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resultlng from tha decomp051tlons
!

possible raactlve 1ntermed1ates
[ A,

hydr&&gde, cycllc chloronlum 1on
2-imino-N- nltrosooxazolldlnone hav
potentlal reactlve Species.,

2- Haloethylnltrosoureas have

and produce interstrand Cross-link

:

=y )

aphlcally The products

{

'suggested a number of

A 2—choroethyl diazo— .

1,2,3- oxadlazollne and

e all been examlned as

\
)

been observed to alkylate

S 1in DNA The cross-

llnklng was observed to 1ncréase w1th 1ncrea51ng pPH in

the range 4- 11, 1ncrea51ng G+ Cc

linking phenoménon

. Nltrosoureas were also observ
51ngle strand §Cission (SSS) of tw
is most ‘extensive for 2- hydroxyeth
appearq to rosult frem the formatl

esters.‘ Type II SSS results from

by depurlnatlon or depyrlmldlndtlo
. A

\

ontent of natural DNA

ed to produce DNA

O types. Type I Sss
ylnltrosoureas and

on of DNA- phosphotrl—‘
base alkylation followedq

n. /The labile apurinic



e\ther enzymatlcally, by hlqh pH COhdlthnS or by reaction

» - . I
witth an approprlate amine. -

-

The cprrélation of-antileukemic activity ‘With DNA -

s= llnklng initiated the design of new compounds Con51der—
ing. flve aspects‘ (1) Compounds whlchdkave shorter half—

'llves, (1&0 compqunds with leQV1ng groups smpegipr to
chlorine, (iii) related niErosothioﬁreqs, fiv)‘chioroethYl
- alkylating agents.from.éfhér compounds and (v) compghnd§
in which the.alkyla%iné portion of thelmolecule_Waé E
modified. Cross-linking ability and in'uivoAactivity were

compared wheﬁ possible.
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INTRODU&TION
4 An investigation into the mechanisms by which
nltroooureas interact with ccllular constltu@nts must by

its ng%ure involve a'number of research areas This study.

attempUs,to.detail the chemical mechanisms involved in

“the decomposition and subsequent interactions of nitro-

. o , 5 o
soureas with. purified DNA. ‘Howecver, prior to reporting

4 .
the reésults of this dissertation, .a brief introduction

-

concerning previous studies of the moleco lar mechanisms
- b

of the biological biochemical and chemical effects of

nltrosoureas will be pPresented.

" The Cancer Chemotherapy National Serv1ce Center has

routlnely screened a wide variety of compounds for

+ ’

therapeutic activity against murine leukemia LlZlO In "

the early 1960's the activity shown by nyethyl N'—nltro—

1 A - -
N- nltrosoguanldlnes 1 stlmglated further 1nvest1gatlonl 4

¥
of compounds whlch mlght result in dlazoalkane alkylating

{

, ﬁH .
. CH3N(NQ)CNHN02
| 1 I
. . - f
agents. Initial studies of the nitrosoguanidine took -

place at Stanford Resenrch Institutel’2 with the related
nitrosoureas rizgs{igated at Southern Research Institute;3’4

It was soon observcd5 that intraperitoneal injection of

| -
, . - ant



S .

N—methxl—N—nitrosourea 2, 1n contrast to the nltro—

soguaﬁldlnes and many other typlcal chemotherapeutlc
)

E alkylatlng agents, resulted in’ activity agalnst 1ntra—

Cerebrally inoculated leukemia Ll210 cells. Structure
modification of N- methyl N- nltrosourea 2 produced

1-(2- chloroethyl)-l—nltrosourea 3 and l—(27fluoroethyl)—
. \\\ . -~ '
l-nitrosourea 4 with significantly enhanced act--ivity.3’4

°

C1CH.,CH.N (NO) CONIL. FCH.,CH.N (NO) CONH

. 2
R é: N ‘ ) ) i . .

o

2

Many such analogueé con£a1n1ng the 2 chloroethjl m01ety
vand nltroso function on the N- 1, and a w1de variety Q;
alkyl, aromatic and heterocycllc substituents oh the

N-3 positions of the urea have since been prepared fgr

in vzvo testlng 304, 6. Jweof the most active derivatives,
l,3—bis(2—chloroethyl)—1—nitrosoufea KBE&U) 2 and ’
l—(2—chloroethyi) ~-3- cyclohexyl l-nitrosourea (CCNU) 6

have recently been released for commerc1al preparation
o] -

and clinical dlstrlbutlon under the trade names carmustine
“

and lomustine, respectively.

\

c1CH2CH2N(NO)CONHCH

4
,

,CH,C1

CH,C1

'NHCON(NO)CHZ >

. 5 ' . e 6

S

d
The biological activity of the nitrosourecas and

nitrosoguanidines is thought te result from thei -



! .
decomposition ‘under phy51olog1caL conditronsiwithoutl‘
enzymatlc actlvatlon to produce iazoalkane alkYIating“
agents- and 1socyanatts.7 rrevious work 1nvolv1ng the
relatlonshlps of ‘the tucm1cal propertles, lﬁpophlllc1ty,
‘ alkylatlng activity and carbamoylatlng propertles, to
‘therapeutlc usefulness resulted in tﬁe suggestlons5 8-10
that the alkyla%ﬂng portlon of the nitrosourea is
respon51ble for therapeutic effects, the 1socyanate in-
volved “arbamoylatlon is related to tOYlClty effects
and llpOphlllClty allows transport of the drug across the

blood brain barridr. while' all three aspects appe- r'

important for phy51olog1cal act1v1ty, it was the correla—

More recen.tlyll it we - observed that l—(2 chloro—

ltrosourea 3 is a very actlve antltumor agent.
both <¢n vzfro and inw;zvo but does‘not generatF an organic
isocyanate upon aqueous decomp051tlon This observatlon
supports the hypothe51s_that the antl Jmor act1v1ty of .
the nltrosoureas is due prlmarlly to thelr ablllty to pd7
':act as alkylatlng agents | o

he effects of alkylatlng agents 1n brologlcal systems
at tHe molecular level .are not well understood Alkylatlng

agents react with v1rtually every cell component and

producc a number of blochcmlcal results The nitrosoureas

-



‘inhibit the synthesrs of DNA, RNA and protcins,im'vflrs
and 7xn vivm.lg;vﬁesearch‘to elucidate the coecific steps
¢ this inhibition has shown that l y 3-bis (2- chloroethyl)

©

! nltrosourta (BCNU) 5 as well as 2 chloroethyl 150—

:°hcyanate 1nh1b1t nucleotldyltransfc rase actrvrty to a

larger extent than N- méthyl ~N- nltlosourea 2. 13 BCNU 5,
CCNU §, 2 chloroethyl lsocyanate and cyclohegyl 1socyanate

inhibit the activity of ! ;.cur&DNﬂ polymerase II but have nohf

effect on DNA polymerase T. 14 DNA polymerase IT is

. sensitive to thiol blocking agents,15 and thus carbamoyla—‘v
{tlon of the‘e zyme by 1socyanates generated in the
ydecompOSltlon.of nltrosoureas has been suggested15 as the
.hmechanlsm of t is 1nh1b1tlon Wheeler has concluded15

that the blologlcal effccts of nlirosoureas are due to.

- DNA damage by. the alkylatlng portlon of.the molecule and.
'1nhlbf§ytf\of the repalr process by the 1socyanate
generated. |

DNA deptndent RNA polymerase from | rlich ascites

CLllS is lnhlblted by MNU 2 or N- propyl-N-n" trosourea,16

3

.'.whlle BCNU 5 has been -shown to 1nh1b1t the transport of

RNA from the nucleus‘lj Inhlbltlon of proteln Synthesis-

‘has been 1nterpreted as resultlng from changes in poly-

ribosomes after treatment with nltrosoureas 18
Alkylation ey be generally’defined according to

thevfolloWing equation{



Nuc. + R-L ——— R-Nuc. + L~

\
Cmm

'Nuc. is thc nuclcophile ;hichiis aikylated.apd R 1s an
alkyl group attgzzed to a lcaVing group L.vf‘%ereAarei
essentially two‘courses for the alkylation to lelow.
At éne“cx?reme is the SN2 process, in which Nuc. ‘attacks
R—ﬁ?with-chcomitant loss of L”. This rei Lion normally
fgllows secéﬁd'ordgr kiﬁetics énd is dependent on the
,gconqentration ofibo£ﬁ.specie$. In contrast, the SNl
proceséﬂinyochs.two steps, initial'ioﬁization of ‘the
alkylatingvééént'tbva carbonium ion R%, followed by rapid
fééctipnuw'th the nucleophile. AThis reaction follows
fi:st ordé! kiﬁetibs since the rate determining step,
’formation of the carbonium ion, 1is de?endent only on- tne
concent;atibh-of the'alkyli irg agent.
~ A number of factors may influence the coﬁrse of a

-'pégéiéﬁla£ réac£iQn.  where.charged transition states or
interﬁediates occur during the alleétion, polar’éoiVénté
such as water will tend to lower activation éngrgies and
stabilizé iﬁtermediates. ,Similar-reébﬁions occurring ig
vnonpolar solvents lb | . |

‘will be considerably slower. Neighboring groups can play

an important role in assisting the displacement of L from

R and producing stabilized interymediatces which react as
alkylating agents. Typical examples involving neighboring
group barticipatioh include the sulfur and nitfrogen

mustards where Chemically reactive three membered
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aziridiniuﬁ/and sulfonium ions, respectively, are

produced. 19 e »
_

The products resulting from DNA alkylation depend upon

the Syl or S 2 character of the reactlon and the reacgﬁﬁlty

" of the pParticylar s1te on the DNA macromolecule v The

nucleophilic sites in DNA potentially resulting in base

alkylation are shown below:

Guanosine - Adenosine

(o%\Nl i

Cytidine . : " Thymidine



Typical SNZ alkylating agents react with the 7 position. of

guanosine. 7-Alkylguanosine méy account for 90% of the
total ba -~ SLbStitUtiOﬂ.zO A number of @ther sites in-
& : ' ‘\

cluding *he 1,3 and 7 p051tlons of aden051Q€&and the 3

position of gytidine have also been shown td'react with
. 21

alkylating agents.“".

The structures of the nucleosides shown above are

~

the accepted major tautomerlc forms observed in aqueous
solutlon. A recent rev1ew by Beak22 on thevenergles and
alkylatlons of tautomeric heterocycllc compounds suggests
that the extrapolatlon of tautomerlc equilibrium constants
from one molecular envlronment to another fs unwise. The |
fact that tautomerization‘energies can be controlled by
local molecular environment may result in the presence,
in base Qﬁired hydrophobic areas of the DNA duplex, of
"rare" tautomeric forms of puriﬁes and pyrimidines.to a
:different 1egreeiphan was thought possible on the basis
of agueous solution studies.

~Beak22;also suggests_thatvif the factors which
determine the ground Staté energy difference bétween-
tautomers, also control the relative trgnsitfonfstate
enefgies for‘the first step,of)an alkylation, then the
. product formed will have the alkyl groupvattached to the
heterbatom which does not bear the proton in the major

tautomer., Such a‘'result, which is more likely fbr cases

'involving g reactive alkylating agent and an early



transition state, have been reported for the reactlon of

methyl fluorosulfonate with various tautomeric hetero-

cycles.23 The COLversion»Of 7 to 8 pProc. ds in 903 vyield

[~
| o

upon reaction with this highly reactive methylating agent.

Other procedures result in less than 25¢ conversion.

Recent research24 suggests that a number of minor !k
|

DNA alkylatlon products may be blologlcally more signifi-
cant than alkylation at N-7 of guanosine. Ludlum?22 has ¢
reported that N-7 metthylated poly G permlts the 1ncorpora—'b
tion of cytldlne re51de\s in the same manner as’ does

vpoly G. Alkylatlon of the 0-6 p051tlon of guanosine has

been reported by Loveless 25 ThlS, 1n addition to cytidine

=

. N- 3 al}ylatlon, mlght resu]t in 81gn1flcant mlspalrlng

and mlscodlng of bases. Lawley et al, 26'27 have descrlbed
alkylation of the N-3 position of guan051ne and the 0-4-

S .28-30 .
position of thymldlne Singer -has descrlbed the
alkylation of the 0-2 position of cytidine as well as

‘nearly every potentially nucleophilic site of polyuridylic



v \ ‘
acid including the 2'-0 position of the ribose.

While alkylation of tpe internucleotide phosphate
groups has been more diffiéult fo éstablish, wak by
Ludlum31 with‘poly A and by Freese and Rhaese?2 using
dideoxynucleotides has shown indirectly that esterifica¥
ti&g\gf phospgétes do€s occur significantly with ethyl-
aﬁing agents. Bannon and Verly33 havé reportgd conclusive
evidence for the fqrmdtion of ethyl phosphotriesters in
DNA and their stability under phyéiological conditions
of pH 7.5 and 37°C. Phogphate alkylation may have a roie

, 5 .
in thﬁrapeutic activity since the phosphotriesters formed
can.proceed'eithgg chemiﬁally or enzymatically to DNA
degradation in the form of single strand bréaks.zl

Alkylating agents which are bifunctional can of course
undergo a second alkylation after initfal aftachment to
the'DNA. Bifunctional akylating agents have generally
been obsefvea2obto be more lethal than their monofunctional
counterparts. The.formation of interstrand and/or intra-
st -and DNA cfoss~ligks beﬁween tﬁo guanine residues in the
case of sulfur mustard have been observed by Brookes and
Lawley.34 Evidence for the'existeﬁce of interstrand DNA
cnoss—linksifor other bifunctional alkxlating agents has
been'obtaingd using a number of techniques including
reversible denéfuration experimcnts,35 spectréfluorometric
assayé36 and inhibition‘of alkali-induced strand separa-

. /
tion.>’ i

i
{
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Sinc® the observation21 during World War 11 that
exposure'te mustard gas [bis(2- chloroethylﬂﬂulfide] 9
resulted in bone marrow suppression similar to that
produced by radiation interest in aikylating agents
'which are selective for fast proliferating cells has
initiated a wide search for new and more selective drugs.
The first such studies undertaken during World wWar II
by a group at Yale University, involved the study of
tris(2—chloroethyl)amine and its effect on diseases. of i
the bone Mmarrow. This study, later reported by Gilman,38
~was the first to establish the effectiveness of alkylat-
ing agents against certain malignancies as well as
determining the'two major disadvantages, (1) toxicityito
the host and (i1) developmeéent of drug resistance by the
tumor.

Clinically useful alkylating agents can be arranged
in four basrc categories (1) sulfur and nitrogen mustardsf
(ii) aziridines and epoxides, (iii) methanesulfonates
and (iv) nitrosoﬁreas (Fig. 1). fThe last group of cbmpounds,
the nitrosoureas, are of very great Practical and theoret-
ical 1nterest and are the subject of this: dissertation.

The nitrosoureas have a certain speCifiCity for
'neoplestic tissue, however, .a number of toxicity factors
including loss of hair, bone narrow depression and

immunosuppression can be obsecrved after treatment with

theseﬁdrués. While the alkylating activity_of the

0
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MUSTARDS - ' AZIRIDINES AND EPOXIDES

CH3

- cren, i teit, | RN
. ClCH2CH2NCH2CH2Cl | er/ §j/N
/ ‘ N\}%N :

Nitrogen mustard

- ‘ N
' s
ClCH2CH2\\ . \ 3 / \ : N
. o .
(CH,) ,CO,H . . TEM 7/
ClCH2CH2 » .- . _
Chlorumbaci ’([fN 37 P=S
‘ Thiotepa
H
O
N/ . .
ClCH2CH2 P
\\N// \ ?;7-—CH(OH)CH(OH%—§§f
‘ClCH» H2 ‘ ,
Cyclophosphamide Dianhydrogalactitol
METHANESULFONATES NITROSOUREAS
; ; 9
t . | , I
CH3ﬁOCH2CH2CH2CH2OﬁCH3 ClCH2CH2§CNHCH2CH2Cl
0O ' O NO
.Bisplfan BCNU-
LHBSO3CH3 ? |
i -
Methyl methanesulfonate NHCNCH2CH2C1
I
NO
CCNU
-9
/ N | FCHZCH:ZITICNHCHZC»HQF
NO
) BFNU

Figure 1. Clinically useful alkylating agents (methyl
methanesulfonate is listed for its theoreticaf

]
interest only).



nltrosoureas dppears to 'be related to therapeutlc

aspécts +8-10 rhe spectrum of activity is somewhat
dlfferent than observed for other chemotherapeutlc alkyl-
atlng agents. 21 Tumors which have de reloped resistance to
drugs such as the nitrogen mustards are sometimes sensi-

tive: to the nitrosoureas. 21

The reasons for’preferentiel cytotoxicity by nitro-
Soureas sre not well understood When the rates of
macromolecular synthe51s are used to measure the extents
of cellular damage,39_ 3 nltrosoureas‘appear to react with
both host and neoplastic.tlssues, but, whlle the hosr
tissues readily repair damage as measured by recovery of
macromolecular synthesis39_42 nedplastic tissues repayr
cellular damage only slowly.39—42- While repair mechanisms
are not fully understood, the selective effects of alkyl—
etingvagents on neoplastic tlSSUG may be related to such
mechanlsms rather than totan intrinsic difference in the
alkylating reactions which occur ln‘host and neoplastic
cells. 1 | ’ o |

The original hypothesis7 that N—methyl—N'—nitro—

N- nltrosoguanldlne 1l and N- methyl N-rnitrosourea 2 decompose
under phys1olog1cal conditions to produce dlazomethane7

has since been mOdlflGd Additional experiments43—46 con—‘
flrmed that alkylation of biological_materials does occur
"by these compounds. Alkyletion with N-methyl-N'-nitro-

N-nitrosoguanidine l; N-methyl-N-nitrosourca 2.0r

-



N—ethyl—N—ni;rosourea 10 labelledlﬁith Yo ana 3 or ‘n

in the methyl o:r ethj@ group resulfcd in prbducts.witﬁ the
.Same ratiog.of Lsotopes as in‘tﬁe parent compounds.43_46
S}nce producticn of the diazoalkane intermediate reqﬁires
proton loss fromn thz methyl or etﬁyl grod;;‘this radio-
isotdpe:work has lcu to the Suggestion15 that a diazo-
hydroxide is the active alkylating ageﬁt.. Adéitional
@ork by Br-undrett,47 using BCNU—a—d4 11, showed that upon
aqueous decomposition,>all of the 2—chloroeth§hol isblgtéd

contained two deuteriums.

ClCHZCDZN(NO)CONHCDZCHZCI

11
© The cérbamoylating ability of the nitrosoureas has

48-50

been observed by their reactions with lysine. Addi-

-

tion of CCNU 4 to proteins followed by hydrolysis yielded

N6—cyclohexylcérbamoylilysine.48’49 More recently it -

was shownsp,that carbamoylation of N2'of lysine occurs:-

more extensively than carbamoylation of N©, Similar

—

reactions with BCNU produced N6—(2—chloroethylcarbamoyl)—

”lysihelkgwhiCh can cyclize even at room temperature to

fOrm'oxazolinyl groupk‘li.so

13.
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In addltlon to carbamoylatlon and alkylatlon nitro-
soureas have been observed to be respon51ble for, nucleic
acid dcgradatlon >1- 53 but whethen thls degradatlon is a
resultuof_alkylation;followed by enzymatlc processes has

not been‘determined ' The present laqb of*understandlng

.

14.

corcernlng the extent @f DNA degradatlon and the processes.'

‘SO 1nvolved was addltlonal 1mpetus for the present study

The prlmary Objectives dec1ded upon in an attempt

1ntermed1ates 1nvolved ' Since: alkylatlng act1V1ty of the

<

|
-‘nltrosoureas has been observed to correlate w1th

therapeutlc effects, a study of DNA base alkylatlon was
carried out u51ng a sen51t1vc eth1d1um~brom1de fluor—
escence assay -The mechanlsms of DNA degradatlon also

requlred addltlonal 1nvcst1gatlon _ "
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After a detailed examination of chemical mechanisms

..involved in the rcactions of nitrosourcas with purified

DNA, attempts were made .to rationally design and synthesize
new cempounds which might exhibit'superior reactivity with
DNA. Extensive structure activity studies invblving the

nltrosouroas have been prtv10usly reported. 2,3,15 Howeve-

these 1nvest1gatlons have generally resulted in modlflCC'

tion‘of th carbamQYlating portion of the‘molecule.‘ The
Present study has involved two additional aspects: (i) the
modification of nityrosqureas in an attempt !« increase

their alkylating ability and (ii) the'des?qn of compounds
which might produce nitrosourea-like reactive intermediates.

, ?
In addition to the in vitro assays outlined in subseqguent

chapters <n vivo data was obtained fcr new compounds when-

ever possible.. . T
. . ~ N /y — " . .
Rather than detail the extepsive work which has been

7 ' .
reported recently for the decomposition and chemical mode

of action of the nitrosoureas at this time, a brief
discussion of the relevant work s it applies to successive

aspects of this study w1ll 1ntroduce cach of the subsequent

chapters
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CHAPTER TWO ;
STUDIES RELATED TO THE SYNTHESIS

AND DECOMPOSITION)OF NITROSOUREAS

. While there has been some dlsagreoment as to whether
.base catalyzed docomp051igon of nltrosoureas such as "P
(

N-methyl-N-nitrosoureas INU)  2° 1nvoLyes nucleophlllc

attack at the.nltroso functrén54 or the carbonyl,55 o%
involves peron abstractlon,56 recent Qork57 has 1nd1cated .
that the latter possibility is the .more likely e@ent

The diazotate 14, 15 (Fig. 2), produced under ba51c ";

conditions, or the diazohydroxide 16, .17 (Fig. 2), existing

~J

in neutral solution can be of the syn 17 or ant< ig form
(Fig. 2).58 Rotation about the N-N bond is sufficiently
restricted to prevent facile syn - anti isomerization.59

Syh¥diazotates can be inﬁependently prepared60_62 by the

action of potassium tertiary butoxide on the appropriate

P
N-nitrosocarbamate (Scheme 1). They readily decompose63'
N Scheme 1 -
O O- y N—— N '
+ ’ - 0]
Il K -OtBu . // \\ _ A
R-N-C-0Et > R-N-C-0OEt| —»R O K + EtOCOtBu -
' [ | . T
N=Q ' N OtBu
0]

in aqueous media to form diazocaIfanes 18 and/or carbonium

L

iohs 19 presumably by hydroxide ion elimination assisted -

by the anti positioning of the nitrogen.lono pair (Fig. 2).



Figure 2.

150
: i base
O 4
R—CHZN/U\NH
Il ©
& N=0 .
SN
+ b =
R-CH;" 00
cs
lHZO
N=N
R-CH5 "~ "~ NOH
7
l-HO'
 R-CH,-N,® (
'H/ -Nz
® 0
R-CH=N=N- R-CH, ®
18 19

Basc catalyzed decomposition of N-alkyl-N-

nitrosourcas.



