are generated from iquegﬁs decom-

position of aryltriazenes. Only the aromatjic amines with
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electron-releasing érﬁups appear to exhibit activity towards

formyl groups at DNA AP sit§5 via Schiff bases which
_may be of biological signif,f”nce.

The results highlight significant differences between
the underlying chamistry of the monoalkyltriazenes and the

structurally. related nifrosoureas. These differences may

reflect the different modes of gct{gg in vive of the two

classes of compound. ‘ i‘ssg—\\‘
o .

By
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APPENDIX

DNA STRUCTURAL FEATURES"

Since the basis of the various assays employed in this
study is the ability of ethidium bromide to intercalate in
‘the duplex regions of double helical DNA, it is imp@rtégt
to diécuss briefly the nature of DNA for the proper under-
standing of the mechanism of action of the drugs.

In 1953, Watson and Crick described DNA (B form) as a
%Fublé helix having two antiparallel polgnucleotide

;chaiﬁsa;lg

The most significant features of the proposed
structure of DNA are shown in@Figure 18. DNA is partially
compoged of four aromatic heterocyclic base%:raéenine (A),
guanine (G), thymine (T) and cytosine (C). These four
bases are linked together by B-glycosidic linkage to the
C-1' carbon of the deoxyribose sugar to.form the four cor-
responding nucleoside moieties. The twg free hydréxy
groups on the deoxyribose sugar are esterified with phos-
phéric acid to yield nucleotides. These nucleotides are

O B

connected together to form a sequence of nucleotides : =
joined through phosphodiester bonds at both the C-3' and
C-5' hydroxy groups of the deaxyribose. The hydrogen bond

-

ed base pairs form a plane which is 3.4 A in thickness. CE -
Each base pair is aligned appfgximately 36° relative to the
base pair immediately below it. The double helix makes a
complete turn every 34 X, and each turn contains approxi--

mately ten base pairs. The phogphate groups on the bmck-



3a i

[y

Figure 18.

W (D)

Schematic Representations of.the Hydrated '"B"
Form of the DNA Molecule. (A) depicts a side
view of a segmepnt of the double helix which is
composed of two helically wound ribbons con-
nected by dark lines (base pairs) to the deoxy-
ribose phosphate backbone. (B) and (C) repre-
sent GC and AT base pairs respectively. (D)
represents a distorted (flattened) view of a
DNA segment.

190




-
bone make DﬁA highly negatively charged and allow it to
interact with molecules céntainiﬂg positive charges, fhe
sugar-phosphate chains as shown in Figufe 18 are separated
-by about 120° which greatesithe alternating mijgr gné‘
minor grooves along the axis of the double gzliﬁ@

The PHELQCCEDNA consists basically of a closed cir-
culer cavalentlyélinked DNA double hél;x coiled in a right-
handed fashion (negatively supercoiled). When an inter-
calator interacts with the base pairs of DNA, the neigh-
boring base pairs are locally unwound and separated to

.create a space for the insertion of thé intercalat;r (Fig-

Sure 19). 1In the éase_af PM2-CCC-DNA the process of inter-
calation results in unwinding of the nétive figﬁtahanded
superhelical turns until the strand® no i@nger have a
superhelical structure. The free energy décrease from the
superhelix u;cailing is added to the free energy of drug
binding. *If more molecules are 1ﬂteréﬁlatédj £hé Buper-

helix is forced to rewind to form a left-handed superhelical
. : ~

structure (positively supercoiled) and part of the free

energy released is expended to compensate for the free !
energy associated with the reversed supercoil formation
(Figure 20).

The amount of rotation of base pairs from the native
position ié deYined as the intercalation unﬁinéing ;ngle.izﬂ

The unwinding angle detjfﬁined for ethidium bromide is 26

i ’ /



Figure 19.

Native DNA (left) and DNA containing inter-
calated molecules (right).

Figure 20,

Schematic Representation of the Uniinding'
Process of CCC-DNA.

L 4

N
»
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