18.
_dAntz—dlazotates, prepared by nitrosSation of monosubstltuted

! ®
hydra21nes (Scheme 2)60 62, are less reactive than the syn

A o
: Scheme 2
N=0 ' N\‘.N/
EtONO _ | : /
R-NH-NH, —— .y R-N-N-H| ——» R + N.O
N 2 4+—- @ . ' . 2
K' ocCH, |
: N=0

isomers and can be dissolved in cold water without reac;
tion.59 Heating induces diazoalkane and/or carbonium ion
formation concelvably through antl > Syn isomerization. >9
.Whlle the syn isomers readily undergo S 1 type react1v1ty63
it is p0551ble that the anti analogues are predlsposed to
low ,ctlvatlon S 2 react1v1ty Nucleophilic attack at

the nltrogen bearlng carbon would release. the electron
Pair of the carbon- nitrogen bond to assist in an anti-
elimination‘of hydroxide ion ang produce the alkylated

nucleophile 2 (Fig. 2). SNl reactivity can be expected

of the anti isomer when it undergoes cleavage of the C-N

lng in a carbonlum ion 21, a mechanisn whlch has been
suggested for the dlazotlzatlon of pPrimary amines. 64

In 1967 Montgomery et aZ.65 reported that the agueous
decomposition qdeCNUié resulted Primarily in formation
of acetaldchyde wfth a small amount of 2- chloroethanol
also present. Baded on this result they suggested that

l

a vinyl cation wagd the primary alkylatlng Species generated



from BCNU 5 which produccd acctaldchyde upon hydroly51s
Montgomery concluded65 that BCNU 5 decomposes in an
"abnormal" manner comparcd with MNU 2 and that rather than
forming an alkyl.diazohydroxide, loss of HC1l initially
produced a substitut%d 2-imino-N-nitrosooxazolidinone 22
(Fig. 3). ~Proton loés from this intermediate co:ld then
result in an isocyanaté 23, a vinyl diazohydroxide 24
‘and/or a vinyl carbonium ion 25. Additional evidence.for
the vinyl alkyiating species Qas obfq}ned by the decomposi-
tion of BCNU 5 in a saturated zﬁﬁégﬂ/b}omide.solution.66

GC mags spectral analysis of the decompqsition mixture
indicated that vinyl bromide, resulting frém a vinyl
alkylating species, was present. At this time they also
reported that the ratio of 2- chloroethanol to acetaldehyde
could vary significantly. 1In dlstllled water acetaldehyde
predomlnated while in solutlons buffered near physiological
pPH 2—chloroethanol was‘the major decomposition product.'
Convérsely, y,3—bis(2—fluoroethyl)—l;nitrosourea (BFNU) gg,
was observed to ¢ '« mpose and produce almost exclusively
2—fluoroethan§l, presumably due to the greater strepgth

of the carbon-fluorine bond.

In l974»research by Colvin ﬁélal.67 indicated that

the decomposition of BCNU 5 in a neutral aqueous buffer

produced 2-chloroethanol and acetaldehyde in a 2.7:1 ratio

19.

(63% é—chloroethanol, 23% acctaldehyde). Minor amounts ’////

' -

of 1,2-dichlorocthane and Qinyl chloride werc also



N

Figure 3. "Abnormal" dccompélsition suggested fo

r BCNU

I

20,



identified. A second paper by éolvin et aZ.ll reported\
that similar product ratios resulted from the decomposition
of CNU 3 and ccnu 6 under comparable conditions. Th;y
suggesﬁed that Zrchloroethyl—nitrosoufeas did in fact
undergo "normal" decompositionbcomparéd with MNU 2, pro-
dﬁgfgé the 2-chloroethyl diazohydroxide gz'and/of 2-
chloroethyl arbonium ion 28 (Fig. 4). Additionally, it
was obszrvedll that the tréatment of‘ghloroethylamine with
nitrous acid produced 2-chloroethanol and acetaldehyde

in a ratio similar te that bPreviously obse;ved for fhe
aqueous decomposition of BCNU 5. Since the nitrosative
deamination of émines is known to'producgvcarbonium iOns,68
this product ratio led t; the suggestionll that all of the
decomposition pfoducts Observed couid‘be accounted for on

the basis of a 2-chloroethyl carbonium ion 28 (Fig. 4).

Research by Garrett and Got069 had indicated that N,N'-

disubstituted nitrosourcas decomposed to produce carbonium

)
1

ion-1like species which were sutfject to réarrangements.
_Investigatioq by‘Reed'ct aZ.7O Suggested that
2—chlorbethanol was the major product frofm the decomposi-

‘tlon of 1—(2-chloroethyl)—3—(4—methylcyclohexyl)—l—nitro—

of sodium bromide.

Brundrectt ¢y aZ.47 investigated the decomposition of

BCNU 5 which had been labelled with deuteriums on the,

. f

21.



Figure 4.

27
© .
-Nz,*OH ~
Cl
' | ‘ e, .
H,0 CICH2CH2@ * CHzl_.,C-.:H?'
' gg///// o ig}ﬁ;:
H,O | .
' .{V : “‘\\
. > @ :
CICHZCHzOH CH3CHCI
H,O
CH3CHO

"Normal" decomposition suggested for BCNU'§.

22.
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4
carbon atoms adjacent to the urea nitrogens (BCNU—a-—d4 11) -

or adjacent to the chlorine atoms (BCNU—B—d4 gg); The

ClCHZCDzN(NO);ONHCDZCH2C1 ClCDZCHZN(NO)CONHCHZCDZCI

11 - 30

Id

observation that BCNU-u—d4 11 produced acetaldchyde with
no deuterium on the carbonyl carbon and that BCNU f—d4 30

produced acetaldehyde which contained a deuterium on the

carbonyl carbon argued against the v1nyl carbonium .lon

i
)

mechanlsm (see Fig. 3) proposed by Montgomery. Brundrett
concluded that rearrangement by hydride mlgratlon of
the 1nltlal 2 chlorocarbonlum ion followed by hydrolysis

/

was the most llkely mechanlsm to account for acetaldehyde
p/oductlon (Fig. 4). This same investigation reported
that in approximately 5% of the chloroethanol and 5% of
Uhe chloroethvl ether isolated (presumably produced by
chloroethylatlon of)somc of the chloroethanol), both
/Geuterlums had migrated to the adjacent carbon. This
/suggestou that about 109 of the decomposition proceeds
Jthrough a cyclic chloronium 31 ion (Fig. 4). .

| Avsecond recent publication by Brundrett ang Colvia7l
described the decomposition of l,3—bis(urjthrm—B—chlofo;

2-butyl)-l-nitrosourea gg and 1,3-bis(iirin-3- chloro 2—

butyl)—l—nitrosourqa'}}. Slgnlflcantly more :ﬂyg\—alcohol /



g o
H cH : H - CH
C1 ¢ 3/U\ <3 el
N N
S H HW,
? H CHy N=0 CH,
32
- CHj
cl. .
. ) N/
H CH3 =0
33

was isolated from eryith;starting material as well as
erythro:élcohol,from threo-starting material . This
implied that some attack s; water occufredv(ca. 1/3) by
.an SN2 mechanism involving the diazohydroxide. The
/remaining alcohol resulted from,SNl attack of the frée'
éarbonium ion or chloronium ion. Significant amounts of
substltuted v1nyl chloride derivatives were also obtalned
presumably through elimination reactloné\\ Although the
decomposition pathways for these compoundé have been
rigorously examined, a direct pdrallel wﬁth the décomposi—

tion pathways for BCNU S remains in doub§\§ince both

1
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carbon centers which potentially are involved in nucleo-
Philic reactions aré_in this caselsecondary carbon atoms.
The present study was carried out in an attempt to
clarify the‘chemistry involved in the decomposition of
2—haloethylnitrosoureas Suitable modification of the
2= haloethylnltrosourea structure might increase the con-
. -
,trlbutlon of minor decomposition pathways (such as via
the 2- 1m1no—Nﬂ11trosooxazolidinone) as well ‘as confirm
those previously suggested"g'o“47’7l By determining the
reactlve intermediates 1nvolvcd in- the aqueous decomposi-

tion of 2- haloethylnltrosoureas, subsequent lnvestigations

involving t;;}{ reactions with DNA could begin.

Synthesis of‘Nitrosoureas . !

The nltrosoureas usod in this study have bce
synth931zed by reaction of the appropriate amine With the
desireq 1socyanate followed by nltrosatlen Structure
modlflcatlons were usually carried out prior to ths\
Aamine—lsocyanate condensation as some ruvactions, pParticularly

chlorlnatlons with thlonyl chlorlde, reuulted in urea

" @
degradation (see the von Braun roactlon72). Monosubstitutod
ureas were prepared by the reaction of ‘an amine hydro-

chlorlde with pota051um cYgnate as shown in Table 1.

/
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Table 1
R—NHj'HCl + KOCN - R—NHCONH2 + KCI

R Compound

CHB_ N-methylurea 34
CHBCH2— N—ethylurea 35
ClCH2CH2— o 2—chl%roethylurca 36
ClCHZCHZCHz- : . 3—chlo§opropylurea 37
ClCH2CH2CH2CH2— ' ‘ 4—chlorobutylyrea 38
ClCH2CH2CH26H2CH2— ) S—Chloropentylurea'i_

>

Symmﬁtrical disubstituted ureas in SOme 'cases were
Prepared by addition of the appropriate isocyanate to
water Containing triethylamine. Initial hydLolySis og
the isocyanate to the carbamic acig followed by decarboxyla—
tion produced I n uzzx an amine. Reaction of the amine

with remalnzng lsocyanate resulted in the symmetrlc ureas

shown in Table 2.

Table 2

- ) H.0
' R-NCO —2_ 4 p_ -NHCOH

o

R- NH + CO

. y 2
A
R~NHCONH-R ’ . » , ’
R Compound
_— _
ClCH(CH3)CH2— , l,B—Bis(24chloropropyl)—l—nitrosourea 40
c1cx2cn(cn3); , 1,3—Bis[l—(chloromethyl)ethyl]—l—

nitrosourca 4]



!

1,3—Bis(2—chlorocthyl)urea’£g>wa prcparod3 by the slow
addition of aziridinc 43 to phosgence 44 as shown in°®

Scheme 3. Nucléophilic attack by aziridine on the carbonyl

Scheme 3.

. N o
o I
[>NH + COCl2 I e—— [DN—C—Cl -+ HCl:,

" etc ' '
ClCHzCHZ._NHCONHCH2CH2C1 <« l:ClCHZC}izNHCOClJ

42 $

releases hydrogen chlorlde which opens the azlrldlne rlng.
Addition of a21r1d1ne 43 to phosgene 44 in the presence

of a base_produces carbonyl—l,l—bisaziridine 45 which can

then be treatc;l3 with aqueous hydrobromic acid to produce °

l,3—bis(2—bromoe£hyl)urea 46 (Scheme 4). l,3—Bis(2—

Scheme- 4
DNH + COCl, + base ———» DN—C—NQ

43 a4 45

< HBr

BrCH2CH2NHCONHCH2CH2Br

46

iodoethyl)urea 47 results when 1,3—bis(2—chloroethyl)hrea

42 1s trecated with sodium 1odide"in refluxing acetone. '
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UI]S}’ﬁUﬂ‘ ;;‘j(?aJ. (1@?1u1;5t'it11t<'d',u1fc¢1s' caul.}jcz Lqu[)JJfékl, in’
principlec, b; th‘puthwuys}‘ AuthJon of thOLocthyl—
amine to phcnyi iﬁocyanqto or(ad01tioq ofrauiline to 2- X
chloroethyl lsocyanate } JOth result in 1-(2- chlorocthyl)—
3—phcny]uré; ;gi Comp;Lnds prepared b/ thlS route arc
shown in Table 3. e |

Tabléi3,' f 
R.—*NC.O.+ R"—an ©» R-NHCONH-R' =

R R' i - uréa !
o . e L
clcu,cn - Céﬁé—  ,l—(2¥chloroo§m’l;—3—pheny1ufca.gg

' C6H5— ClCHzghz- Q—k2—chlorocthylj—3—phenylﬁrea 48
-éGHlﬂi 4 ClCHZCH2; 1—(2—chloroothyl{—3:cygloﬁexylurca 49
@zHil— _?CHéCﬂér ‘ 3—?yclohcﬁylfl—(Z—fluoféétﬁyl)grpafgg
C6Hll— | BrCH2CU2— ‘i—(é-brom@é?hyl)—3—cyclohexylurea §l
‘CﬁHllf : UOCHZCH2— 3ﬁcyclohéxyl~l—(2=hydrdxyéthyl)urea“§g'
.C6Hll ‘CH3O¢H2CH2f .3—cyclohoxyl—l—(2 metho>yethyl)uroa 53

‘ClCH2CH2— E¥CH'OC T - 1-(2- chloroethyl)—3—Q—methOXyphenyl—

3776775
‘ ‘urea 54
le2CH —‘p N02C6H5 l—(2-chloroethyl)43—B—nitrophcnyl—
' ' ' ‘urea 55
~cicn2CH2- (ciy) - l—(2fchlor60thyl);3,3—di@¢thylurea

¢

“ § i
Triethylamine can be usgd to conscrvg an expensive

amine by dVOldan prior 1solation of tho froe base "Th

1- cyclow‘ y1-3- (2—fiuoru@thyl)urca'29 was prepared from

us,,

28.
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cycloh- . isocyanate, 2—f1uoroethylamine hydrochloride

and excess triethyl amine.

Nitrosation of the cus was always the final

' : . ¥
synthetic step as the p oduct: are unstable to héat as -

//;;11 as to basic conditic s a1 i, therefore, subsequent

»

&

<synthe£ic stcpsrwpre not feasible. Three mcthods of

nitrosation wer. employed:

(1) Agqueous nitrosation using sodium nitrite in

@iiutg'hydrochloric or sulfuric

,

acid was most valuable
o

L

for monosubstituted ‘and symmctrical disubstituted urcas

providing they had some watcfﬁsolubility as shown 'in -

Table 4.
'2§§}0«4 : B b
] ."'Nc";INO2 | ' .
RNHCONHR' . ~ — - RN {NO) CONIIR!
L ’ HC1 or ﬂ2504 “ , R
R T R' | Compognd
Cﬂ3— , - -H ‘N—metﬁy;—N—nitrqsourea 2
CCH,CHy- -l N-cthyl-N-nitrosourea 10
ClCHZCHz— . -H l—(2—chloroethy1)—l—nitrosou;oa 3
ClCHéCH2—' -CHZCH2C1 l,3fbis(2—chloroethyl)—l—nitrosoufeé 5

(i1) Nitrosation in 98% formic acid using .solid sodium

nitrite added portionwisc was most effective for compounds

which were not wiater soluble, as well as unsymmetrical

disubstituted urcas (Table 9). " Under thesce conditions,

29.
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unsymmetrical disubstituted urcas were nitrosated at “he
less hindered amidic nitrogen as first obscrved by

Montgomery.3‘,Proton.magnetic resonance analys_ s of the

!

prOSUcts confirmed this initial observation “~r the nitre—
sourees prepared in this study. MixtUres oI _he isomef%c
nitrosation pro’icts can be observed Jhen the formic acid
contains as little'as 5-10% water. |

Sodium nitrite in formic acid most probably results
in formyl nitrlte 71‘ a_spec1es,reportedly observed
speet:OSCOpicallyi73 Mentgomery suggGStSB.thaE the
transfer of the nitroso group in 98% fofmic acid occurs
through the cyclic intermediate. 72 shown in Flgure 5.
The use of a cyclohexyl or similar bulky R group attached
to one of the urea nitr;gens results in exclusive nitro-
sation at the 2-chloroethyl amidic'positioh. The isomeric
coﬁposifion abpeqrs to depend on the relative'stabilities
of the ﬁWo possil.e cyclic intermediates.

(1i1) D@nitrégen tefraoxide“(N204) in dfy ether
resulted'in good yiclds of N-nitroso derivatives. It
does not reselt in the regioselectivity of the previously
discussed method but is especially'valuable in cases )
where the product exhibits Qéter solubility and rema‘ns

in the aqueous nitrosating medium.

s " .a

Decomposition of the Nitrosoureas

Figure 6 outlines detailed mechanistic steps of the

decomposition pathways as suggested by rescearch outlined

31.
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CICH,CH, H AR

CONHR ]

CICH,CH;—N-H
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| ClCHZCHZrT/[KNHR
\ ~NO

Figure 5. Sclective N-nitrosotion at the less sterically

Ay

hindered amidic nitrogen.
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in the introduction. When the 2—halouthylnitrosouroa 74

decomposes in a "normal"” manner (Pathway B) the . .
diazohydroxide 75 and/or thc.c,n—diazohydrOHide 76 are
prodﬁcod. SN’ reactivity b; the anti isomer results. in
hleCt]&nOl 77 while SNJ reactivity producés the 2—haio—

thyl carbonium lon 78 or cyclic ha;oothonium ion 79.
Thesce intcrmcdiates may undergo hydride tfansfer (Pathyay
B') to form the halocarbonium»ion 80, which upon. hydrolysis
prodgco; acctaldchyde 81. Oiah has reported74 that in
supcracid media the cyclic haloecthonium ion 79 and halo-
cérbonium ion 80 do néE interconvert. Hydrolysis of the
2—haloetﬁyl carbonium ion 78 or cyclic haloethonium ion
Zg_producos 2-haloecthanol 77a. SNl reactivity would be
expéctod from the sjﬁ—diazohydroxide 76 producing the
alkyl diazonium ion gg'which‘may rcact directly with
wéter or, loSe nitrogon to produceozg and 79.

o "Abnofmal" decomposition (Pathway‘A) reéuits in the
‘N—sub:tj ated 2—imino—N'—nltrosoowazolldlnone 83 whlch
decom, - s to form the’ d1a7ohvdrOXJQes 84 SN2 reactivity
at an Sp) hybridized carbon 1s unlikely so reaction of
-the vinyl diazoh}droxidcs 04 is most brobubl\ by’SNl to
“form the vinyl carbonium ion 85 ~which rcsults in acectal-

dehyde 81la.

Stgdioc Rolut(d to tho D(hOﬂ,)NJLlon RatO"Wof ltrOSOULfaS

Tho fTirsy asp(kt of the an(qLJgJLJOH of the decompo-

51tlon of nltzosour<q< involved the determination of\Eheir

i



| | - | 35,
stabilities in aqueous pH 7.1 buffered sclution at ;::ZT\E\\

\V/Bpé&{\these conditions nitrosoureas decompose to produce
their reactive intermediates without enzymatic activation.15

75,76

While Wheeler et gl h@ve used the uv absorbance of

the nitroso function to monitor decomposition rates iﬁ
5% ethanol/watér buffered to pH 7.4, other methods have
been less direct. Loo and Dion77 deveioped a colorimetric‘
procedure based»én'the release of niﬁrous acid and
Montgomery et aZ.6 measured the rates of nitrogen and
carbon dioxide evolution during,decompositipn. The latter
method involves analysis after a series of steps and
measures dVera17 rates of decomposition to form final
. products. Polarographié analysis employing the‘electro—
chemically active nitroso group proved to be a convenient
and sensitive method for‘determining directly the rate |
of the first step éf the decompositicon of the nitfdsoureas.
All of the nitrosoureas studied showed two well~

défined,polarographjcwaves independent of pH, and the

polarographic pardmeters E and 1i..- 'were casily mecasured.

1/2 lim o
Thesé waves in neutral solution correspond to the revers-
ible reduction éf the N-nitroso group to the hydroxyamino
group78 followed by reduction to the'amino group, both
proéesses requiring two electrons. The two waves‘argi
often but not always of eéual“height. In all cases'thesé

waves decreased. with time following the aqueous decompo-

sition of the nitrosourcas (Table 6). In no cases were
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any waves from reducible decomposition products dbsorved.
This implies that tho decomposition products are trans-
icnt‘and/or electrochcmically.inactive in accord with the
suggested primary decomposition pathways (Fig. 6). 

Plots of the logaritQm of the diffusion-limited

current against time were always linear for both waves

permitting determinétion of the rate constants for the

decomposition at pH 7.10. values of the rate constants
' . ¢
were determined.separately for each wave. 1In nearly all

cases these two calculated rate Constqnts were identical
wifhin expefimental error and.thé repofted values ére

the mean of at least two measureménts; the error cited

1s the author's eétimafe and varies with number of
kinetic runs, definition of the pdlarographic waves, and
lineariﬁy of the logariépmic plots. The reported rate
constant §alues are calculated from half~life values
vmeasﬁred over at leasg onc half-life except fbr Very slow
decompositions. The rates ahd.potentials‘in the partially
nonacuecous cases Are ndt strictly'compérable with those

in aqueous solution. For eéxample, BCNU in aqueous solu- -

-

tion had a half—life_of 79 min, however, in 5% acetonitri;e

!

-the half-lifc dropped to 52 min (Table 7). A similar

change is observed for BBNU. .

The ratcs_of the first step of the decompositions
of the'nitro§ourcas measured clcctrochemically (Table 6)

: . ' . : . 75,76
are not entirely in agrecement with previous studies. !

38.



Table 7

Solvent Iffects on the Decomposition Rates of Nitrosoureas

RII(NO) CONIR!

39.

5 R R' solcht tl/z(min)
5 CICI,CH - '—cnzcu2c1 1,0 pll 7.1 | 79
5 C1CH,CIl, - ~CH,CH,CL 51 acctone 72
5 .c1cH2cn2— ~Cil,ClI,C1 5% ethanol 69
El CICH,Cl,~  ~CI,Cl1,Cl 5 acctonitriie' 52
62 BrCH,Cl,~  ~ClLCH,Br 11,0 pil 7.1 52 .
62 BrC'HZCHZ— ~CH,Cli,Br 5% acctonitrile 36

However, it is evidont'ffom ?pb}c 7 that the decomposition

;atos are highly dependont on the Solventisystém. 'There—

fore, it is not uncxpcocted that the rates measured in the
‘ :

present study differ from thosec of Wheeler in which case

¢

. ethanol with the compound
5,76

the compounds were examined in

-~ L,

initiallyfdissolvcd in acetone.
It may be observed from Tablc 8 thap, as anticipated,
the raté of decomposition of BCNU gvincreﬁscs progressi&ely
with increcasing pH in the range 4.4 to 8.0.
A free ~NH2 group 1in the urca Strﬁcturo as o oin
CNU 3, MNU 2, ENU lg, 1~(3—chloropropyl)—]—nitrosourea 57,
1—(4Tchlorbb¢‘yl)—l—nitros@urca 58, and 1-(5-chloropentyl)=

I-nitresourca 59 conciderahly accelerates the rate of



Table 8

pH Effects Upon Decohposition Rates

o Compound | temp. pH tl/zmln

5 BCNU 22° : 4.4 3890490

5 BCNU o222 7.0 . 734170
‘ &

2

BCNU 22° 8.0 481+15

e

decomposition relative to BCNU 5 or CCNU 6 (Table l);

N

Lack of an N-H proton as in l—(2—chloroethyl)~3,3—dimethyl—

l-nitrosourca 70 scverely inhibits decomposition in agree-

ment with provious wofkll (Table 6). Thesc results

~

suggest that loss of the N-1I proton 1is the first,étep
of the decomposition of 2-halocthylnitrosolreas in
C : R . . .56,57
accord with reccent results of Hecht and Kozarich
involving the decomposition of-N—mcthyl—N—nitrosourea 2.
It is cvident from Table 6 that compounds which
have identical structures, except for the halogen sub-

stituent, do not always have similar dcecomposition rates.

i

- While BFNU 26 and BCNU 5 have comparable half-lives,
BBAU 62 and BINU 63 dccompose significantly faster (BINU

v L o '
63 is measured in 5% accionitrile and, therefore is not

strictly comparable). It can also be observed that in

the serices of - compounds which contain a cyclohexyl

[

roup and a 2-subostituted cthvl nitrosourca (62, 5, 2
. P el = ."

66, 67), the half-lives vary considerably (Table 1).
- A J



41.
For the substituents -Br, -Cl, -F, -OH and -OCIll. the
3

respective half-lives are L9; 69, 73, 186 and 1445 min
(Table 6). As the leaving ability of the substituent
decreascs the half-life increases (again the -Br and
-Cl analogues are not strictly comparable). This implies
that loss of the Substiiuent‘aftorvinitial proton
abstraction (or transfer) is a significant decomposition
pathway for some nitrosourecas.

since a 2-imind-N -nitrosooxazolidinone 83, (Fig. 6)

intermediate first suggested by Montogomcry6$ 1s 1in
on

. /
agreement with %he two previous obscrvations (proton
.. !

abstraction followed by. loss of the halogen), the electro-
chemistry of N-nitrosooxazolidinone §g79'was investigated.

o
N

e

89

.The polarogréphic data for this cpmpound are listed in
Table 6. Its rate of hydrolysis under the same condifions
is con ‘derably qutor thanAthqt obscrved.forﬂfluoro—

and chloroethylnitrosouroas‘but compardblo to the bromo-
and .iodo- doriQativos. The two half-wave potengials are
so.closo\to those obscrved for the 2—hal§othylnjtrosouroas

L

@
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A

that it cannot bLe distinguishcéd from th.m in dilute

solutions, The obSurvatjon 5y an'gomoryG-that 2~ (2-

chlorbcthyldmjno)—2—o d/OllnC 90 is isolated after agueous

buffercd dccomeSJLJon of BCNU 5 as well as the observa—
40 , 2

tion that carbamoylatlon of lysine at the N or N Q&

position with 2- chlorocthyllsocyanate results in cyllzatlon

to form Oxazolinyl groups (13 Chapter 1) indicates that

-

‘cycllzatlons 51mllar to that suggested by‘Mohtgomery are

Ay o
Clch CH;NHL——<§&i]
90
knqwn. g?Io\wever, whether a Z—imiho—N—nitrosooyazolidine
83 (Fig. 6) is 'an 1ntermed1ate in the decomp051tlon of
nltrosouroas cannot be determined from . the electrochemlcal
data presented. ' ' a
From rate data'at dlfferent temperatures (separate

study, Table 9) the Arrhenlus parwmgters weﬁﬁ derlved for

"BENU ZQLRBCNU 5, BBNU 62 in aqueous pH 7. l solutlons as

—

follows: log a3
. s _

Ea, 24.4 1 2.9,

—20.1 ¢ 1.4, -21.¢ - o.7L ~22.3°+ 1.8,
\€<5-1 1.0, 27.2 4 2.3 kcal/mole.
Despite all efforts ﬁp resuits ccould be.obtéingd for
BINU 63 in aguedis sélution, and so BBNUlggjénd éINU 63
‘weré both examined in 4.8%_acetonitrile with the following

results: log A, 18.9 + 1.6, 19.9 « 1.0, p. 24.0 1

1.5, 24.8 1.5'%kcal/mole. on the basis °f - se results .

WC estimate the values for log A and Ea for L% 63 in

i
p

(

42.
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Table 9
- i )
- h \ . N o
Temperaturce Dependence of Nitrosourca IMNNIrolysis Peaction

; T
Compound . Temparpature half—life{} ' log k
' (°C) (min) o (x, scc—lf
\
BFNU 26 28 220 2430
BFNU 26 . 37 76 | -2.898
BFNU 26 41 | 38 ~3.202
BFNU 26 47 . - 20° - -3.468
BCNU 5 28 288 C -2.318
BCNU 5 37 | YR ~2.852
BCNU 5 41 49 - ~ -3.085 |
BCNU 5 47 :2ok, ~3.468 // ‘
BLNU 62 | 28 161 ~2.571 *
BENU 62 37 52 ~3.063
BBNU 62 - 41 24 | ~3.403
BBNU 62 47 11 : -3.729
BBNU* 62 28 103 ~2.765
BBNU* 62 . - 37 | 36 . ~2.317
BBNU* 62 41 | 27 ©-3.353
BBNU* 62 47 " 11 ' -3.745.
BINU* 63 28 | 182, L -2.517"
BINU* 63 S37 58 " -3.012
BINU* 63 s . 39  -3.189
BINU* 63 _ 47 16 - =23.566°

In 5% CH3CH (v/v); othoerwice agueous; pll 7.1, 4




. 44,
agqucous solution as: log A, -23.3 *+ 3.0; Ba, 28.0 ¢

3.0 kcal/mole. " The plots of the logarithm of the diffusion

~-

. \ .
current against time from which the rate data were derived
were 1in all cases linear over at least onc half-life.
The Arrhenius-plots were also ih'all "lve cases linear

and the error limits given are the standard dev1atlons

-

The values of E* obtained in this study are within experi-

.

mental error of those obtained for SLmllar compounds~under

similar but not identical conditions in the spectrometric

69 -

study of -Garrett and Goto.

-

Studieg Related to the Products Resulting from the

Decomposition of 1,3—Bis(2—haloethyl)—l—nitrcéoureas
The 2—haloothylnitrosdﬁreas are‘considered to Qndergd
;decomposition by two majof;pathways (Fig. 6) yielding as

major products 2-haloethanol 77, 77a, aéetaldehyde 81, 8la

and an isocyanate 91, 9la. While the isocyanate 91, 9la is
produced in either pathway A or pathway B, 2—haloethanol

77,

~

7a 1is only producéd ggrough pathway B. Acetaldehyde

x©
o¢]

la'can be produced thlough elther mode of decomp051—

tion, however, Brundrett S work.47 has indicated thatﬁthe
contribution of the cyclic chloronium ion‘zg,”aqq pre-
lsumably acetaldchyde 81 v{a pathway &, in the decomposi;
tion of BCNU g,tis only 10¢% of j@e total as measurcd by
deuteriﬁm scrambling<in thé pro@uctg isolited. Therefore

- 13

) 5 | B . .
a rclative increase in acctaldelyde production in the
i

’ |

o ,



docpmpositjon,of a scerics of related njtro§ouruas might
indicate a Signjficant éontribukjon.by pathway A 07 the
2—imino—m—nitrosooxnxo]idinono 83 (Fig. 6). 1 compafison
of the yroduct ratioé after &ecomposition waéjmado for

four nitrosourcas;: BFNU iﬁ' BCNU 5, BBNU'Q& and BINU 63

[

(Table 10). The four derivatiyos were suspended in a

-

Table 10

D((OmpOulthn of 1, 3 ?15(%ﬁﬁg}ooth”l)—llnitrosouroas
= v

3

QXCHZCHZN(NO)CONHCHZCH2X -,
X ,’ 2 u13cno : .
P | 18 . , : 80
cr Y25 % o | 61 |
Br .39 ’ 14
I - 66 - : 0 '

PH 7.2 buffer and ihcubated at 37°C in a sealed glass vial

for 24 h: “Product analysis.of the decamposition mixture

was made, u51ng gas- llqu1d Chromatography 1mmcd1dtcly
upon opcnlng tho vials. The percentagos of 2-haloethanol

and acetaldohydo are lthLd 1n«Tabie 10. The products
4 : 0° .
obtalnod for LCNU §>and BFNU 26 areﬁjn agrecement with &

11 o _‘34
prev1ouo anvestigation. o
It 1s cvident ffom Tebhle 10 that the pcrcéntbge of
acetaldchyde produc(d in the dogompo'LLJon of 1,3-bis(2-
57 R

halocthyl)-1-nitrosourcas Increasces .in thpgscrios fluorinc,

Y G R

—



chlorine, bromine and iodi. e. This may result, in the
casc¢ of BRENU 62 and BINU 3, from decomposition 1ig
pathway A (Fig. 6) where Lho superior leaviné abllity
of bromidc¢ and iodide rclut}xp to chloride énd fluoride

p _
may facilitate jntramolcculaﬁ‘nucleophilic displacement

to producc the 2—imino-N~nitrdgbovaQlidinone 83. How-
S -
ever o the polarizability 9Ad thus the sﬁdbility of the
i “f .

halocarbonium ion 80 (Figy 6) also increases in the

serigs fluorine, chlorine, bromine and iodine. Therefore,
pathway B' (Fig. tn also be expected in a.greater
proportion for BL. 2 and BINU 63 than BFNU 26 and BCNU

S.. Clearly additional experiments were required ta

determine the docomposition'pathways;involvcd with the :

2-halocthylnitrosourcas.
N . -4

Studies Related to the Decomposition. of Methyl Substitutcd

& ’ - H
}

BCNU Derivatives : ‘ ; A

Steric.cffocts as they relate to the decqmpdéifion
of 2—chlorocthylnitrosourcasvwéro investigated ;éihg”threc
appropriately substituted derivatives: 1,3-bis(2~chloro-
ethyl)—l—nitroéourea‘é (BCNU) , l,3—bis(2—chloropropyl)—
l—nitrosburea 60 (BCNU-t-Mc) and l,3—bis[1—(chlorométhyl)—
ethyl]-l-nitrosourca 61 (BCHU-,-Mc) &Fig‘L 7). V.Jhil'e _'7""
accthldchydc rcsulgéhfrom the decomposition of BCNU §
¢cither oid pathwaf A (Fig. ), or 7, pathwayAU'fgllowind

a hydr.ide shift (I'ig .t 9), the same is not true for the’

.o s



Figure 7. (a) _1,3—}31'5(Z—CMoruethy].)—l—nitrosouroa 5 BCuU.

(b) ],,B—bi‘s(2—chloroprol<)yl)—l-—nitrosourca 60
(BCNU=¢~Mc) .

(c) 1,3-bis[1- (chlorometlyl) et hyll-l-nitrosourca

61" (BONU= —Me) .
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R, wa'
I 2 O Ry
=TS
‘ N R
Ry 94 | 2
S l N=0
R

g ey
-Fiqurehg. Decomposition vy pathway A .
. B ] 5 L= =
(a) BCNU 5 Ry =R, = 1§
(b) pCNU—r-Me: Rl = CH3, R, = H

(c). BCNU~ -Me : Rl = H, R2 = CH3



R, — R, R,
OH ‘L : = /
R2 R . l 2
® a
/ \ hydride migration
R L
Cl 2
° "j-_l I\T’C,
R, R
297 o5 M1
1H2O -. \»:?o
Rl . R2 }/ ‘ . O
HO -+ HO 2 > R,
R, R, 93
96 99
Figure 9. Docompésition ©{ pathway B
(.a) BCNU: Rl = R2 = H
(b) BCNU-{-1c: R = Cily, R, = H
) (c) BCNU-a-Me: R1 = 'H, R2 = XCH3 Cos
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50.
methyl substituted analogues. Deccomposition of BCNU=- -
Me 60 vi. pathway A (Fig. 8) resuits in prOpionaldchyde 92b
and decomposition o pathway B after hydride shift (Fig; 9)

produces acetone 93b. BCNU-..-Me 61 results in acetongy

0

2c by pathway A (Fig. 8) and propiona%dehyde

|

e}

93c by pathway B involving a hydride/shift (Fig. 9).

The three nitrosoureas’ were allowed to decompose in
aqueous solution buffered to pH 7.2 at. 37 C for 24 h andg
the products separated by gas- llqu1d chromatography. 'fw .
The identified products are listed in Table 11. The} gﬁi
absence of»propionaldehyde from the decomposition of& T
BCNU-g-Me 60 and the absence of acetone from the decomposi-
tion of BCNU-u-Me 61 1ndlcates that decomposition via
the cyclic 2—1m1no—N—nitrosooxazolidinone 94 (Fig. 8) is
negllglble for these two compounds in agreement w1thg%g
deuterium labelling experiments of Brundrett47 for BCNU 5.

" The percentage of propionaldehyde.produced in the

decomposition of BCNU-wu- -Me 61 1is nearly twice the percentage
of acetone produced in the decomposition of BCNU-{#-Me 60 .

(Table 6). ' ' ' j

If'pathway B (Fig. 9) involving hydride transfer to

AN ' .
form%}ﬁa‘intermediqte Chlorocarbonium ion 95 followed by

‘hydro fcﬁg is the major pathway to the carbonyl containing

decomp051tlon products (acotaldehyde, acctone and

propionaldehydc) as: suggcsted by Brundrott 47 for BCHNU 5,

one would expect the relative amounts of proplonaldchydc
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and acectone to bLe the reverse of that observed. BCNU-f-~
Me 60 (producin. acetone) would form a seéondary chloro-

carbonium _on 95%b ‘rig. 9) after hydride transfer while
BCNU—u;Me 61 (produc1ng proplonaldehyde) would form the _ "
less energetlcal]y favorable prir ary chlo:ocarbonium ion
95c (Fig. 9).

Thé QGcomposiﬁion of l,3—bis(2+chloropropyl)—l—
’ﬁitrosourea 60 (BCNU-g-Me) }Fig. 7) and &,B;bis[l—(chloro—
methyl)cthyl]—l—nitr%goprea éi (BCNU-t-Me) (Fig. 7) also
‘resulted in the .chloropropanols listed in Table 11. Tﬁé
identification of both l—chlorb—2-propanol 96b (Fié. 9)
and 2-chloro- l-propanol 99b (Flg 9) in the decomp051tlon
of BCNU-pf-Me 601mp11catcsthe cyclic chloronium ion 97b ,
(Flg; 9Y;as an 1ntermed1ate. Since 1- chlorm 2- propanol
96b would be the major product resulting from the hydroly81s

of a mcthyl substituted cycllc chloronlum ion 97b,  the

fact that both chloropropanols are produced in equ1valent

e

yields suggests a sccond source of 2- chloro-1- propénol
99b. 5 2 hydrolysis of the initially produced diazo-
hydrox1de 98b could account for additional 2—chloro—lf
propanollggg.'

The absence of 2—chloro—l—propancl 36c in the
decomposition of BCNU—u—MQ 61l argucs against the éyclic
chlqrgnium ion 97c (Fig. 9) intermediate in this case,
since its hydrolysis should produce both chlcropropanols

96c and 2%9c (Fig. 9).



The ratios of'products produced In the dccomposiﬁion
off methyl substituted BCNU derivatives can be explained
on tho basis of rccent theoretical C&lCJidthﬂS by Hehre
.and Hiberty8o regarding the stabilities of the carbonium
ions produced. The felative stabilitices of the ~ievant
carbonium ions arc shown in Figure 10 which of:courscJ
w1lll be jnfluencod by solvation effcocts !

| Decomposition df BCNU-f-Me 60 by pathway B (Fig. 9)
produces the 2—chloro—2—methylethyl carbonium ion 100

(Fig. 10) which can rearrange exothermically to produce

“the cyclic chloronium ion 101 (Fig. 10) ‘or the l-chloro-

l—mgthylethyl carbqnium ion 103. The fo. ier process
résulﬁs in the mixture of chloropropanols observed in
’Tablc 11 whlle the latter process could represent a majér
~pathway to the acetonc producgd from* BCNU-3-Me 60.
Decomposition of BCNU-. -Me 61 by pathway B ?Fﬁg. 9).
results in ﬁhc 2-chloro-l-methylethyl carbonium ion 104

(Fig. 10). In this case further rearrangement to the

cyclic chloronium ion 101 (Fig. 10) is an unfavorable

e ‘ocess.  Thus, the only chloropropanol deriva;
civie o iorvyed o ar deéomposition of BCNU-u-Mc 61 1is
'=chlorc-2-prop: . (Table 11). Hydride transfer to form
the  -chlcro-2- .ac lethyl carbonium ion 105 (rig. 10)

-5 oalso an ¢ xdot. o mic process and unlikely to' be a majof
patnws s to e o )1ona1dghydc 1dgnt1flcd after the -

decomposit ion sCNU=-+-Me 61. Thesc rosults‘lmpllcato
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Figurce 10. Lnorﬁﬁ mep for monomethyl chloroethyl carbonium

ions relative to Lie cvclic methyl substituted

chrloronium ion 101-  Reproduced from W.J. liehro

o7

Jfand PLC. liberty, J. Am. Chem. Soc., 96, 2665

g

¥ (1974) .
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the involve@ent of a third mechanistic rathway in addition
- to thoso\inQolving the 2fimino—N—nitrosooxazolidiﬁone and
h%dride transfer pathways previously dlSCUbSCd

| Al 2 r3-oxadiazoline 106 intermediate 1s in agreement
with the ererlmental results presented. Initial loniza—
~tion (proccn loss) followed by i;ocyanate productlon end
Concomitant cyclizatioh (alth loss of halogon) could
produce the 'oxadiazoline 106 (Fig. 11). The oxadiazoline
106 coulg undergo proton loss to produce acetalde—
hyde lO7a (Fig. ;l) (in acoord‘w1th the deuterium label—
ling'experimeuts of Brundrett47). Nocleophilic attack
at the carbon bearing the nitrogen re°1lts in hydroxy-
ethylated nucleophlles l_ﬁ (Fig. 11) (observed after the
‘reaction of BFNU 26 and BCNU. 5 w1th poly C8l), ‘As the
leaving- ability of tho nalogen 1n%reases in toe serleg
of 1,3- bls(Z—haloethyl)el nltrOSOultas, l,2,3—oxadiazoline

106 formation would be favored and result in greater .

percentages of acetaidehydewas was. observed (Table 10).

O ) - . -t
c1 €L A c1
\[/\ Il\] N /\(/ - ] | + QNC /\[/
N=0 H ! : “:’;
" ’ . + "HC1
60 106b



,, R, O R,
Cl '?JJ\I.\J Cl
R, H O4ﬁ; R,
R . o .,
CIN ‘2 Lt 'NéN\O + HC
NCO H | k
Ry R, R ,
. 108
Br@ L
: Rz\\“/ﬂ\\R]; + N,
107

Figure 11. Decomposition via pathway C

. N~
(a) BCNU: Ry =R, = H o
(b) BCNU-f-Me: R, = CHy, R, ='H
: () BCNU-u-Me: R. = g, R, = cH,

1



In the casc of BCNU~u-Me 61, the cycliza. 1on occurs at a

Primary carbon center:

i
. N

' - S
61 . © 106c + HCL

A o

Since the latter reaction is energetically.m;re favorable
one@would.exasctja'higher peércentage of the carbonyl
containing C5mpbund as was observed (Table 11).
Montgomery has recently suggested82 that the
'2—chloroéthylvdiazohydroxide 76 init.ally produced’ upon
. N :

decomposition of 2—haloethylnitrésoureas could cyclize

and result in—a-l,2,3—oxadiazoline_106

a. Such a cyclization

would, of course, reguire the ¢iyn--2-chloroethyl diazo-
-Hydroxide 76. Syn-diazotates 17 (Fig. 2) have becon-

obse{vcd6; to undergo rapid aguecous dccompo;ition (by

57.

0 ’ T
/I\/Cl ‘ O/N\\N /,\/Cl
NN — - + OCN
o H '
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protonation to form the diazohydroxide féllowéc b
4

elimination of hydroxide - sce Figure 2) with tio roduction

of diazoalkand'l8 and/or Carbonium ion 19 specic Such,
an energct1cally favorable pathway would be expec to.,

AN
o

compete favorably w1th lntramoleculdr cycllzatlon -0

produce Lhe 1 2 3 ~oxadiazoline lO6d

1,2,3—Oxadiazolines have 1ot:been well characterized"-

to date. They have béeﬁ suggeéted83'to result from

A

‘the reaction of dlazoacetlc esters 109 with ketenes llO’

'

~but not conclu51vely proven. l,2,3eoxadlazoline inter-"

i 2
8 y
) N W :
Rlegcho + E_ﬂocan2 : > Ry 7 O\
. : N
| 7
110 109 EtOC N |
i
o}

e
¥

PN -
-a

mediates 111 were suggcstcd as intermediates in the reaction

of dlazomethane w1th aldehydes. 84-86 It has also been

ST . <3 ' v . . O
s : _ ‘ VAR ,
‘r R—cu—cn2 t N,
- G‘ -
3 S
R-CHO +‘C}12N2 - ‘//N A R—COCH3 + N2€

N \
' 11 : o

—— S Recheno 4w

.7

AN
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«

suggﬁ Lcd87 that thc ftactlon of n1trou< oxide with olefins'

1nvolvcs a 1, 2 , 3~oxadiazoline 112,

’ | R,R,C=CR,R, + N.O

" 172 374 2
, 3_"5 s .
< Rl R4 R1~H\ R4
; N
\I\(/ 0 - N2+
v 112
\ Y
o P | |
or RlR2R3CCOR4
Ry Ry

vFurther’eV1dcnce for thé 1ntermed1acy of a 1,2, 3—
oxadiazoline in the decomp051tlon of 2—haloethylnitroj
soureas was obtained by\an additional'egperiment‘ It
~appeared:tha£ shouid a l,2,3—oxédiazoline 106a be formed
during the decomposition of BCNU 5, it might be ;uscépt—
ible to nucloophlllc attack at the carbon bearing the

nltrogen and produce hydroyyethylatod products lgﬁﬁ

as shown for the bromide nuclecophile in Figuréwll.
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&

In an attempt to trap an oxadiazoline intermediate 106

with a nuc]eophile, the decomp051tlon of BCNU 5 wasf
carried out in an aqueous saturatcd sodium bromlde GC-mass

'spectral analysis of the reaction solution indicated the
!

existence of significant amounts of two new products
? ,

1-bromo-2- -chloroethane and 2- bromoethanol A control
experiment, which involved the incubation of 2-chloro-
ethanol in an agueous saturated sodium bromlde solutlonL
1nd1cated that 2-bromoethanol did not result from bromide
substitution for ghloride in the 2—chlorqethanol produced.

Thé formation of l-bromo-2-chloroethane hasg been obsiizigﬁ7

) . , .
by a similar experiment involving BCNU S and can be

explained to result from bromide "ion at#ack of a 2-chloro-
, / '
/

ethyl diazohydroxide,2—chloroethyl carbonium ion or

s
Bl

cyclic éhloronium‘ion (Fig. 9). The most réasonable
explanation for the formatiom of 2;bromoethanol involves.
bromide ion attack on a l,2,3~oxadiazoline intermediate 106
BCNU-au-Me 61 (Fig. 7) hydrolyzes at a rate three
times_fgster than BCNU 5 (Table 6). A similar relation-
Ship has béen reportﬁd.by Wheel_er15 fo. l,3—bis[l—(thordf'
methyl)propyl]l-l-nitrosourea 113 (tl/z

14.7 min) and
BCNU 3 (t), 43 min). Conversely, BCNU-f-Me 60 ‘(Fig. 7)

[N



CH,Cli, CH,CI :
Cl‘\/‘\ /u\ /]\/Cl
= N N '
l H
N=0
‘ 113"

decomposes at a-rate jcomparable to BC&U 5 (Table 6) which

15

. : \
was also reported by Wheeler (BCNU-f~-Me 61 tl/2 41 min).

It is evident that alkyl subﬂtltutlon on the a-carbon
(adjacent to the urea nitrogens) 1mcreaifs the rate of
\ o “‘;!“‘74«[ b
agueous decomp051tlon relatlve tor ghﬁ Mﬂ%ubstituted
%! ®

derlvatlve (BCNU é). Whether such substltutlon results

in steric idterections with the carbonyl and nitroso
;functlons which permit an energetlcally favorable pathway
to a 1,2,3- oxadlazollne 106 1ntermed1ate &nd observed
carbonyl contalnlng decomposition products cannot be

determined at this time.

Conclusions i

o

The proposed pathways for the decompOSLtlon of

0

2- haloethylnltrosourcas 114 a&e shown in. % gure 12. Proton

loss by ionization ; or transfer to fhe nltroso group
(pathway B) initiates decomposition. Pathway_C and/or C'

(viu the oxadiazolince 106) will be favorcd when X rs a

good-leaying group and is.bonded to a primary center. The

61.



— R
12. Suqqc%tcd compotlng dccompoc

Plgurg ition ‘pathways for
2~ halocthylnltrosoulgas
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oxadiazoline 106 accounts for carbonyl containing compounds
93 as well as hydroxyethylated nucleophiles.mﬁvinyl
alkylaﬁing agenté‘may be produced frqm an oxadiazoline
intermediate, however, it has pfeviously been shown47‘
that vinyl alleating agents only represent a minor decom-
position paﬁhway. Pathway A (via the 2-imino-N-nitroso-
oxazolidinone'ilg) does ﬁot appear to be significant
when X is chlorine but may be a contributing pathway Witﬁ
superior leaving groups. | R

v”Pathway B (via the 2-haloethyl diazohydroxide ;lg)'b
results in the haloethyl alcohols 117, ilﬁ'produced
either by SN2 hydrolysis of the diazohydroxide 116 or
reaction of the subsequent carbonium ion 1139 and/or cyclic

haloethonium ion lgg with water. When X is a polarizable

group, and when it is bonded to a secondary carbon center,

'hydride migration to form theé wTdcarbonium ion 121

h

could be an energetically favofable pathway to carbonyl

containing decomposition produéts 93.

|
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Experimental
—=olmt smental

Throudhout this work molting points were determined

','r

on a Fisher- Johns apparatusvand‘are uncorrected. Tne

lr spectra were recorded on a Nicolet 7199 F.T. speetro;
photometer,'and.only the principal, sharply deflned peaks
are reported. The nmr spectra were recorded on Perkin
‘Elmer 90 and varian HA-100 analytical Spectroneters.
. The spectra were measured on approxjmately 10-15% (w/v)
vsolutlons in approprlate deuterated solvents with tetra—
methylsilane asg standard. Line positions are reported

N : .
in. ppm from the reference Mass Spectra were determlned
on an Assoc1ated Electrlcal Industrles MS-9 double
focu551nq hlghbresolutlon mass Spectrometer. The ioniza-
. tion energy, in. general was 70 eV, XPeak measurements
were made by comparison with perfluorotributylamine at a
ilresolv1ng power of 15000. Kieselgel DF-5 (Camag,
Switzerland) and: Eastman Kodak Precoated sheets were used
for thin layer chromatography Mlcroanaiyses were carrled
"outyby Mrs. D. Mahlow,of thlS department In theIWOrk—up
procedures reported for the various syntheses descrlbed
" solvents were removed w1th a rotary tvaporator under
reduoed pressure unless othewise,stated.
1,3-Bis(2- fluoroothyl)—l—nitrosourea 26 and

1-(g-D- gluco;yranosyl)— (Z—Chloroethyi)—3—nitrosourea
(GANU) 88 were glfts fromiDrvaarry B. ond Jr.,:Division'

of Cancer Treatment, National Cancer Institnte,'Wasﬁington,

/

Q.

&



D.C( Chlorozotocin §£ was obtained from Dr. Geralq

Goldenberg, Manitoba Instityute of Cell Biology, W%nnipog,
Manitoba, N—methyl—N'—nltlo -N- n11rosoguan1d1novi wé;
pPurchased from Aldrlch and Strcpto7otoc1n 87 from Calbiochem.
Compéundo not previously knowh are described bcloQ in
detail, compounds prcparcdvby literature proc¢dufos are

so noted.

N- Methy]—N nNitrosourea 2.
o Ysourea

This compound was prepared agcording to the mCFhod%
of voge1.%8 5 4 4 (53% yfeld) mp 123-124°¢ (15 88

123—124°C).

N-Ethyl- N t-N-nitresoures 10,

"g‘nThﬁs compound wass prepared according to the method
of Mirvien.®? 55 o (62 yield), mp 98-100°c (15t 89 . -

r

99-100°C). pmr (CDC1.) ¢ 1.0 (t, 34 CHy), 3.8 (q, 21

CH .

) S oop ' - . - '
20 7.0 (s, 2H, exchangoable). Py o . |
2-Haloethyi nitrosbourecas.
Te——— % At rOSourcas .
The following compounds were Preparecd according to

a
the methodg described by Mbntgomery ot aZ.2’3 Compound,

Yield, mp (lit. féf., mp), Pmr (sOlvént).
1,3~ BJ 5 (2~ chlcrooﬂhVI)—J—nitrosouroa §v54%, 30-32°C
(3, 30-32°C), by (CDClB) £ 3.5 (t, 2H,'cu2), 3.8 (m,
411, CH2), 4.2 (t, 211, CH2), 7.4 (4 LI Qxchangoablo).
. l;(?—ihlgiéliﬂxj) 3- CV(]QH( Siyl-1- n]thCOUI(J 6

, 767,

88-20°C (3, 90°C), rur (CDC]X) f1l.2-2.2 (m, 10H, Cl, ),



y

3.5 (t,-2H, Ci.

5 3.

Ame 10, CH)y, 4.2 (e, oy Cil,), 6.8

(d, 1w, exchangeabla) . ¢

Cly)y 5.7-7.0 (m, 211, ﬁ.égﬂgeablo).
R X RV}

hitrosourea 62, 67¢, 34-36°C,
e SO

(3, 36-38°C), pmr (cpel 3 (¢, 2m, CH,), 3.5 (t, 21,

3) |
Gl 3.9 a2, cny), al2 (r, gy CH,), 7.3 (d, 1u,

v

exchangecable) .
i,B—Bis(2vjodoethyl)—l—nitrosourea 63, 60%, 57-59°(C,
\N~_

(3, 58-60°C), pmr (CDC13) 8 3.1 (+, 21, CHy), 3.4 (t, 2u,

Cll,), 3.9 (q, 2n, CH2), 4.2 (1, 24, CH,), 7.3 (4, 1H,

_exchangeablc). v
l—(2—Fludroothyl)—3—cyclohexyl—l—nifrosourea"64,
Y3 -cye 2 e td bl

659, 37-38°c (3, 34-37°C), pmr (CcpCl.) & 1.1-2.1 (m, 10m,

3

CH2), 3.9 (m, 1H, CH), 4.0-4.4‘(m, 2H, CH2F), 4.7 (t, 2H,

CH2), 6.8 (4, 1u, exchangeable) .

N

l—(2—Bromocthyl)~3¥cyc1ohexyl-l—nitrosourea 65,
%_____ﬁ_____~\____~*~__.__________*_____~_.__

83%, 75-75.5°¢ (3, 75°C), Pmr (CDC13) § 1.2-2.2 (m, 1ou,

cii,) 3.3 (t, 21, Cly)y 3.9 (m," 1H, cny, 4.5 (t, 2u, CH,J,

6.8 (a, 1u, cxchangeable) .
l—(3~Chloropropyl)—l-nitrosoufca 57.
_\_______%_~_____f_‘h‘ﬁa_\“_fﬂ__“ 240

Sodium cyanate (675 mg, 10.0 mmole) was addeq to
1.0 g (7.7 mmol ) Of’3—chloropropy1amino hydrochloride

in 10 ml of water and tho mixture Stirreod mcchanically



overnight. Aftor chilling the resultin. precipitate was
collected and réCT”SLd]lléLd from chloroform: pctroleum
ether affordlng 1-(3- chloropropyl)urca 800 mg (76% yield)
m.p. 98-99°c (1it.°? 9g-g9gec). -
1—(2—Chloropropyl)urea (8G0 mg, 5.9 mmole) was j
nitrosated in 1 ml of 95% formic acid at-0Q-5° using 500
mg (7.2 mmole) of sodium nitrite. After‘étirring the

mixture for 1 hr, 1 ml of cold water was added cautlously

and stlrrlng continued for 30 min. The mixture was

)

extracted with chloroform, w%fhed with H2Oy Bried (MgSO4

and the solvent removed.  The residual solid was recrystal—

lized from ether/pet:oleum'ether to-give 1-(3-chloro-
prdpyl)—l—nitroﬁpurea $60 mg (58% yield) m.p. 78-79°C.

4 8C1N302 (m.w. 165.0305) ;

C, 29.01; H, 4.48; N, 25.38; C1, 21.41. Found (165.0313,

Anal. Caldﬁl for C

mass spectrum) C, 29.13; H, 4.83; N , 25.15; c1, 2131,

Pmr (CDCl4) 6 1.9 <m, 2H, CH 3.4 (t, 2H, cH 4.0

2); 2);

(t, 24, CHZ); 5.1-7.0 (m, 2H, exchangeable). Ir vmax
(CHC13) 3380 (N-H); 1735 (C=0); 1480 em™ ! (y=0).

~N

l—(4—Chlorobutyl)—l—Nitrosouréa 58.

"Potassium cyahate (310 mg, 4.0 mmol) Was added to
600 mg (4.0 mmol) of 4—?hlorobutylamine hydrochloride in
5 ml of water and the mixture stigrcd overnight. After
chilling the resulting precipiﬁate was collectéd, ;nd air

dried, 520 mg (85¢ vield). This crude product, although

67.



¢ : 68.

,%gﬁd;ght]y contaminated with the startihg aminc’hydrochl§(ig;»
.','.;.. ’ ’ o

2L

4Was'found suitable for nitrosation. 200 mg of crude 4-
chlorobutylureca in 1 ml of 98¢ formic acid at 0°C was,
treated wlth 150 mg of sodium nitrite added in portions

\

over 20 min. After an additional 30 min of stirring at

-

wi 0°C, 5 ml of water was cautiously added. The pale yellow

s50l1id was collected, dried and reerystallized from
ether/petroleum ether 140 mg (59% yield) m.p. 64-65°¢C,

Anal. calcd.. for Csll gCINSO, (m.w. 179.0461): ¢, -

10-73%)
33.43; H, 5.62; N, 23.40; c1, 19.74. - Found (179.0460, ’

Mass spectrum): €, 33.50; u,.5.64; 1y, 23.70; €1, 19.96.
Pmr (CDCl,) & 2.6 (m, 4, CHy) 7 3.5 (t, 21, cu,); 3.8

(t, 2H, CHZ); 5.8 (s, 14, exchangeable); 6.8 (s, 1H,

éxchangoable). Ir v (CHC1.) 3300, 3220 (N-H); 1730
: max 3

(C=0); 1480 em ! (n=0) .

l—(S—Chforopentyl)—1—nitfosourog 59.-

This compound was prepared by the same method as

q

l—(4—chlorobutyl)—l—nitrosourca. The nitrosation of a
.crude 250 mg sample of l—(S—cthropcntyl)uroa gave the

nitrosourca as a pale yellow solid. 225 mg (G649 yield)

m.p. 65-66°C. : e

Anal. Calcd. for CIN.,O. (m.w. 193.0614) : cC,

ol 201,50,
37-215 1, 6.26: N, 21.70; €1, 18.31. roung (193.0616,

mass spectrum) - C, 37.15; H, 6.23; N, 21.86; C1, 18.38.

Pmr;(CDCl3) ¢ 1.3-1.9 (rm, 611, CHZ); 3.5 (t, 2H, CHZ);

5.9 (s,'JII, ¢xchangeable): ¢.8 (s, lH,

«

3.8 (t, 211, CH2);
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exchangeable). Ir Vhax (CHC13) 3400, 3240 (N-H); 1770

(C=0); 1480 cm * (N=0) .

l,3—Bisk2—chloropropyl)—l—nitrosourgg ég:

This compound was prepared according to the method

of Mdntgomery et aZ.3 120 mg (56% yield), oil (_1it.3

©il), Pmr (CDC1l.) & 1.4 (t, '3H, CH.); 1.5 (', 3H, CH.);
3 , 3 o 3

3.4-4.4 (m, 6H, CH+CH,), 7.4 (t, lH, exchangeable).

"

1,3—Bis[ﬁ—(chioromethyl)ethyl]urea gg.

’ 1-(Chloromethyl)ethyl isocyanaté(gl was added to a
solution of 1 ml tEiethylémine in 9 ﬁl‘of H20 aF 0°C and
the mixture stirred for 2 h. The whité solid was collected:
and burified by recrystallization from CHClB/Pet..éthér,

275 mg (estfﬁated 40% yield) m.p. 117-119.

’

Anal. Calcd for Q7H14C12N20 (m.y, 2%2.0483): C

39.45; H, 6.63; N, 13.15; C1, 33.27. Found (212.0490,
mass spectrum): C, 39.475°H, 6.54; N, 13.15; c1, 33.23.

(m, 2H, CH); 4.6 (q, 2H, exchangcable). Ir Vax (CHClj)

Pmr \CDCly) & 1.2 (4, 6H, CHy): 3.6 (m, 4H, CH

3000 (N-H); 1705 (C=0) cm~l.

'1;3—Bis{l—(chlorbmethyl)ethylﬂnitrosourea 61.

To 100 mg of l,3—bis[l—chldromcthyl)ethyl]urea in
2 ml of 98% HCOOH at- 0°C was added during 2 hr 200 mg
oanaNO2. The mixture stirred an additional 2 hr at 0°cC.

5 ml of H,0 was then cautiously added and the resulting
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solution extracted with ether. Thc cther extract was
washed with HZO dricd (MgSO4) and the cther removed to
vield a pale yellow 0il which could be crystallized from
pet. ether, 60 mg (559 yield) m.p. 30-31°cC.

Anal. Calcdi ﬁg C7H13C12N3O2 (m.w. 241.0385) : C,
'34.87; H, 5.42; N, 1%.43, c1, 29L4o; Found  (241.0389,
mass sgfctrum): C, 34.72; H, 5.51; N, 17.22; cl, 29.5g.
?mr (CDCl3g $ 1.3 (4, 3H, CHB); 1.4 (aq, 3H,-CH3){ 3.5-4.0
(m, 4H, CH,); 4.4 (m, ML, CH); 5.1 (m, 1H, cH), 7.0 (s,
1H, exchangeable). 1r (CHC1,) 3300 (N-11); 1695

ma
@

(C80); 1505 (N=0) cm . 7 ’

B—éyclohexyl—l—(2fhydrokyethy1)—l—nitrosqurea 66.
| Cycldhexyl isdc;anate;(Z 59, 20.0 mmole) was ddded
to 1.2 g 4$20.0 mmole) of ethanolamlne in toluene at
amblent tempe;ature After 4 hours 2.9 g of the crude
3—cyclohexyl—l—(2 hydrOxyethyl)ured was collecﬁed A
SOd mg £2?2 mmole) protlon of the urea was dlssolved in
.5 ml Qf'98f formlc ac;d at 0- 5°C and 300 mg (4.0 mmole)
of sodlhm nltrlte added slowly over a 30 min period
malntdlnlng a teméerature ‘af 0-5°C. After- stirring for
A3O mln lO ml of cold waLor was. added. cautJously . The

mL>turo was evtractod with chloroform, the exﬁract washed

- wlith wator, drlcd (MgSO ) and tdé solvent removed. The

3

- . residue was rgcrystalllzed from chloroform/petroleum ,

‘ cth@r°uffordth '—cycioha )l 1-(2- hydro ygthyl) l—nitro— .

souren 310 ma (540 ylold) m.p. 49-51°cC, ‘

1

( e

'R . 2 , R ' . . o .
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- 10H, CH,); 2.7 (s, 1H, exchangeable): 3.6 (t, 2H, CH

S (m, 1H, CH); 4.1 (t, 2H, CHU

X
i s
)

Anal. Cach. for C9”l7 3 3 (m.w. 215.1272): c,

50.24; H, 7.98; N, 19.54. Found (215.1265, mass spectrum) ,

C, 50.21; H, £.00; N, 19.58. pmr (CDC14) & 1.2-2.2 (m,

2);
3.85"(m, 1H, CH); 4.16 (t, 2H, CHy); 6.9 (d, 1H, exchange-

able) . Ir v (CriM)

max 3) 3490 (OH; 3370 (NH) ; 1705 (C=0);

148Q cm—l.(N=O).

3~Cyclohexy171¥(2—methoxyethyl)—lrnitrosourea 67.

. Cyclohéxyl 1socyanate (3.0 g, 24.0 mmole) was added-

dropw1se to 2.0 g (24.0 mmolL) of 2- -methoxyethylamine in

benzene at room temperature. After stlrrlng for 4 hr,

3.8 g of the crude 3- cyclohexyl 1= (2 -methoxyethyl)urea
Jo

was‘collected. A 500 mg portlon of the urgg_was nltrosated

by the same procedure described above giving 3- cyclohexyl—>
- (2~ methoxyethyl)—l nltrosourea as’a pale yellow oil ’

which crystalllzed from petroleum ether upon chllllng

300 mg (52°>y1eld) m.p. 23°, ”dm

Anal. Calcd. for C (m.w.*229.1426): ‘¢,

10t 9N505

‘52.42; H, 8.37; N, 18,34; FQund (229.1426! mass spectrum),

C, 52.74; H, 8.40; N, 18.34. Pmr (CDCIL ) 6.1.2-2.2 (m,
: g ;J

L0H, CHy); 3.3 (s, 3m, CHy): 3.4 (t QH, CH,) ;5.7 1

5) i

2); 6.9 (4, 1H, exchangeable).

Ir v ' (CHC1.) 3350 (NH): 1735 (C=0); 1490. em™} (n=0) .
max 3’

I

K



i—(2—Chloroethyl)—3,3—dimethyl—l—nitrosourea 70.
— 1<e7-nlore .

This compound was prepared according to the method

of Colvin et u].ll 110 mg (549 yield), oil (lit.ll oil).

Pr (CDC1,) & 3.2 (5, 61, CHy) ;Y 3.6 (t, 21, CHy); 4.2

(t, 21, CH2).

N—Nitroso—2~oxazoljdinone 89,
—2r T eToxXazolidinon

This. compound was preyared according to the method

of Newman and Kutner. 2 380 mg “(68% yield) m.p. 48-50°C

(1it."? 50-530¢) . pp (CDC1,) ¢ 3.5 (t, 2m, cu.y; 4.
, ] . h : 3 2 ~~

(t, 2H, CH,) .o

Methods
"Polarogrc)hlc Determination of L Dccomposition Rates for
_____*___m_______ﬁ‘____m_____ = o o200 Rates for

Nltrosoureas
—— - wedIedas.,

The Princeto 21ied Rescarch (PAR) Model 174A

pPolarograph and 9300-9301 pola raphic cell were used

in a three electrode configuration which ineluded an , //F
aguieous saEhrated caloﬁel fefefence electrode (SCE), to '
whlch all potemtlals 1n this paper -are relatlve, a
platlnum counter electrode, and a dropplng mercury elec—
‘ trode'(DME) wzth a controlled 2 s dr & thme Theggemp—’
elature in the cell ‘was maintained at 37.5 0.2°C by
‘CJICUldLJOH of thelmostdttou water unless Otherwise -

indicated. The resulting curves were recorded on. &

Houston 2000.X-Y recorder The sample solutions were



\

|

buffered at pH 7.1 with 0.01 M potassium phosphate buffer
in 0.01 M KC1 sdpporting electrolyte. The pH valne of
the sample solutions were measured witnvan-Accumet Model
52OVpH meter before each run.

For compounds which showed extremely low solubility
in aqueous solution, 57 acotonitrile ’ ’
aqueous solution was uscd; in somo cases differential
pulse polarography of the aqucous solution was sufficient-
ly sensitive and this Was used Qnenever possible."All

>

solutions were deareated~with purified nitrogen for 10

min before a run and blankeued w1th it during the run.

The Arrhenlus parameters for the 1,3-bis(2- haloethyl)-
nitrosoureus were determined from the rate data at

different temperaturcs

Product Decompoeltion Studies

(a) Decomoosition of 2—Haloethylnitrosoureas

The decompositions were carried out at pH 7 2, 37°.

One mllllllter of a 40 mM nitrosourea solution was allowed
tor decompose in a sealed tube for 24 hr. The solutlons
were then cooled to 4°, the sealed Lube was opened and
1mmed1ate gas ehnomatoglaphlc (G C) analysis of the ¢
solution was undertaken. ofe analyses were perfdfhed‘on‘
& Hewlott Packard Model 5830 A tempelature prodfaﬁmable
re$earch chromabogrﬁph Oqulpped with-a flame ioﬁizatjon

. . . ET .
detector.; Samyles‘were injected onto a.2'm 6.5 .mg-o.d.
- > a . ; ) . . - ) & .

A



|
tolumn of 10¢ Carbowax on Chromoéorb W.’ The columniwas
: 14
leated at 90°C for 4 min aftoer 1njcctlon a heat&ng‘rate
>f 20° /mln was then maintained until yhe column tempéra—
ture reached 120°C;'this tempcrature‘was‘maintaincd until
all volatile products had bcen swept from the column.
Identification of acctaldehyde and halocthanol Qas done
usiaf retention times of authintic reference sampl?s,

-

L. . : , £
¥ Retention times of authentic samples: acctaldehyde,

O;ﬁfain; 2—f1uoroothanol, 1.7 min; 2-chlor00fhanél, 4.6

min; 2 bromoc¢thanol, g.3 min; 2—iodoethanol 12.4 min.

{b) Qggomposition of BCNU and mothvl substntutgﬂ_ggrlvatlwcs
) The dccomp051tlons werc carried out at PH 7.2, 37°C.

One' milliliter of a 40‘mM throsourca solutién was allowed

to docomposc in a scaled tube for 24 'hr. The solutionsg

werce then cooled to 4°C, the scaled tube Qas,opened, and

L

;mmcdiate gas chromatographic (Gey, analysis of the solu-

tion ‘was unoertdkon

' g, .
-GC analyses were porformod oﬂ aEymwlett Packard

Model J83O A tcmpcraturc Programmable . research chromato-

af
graph equlaped with a flame 1onlzation dctector. Samples
weie 1n]octcd onto a 6—n 6.5—mm—o.d. Co?umn of 109

y ‘
-Carbowax O“\EK§OQPSOIbw' The column:® was hcatcﬁ at )O C for
acclaldehyde, . cotoncknulplul ona]dcdydc moasuromantv and
. A ol
at 150°C for culorocthanoly 2rchloro—l—prbpanol and
= l—chldro~2—propan@1.measurgmcnts; Idontjflgat1on was

13

doae using refontion tincs of authcntlc qdmple°; o,

a



Rgteﬁtion'£imes'of_autﬁentic samples: propionaldehydo
4.1 min; acbtone, 4.5 min; l—chloro—2~propanol, 6.2 min;
/2—chloro—l—propanol, 7.4 min.
(c) Decompos{E}gQ_9£m§CNUiS in SathEEcd Nan.

5 The dcbbmposition was carricd out at pl 7.2, 37°9C

in a\saturated sodium bromide solution. Once mllli]itbr.

4
~

of a 40 mM BCNU 2 solution was allowed to decompose in
a sealod‘tubc for 24 hr. ¢.cC. analysi; was done as in
(b). Identification was done using retention times of
authentic samples and by G.C.-mass 31 :ctral ahaly;is.

Two new products were identified: ~

Al

(1) l~bro$o—2—chlorocthane) retention time 4.5 min. S
Mass spectral data: m/c¢ (Lcldtivé intenrity) [142_(5.3),

144(6.9); M¥, mrcwcu,ciy, [107(3.1), 109(2.3); mt-c1,
‘ 2CHLC :
k]

N
Breu, e, M1, 163(100), 65(33) M -Br, +CH,CHyC1 ] .
i .

(2) 2- romo.thanol, refention time, lBgé min. Mass Spectral
£ ' .

o
~
data: m/c (zclatlve irtefisity) (124 (4.7), 126(4.8) ;

M+, BrCH2CH20H],‘I45(74), M+—Br, +CH2Ch2OH], [(31(100) ;

+ '+-
M -CH,pr, CH,=011] .

A control prcrlmcnt was run u81ng 2- chloroethdnol

-

in plaC( of the ‘nitrosourea. Incubatlon of “the mixture
followqd by GC‘analysis indicated that less than 2% of

the 2-chloroethanol could be coanrted to 2—bromoethanql
v . ' ﬂ ‘ ' "

under theseo conditions. e ' ‘

>
-~
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ALKYLATION AND INTHRSTRAND CROSS~LINKING
OI' DNA BRY NITROéOUREAS

ENU 10 and MNd 2 are known mutaqenic and carcinogenic
compounds which aﬂ}ylate¢nucle1c acids as reported by a
number of 1nvest1gators 12,21,92 Many of the potentlally
nUClGOphlllC Sites in the DNA molecule (see Chapt. I)
‘have been observed92 to undergo al}ylatlon by nitrosourecas.
Whlle MNU 2 reacts Js a typlcal S 2 alkylating agent

93,94,

produCJng a(r“Valgvely large amount of 7- “methylguanosine;

ENU 10 appe,,

.C»é 1ncludlng 06—ethylguanosine25C9?,97

and ethyl phoSphotrlester* 95-97 Sipt. L

alkylatlon pro;

“between ethylatlug and methylat@ﬁ@ agents have'@fger = " SR

l;observed fbr sulfates95 98 and alhyl sulfonates‘
.whlch Tay chlect preferences toward s l and S 2 react1v1ty
28
for ethyl ang- methyl alkylatlng agents respectlvely That
the 2- fluoroethyl— .and 2 chloroethylnltrosoure& derlva—
tlveike hlblt al}ylatJng act1v1ty was first reported by
whecler and, Chﬁmley > using the 4- (B—nltroben2yl)pyridine

assay. . e - .
The'use-pfyﬁe(p nltrobenzyl)pyrldlne (NBP) 122 as

by El tcln ctoal.v Accordlng to thls procedure a;;;r”

mlxture of the alkylatlng agent 123 and NBP ]22 ils heated”&\

. e . L
— - [ . -
\\\ <

76 S



i

| X

spectrophotometrlcally at 600 nm. Absolute cogcentratlons

,/

are determined using a standard curve.

4
R-L + &\
123 .
e / \ . . ‘ | s
L R— N CH NO,




78.

Weinstein w/wu/.48 using 14C -CCNU labelled in Lho

2—chloroethyl portlon of the molecule reported roactlons
with poly U, poly A, poly G,7poly C, tRNA, DNA and protein
Co ] . 14 48 l4 v
which resulted in bound C. They also observed
"binding to tRNA, DNA and proteln of leukomla L 1210

cells in viire. Similar results were reported by Connors

and Harelol for the matromolecules of murlne TLX5 cells

. . -
following administration of 14C—CCNU to innoculated mice.

Ludlem ‘ot aZ.8l reported that the relatime extent of
binding df-l4C—BCNU labelled in the 2—chloroethyl por-
tlon of the molecule , to Symthetic Polynucleotides weé
poly C >> poly G » poly A poly U. Kramef, Fenselgu

and Ludlum, 81, 102 upon 1ncubatlon of BCIIU 5 with noly C
and subsoquent hydrolysis of the polymer lsélated two
producté which they identified as 3- (2—h>lroxyethyl)—
cytidine monophosphate 125 and 3,N4~ethanocytidine memo—
- phosphate lgﬁ.c_whey suggestedl that a . .3- (2- @%lo?%—
formatlon of both products. A similar xperlmc t102
involvihg poly G resulted in the isolat oW of 7- (2;hydroxy—

ethyl)g. Ine monophosphate 123. . - M-

~/f
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While extensive studies with mono- and polynucleotidesg??
have indicateq that the 3-position of cytidine_is the most
readily alkylated, recent research103 suggest; @hap
alkylation can also occur at the N4 and 02 positions of
cytidine. Singerlo3 r aétgd ENU 10 with cytidine in
agueous solution at pPH 7.3: Oof tHe produc§s rsplé£éd 50%
coﬁfained the ethyl group bound to the 02 position lgg,

31% was N4—ethylcytidi e ;ég_and‘l9% wds 3~ethy1?ytidine

;/(
131. At pH 6.1 the products were isolateq in -52¢%, %é%

and l3%vyields, respectively.

NH
NN
iy
| N
CH3CH,0 |
s
129 130 is1
3

In éddiiion to alkylation, a number of 2-halocthyi- . .

nitrosourcas pProduce DHA ‘interstrang Crogs~links.’
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I ) '
KohnlO4’lO) has reported the formation of cross-links i»n

vitro and more recently106 in vive after exposure to BCNU ER

Many:bifunetional alkylating aéents have bcen reported107 111
to produce DNA interstrand eross—links. Bifunctional
alkylating agents are generally more cytotexic than

jmenofunctional derivatives.112

The major objective of this portion of the present’
study was to elucidatc: the mechanism by which some
nitrosoureas.produce “ignificant DNA interstrand cross—»
iinking, since the? are not obviously bifunetional afkyl—

*é

ating agents.

Studies Related to the Alkylation of DNA by Nitrosoureas

DNA alkylation by nitrosourcas was measured by two
‘methodst Relative abilities to alkylate PM2—covalently—
cloSed—circular—DNA (PMZ—CCC—DNA) wes‘examined using the
fapid‘and convenient ethidium fluofescence assay. The
absolute extent of alkylation was ‘measured for one 2- chloro~

vethylnltrosourea {CCNU 6) at different concentratlons

fvﬁSLng radlolabelllng techniques.

Y -

' @t@? Ethldlum bromide 132 is a trypanoc1dal dye that
1nteraets w1th DNA:. Le Pecq,and Paolettill3 as well as

have observed a marked 1ncrease in

qholfluorescence of the dye in the presence of_bihelical

A;QlC aCldS whllee@o enhancement 1s observed in the

’t» & 6ﬁ,slnqle stranded nucleic aecids. Le Pecqg and

7‘:“%9\15 > J e i
T . .

g¥

s )

S ~ SE
Lo - ' eim )
o . : L Ay )
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?6115 CH2CII3

—

2

N - [
and Paoletti113 concluded that the ethidium cation binds

to duplex regions of nucleic @b ds by intercalation

e

i

between base planes. Their rtsults suggested that

data. They proposed that the fluorescence cnhancement.
is due to the occlus1on of the cthldlum catJon, by‘*:;h
lnttrcalatlon, into the hydr0)1ob1c region of the nuc ‘eic
acids where it is pProtected agalnst quenching by the
agueous solvent. Additional eXperiments113 supporting
this hypothesis indicated that the fluorescence of “
‘ethidium bromide increases when it 15 measured in alcohols
of decreasing hydrophlllc character.

Morgan and Psetkau Observed, 114 thdt when an ethldlum
bromide concehtrstion of 0.5 jg/ml was emplovyed, a llnear
responsc of fluorescence with bihelical DNA concentration
up 0500 2 AZ(O was'obtalned. The obscrvation that

fluorcscence is dircctly broportional to the amount of

double stranded DNA in solution has permitted the

7

t 2



‘hot'alkaline solution. The,resulting‘open/bircular

development of g conven1&nt~d851y for mcaSuriug:alkylation
of DNA. . o e

Alkyiation ié detectedeith PM2—CCC~DNA: Uéing_thc
ethidium fluorescence assay, aliquots of a reacfion
mixture containing DNA arc analyzed for base algylatiom

by dilution with a solution of cthidium bromide buffered

to pH 11.8.  The fluorescence of thL DVAJchidium solution

is Measured to obtain an estimate mf the total DNA con-

centration. The resultant solution s then heat denatured

(969C/3min) and coOled quickly (0°C). Under these

conditions native PM2 -CCC- DNA returns to rcglster, thus

c.

the fluorescence after the heatlng coollng cycle 1is the

same as that obtalncd Jnltlally. Alkylated PMZ—CCC—DNA

undergoos a fac1le dopurlnatlon Oor depyrimidination in

the reag;idﬁ mixture or during the heat denaturation to
4 N . :

\ X . - -
. pProduce épurinic sites which hydrolyze quickly in the

DNA(OC—DNA) heat denatures to form one c1rcular strand

'and one llnoar strand whlch do not bind ethidium bromlde

and the fluoresgcnce falls to zero. ,By observing the
decrcase in fluoresconco after the he ting- cooling
cycle, of aliquots taken' from the reaction mixturc, the
relat}ve extent of bNA alkylhﬁ;gnfcan be mOﬂltOLOd Thé
assay 1is Jllu)truted in Flgure‘l3

Alkylation measureq with tho cthfdium.bromido

fluorcscence assay was observed for all of the nitrosoureas .
. : /

o -
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philes have been measured polarographlcally The products

'resultlng from the decompos1tlons 'suggested a number of
!

possible reactlve 1ntermed1ates A 2—choroethyl diazo— S

[N A,

hydr&w&de, cycllc chloronlum 1on 1,2,3- oxadlazollne and

2-imino-~N- nltrosooxazolldlnone have all been examlned as

-

potentlal reactlve sSpecies, N

-

/

2- Haloethylnltrosoureas have been observed to alkylate
and produce interstrand Cross-links in DNA.  The cross- e
llnklng was observed to 1ncrease w1th 1ncrea51ng pH in

the range 4- 11, 1ncrea51ng G + C content of natural DNA .

and was . most marked for chloroethyl derlvatlves Two

retain re51dual alkylatlng activity and 1mpllcate analogous

modified cytldlne residues in DNA to explain the cross- ' @
linking phenomenon :

- Nltrosoureas were also observed to produce DNA
51ngle strand §Cission (SSS) of two types. Type I Sss
is most ‘extensive for 2- hydroxyethylnltrosoureas and
appears to rosult from the formatlon of DNA- phosphotrl—‘

esters.‘ Type II SSS results from base alkylation followed

by depurlnatlon or depyrlmldlnatlon /fhe labile apurinic

AY
\

iv



slte was observed to be converted to 3 51ngle strand break

e\ther enzymatlcally, by hlqh pH COhdlthnS or by reaction

[ A
witth an approprlate amine. -

-

The cprrélation of-antileukemic activity ‘With DNA -

s= llnklng initiated the design of new compounds Con51der—
ing. flve aspects‘ (1) Compounds whlchdkave shorter half—

'llves, (1&0 compqunds with leQV1ng groups smperrpr to
chlorine, (iii) related nirrosothiohreqs, fiv)‘chioroethYl
- alkylating agents.from.éfhér compounds and (v) compgrnd§
in which the.alkyla%iné portion of thelmolecule_Waé E
modified. Cross-linking ability and in'uivoAactivity were

compared wheﬁ possible.
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"CHAPTER ONE e

X

INTRODUQ;ION

4 An investigation into the mechanisms by which
nltroooureas interact with ccllular constltu@nts must by
its ng%ure involve a'number of research areas This study.

attempUs,to.detail the chemical mechanisms involved in

“the decomposition and subsequent interactions of nitro-
;

’ ’ ' } Co
soureas with. purified DNA. ‘Howecver, prior to reporting

z .
the reésults of this dissertation, .a brief introduction

-

concerning previous studies of the moleco lar mechanisms
- b

of the biological biochemical and chemical effects of

nltrosoureas will be pPresented.

" The Cancer Chemotherapy National Serv1ce Center has

routlnely screened a wide variety of compounds for

+ ’

therapeutic activity against murine leukemia LlZlO In "

the early 1960's the activity shown by nyethyl N'—nltro—
~4

-~

1 A
N- nltrosoguanldlnes 1 stlmglated further 1nvest1gatlonl

¥
of compounds whlch mlght result in dlazoalkane alkylating

{

, ﬁH .
. . CH_N (NO)CNHNO
3 _ 2
| 1 I
. . - f
agents. Initial studies of the nitrosoguanidine took -

place at Stanford Resenrch Institutel’2 with the related
nitrosoureas rizgs{igated at Southern Research Institute;3’4

It was soon Cbservcd5 that intraperitoneal injection of
. X ]\ '
I N



Ny ~

N—methxl—N—nitrosourea 2, 1n contrast to the nltro—

soguaﬁldlnes and many other typlcal chemotherapeutlc
)

*_alkylatlng agents, resulted in’ activity agalnst 1ntra—
Cerebrally inoculated leukemia Ll210 cells. Structure
modification of N- methyl N- nltrosourea 2 produced

1-(2- chloroethyl)-l—nltrosourea 3 and l—(27fluoroethyl)—
. \\\ . -~ '
l-nitrosourea 4 with significantly enhanced act--ivity.3’4

°

C1CH.,CH.N (NO) CONIL. FCH.,CH.N (NO) CONH

. 2
R é: N ‘ ) ) i . .

o

2

Many such analogues containing the 2 chloroethjl m01ety
and nltroso function on the N- 1, and a w1de variety L

@

alkyl, aromatic and heterocycllc substituents oh the
N-3 positions of the urea have since been prepared fer
in vzvo testlng 304, 6. Jweof the most active derivatives,
l,3—bis(2—chloroethyl)—1—nitrosourea KBE&U) 2 and ’
l—(2—chloroethyi) ~-3- cyclohexyl l-nitrosourea (CCNU) 6
have recently been released for commerc1al preparation

“ .

and clinical dlstrlbutlon under the trade names carmustlne

and lomustine, respectlvely

\ _ - , . .
ClCH2CH2N(NO)CONHCH2CH@C1 [::]\ .

NHCON(NO)CHZCH2C1

S

. 5 ' . e 6
a ,

The biological activity of the nitrosourecas and

nitrosoguanidines is thought te result from thei -



! .
decomposition ‘under phy51olog1caL conditronsiwithoutl‘
enzymatlc actlvatlon to produce iazoalkane alkYIating“
agents- and 1socyanatts.7 rrevious work 1nvolv1ng the
relatlonshlps of ‘the tuem1eal propertles, lﬁpophlllc1ty,
‘ alkylatlng activity and carbamoylatlng propertles, to
‘therapeutlc usefulness resulted in tﬁe suggestlons5 8-10
that the alkylatﬂng portlon of the nitrosourea is
respdns1ble for therapeutic effects, the 1socyanate in-
volved “arbamoylatlon is related to tOYlCity effects
and llpOphlllClty allows transport of the drug across the
blood brain barridr. while' all three aspects appe;ri
important for phy51olog1cal act1v1ty, it was the‘correla?
tion bethen therapeutlc activity and alkylating ablllty:

of the nitrospureas that was 1nstrumental in 1n1t1at1ng

the work resented in thls dlssertatlon

More recen.tlyll it we - observed that l—(2 chloro—

ethyl)-1- itrosourea 3 1s a very actlve antltumor agent

both <¢n vzfro and inw;zvo but does‘not generatF an organic
isocyanate upon aqueous decompos1tlon This observatlon
supports the hypothe51s_that the antl Jamor act1v1ty of
the nltrosoureas is due prlmarlly to thelr ablllty to pd7
':act as alkylatlng agents | o

he effects of alkylatlng agents 1n brologlcal systems
at tHe molecular level .are not well understood Alkylatlng

agents react with v1rtually every cell component and

produce a number of blochcmlcal results The nitrosoureas

-



‘inhibit the synthesrs of DNA, RNA and protcins,im'vflrs
and 7xn vivm.lg;vﬁesearch‘to elucidate the coecific steps
¢ this inhibition has shown that l y 3-bis (2- chloroethyl)

©

! nltrosourta (BCNU) 5 as well as 2 chloroethyl 150—

:°hcyanate 1nh1b1t nucleotldyltransfc rase actrvrty to a

larger extent than N- méthyl ~N- nltlosourea 2. 13 BCNU 5,

CCNU §, 2 chloroethyl lsocyanate and cyclohegyl 1socyanate

inhibit the activity of ! ;.cur&DNﬂ polymerase II but have no

effect on DNA polymerase T. 14 DNA polymerase IT is

. sensitive to thiol blocking agents,15 and thus carbamoyla—‘v
{tlon of the‘e zyme by 1socyanates generated in the
_‘ydecompOSltlon.of nltrosoureas has been suggested15 as the
.hmechanlsm of t is 1nh1b1tlon Wheeler has concluded15

that the blologlcal effccts of nlirosoureas are due to.
- DNA damage by. the alkylatlng portlon of.the molecule and.
'1nhlbf§ytf\of the repalr process by the 1socyanate
generated. |

DNA deptndent RNA polymerase from | rlich ascites

CLllS is lnhlblted by MNU 2 or N- propyl-N-n" trosourea,16

3

'.whlle BCNU 5 has been -shown to 1nh1b1t the transport of

RNA from the nucleus‘lj Inhlbltlon of proteln Synthesis-

‘has been 1nterpreted as resultlng from changes in poly-

ribosomes after treatment with nltrosoureas 18
Alkylation ey be generally’defined according to

thevfolloWing equation{



Nuc. + R-L ——— R-Nuc. + L~

\
Cmm

'Nuc. is thc nuclcophile ;hichiis aikylated.apd R is an
alkyl group attgzzed to a lcaVing group L.vf‘%ereAarei
essentially two‘courses for the alkylation to lelow.
At éne“cx?reme is the SN2 process, in which Nuc. ‘attacks
R—ﬁ?with-chcomitant loss of L”. This rei Lion normally
fgllows secéﬁd'ordgr kiﬁetics énd is dependent on the
,gconqentration ofibo£ﬁ.specie$. In contrast, the SNl
proceséﬂinyochs.two steps, initial'ioﬁization of ‘the
alkylatingvééént'tbva carbonium ion R%, followed by rapid
fééctipnuwith the nucleophile. AThis reaction follows
first ordé! kiﬁetibs since the rate determining step,
’formation of the carbonium ion, 1is de?endent only on- tne
concent;atibh-of the'alkyli irg agent.
~ A number of factors may influence the coﬁrse of a

-'pégéiéﬁla£ réac£iQn.  where.charged transition states or
interﬁediates occur during the alleétion, polar’éoiVénté
such as water will tend to lower activation éngrgies and
stabilizé iﬁtermediates. ,Similar-reébﬁions occurring ig
vnonpolar solvents lb | . |

‘will be considerably slower. Neighboring groups can play

an important role in assisting the displacement of L from

R and producing stabilized interymediatces which react as
alkylating agents. Typical examples involving neighboring
group barticipatioh include the sulfur and nitfrogen

mustards where Chemically reactive three membered



aziridiniuﬁ/and sulfonium ions, respectively, are

produced. 19 yd 10

e
The products resulting from DNA alkylation depend upon
the Syl or S 2 character of the reactlon and the reacgﬁﬁlty
' of the particuylar s1te on the DNA macromolecule v The -

nucleophilic sites in DNA potentially resulting in base

alkylation are shown below:

Guanosine - Adenosine

(o%\Nl i

Cytidine . : " Thymidine



Typical SNZ alkylating agents react with the 7 position. of

guanosine. 7-Alkylguanosine méy account for 90% of the
total ba -~ SLbStitUtiOﬂ.zO A number of @ther sites in-
& : ' ‘\

cluding *he 1,3 and 7 p051tlons of aden051 e and the 3
position of gytldlne have also been shown to'react with
alkylating agenﬁs.2l~v

The_struétures of the nucleosides.shown above are
the acceptéd major tautomeric‘forms observed in aqueous
%olution. A recent revieQ by Beak22 on the energies and
alkylatlons of tautomeric heterocycllc compounds suggests
that the extrapolatlon of tautomerlc equilibrium constants
from one molecular envirdnﬁent to another fs unwise. The
fact that tautomerization‘energies can be controlled by
local molecular environment may result in the presence,
in base Qﬁired hydrophobic areas of the DNA duplex, of
"rare" tautomeric forms of puriﬁes and pyrimidines.to a
:different 1egreeiphan was thought possible on the basis
of agueous solution studies.

~Beak22;also suggests_thatvif the factors which
determine the ground Staté energy difference bétween-
tautomers, also control the relative trgnsitfonfstate
enefgies for‘the first step,of)an alkylation, then the
. product formed will have the alkyl groupvattached to the
heterbatom which does not bear the proton in the major

tautomer., Such a‘'result, which is more likely fbr cases

'involving g reactive alkylating agent and an early



transition state, have been reported for the reactlon of

methyl fluorosulfonate with various tautomeric hetero-

cycles. 23 The COLversion»Of 7 to 8 pProc. ds in 903 vyield

1. CH3OSOZF , ‘

2. ag NaOH

a—

[~
w

upon reaction with this highly reactive methylatibg agent.

Other procedures result in less than 25¢ conversion.

Recent research24 suggests that a number of minor I,
|

DNA alkylatlon products may be blologlcally more signifi-
cant than alkylation at N-7 of guanosine. Ludlum?22 has ¢
reported that N-7 metthylated poly G permlts the 1ncorpora—'b
tion of cytldlne re51dd\s in the same manner as does

vpoly G. Alkylatlon of the 0-6 p051tlon of guanosine has
been reported by Loveless 25 This, Ain addition to cytidine

. N-3 al}ylatlon, mrght resu]t in 81gn1flcant mlspalrlng
and\blscodlng of bases. Lawley et al, 26'27 have descrlbed
alkylation of the N-3 position of guan051ne and the 0-4-
position of thymldlne olnder 28-30 -has described the

alkylation of the 0-2 position of cytidine as well as

‘nearly every potentially nucleophilic site of polyuridylic



\
acid including the 2'-0 position of the ribose.

While alkylation of tpe internucleotide phosphate
groups has been more diffiéult fo éstablish, wak by
Ludlum31 with‘poly A and by Freese and Rhaese?2 using
dideoxynucleotides has shown indirectly that esterifica¥
ti&g\gf phospgétes do€s occur significantly with ethyl-
aﬁing agents. Bannon and Verly33 havé reportgd conclusive
evidence for the fqrmdtion of ethyl phosphotriesters in
DNA and their stability under phyéiological conditions
of pH 7.5 and 37°C. Phogphate alkylation may have a roie
in thﬁrapeutic activity since the phosphot;iesters formed
can.proceed'eithgg chemiﬁally or enzymatically to DNA
degradation in the form of single strand bréaks.zl

Alkylating agents which are bifunctional can of course
undergo a second alkylation after initfal aftachment to
the'DNA. Bifunctional akylating agents have generally

20 to be more lethal than their monofunctional

been obsefvea
counterparts. The.formation of interstrand and/or intra-
st -and DNA cfoss~ligks between tﬁo guanine residues in the
case of sulfur mustard have been observed by Brookes and
Lawley.34 Evidence for the'existeﬁce of interstrand DNA
cnoss—linksifor other bifunctional alkxlating agents has
been'obtaingd using a number of techniques including
reversible denéfuration experimcnts,35 spectréfluorometric
assayé36 and inhibition‘of alkali-induced strand separa-

. /
tion.>’ j

i
{
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Sinc® the observation21 during wWorld War 171 that
exposure'te mustard gas [bis(2- chloroethylﬂﬂulfide] 9
resulted in bone marrow suppression similar to that
produced by radiation interest in aikylating agents i
'which are selective for fast proliferating cells has
initiated a wide search for new and more selective drugs.
The first such studies undertaken during World wWar II
by a group at Yale University, involved the study of
tris(2—chloroethyl)amine and its effect on disecases. of i
the bone Mmarrow. This study, later reported by Gilman,38
~was the first to establish the effectiveness of alkylat-
ing agents against certain malignancies as well as
determining the'two major disadvantages, (1) toxicityito
the host and (i1) developmeéent of drug resistance by the
tumor.

-

Clinically useful alkylating agents can be arranged

in four basrc categories (1) sulfur and nitrogen mustards,
(ii) aziridines and epoxides, (1i1) methanesulfonates
and (iv) nitrosoﬁreas (Fig. 1). fThe last group of cbmpounds,

the nitrosoureas; are of Very Jgreat-practical ang theoret-
icaldinterest and are the eubiect of this dissertation.
The nitrosoureas have a certain speCifiCity for
'neoplestic tissue, however, .a number of toxicity factors
including loss of hair, bone narrow depression and
immunosuppression can be obscrved after treatment_with

theseﬁdrués. While the alkylating activity_of the

0
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MUSTARDS - ' AZIRIDINES AND EPOXIDFS
CH,
ICH ' 1 [>“ N {1
CICH,CH,NCH,CH,C | er/ ij/N
/ Nitrogen mustard ' N_ _N
e . . N ,
ClCH2CH2\\ . \ 3 / \ :
. o o
(CH,) ,CO,H . . TEM 7/
ClCH2CH2 » - . _
Chlorumbaci M, ’([fN 37 P=S
‘ Thiotepa
H
O
N/ . .
ClCH2CH2 P
NN — CH (OH) CH (011) —
///N @)

‘ClCH» H2 ‘
Cyclophosphamide Dianhydrogalactitol
METHANESULFONATES NITROSOUREAS

j i i
! . [
3ISOCH CH2CH2CH2OECH3 ClCH2CH2§CNHCH2CH2Cl
0 O NO
.Bisplfan BCNU-
LHBSO3CH3 ? |
i -
Methyl methanesulfonate NHCNCH2CH2C1
I
NO
CCNU
O
'/ “ ‘ ’ I :
C : : | FCHZCH2$CNHCH29H2F
NO
) BFNU

Figure 1. Clinically useful alkylating agents (methyl
methanesulfonatc is listed for its theoretlcal

1nterost only)

11



nltrosoureas dppears to 'be related to therapeutlc

5,8-10 "
aspects the spectrum of activity is somewhat
dlfferent than observed for other chemotherapeutlc alkyl-
atlng agents. 21 Tumors which have developed resistance to
drugs such as the nitrogen mustards are sometimes sensi-

21

tive: to the nitrosoureas.

The reasons for preferential cytotoxicity by nitro-
soureas are not well understood. When the rates of
macromolecular synthe51s are used to measure the extents

4 ’ .
of cellular damage, 39-42 nltrosoureas appear to react with
both host and neoplastic tissues, but, while the host
tissues readily repair damage as measured by recovery of

macromolecular synthesig®? 42

nedplastic tissues repdir
39-42 . : .
cellular damage only slowly. '~ While repair mechanisms
are not fully understood, the selective effects of alkyl—
atlng agents on neoplastic tlSSUG may be related to such
mechanlsms rather than to an 1ntr1ns1c difference in the
alkylating reactions which occur in- host and neoplastic

cells. 1 o

The original hypothesis7 that N—methyl—N'—nitro—
N- nltrosoguanldlne 1l and N- methyl N-rnitrosourea 2 decompose
under phys1olog1cal conditions to produce dlazomethane7
has since been mOdlflGd Additional experiments43—46 con—‘
flrmed that alkylation of biological_materials does occur
"by these compounds. Alkylation with N-methyl-N'-nitro-
N-nitrosoguanidine l; N—methyl—q—nitrosourea 2.0r

-



N-ethyl-N-ni_rosourca 10 labelled with 14C and 3H or ZH

in the methyl o:r ethyd group resulted in prbducts.with the

same ratios of Lsotopes as in the parent compounds.‘l?’_46

Since producticn of the diazoalkanc intermediate requires
< .

proton loss fromn th: methyl or ethyl group, this radio-

15

isotdpe.work has lcu to the suggestion that a diazo-

hydroxide is the active alkylating agent. . Additional
work by Br-undrett,47 using BCNU—a—d4 11, showed that upon
aqueous decomposition, all of the 2-chloroethanol isolated

contained two deuteriums.

ClCHZCDZN(NO)CONHCDZCHZCI

11
© The cérbamoylating ability of the nitrosoureas has

been observed by their reactions with lysine.48_50 Addi-

-

tion of CCNU 4 to proteins followed by hydrolysis yielded

N6—cyclohexylcérbamoylilysine.48’49 More recently it -

was shownsp,that carbamoylation of N2'of lysine occurs:-

more extensively than carbamoylation of N©, Similar

—

reactions with BCNU produced N6—(2—chloroethylcarbamoyl)—

”lysihelkgwhiCh can cyclize even at room temperature to

fOrm'oxazolinyl groupk‘li.so

13.
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CH,CH,CHCOO~ —

ClCH2CH2NIICNHCH2 2l
| NH S . o
v l._2 .
‘ : ' ~ e’
' L D NHCH, i, CH i oo -
L : 13

V) -

In addltlon to carbamoylatlon and alkylatlon nitro-
soureas have been observed to be respon51ble for, nucleic
acid dcgradatlon >1- 53 but whethen thls degradatlon is a
resultuof_alkylation;followed by enzymatlc processes has

not been‘determined ' The present laqb of*understandlng

.

14.

concernlng the extent @f DNA degradatlon and the processes.'

‘SO 1nvolved was addltlonal 1mpetus for the present study

The prlmary Objectives dec1ded upon in an attempt

fto understand the chemical mechanlsms by whlch the nltro— '

soureas exerted their antltumor effects were threefold

-

- An 1nvest1qatlon of the products of aqueous decomposition

was undertaken to as51st 1n determlnlng the reactlve

t

1ntermed1ates 1nvolved ' Since: alkylatlng act1V1ty of the

<

-‘nltrosoureas has been observed to correlate w1th

therapeutlc effects, a study of DNA base alkylatlon was
carried out u51ng a sen51t1vc eth1d1um~brom1de fluor—
escence assay -The mechanlsms of DNA degradatlon also

requlred addltlonal 1nvcst1gatlon _ "

-
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After a detailed examination of chemical mechanlsms

_1nvolvcd in the rcactions of nitrosourcas with purified

DNA, attempts were made .to rationally design and synthesize
new cempounds which might exhibit'superior reactivity with
DNA. Extensive structure activity studies invblving the

nltrosouroas have been prtv10usly reported. 2,3,15 Howeve-

these 1nvest1gatlons have generally resulted in modifice -

tion of th carbamoylatlng portlon of the molecule ~ The
Present study has invoived two additional aspects: (1) the
modification of nityrosqureas in an attempt !« increase

their alkylating ability and (ii) the'des?qn of compounds
which might produce nitrosourea-like reactive intermediates.

, ?
In addition to the in vitro assays outlined in subseqguent

chapters <n vivo data was obtained fcr new compounds when-

. 2
' -\ — ‘ '
Rather than detail the extensive work which has been
7 ) : i
reported recently for the decomposition and chemical mode

ever possible..

of action of the nitrosoureas at this time, a brief
discussion of the relevant work s it applies to successive
aspects of this study w1ll 1ntroduce cach of the subsequent

chapters
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CHAPTER TWO ;
STUDIES RELATED TO THE SYNTHESIS

AND DECOMPOSITION)OF NITROSOUREAS

. While there has been some dlsagreoment as to whether
.base catalyzed docomp051igon of nltrosoureas such as "P
(

N-methyl-N-nitrosoureas MNU) g‘lnvoLwes nUcleophilic

/

attack at theunitroso fﬁnctién54 or the carbonyl, >3 o%
involves proton abstractioh,56 recent work57 has 1nd1cated .
that the latter possibility is the .more likely e@ent

The diazotate 14, 15 (Fig. 2), produced under ba51c ";

o

conditions, or the diazohydroxide 16, .17 (Fig. 2), existing

in neutral solution can be of the syn 17 or ant< ig form
(Fig. 2).58 Rotation about the N-N bond is sufficiently
restricted to prevent facile syn - anti isomerization.59

Syh¥diazotates can be inﬁependently prepared60_62 by the

action of potassium tertiary butoxide on the appropriate

P
N-nitrosocarbamate (Scheme 1). They readily decompose63'
N Scheme 1 -
0 ‘ o- yN— N '
+ ’ - 0]
Il K -OtBu . // \\ _ A
R-N-C-0Et > R-N-C-0OEt| —»R O K + EtOCOtBu
l | : ]
N=Q ' N OtBu
0]

in aqueous media to form diazocaIfanes 18 and/or carbonium

L

iohs 19 presumably by hydroxide ion elimination assisted -

by the anti positioning of the nitrogen.lono pair (Fig. 2).

o~



R-.C_HQ - Nuc.

20

Figure 2.

R-CH, @  R-CH,-N,® (
21 |
'H/ -Nz
® 0
R-CH=N=N- R-CH, @
18 B

Basc catalyzed decomposition of N-alkyl-N-

nitrosourcas.
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_dAntz—dlazotates, prepared by nitrosSation of monosubstltuted

hydra21nes (Scheme 2)60 62, are less reactive than the syn

\ .
- Scheme 2 0 -
o | N— yas
EtONO | : / )
R-NH-NH,, I |R-N-N-H —> R + N,0
K* ocH3 | ‘
| N=0

isomers and can be dissolved in cold water without reac-
tion.59 Heating induces diazoalkane and/or carbonium ion
formation concelvably through antl 7> syn isomerization.59

.Whlle the syn 1somers_readily undergo SNl type reactivity63

low ,ctivation S.2 reactivity Nucleophilic attack at
the nltrogen bearlng carbon would release. the electron
Pair of the carbon- nitrogen bond to assist in an anti-
ellmlnatlon‘of hydroxide ion ang produce the alkylated
nucleophlle 20 (Fig. 2). s l reactivity can be expected
of the anti 1somer when it undergoes cleavage of the C-N
bond with concomitant elimination of hydroxide ion result—
lng in a carbonlum ion 21, a mechanisn whlch has been
suggested for the dlazotlzatlon of pPrimary amines. 64

In 1967 Montgomery et aZ.65 reported that the agueous
decomposition qdeCNUié resulted Primarily in formation
of acetaldchyde wfth a small amount of 2- chloroethanol
also present. Baged on this result they suggested that

a vinyl cation wagd the primary alkylatlng Species generated
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from BCNU 5 which produccd acctaldchyde upon hydroly51s
Montgomery concluded65 that BCNU 5 decomposes in an
"abnormal" manner comparcd with MNU 2 and that rather than
forming an alkyl.diazohydroxide, loss of HC1l initially
produced a substitut%d 2-imino-N-nitrosooxazolidinone 22
(Fig. 3). ~Proton loés from this intermediate co:ld then
result in an isocyanaté 23, a vinyl diazohydroxide 24
‘and/or a vinyl carbonium ion 25. Additional evidence.for
the vinyl alkyiating species Qas obfq}ned by the decomposi-
tion of BCNU 5 in a saturated zﬁﬁégﬂ/b}omide.solution.66

GC mags spectral analysis of the decompqsition mixture
indicated that vinyl bromide, resulting frém a vinyl
alkylating species, was present. At this time they also
reported that the ratio of 2—chloroethanolvto acetaldéﬁyde
cbuld vary significantly. 1In dlstllled water acetaldehyde
predomlnated while in solutlons buffered near physiological
pH 2—chloroethanol was the major decomposition product.'
Convérsely, y,3—bis(2—fluoroethyl)—l;nitrosourea (BFNU) gg,
was observed to ¢ '« mpose and produce almost exclusively
2—fluoroethan§l, presumably due to the greater strepgth

of the carbon-fluorine bond.

In l974»research by Colvin ﬁélal.67 indicated that

the decomposition of BCNU 5 in a'neutrai aqueous buffer
produced 2-chloroethanol and acetaldehyde in a 2.7:1 ratio
'(63% é—chloroethanol, 23% acetaldehyde). ‘Minor amounts ;/

' -

of 1,2-dichlorocthane and Qinyl chloride werc also



O
d
. \\//\\T/ﬂ\ﬁr/\\“//Cl
H oA a
1 I—HCI
4
o \
Nr\/
2 )
l N=0
cl N=N~OH.
~TNNeo . CH,=CH”
2 24

N

Figure 3. "Abnormal" dccompésition Suggested for

20,

BCNU 5.
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identified. A second paper by éolvin et aZ.ll reported\
that similar product ratios resulted from the decomposition
of CNU 3 and ccnu 6 under comparable conditions. Th;y
suggesﬁed that Zrchloroethyl—nitrosoufeas did in fact
undergo "normal" decompositionbcomparéd with MNU 2, pro-
dﬁgfgé the 2-chloroethyl diazohydroxide gz'and/of 2-
chloroethyl arbonium ion 28 (Fig. 4). Additionally, it
was obszrvedll that the tréatment of‘ghloroethylamine with
nitrous acid produced 2-chloroethanol and acetaldehyde

in a ratio similar te that bPreviously obse;ved for fhe
aqueous decomposition of BCNU 5. Since the nitrosative
deamination of émines is known to'producgvcarbonium iOns,68
this product ratio led t; the suggestionll that all of the
decomposition pfoducts Observed couid‘be accounted for on -

the basis of a 2-chloroethyl carbonium ion 28 (Fig. 4).
Research by Garrett and Got069 had indicated that N,N'-

disubstituted nitrosourcas decomposed to produce carbonium

)
1

ion-1like species which Qere sutfject to réarrangements.
_Investigatioq by‘Reed'ct aZ.7O suggested thag

2—chlorbethanol was the major product frofm the decomposi-
‘tlon of 1—(2-chloroethyl)—3—(4—methylcyclohe%yl)—l—nitro—
sourea 29 in agueous buffer while l~bromof2—éhloroethéne~
resulted from the degradation of CCNU 6 in the presenbé
of sodium bromide.

Brundrectt ¢y aZ.47 investigated the decomposition'of

BCHNU 5 which had been labelled with deuteriums on the;

. I



Figure 4.

HO NQI\J/\/CI + cl—>_—~NCO
.. 17_ =
© .
-N,,-OH .
Cli
| ‘ ; /Q\
H2O CICH2CH2@ + CHZ:
H2O '
' » .{V “‘\\
. & "
CICHZCHzOH CH3CH Cl
HQO
CH3CHO

"Normal"

decomposition suggested for BCNU

I|u1

22.
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carbon atoms adjacent to the urea nitrogens (BCNU—a-—d4 11) -

or adjacent to the chlorine atoms (BCNU—B—d4 gg); The

ClCHZCDzN(NO);ONHCDZCH2C1 ClCDZCHZN(NO)CONHCHZCDZCI

Id

11 30

observation that BCNU-u—d4 11 produced acetaldchyde with
no deuterium on the carbonyl carbon and that BCNU f—d4 30

produced acetaldehyde which contained a deuterium on the

carbonyl carbon argued against the v1nyl carbonium .lon

i
)

mechanlsm (see Fig. 3) proposed by Montgomery. Brundrett
concluded that rearrangement by hydride mlgratlon of
the 1nltlal 2 chlorocarbonlum ion followed by hydrolysis

/

was the most llkely mechanlsm to account for acetaldehyde
p/oductlon (Fig. 4). This same investigation reported
that in approximately 5% of the chloroethanol and 5% of
Uhe chloroethvl ether isolated (presumably produced by
chloroethylatlon of)somc of the chloroethanol), both
/Geuterlums had migrated to the adjacent carbon. This
/suggestou that about 109 of the decomposition proceeds
Jthrough a cyclic chloronium 31 ion (Fig. 4). "
| Avsecond recent publication by Brundrett ang Colvia7l
described the decomposition of l,3—bis(urjthrm—B—chlofo;

2-butyl)-l-nitrosourea gg and 1,3-bis(iirin-3- chloro 2—

butyl)—l"nitrosourqa'gi- Slgnlflcantly more :ﬂyg\—alcohol /
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CH3
Cl, <

3

0.
. H - CH
/U\ 3 e
N ) '
o H M,
=0 CH3
32
N)\(
=0
33

was isolated from ¢rythro-starting material as well as

erythro-alcohol. from thre

implied that some attack

.an SN2 mechanism involving the diazohydroxide.

o-starting material. This

;3 . ,

by water occurred (ca. 1/3) by
The -

remaining alcohol resulted from,SNl attack of the free

carbonium ion or chloronium ion.

substltuted v1nyl chloride derivatives were also obtalned

Significant amounts of

presumably through elimination reactloné\\ Although the

decomposition pathways

rigorously examined,

for these compoundé have been

a direct pdrallel wﬁth the décomposi—

tion pathways for BCNU S remains in doub§\§ince both

1
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carbon centers which potentially are involved in nucleo-
Philic reactions aré_in this caselsecondary carbon atoms.
The present study was carried out in an attempt to
clarify the‘chemistry involved in the decomposition of
2—haloethylnitrosoureas Suitable modification of the
2= haloethylnltrosourea structure might increase the con-
. -
,trlbutlon of minor decomposition pathways (such as via
the 2- 1m1no—Nﬂ11trosooxazolidinone) as well ‘as confirm
those previously suggested"g'o“47’7l By determining the
reactlve intermediates 1nvolvcd in- the aqueous decomposi-

tion of 2- haloethylnltrosoureas, subsequent lnvestigations

involving t;;}{ reactions with DNA could begin.

Synthesis of‘Nitrosoureas . !

The nltrosoureas usod in this study have bce
synth931zed by reaction of the appropriate amine With the
desireq 1socyanate followed by nltrosatlen Structure
modlflcatlons were usually carried out prior to ths\
Aamine—lsocyanate condensation as some ruvactions, pParticularly

chlorlnatlons with thlonyl chlorlde, reuulted in urea

" @
degradation (see the von Braun roactlon72). Monosubstitutod
ureas were prepared by the reaction of ‘an amine hydro-

chlorlde with pota051um cYgnate as shown in Table 1.

5
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Table 1

R-NII,-HC1 + KOCN - R—NHCONH2 + KCI1

. R » Compound
CHB_ N-methylurea 34
CHBCH2— N—ethylurea 35
ClCH2CH2— o 2—chl%roethylurca 36
ClCHZCHZCHz- : . 3—chlo§opropylurea 37
ClCH2CH2CH2CH2— ' ‘ 4—chlorobutylyrea 38
ClCH2CH2CH26H2CH2— ) S—Chloropentylurea'i_

>

Symmﬁtrical disubstituted ureas in SOme 'cases were
Prepared by addition of the appropriate isocyanate to
water Containing triethylamine. Initial hydLolySis og
the isocyanate to the carbamic acig followed by decarboxyla—
tion produced I n uzzx an amine. Reaction of the amine
with remalnzng lsocyanate resulted in the symmetrlc ureés

shown in Table 2.

Table 2

- ) H.0
' R-NCO —2_ 4 p_ -NHCOH

o

+
. R- NH 02
A

R~NHCONH-R ’ . » , ’
R | Compound
—_— _
ClCH(CH3)CH2— , l,B—Bis(24chloropropyl)—l—nitrosourea 40
c1cx2cn(cn3); , 1,3—Bis[l—(chloromethyl)ethyl]—i-

nitrosourca 4]
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1,3—Bis(2—chlorocthyl)urea’£g>wa prcparod3 by the slow

addition of aziridinc 43 to phosgence 44 as shown in°®

Scheme 3. Nucléophilic attack by aziridine on the carbonyl

Scheme 3.

. N o
o I
[>NH + COCl2 I e—— [DN—C—Cl -+ HCl:,

" etc ' '
ClCHzCHZ._NHCONHCH2CH2C1 <« l:ClCHZC}izNHCOClJ

42 $

releases hydrogen chlorlde which opens the azlrldlne rlng
Addition of a21r1d1ne 43 to phosgene 44 in the presence

of a base_produces carbonyl—l,l—bisaziridine 45 which can
then be treatc;l3 with aqueous hydrobromic acid to produce °

l,3—bis(2—bromoe£hyl)urea 46 (Scheme 4). l,3—Bis(2—

Scheme- 4

. .0
: o
DNH + COCl, + base ————» DN—C-—NQ
i3 44 A 45
< HBr )

BrCH2CH2NHCONHCH2CH2Br

46

iodoethyl)urea 47 results when 1,3—bis(2—chloroethyl)hrea

42 1s trecated with sodium 1odide"in refluxing acetone. '
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Unsymme = rical digubsti tuted-urceas can be prepardd, ine
; _
principlc, by tWO‘puthwuys. AuthJon of thOLocthyl—
‘ i } v

amine to phenyl iﬁocyanqto or ad01t10n of audline to 2- X
chloroethyl lsocyanate } JOth rcsult in 1-(2- chlorocthyl)—

A .
3—phcny]uré; ~8:  Compounds prepared b/ thlS route arc
shown in Table 3. e

Table 3 . y
R-NCO -+ R"—an T R-NHCONH=- R'
. ‘ .
R R' i . urea (
—— - . R -— i
ClcH,Cr - CéHé—  ,l—(2¥chlorootmyl)—3—pheny1ufca 48
. S R , : : :
CGHS— ClCHQCHZ- %—(2—chlorocthyl)—3—phenylurea 48
CGHlMi ClCHZCH2— l-(2—chloroothyl§—3—cyclohexylurea 49
. \
é%nil— CECH,CHL,- o 3- cyelohexyl-1- (2- fluoroethvl)urca /50
C6Hll— BrCH2CH2— 1- (2 brom@ethvl‘— cyclohexylurea 31
“C6Hllf : UOCHZCH2— 3ﬁcyclohéxyl~l—(thydroxyethyl)urea“ég'

.C6Hll CH3OQH2CH2f .3—cyclohoxyl—l—(2 metho>yethyl)uroa 53

‘ClCH2CH2— E¥CH'OC(H5-1—(2 chloroethyl)—3—Q—methOXyphenyl—

3 6
: -urea 54

ple2CH —‘p N02C6H5 l—(2-chloroethyl)43—B—nitrophcnyl—

‘urea 55
~c1cn2CH2- (Cliy) - l—(2fchlor60thyl);3,3—di@¢thylurea s5¢¥
: § i
Triethylamine can be us&g_to conscrvg an expensive
amine by dVOldan prior 1solation of tho froe base ‘Thus,,

1- cyclow‘ y1-3- (2—fiuoru@thyl)urca'29 was prepared from

28.

F A

~
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cycloh- . isocyanate, 2—f1uoroethylamine hydrochloridé
and excess triethyl amiﬁe. |

Nitrosation of the cus was always the fina%
synthetic stép as the p‘OdQCLi are unstable to hégt'as~

//;;11 as to basic conditic s a1 i, therefore, subsequent

&
<synthe£ic stcpsrwpre not feasible. Three mcthods of
nitrosation.weru cﬁployéd: |
(1) Agqueous nitrqsation uéing sodium nitrité in
@iiutgshydfochloric of Sq}furicracid was moét va]uablé
forvmonosubstitutcd and s;méc;rical disubstituted urcas
providing they had some watcfA$olubility“as éhown'in.
Table 4. | |
- '2§§}0«4 : B b
_ .kNéNoz | ' _
RNHCONHR' " ~ — > RN {(NO) CONIIR!
L " HCl or 1,50, B : N
R - R'’ . : Compognd
Cﬁ3— . -H ‘N—metﬁy}—N—nitrqsourea 2
CCH,CHy- -l N—othyl—N—nit%osourea 10
ClCHZCHz— . -H \7 l—(2—chloroethy1)—l—nitrosou;oa 3
ClCHéCH2—' -CHZCH2C1 l,3fbis(2—chloroethyl)—l—nitrosoufeé 5

(i1) Nitrosation in 98% formic acid using .solid sodium
nitrite added portionwisc was most effective for compounds

which were not wiater soluble, as well as unsymmetrical

disubstituted urcas (Table 9). " Under thesce conditions,

29.
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unsymmetrical disubstituted urcas were nitrosated at “he
less hindered amidic nitrogen as first obscrved by

Montgomcry.3‘,Proton.magnctic resonance analys_ s of the

!

prOSUcts confirmed fhié initial observation 7 the nitré—
soureés prepared in this study. MixtUrcs oI _he isomef%c
nitrosation pro’icts can be observed Jhen the formic acid
contains as little'as 5-10% water. |

Sodium nitrite in formic acid most prObably results
in formyl nitrite Zi; a_speciés,reportedly observed.
séeét:OSCOpicallyi73 Mdntgomery suggGStSB.thaE the
transfer of the nitroso group in 98% fofmic acid occurs
through’thé cyclic inﬁermediate.zg shown in Figure 5.
The use éf'a cyclohexyl or similar bulky R gréup attached
to one of the urea nitr;gens results in exclusive nitro-
sation at the 2-chloroethyl amidic'positioh. The isomeric
coﬁposifion abpcqrs to depend on the relative'stabilities
of the ﬁWo possil.e cyclic intermediates.

(1i1) D@nitrégen téfraoxide“(N204) in dfy ether
resultéd'in good yiclds of N-nitroso derivatives. It
does not resﬁlt in the regioselectivity of the previously
discussed method but is especially'valuable in cases )
where the product exhibits Qéter solubility and rema‘ns

in the aqueous nitrosating medium.

s : .a

Decomposition of the Nitrosoureas

Figure 6 outlines detailed mechanistic steps of the

decomposition pathways as suggested by rescearch outlined

31.
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in the introduction. When the 2—halouthylnitrosouroa 74

decomposes in a "normal"” manner (Pathway B) the . .

diazohydroxide 75 and/or thc.c,n—diazohydrOHide 76 are

prodﬁcod. SN’ reactivity b; the anti isomer results. in

hleCt]&nOl 77 while SNJ reactivity producés the 2—haio—
thyl carbonium lon 78 or cyclic ha;oothonium ion 79.

Thesce intcrmcdiates may undergo hydride tfansfer (Pathyay

B') to form the halocarbonium»ion 80, which upon. hydrolysis

prodgcos acctaldchyde 81l. Olah has reported74 that in

’

supcracid media the cyclic haloecthonium ion 79 and halo-
cérbonium ion 80 do néE interconvert. Hydrolysis of the
2—haloetﬁyl carbonium ion 78 or cyclic haloethonium ion
79 produces 2-haloecthanol 77a. SNl reactivity would be
expéctod from the sjﬁ—diazohydroxide 76 producing the
alkyl diazonium ion gg'which‘may rcact directly with
wéter or, loSe nitrogon to produceozg and 79.

o "Abnormal" decomp05ltlon (Pathway‘A) reéuits in the
‘N sub i ated 2—1m1no—N —nltrosoowazolldlnone 83 whlch
decom, - 5 to fOLm the’ d1a7ohvdrOXJQes 84. SN2 reactivity
at an Sp) hybridized carbon 1s unlikely so reaction of
-the vinyl diazoh}droxidcs 04\15 most brobubl\ by’SNl to
“form the vinyl carbonium ion 85 ~which rcsults in acectal-

dehyde 81la.

Stgg}oc Rolut(d to tho D(hOﬂ,u«JLlon RatO"Wof ltrOSOULfaS
Tho fTirsy asp(kt of the an(qLJgJLJOH of the decompo-

51tlon of nltzosour<q< involved the determination of\Eheir

!
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stabilities in aqueous pH 7.1 buffered sclution at ;::ZT\E\\
\\J/Epé&{\these conditions nitrosoureas decompose to produce

their reactive intermediates without enzymatic activation.15

75,76

While Wheeler et gl h@ve used the uv absorbance of

the nitroso function to monitor decomposition rates iﬁ
5% ethanol/watér buffered to pH 7.4, other methods have
been less direct. Loo and Dion77 deveioped a colorimetric‘
procedure based»én'the release of niﬁrous acid and
Montgomery et aZ.6 measured the rates of nitrogen and
carbon dioxide evolution during,decompositipn. The latter
method involves analysis after a series of steps and
measures dVera17 rates of decomposition to form final
. products. Polarographié analysis employing the‘electro—
chemically active nitroso group proved to be a convenient
and sensitive method for‘determining directly the rate |
of the first step éf the decompositicon of the nitfdsoureas.
All of the nitrosoureas studied showed two well~

défined,polarographjcwaves independent of pH, and the

polarographic pardmeters E and 1i..- 'were casily mecasured.

1/2 lim o
Thesé waves in neutral solution correspond to the revers-
ible reduction éf the N-nitroso group to the hydroxyamino
group78 followed by reduction to the'amino group, both
proéesses requiring two electrons. The two waves‘argi
often but not always of eéual“height. In all cases'thesé

waves decreased. with time following the aqueous decompo-

sition of the nitrosourcas (Table 6). In no cases were
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any waves from reducible decomposition products dbsorved.
This implies that tho decomposition products are trans-
icnt‘and/or electrochcmically.inactive in accord with the
suggested primary decomposition pathways (Fig. 6)."
Plots of the logarithm of the diffusion—limited

current against time were always llnear for both waves

permitting determination of the rate constants for the

decomposition at pH 7.10. values of the rate constants
' . ¢
were determined.separately for each wave. 1In nearly all

cases these two calculated rate Constants were 1dentlcal
w1th1n experimental error and the repo*ted values ére
the mean of at least two measurements; the error cited
1s the author's eétimafe and varies with number of
kinetic runs, definition of the pdlarographic waves, and
lineariﬁy of the logariépmic plots. The reported rate

constant values are calculated from half-life values

measured over at leasp one half—life except for Very slow

!

decompositions. The rates and potentlalq in the partially
nonacuecous cases Are not strictly comparible with those

in aqueous solution. For example, BCNU in aqueocus solu- -

-

tion had a ha]f life of 79 min, howcver, in 5% acetonitri;e

-the half-lifoe droppcd to 52 min (Table 7). . A similar

change is observed for BBNU. .

The ratcs_of the first step of the decompositions
of the'nitro§ourcas measured clcctrochemically (Table 6)

: . ' . : . 75,76
are not entirely in agrecement with previous studies. !

38.



Table 7

Solvent Bffects on the Decomposition Rates of Nitrosourcas

RII(NO) CONIR!

5 R R' solcht tl/z(min)
5 CICI,CH - '—cnzcu2c1 1,0 pll 7.1 | 79
5 C1CH,CIl, - ~CH,CH,CL 51 acctone 72
5 .c1cH2cn2— ~Cil,ClI,C1 5% ethanol 69
El CICH,Cl,~  ~CI,Cl1,Cl 5 acctonitriie' 52
62 BrCH,Cl,~  ~ClLCH,Br 11,0 pil 7.1 52
62 BrC'HZCHZ— ~CH,Cli,Br 5% acctonitrile 36

However, it is cvident from ?pblc 7 that the decomposition
rates are highly dependent on the solvent systém. There-

fore, it is not uncxpcocted that the rates measured in the
o .

present study differ from thosec of Wheeler in which case

the .compounds were examined in 5% ethanol with the compound

5
initiallyfdissolvcd in acetone.?5’76
It may be observed from Tablc 8 thap, as anticipated,
the raté of decomposition of BCNU gvincreﬁscs progressi&ely
with increcasing pH in the range 4.4 to 8.0.
A free ~NH2 group 1in the urca Strﬁcturo as o oin
CNU 3, MNU 2, ENU lg, 1~(3—chloropropyl)—]—nitrosourea 57,
1—(4Tchlorbb¢‘yl)—l—nitros@urca 58, and l—(S—chloropontyl);

I-nitresourca 59 conciderahly accelerates the rate of

39.



Table 8

pH Effects Upon Decohposition Rates

o Compound | temp. pH tl/zmln

5 BCNU 22° . 4.4 3890490

5 BCNU o222 7.0 . 734170
‘ &

2

BCNU 22° 8.0 481+15

e

decomposition relative to BCNU 5 or CCNU 6 (Table 1).
\\.

Lack of an N-H proton as in l—(2—chloroethyl)~3,3—dimethyl—

l-nitrosourca 70 scverely inhibits decomposition in agree-

ment with provious wofkll (Table 6). Thesc results

suggest that loss of the N~II proton is the first,étep

of the decomposition of 2-halocthylnitrosolireas in
accord with‘rcceht results 6f Hecht and Kozarich?6’57
involving the decomposition of-N—mcthyl—N—nitrosourea 2.
It is cvident from Table 6 that compounds which
have identical structures, exécpt for the halogen sub-
stituent, 50 not always havoﬂsimiiéf dccomposition rates.
- While BFNU 26 aﬁd BCNU 5 have comparable half-lives,
BBIIU gg and BINU 63 dccompose significantly faster (BiNU
63 1is mbasurcd in 5% acctonitrile and}ythcfcforo 1s not

strictly comparable). It can also be observed that in

the serices of - compounds which contain a cyclohexyl

group and a 2-substituted cthyl nifrosourca (62, 5,

ir\)

66, 7), the half-lives vary considerabl v (Table 1).
o J



41.
For the substituents -Br, -Cl, -F, -OH and -OCIll. the
3

respective half-lives are L9; 69, 73, 186 and 1445 min
(Table 6). As the leaving ability of the substituent
decreascs the half-life increases (again the -Br and
-Cl analogues are not strictly comparable). This implies
that loss of the Substiiuent‘aftorvinitial proton
abstraction (or transfer) is a significant decomposition
pathway for some nitrosourecas.

since a 2-imind-N -nitrosooxazolidinone 83, (Fig. 6)

intermediate first suggested by Montogomcry6$ 1s 1in
on

. /
agreement with %he two previous obscrvations (proton
.. !

abstraction followed by. loss of the halogen), the electro-
chemistry of N-nitrosooxazolidinone §g79'was investigated.

o
N

e

89

.The polarogréphic data for this cpmpound are listed in
Table 6. Its rate of hydrolysis under ﬁhe same condifions
is con ‘derably qutor thanAthqt obscrved.forﬂfluoro—

and chloroethylnitrosouroas‘but compardblo to the bromo-

and -1odo- derivatives. The two half-wave potentials arc
A

so closc to those obscrved for the 2-halocthylnitrosourcas
e . - - ,



that it cannot be diétinguishcd from them in dilute

solutions, The obSurvatjon 5y an'gomoryG-that 2~ (2-

chlorbethyldmjno) 2-0: d/OllnC 90 is isolated after agueous

buffercd dccomeSJLJon of BCNU 5 as well as the observa—
40 , 2

tion that carbamoylatlon of lysine at the N or N Q&

position with 2- chlorocthyllsocyanate results in cyllzatlon

to form Oxazolinyl groups (13 Chapter 1) indicates that

‘cycllzatlons 51mllar to that suggested by‘Mohtgomery are

-

g
Clch CH2NHL——<§&i]
90
knqwn. g?Io\wever, whether a Z—imiho—N—nitrosooyazolidine
83 (Fig. 6) is 'an 1ntermed1ate in the decomp051tlon of
nltrosouroas cannot be determined from . the electrochemlcal
data presented. ' ' ‘
From rate data'ét dﬁfférent tempefatures (separate

study, Table 9) the Arrhenlus parwmgters weﬁﬁ derlved for

"BENU ZQLRBCNU 5, BBNU 62 in aqueous pH 7. l solutlons as

—

follows: log AN -20.1 ¢ 1.4, -31.¢ 0.7L -22.3°+ 1.6,

44 .
Ea, 24.4 1 2.9,

\€<5-1 1.0, 27.2 4 2.3 kcal/mole.
Despite all efforts ﬁp resuits ccould be.obtéingd for
BINU 63 in aguedis sélution, and so BBNUlggjénd éINU 63
‘weré both examined in 4.8%_acetonitrile with the following
results: log A,. 1879 + 1.6, 19.9 s 1.0; B, 24.0 +

!

1.5, 24.8 1.5'%kcal/mole. on the basis °f - se results . g

WC estimate the values for log A and Ea for L% 63 in



SRR 43,
L :
Table 9 S &
Temperature Dcpcindencc ho f_ﬁi trosourca I‘<l\foly's:j’.s f?(‘_;l‘(i\é_iw(ﬂ
| Co;npo_und Tempaerature half—l\i.fe{} ' log k
' (°C) (min) o (x, scc—l)-
|

BFNU 26 B 28 220 ~2.436

BFNU 26 37 76 -2.898

BFNU 26 41 38 -3.202

BFNU 26 47 20 - -3.468

BCNU 5 28 288 -2.31¢8

BCNU 5 39 s ~2.852 .
BCNU 5 41 49 - -3.085 -
BCNU 5 47 20 . ~3.468 // L
BENU 62 28 161 ~2.571 *

BENU 62 37 52 ~3.063

BBNU 62 41 24 ~3.403

BBNU 62 47 11 -3.729

BBNU* 62 28 103 -2.765

BBNU* 62 . 37 36 . ~2.317
BBNU* 62 41 27 -3.353

BBNU* 62 47 11 -3.745

BINU* .63 28 182, -2.517

BINU* 63 37 58 -3.012

BINU* 3 4i' 39 -3.189

BINU* 63 47 16 =3.566° \

*In 50 CilLen V(TV-/\_’) ; O;’—;V—LT aquoeous; pl 7.1, i




agqucous solution as: log A, -23.3 *+ 3.0; Ba, 28.0 ¢

3.0 kcal/mole. " The plots of the logarithm of the diffusion

~-

. \ .
current against time from which the rate data were derived
were 1in all cases linear over at least onc half-life.
The Arrhenius-plots were also ih'all "lve cases linear

and the error limits given are the standard dev1atlons

-

The values of E* obtained in this study are within experi-

.

mental error of those obtained for SLmllar compounds~under

similay but not identical conditions in the spectrometric

69 -

study of -Garrett and Goto.

-

Studieg Related to the Products Resulting from the

Decomposition of 1,3—Bis(2—haloethyl)—l—nitrcéoureas

The 2—haloothylnitrosdﬁreas are‘considered to Qndergd
;decomposition by two majof;pathways (Fig. 6) yielding as
major products 2-haloethanol 77, 77a, aéetaldehyde 81, 8la

and an isocyanate 91, 9la. While the isocyanate 91, 9la is

produced in either pathway A or pathway B, 2—haloethanol

~J

‘77, 77a is only producéd ggrough pathway B. Acetaldehyde

N
o¢]

la'can be produced thlough elther mode of decomp051—

tion, however, Brundrett S work.47 has indicated thatﬁthe
contribution of the cyclic chloronium ion‘zg,”aqd pre-
sumably acetaldchyde 81 v{a pathway &, in the decomposi—
tion of BCNU 5, 1s only 10% of j@e total as measurcd by
deuterium scrambling<in the pro@ucts isolited. Therefore
R . L ¥
. B
a rclative increase in accta]dcﬁydo production in the
. |
J - )



docpmpositjon,of a scerics of related njtro§ouruas might
indicate a Signjficant éontribukjon.by pathway A 07 the
2—imino—m—nitrosooxnxo]idinono 83 (Fig. 6). 1 compafison
of the yroduct QL)Ob after Qngumpovztlon wahjmado for

four nitrosourcas;: BFNU iﬁ' BCNU 5, BBNU'Q& and BINU 63

[

(Table 10). The four derivatiyos were suspended in a

-

Table 10

D((OmpOulthn of 1, 3 yls(gmﬁgjooth”J)—llnitrosouroas
= v

3

QXCHZCIIZN (NO) C.‘ON.HCHZC'IIzX -
® — é}f;/cno‘ : %
P | 18 . , : 80
cr Y25 % o | 61 |
Br .39 ’ 14

I B 66 . ‘ 0

PH 7.2 buffer and ihcubated at 37°C in a sealed glass vial
for 24 h: “Product analysis.of the decamposition mixture

.

was made, u51ng gas- llqu1d Chromatography 1mmcd1dtcly

upon opcnlng tho vials. The percentagos of 2-haloethanol
and acetaldohydo are lthLd 1n«Tabie 10. The products
b : 0 °

obtalnod for LCNU §>and BFNU 26 areﬁjn agrecement with &

11 T _‘L
previous anvestigation., & o
It 1s cvident ffom Tebhle 10 that the [orccnt 2gye of

acetaldchyde produc(d in the dogompo'LLJon of ] 3-bis (2-
(/ . ~
halocthyl)-1-nitrosourcas Increasces .in thpgscrios fluorinc,

Y G R
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chlorine, bromine and iodi. e. This may result, in the
casc¢ of BRENU 62 and BINU 3, from decomposition 1ig
pathway A (Fig. 6) where Lho superior leaviné abrlity
of bromidc¢ and iodide rclut}xp to chloride énd fluoride

p _
may facilitate jntramolcculaﬁ‘nucleophilic displacement

to producc the 2-imino-N-nitrosooxasolidinone 83, How-
e —
evaer o the polarizability 9Ad thus the sﬁdbility of the b
B i . - N

halocarbonium ion 80 (Figy 6) also increases in the

serigs fluorine, chlorine, bromine and iodine. Therefore,
pathway B' (Fig. tn also be expected in a.greater
proportion for BL. 2 and BINU 63 than BFNU 26 and BCNU

S.. Clearly additional experiments were required ta

determine the docomposition'pathways;involvcd with the :

2-halocthylnitrosourcas.
. . °

Studies Related to the Decomposition. of Methyl Substitutcd

3 -~ H
¥

BCNU Derivatives : ‘ ; A

Steric.cffocts as they relate to the decqmpdéifion
of 2—chlorocthylnitrosourcasvwéro investigated ;éihg”threc
appropriately substituted derivatives: 1,3-bis(2~chloro-
ethyl)—l—nitroéourea‘é (BCNU) , l,3—bis(2—chloropropyl)—
l—nitrosburea 60 (BCNU-t-Mc) and l,3—bis[1—(chlorométhyl)—
ethyl]-l-nitrosourca 61 (BCHU-,-Mc) &Fig‘L 7). V.Jhil'e _'7""
accthldchydc rcsulgéhfrom the decomposition of BCNU §
cither oid pathwaf A (FPig. 8), or 7., pathwayAU'fgllowind

a hydr.ide shift (I'ig .t 9), the same is not true for the’

.o s
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-Fiqurehg. Decomposition Vi

(a) BCNU 5:,Rl»=

(b) BCNU-{-Me: R

(c). BCNU~~-Me : R

pathway A
= H
= »CH3, R2 = H

= 'H, R2 = CH3
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OH ‘L |
, jtiz/;r
. R, L S,
® a
/ \ hydride migration
R L
Cl 2 U
#® PN I\(f/C,
R, R
221 1 9~5‘ R]
1H2O
R, = Ry f
Cl Cl R
HO "+ HO 2\/.lo¢J\R
| R2 Rl
96 99

Figure 9. Docomposition ©{ pathway B

(a) BCNU: R, = R, = H
(b) BCNU—E—MQ: R, = Ciy, R, = H
(¢c) BCNU-«-Me: R, =1, R. = CH

) 17 Ry 3
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50.
methyl substituted analogues. Decomposition of BCNU-p-
Me 60 vi. pathway A'(Fid. 8) resQits in prOpionaldehyae 92b
and decomposition o pathway B after hydride shift (Fig; 9)
proﬁﬁces acetone 93b. BCNU-..-Mc 61 results in acetonﬁy
by pathway A (Fig. 8) and propiona%dehyde

by pathway B involving a hydridé/shift (Fig. 9).

505

The identified products are listed in Table 11. The}
absence of . propionaldehyde from the decomposition of& T
BCNU-g-Me 60 and tt; absence of acetone from the decomposi-
tion of:BCNU—Q—Me 61 indicates‘thét decomposition vig
the cyclic 2—imino—N—nitrosooxazoLidinone 94 (Fig. 8) is
negli§i5ie er these two compounds in agreement withg%ge :
deuterium labelling experiments of Brundrett47 for'BCNU 5.
" The percentage of propionaldehyde.produced in the
decomposition of BCNU-w«—~Me 61l is nearly twice the percentage
of acetone produced in the decomposition of BCNU-{#-Me 60 .
(Table 6). | - j

If'pathway B (Fig. 9) involving hydride transfer to

N | .
form%}ﬁa‘ﬂ”termediqte chlorocarbonium ion 95 followed by

‘hydr§¥#d§g is the major pathway to the carbonyl containing

decomposition producté (acctaldehydc, acctone and

propionaldehyde) as- suggested by Brundrott,47 for BCHNU 5,

"t one would expect the réelative amounts of propionaldchyde
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and acectone to bLe the reversc of that obsefved. BCNU-#~
Me 60 (producin. acetone) would form a seéondary chloro-
carbonium _on 95%b ‘rig. 9) after hydride transfer while
BCNU—u;Me 61 (produc1ng proplonaldehyde) would form the.
less energetlcal]y favorable prir ary chlo:ocarbonium ion
95c (Fig. 9).

Thé QGcomposiﬁion of l,3—bis(2+chloropropyl)—l—
’ﬁitrosourea 60 (BCNU-g-Me) (Flg 7) and &,B;bis[l—(chloro—
methyl)ethyl}-1- nltrasourea 61 (BCNU-—Me) (Fig. 7) also
‘resulted in the .chloropropanols listed in Table 11. Tﬁé
identification of both l—chlorb—2-propanol 96b (Fié. 9)
andy2—chl®ro—l—propanol 99b (Fig. 9) in the decomposition
of BCNU-pA-Me ggimplicatesthe cyclic chloronium idn 97b

(Fig£'9y;as an intermeaiate. Since 1- chlorm 2- propanol
96b would be the major product resulting from the hydroly81s
of a mcthyl substituted cycllc chloronlum ion 97b,  the

fact that both chloropropanols are produced in equ1valent

~;1elds suggests a sccond source of 2- chloro-1- propanol “

. 22_,‘ 5 2 hydrolysis of the 1n1t1ally produced diazo-
hydrox1de 98b could account for additional 2-chloro- l—
propanol. 99b

The absence of 2—chloro—l—propancl 36c in the
decomposition of BCNU—u—MQ 61l argucs against the éyclic
chlqrgnium ion d7¢c (Fig.‘9) intermediate in thisg case,
since its hydrolysis should produce both chlcropropanols

96c and 2%9c (Fig. 9).



The ratios of'products produced In the dccomposiﬁion
off methyl substituted BCNU derivatives can be explained
on tho basis of rccent theoretical C&lCJidthﬂS by Hehre
.and Hiberty8o regarding the stabilities of the carbonium
ions produced. The felative stabilitices of the ~ievant
carbonium ions arc shown in Figure 10 which of:courscJ
w1lll be jnfluencod by solvation effcocts !

| Decomposition df BCNU-f-Me 60 by pathway B (Fig. 9)
produces the 2—chloro—2—methylethyl carbonium ion 100

(Fig. 10) which can rearrange exothermically to produce
“the cyclié chloronium ion 101 (Fig. 10) 'or the l-chloro-
l—mgthylethyl carbqnium ion 103. The fo. ler process~
résulﬁs in the mixture of chloropropanols observed in
’Tablc 11 whlle the latter process could represent a majer
~pathway to the acetonc producgd from* BCNU-3-Me 60.
Decomposition of BCNU-. -Me 61 by pathway B ?Fﬁg. 9).
results in ﬁhc 2-chloro-l-methylethyl carbonium ion 104

(Fig. 10). In this case further rearrangement to the

cyclic chloronium ion 101 (Fig. 10) is an unfavorable

e ‘ocess.  Thus, the only chloropropanol deriva;
civie o iorvyed o ar deéomposition of BCNU-u-Mc 61 1is
'=chlorc-2-prop: . (Table 11). Hydride transfer to form
the  -chlcro-2- .ac lethyl carbonium ion 105 (rig. 10)

-5 oalso an ¢ xdot. o mic process and unll}ely to' be a‘deOL
patnws s to e o )1ona1dghydc 1dgnt1flcd after the -

decomposit ion sCNU=-+-Me 61. Thesc rosults‘lmpllcato



kcal /mole
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Pigurc 10. Lnorﬁﬁ mep for monomethyl chloroethyl carbonium
ions relative to Lie cvclic methyl substituted

chrloronium ion 101. Reproduced from W.J. iehre
b '
LAl

2ng pLC. Hiborty, J. Am. Chem. Sdb., 96, 2665

(1974).
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the involvement of a4 third mechanistic rathway in addition
~

- to those\involving the 2fimino—N—nitrosooxazolidinone and

h%dride transfer pathways previously dlSCUbSCd
=
Al 2 r3-oxadiazoline 106 intermediate 1s in agreement

with the ererlmental results presented Initial loniza—

~tion (proccn loss) followed by isocyanate productlon and

4

S

Concomitant cyclizatioh (with loss of halogen) could
produce the ‘oxadiazoline lO6 (Flg 11). The oxadiazoline
106 coulg undergo proton loss to produce acetalde—

hyde lO7a (Fig. 11) (in accord w1th the deuterium label—
ling'experimeuts of Brundrett47). Nucleophilic attack

at the carbon bearing the nitrogen re°1lts in hydroxy-

ethylated nucleophlles 108 (rig. 11) (observed after the

‘reaction of BFNU 26 and BCNU S w1th poly C8l), As the

el cr /N\\ - cl
Co . N=0O H ’ o . : “:'& -

leaving- ability of the nalogen 1n%reases in the serleg

A
of 1,3- bls(Z—haloethyl)el nltrﬁSOULLaS, l,2,3—oxadiazoline
106 formation would be favored and result in greater .

percentages of acetaldehyde A5 wWas.observed (Table 10).

60 via the methyl sub-




. R, O Ry
Cl '?J/“\[.\J Cl
R, : O4ﬁ; R,
R . o )
CI 2 s 'N%N\o + HC|
NCO H | :
R, R, R, :
B.re ¢
: Rz\\“/ﬂ\\R]> + N,
107

Figure 11. Decomposition via pathway C

. N~
(a) BCNU:. Rl =«R2 =H ; .
(b) BCNU-f-Me: Rl = CHj, sz ="H
* (¢) BCNU-u-Me: R, = g, R, = CH,

1



In the casc of BCNU~u-Me 61, the cycliza. 1on occurs at a

Primary carbon center:

CN
, . ]
61 . © 106c + HCL

A o

Since the latter reaction is energetically.m;re favorable
one@would.exasctja'higher peércentage of the carbonyl
containing C5mpbund as was observed (Table 11).
Montgomery has recently suggested82 that the
'2—chloroéthylvdiazohydroxide 76 init.ally produced’ upon

&

decomposition of 2—haloethylnitrésoureas could cyclize

and result in—a-l,2,3—oxadiazoline_106§, Such a cyclization

— N 9% 4 her

would, of course, reguire the ¢iyn--2-chloroethyl diazo-
-Hydroxide 76. Syn-diazotates 17 (Fig. 2) have becon-

obse{vcd6; to undergo rapid aguecous dccompo;ition (by

57
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— - ' . ~

protonation to form the diazohydroxide féllowéc b
4

elimination of hydroxide - sce Figure 2) with ti 2 roduction
of diazoalkand'l8 and/or Carbonium ion 19 specic Such,
an energct1cally favorable pathway would be expec to.,

ot

compete favorably w1th lntramoleculdr cycllzatlon -0

produce Lhe 1 2 3 ~oxadiazoline lO6d

1,2,3—Oxadiazolines have 1ot:been well characterized"-

to date. They have béeﬁ suggeéted83'to result from

A

‘the reaction of dlazoacetlc esters 109 with ketenes llO’

'

~but not conclu51vely proven. l,2,3eoxadlazoline inter-"
(/* . » *
] | Ry
8 y
) N A :
RJ_R2L=CfO + E_ﬂOCCVHN2 : > Rl E O\
. .‘ N
S 2 -
110 109 . . Etoc” N . .
: ' ([
o)

e
¥
PN -
-a

mediates 111 were suggcstcd as intermediates in the reaction

of dlazomethane w1th aldehydes. 84-86 It has also been

TR | 5 S , 0
'{'v. o . » / \ ‘
R-CH-CcH., + N2

"R ‘ ! 2
o) .
\ . . -

R-CHO +‘CHzN2 — '//N - R—COCH3 + N2‘£

N \
' 111 : o

—— S R-CH CHO + N,

.7
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Lcd87
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v

thdt thc ftactlon of n1trou<

1nvolvcs a 1, 2 , 3~oxadiazoline 112,

C oy

«

oxide with olefing’

17 TERgRy N,

"2 Ry Ry Ry

R, R, Rl—7L——%——R4
\I\(/N - o - N+

: 112
\ Y
WP n _
Or R R,R,CCOR,
Ry Ry

vFurthef:evidence for the intermediaéy of a 1,2,3-

N "(5‘ ‘ © . .
oxadiazoline in the ‘decomposition

soureas was obtained by an additional'eXperiment‘

T

of 2—haloethylnitroj

It

appeared:that should a 1,2,3-oxadiazoline 106a be formed

during the decomposition of BCNU 5,

]

it might be suscept-

ible to nucloophlllc attack at the carbon bearing the

nltrogen and produce hydroyyethylatod products lgﬁﬁ

as shown for the bromide nuclecophile in Figuréwll.

59.
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&

In an attempt to trap an oxadiazoline intermediate 106

with a nuc]eophile, the decomp051tlon of BCNU 5 wasf
carried out in an aqueous saturatcd sodium bromlde GC-mass

'spectral analysis of the reaction solution indicated the
!

existence of significant amounts of two new products
? ,

1-bromo-2- -chloroethane and 2- bromoethanol A control

experiment, which involved the incubation of 2-chloro-

ethanol in an agueous saturated sodium bromlde solutlonL

1nd1cated that 2-bromoethanol did not result from bromide

substitution for ghloride in the 2—chlorqethanol produced.

The formation of l-bromo-2-chloroethane has been obsiizsgﬁ7
) ,

by a similar experiment involving BCNU 5 and can be

explained to result from bromide "ion at#ack of a 2-chloro-
, / '
/
ethyl diazohydroxide,2—chloroethyl carbonium ion or

s
Bl

cyclic éhloronium‘ion (Fig. 9). The most réasonable
explanation for the formatiom of 2;bromoethanol involves.
bromide ion attack on a l,2,3~oxadiazoline intermediate 106
BCNU-au-Me 61 (Fig. 7) hydrolyzes at a rate three
times_fgster than BCNU 5 (Table 6). A similar relation-
Ship has béen reportﬁd.by Wheel_er15 fo. l,3—bis[l—(thordf'
methyl)propyl]l-l-nitrosourea 113 (tl/z

14.7 min) and
12 43 min). Conversely, BCNU-f-Me 60 ‘(Fig. 7)

BCNU 5 (t

N



CH,CH CH.,CH

T2 273
Cl‘\/‘\ /u\ /]\/Cl
N N '
l H
N=0
‘ 113"

decomposes at a-rate jcomparable to BC&U 5 (Table 6) which

. : \
was also reported by Wheeler15 (BCNU-f~-Me 61 tl/2 41 min).

It is evident that alkyl subﬂtltutlon on the a-carbon
(adjacent to the urea nitrogens) 1mcreaifs the rate of
\ ' ‘f\;f‘i;“ !«? &
agueous decomp051tlon relatlve to g 3
%!

Hisubstituted
derlvatlve (BCNU 5). Whether such suhstltutlon results
in steric idterections with the carbonyl and nitroso

;functlons which permit an energetlcally favorable pathway
to a 1,2,3- oxadlazollne 106 1ntermed1ate &nd observed
carbonyl contalnlng decomposition products cannot be
determined at this time. |

Conclusions i

o

The proposed pathways for the decompOSLtlon of

! 0

2- haloethylnltrosourcas 114 a&e shown in. % gure 12. Proton

loss by ionization ; or transfer to fhe nltroso group
(pathway B) initiates decomposition. Pathway_C and/or C'

(viu the oxadiazolince 106) will be favorcd when X rs a

good-leaying group and is.bonded to a primary center. The

61.
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'hydride migration to form thef

63..

oxadiazoline 106 accounts for carbonyl containing compounds
93 as well as hydroxyethylated nucleophiles.mﬁvinyl
alkylaﬁing agenté‘may be produced frqm an oxadiazoline
intermediate, however, it has pfeviously been shown47‘
that vinyl alleating agents only represent a minor decom-
position paﬁhway. Pathway A (via the 2-imino-N-nitroso-
oxazolidinone'ilg) does ﬁot appear to be significant
when X is chlorine but may be a contributing pathway Witﬁ
superior leaving groups. | W

v”Pathway B (via the 2-haloethyl diazohydroxide ;lg)'b
results in the haloethyl alcohols 117, ilﬁ'produced
either by SN2 hydrolysis of the diazohydroxide 116 or
reaction of the subsequent carbonium ion 1139 and/or cyclic

haloethonium ion lgg with water. When X is a polarizable

group, and when it is bonded to a secondary carbon center,

e _ _ ,
wrlocarbonium ion 121
BT T _—
sy by :

could be an energetically favofaﬁle pathway to carbonyl

containing decomposition produéts 93.



64.

Experimental
—=olmt smental

Q.

Throudhout tnis work meltlng points were determined Q@@
on a Fisher- Johns apparatusvand arc uncorrected. Tne
lr spectra were recorded on a Nicolet 7199 F.T. speetro;
photometer,'and.only the principal, sharply deflned peaks
are reported. The nmr spectra were recorded on Perkin
‘Elmer 90 and varian HA-100 analytical Spectroneters.
. The spectra were measured on approxjmately 10-15% (w/v)
vsolutlons in approprlate deuterated solvents with tetra—
methylsilane asg standard. Line positions are reported
, N : -
in. ppm from the reference Mass Spectra were determlned
on an Assoc1ated Electrlcal Industrles MS-9 double
focu551nq hlgh resolutlon mass Spectrometer. The ioniza-
. tion energy, in. general was 70 eV, XPeak measurements
were made by comparison with perfluorotributylamine at a
ilresolv1ng power of 15000. Kieselgel DF-5 (Camag,
Switzerland) and- Eastman Kodak Precoated sheets were used
for thln layer chromatography Mlcroanalyses were carrled
"outyby Mrs. D. Mahlow,of thlS department In theIWOrk—up
procedures reported for the various syntheses descrlbed
" solvents were removed w1th a rotary tvaporator under
redueed pressure unless othewise,stated.

1,3-Bis(2- fluoroethyl)—l—nitrosourea 26 and
1-(g-D- gluco;yranosyl)— (Z—Chloroethyi)—3—nitrosourea
(GANU) 88 were glfts fromiDrvaarry B. ond Jr.,:Division'
of‘Cancer Treatment, National Cancer institnte,'Wasgindton,

/



D.C( Chlorozotocin §£ was obtained from Dr. Geralq

Goldenberg, Manitoba Instityute of Cell Biology, W%nnipog,
Manitoba, N—methyl—N -nitro-N- n11rosoguan1d1novi wé;
pPurchased from Aldrlch and Strcpto7otoc1n 87 from Calbiochem.
Compéundo not previously knowh are described bcloQ in
detail, compounds prcparcdvby literature proc¢dufos are

so noted.

N- Methy]—N nNitrosourea 2.
oz Ysourea
This compound was prepared aecording to the mCFhod;
of voge1.%8 5 4 4 (53% yfeld) mp 123-124°¢ (15 88

123—124°C).

N-Ethyl- N ‘“N-nitresoures 10,

"g‘nThﬁs compound wass prepared according to the method
of Mirvien.®? 55 o (62 yield), mp 98-100°c (15t 89 . -

99-100°C). pmr (CDC1.) ¢ 1.0 (t, 34 CHy), 3.8 (q, 21

r

. . . |
» !

) "oy ' - :
20 7.0 (s, 2H, exchangoable). e | _ ;

2-Haloethyi nitrosbourecas.
———— Y2 nitrosourcas

The folloWing compounds were Preparecd according to

a
the methodg described by Mbntgomery ot aZ.2’3 Compound,

Yield, mp (lit. féf., mp), Pmr (sOlvént).
1,3~ BJ 5 (2~ chlcrooﬂhVI)—J—nitrosouroa §v54%, 30-32°C
(3, 30-32°C), by (CDClB) £ 3.5 (t, 2H,'cu2), 3.8 (m,
411, CH2), 4.2 (t, 211, CH?), 7.4 (4 LI Qxchangoablo).
l;(?—ihlgiéliﬂxj) 3- CV(]QH( ‘l ] n]tro°ourfu 6, 767,

88-20°C (3, 90°C), rur (CDC] f1l.2-2.2 (m, 10H, cp

3) 2)[



y

Vo 3.9, 1, ciy, 4.0 (e, 21, cu,), 6.8
o \‘E‘-‘
(a, 1, exchangeabla) . i

3.5 (t,- 21, CH2

¥

=111 trosourea 3, 25%, 75-77°C,

(2, 75-78°C), pmyr (cnc1%§fﬂﬁ 3.5 (¢, 21, cn

Cly)y 5.7-7.0 (m, 211, ex€i§5geable).
N

l,.3fBis;{%:Egzyﬂptﬁﬂi§i; “ea 62

Nitrosourea 62, 67¢, 34-36°C,
'?"‘”““M’ —

(3,36-38°C), par (cpe) - (£, 21, CH2), 3.5 (t, 2m,

3 R
Cl,), 3.9 (q, 2H,'CH2),‘4.2 (t, 21, cu,),
exchangecable) . N
i,B—Bis(2viodoethyl)—l—nitrosourea 63, 60%, 57-59°(C,
(3, 58—60°C), bmr (CDC1;) & 3.1 (¢, 2, CH5), 3.4 (t, 2y,
Cll,), 3.9 (q, 2n, CH2), 4.2 (1, 24, Cil,), 7.3 (d,.iH,
-exchangealle) . v
L:ig:Fludroothyl)—3—qxg}ohexyl—l—nifrosoureaﬂgq,
659, 37-38°c (3, 34-37°C), Pmr (CDC13) ¢ 1.1-2.1 (m, 101,
CH2); 3.9 (m, 1H, CH), 4.0—4.4‘(m, 2H, CH2F); 4.7»(t, 2H,

CH2), 6.8 (4, 1u, exchangeable) .

N

l—(2—Bromocthyl)~3¥cyc1ohexyl-l—nitrosourea 65,
%_____ﬁ_____~\____~*~__.__________*_____~_.__

83%, 75-75.5°¢ (3, 75°C), Pmr (CDC13) 6 1.2-2.2 (m, 101,
CH,), 3.3 (t, 2y, Clip)v 3.9 m,” 11, cmy, 4.2 (¢, 21, cH,),
6.8 (a, 1u, cxchangeable) .
l—(3~Chloropropyl)—l-nitrosoufca 57.
_\_______%,~_____f_‘h_ﬁa_\»_fﬂ__H 240

Sodium cyanate (675 mg, 10.0 mmole) was added to

1.0 g (7.7 mmol ) Of’3—chloropropy1amino hydrochloride

in 10 ml of water and tho mixture Stirreod mcchanically



overnight. Aftor chilling the resultin. precipitate was
collected and réCT”SLd]lléLd from chloroform: pctroleum
ether affordlng 1-(3- chloropropyl)urca 800 mg (76% yield)
m.p. 98-99°c (1it.°? 9g-g9gec). -

1—(2—Chloropropyl)urea (8G0 mg, 5.9 mmole) was j
nitrosated in 1 ml of 95% formic acid at-0Q-5° using 500
mg (7.2 mmole) of sodium nitrite. After‘étirring the
mixture for 1 hr, 1 ml of cold water was added cautlously
and stlrrlng continued for 30 min. The mixture was

extracted with chloroform, w%fhed with H2Oy Bried (Mgso,)

4
and the solvent removed.  The residual solid was recrystal—
lized from ether/petroleum'ether to-give 1-(3-chloro-
prole)—l nltro%ourea 060 mg (582 yielq) m.p. 78-79°C.

Anal. Calc' for C 8C1N302 (m.w. 165.0305) ;
C, 29.01; H, 4. 38 N, 25.38; Cl, 21.41. Found (165.0313,
mass spectrum) é 29.13; H, 4.83; N, 25.15; c1, 21.%7.

3.4 (t, 2H, cH 4.Q

2); 5)i
(t, 2H, CH,)7 5.1-7.0 (m, 2H, exchangeable). Ir v

Pmr (CDCl3) § 1.9 {m, 2H, CH

max .
) 3380 (N-H); 1735 (C=0); 1480 cm + (N=0) .

~N

(CHCl3

l—(4—Chlorobutyl)—l—Nitrosouréa 58.

"Potassium cyahate (310 mg, 4.0 mmol) Was added to
600 mg (4.0 mmol) of 4—?hlorobutylamine hydrochloride in
5 ml of water and the mlxture stlrrcd overnlght After
chilling the resulting prec1p1tate was collected, ;nd air

dried, 520 mg (85¢ vield). This crude product, although

67.



¢ : 68.

,%gﬁd;ght]y contaminated with the startihg aminc’hydrochl§(ig;»
A ’ o

2L

4Was'found suitable for nitrosation. 200 mg of crude 4-
chlorobutylureca in 1 ml of 98¢ formic acid at 0°C was,
treateqd leh 150 mg of sodium nitrite added in portions
over 20 min. After an additional 30 min of stirring at

-

wi 0°C, 5 ml of water was cautiously added. The pale yellow

s50l1id was collected, dried and reerystallized from

ether/petroleum ether 140 mg (59% yield) m.p. 64-65°¢C,

‘Anal. Calcd.. for CSHlOClNBOZ (m.w. 179.0461) c, -
33.43;. H, 5.62; N, 23.40; C1, 19.74.° Found (179.0460, :

Mass spectrum): €, 33.50; u,.5.64; 1y, 23.70; €1, 19.96.
Pmr (CDCl,) & 2.6 (m, 4, CHy) 7 3.5 (t, 21, cu,); 3.8

(t, 2H, CHZ); 5.8 (s, 14, exchangeable); 6.8 (s, 1H,

éxchangoable). Ir v (CHC1.) 3300, 3220 (N-H); 1730
: max 3

(C=0); 1480 em ! (n=0) .

l—(S—Chforopentyl)—%:Qitfosourog 59,

This compound was prepared by the same method as

a

l—(4—chlorobutyl)—l—nitrosoufca. The nitro;ation of a
.crude 250 ﬁg sample of l—(S—cthropcntyl)uroa gave the
nitrosourca as a pale yellqw sqlid. 225 mé (642 yielq)
m.p. 65-66°C. - R

,CIN;0, (mow. 193.0614):
37.21; 1, 6.26: N, 21.70; c1, 18.31. Foupd (193.06160,

AnaL. Calcd. for C6}

mass spectrum) - C, 37.15; H, 6.23; N, 21.86; C1, 18.38.

Pmr;(CDCl3) ¢ 1.3-1.9 (rm, 611, CHZ); 3.5 (t, 2H, CHZ);

5.9 (s,'JII, ¢xchangeable): ¢.8 (s, lH,

«

3.8 (t, 211, CH2);
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exchangeable). Ir v (CHC1,) 3400, 3240 (N-H); 1770
max 3 . .

(C=0); 1480 cm * (N=0) .

l,3—Bisk2—chloropropyl)—l—nitrosourgg ég:

This compound was prepared according to the method

of Mdntgomery et aZ.3 120 mg (56% yield), oil (1it.3

©il), Pmr (CDC1l.) & 1.4 (t, '3H, CH.); 1.5 (', 3H, CH.);
3 3 o 3

3.4-4.4 (m, 6H, CH+CH,), 7.4 (t, lH, exchangeable).

"

1,3—Bis[ﬁ—(chioromethyl)ethyl]urea gg.

’ 1-(Chloromethyl)ethyl isocyanaté(gl was added to a
solution of 1 ml tEiethylémine in 9 ﬁl‘of H20 aF 0°C and
the mixture stirred for 2 h. The whité solid was collected:
and purlfled by recrystallization from CHC1 /Pet éthér,

275 mg (ebtlmated 40° yield) m.p. ll7—ll9. |
éggi Calcd for C7H14C12N20 (m.y,b2%2.0483):‘ c,

39-45: H, 6.63; N, 13.15; C1, 33.27. Found (212.0490,

mass spectrum): C, 39.47% H, 6.54; N, 13.15; c1, 33.23.

Pmr \CDClB) 8 1.2 (4, 6H,fCH3); 3.6 (m, 4H, CH 4.2

2);

(m, 2H, CH); 4.6 (q, 2H, exchangcable). Ir Vax (CHClj)

3000 (N-H); 1705 (C=0) cm~l.

'1;3—Bis[ —(chloromethyl)ethyl]nltLoDourea 61.

To 100 mg of 1,3-bis[1- chloromcthyl)ethyl]urea in
2 ml of 98% HCOOH at- 0°C was added during 2 hr 200 mg
oanaNO2. The mixture stirred an additional 2 hr at 0°cC.

5 ml of H,0 was then cautiously added and the resulting
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solution'gxtraéted with dther; fhc o?her extract was
washed with HZO dricd (MgSO4) and the'e£her rémovcd to
yield a pale yellow 0il which cddld be crystallized fﬁom
pet. ethef,,a6o mg (55% yield) m.p. 30-31°C. |

Anal. Caicdi £ VC7H13C12N3O2F(m.w; 241.0385): ¢, L
-34.87_.,; H, 5.42,- N, 17.43; c1, 29/.40; Found  (241.0389,
mas.s,ﬂ’_spﬁct.rum).: C, 34.72; B, 5.51; N, 17.22; c1, 29.s8.
Prar x(CDCl3g‘ 5 1.3 (4, 3H, CHB"); ‘1.4 (d, 3H, CHy) ; 3.5-4.0
(m, 4H, CH,); 4.4 (m, U, CH); 5.1 (m, 1H, CH), 7‘.Q'(5,
1, exchangeable). 1r u__ (CHC1,) 3300 (N-11); 1695
(C80); 1505 (N=0) cm™ L. 7 °

3—Cyclohexyl—l—(2fhydrokyethy1)—l—nitrosourea 66.

Cycldhexyl isoc anate (2 59, 20.0 mmole) was ddded
to 1.2 g 4$20.0 mmole) of ethanolamlne in toluene at
amblent tempe;ature After 4 hours 2.9 g of the crude
| 3—cyclohexyl—l—(2 hydrOxyethyl)ured was collecﬁed A
SOd mg £2?2 mmole) protlon of the urea was dlssolved in
5 ml of 98% formlc ac;d at 0- 5°C and 300 mg (4.0 mmole)
of sodlhm nltrlte added slowly over a 30 min period
malntdlnlng a temgerature ‘of 0-5°C. After- stirring for
Ajo\mln lO ml of cold waLor was. added . cautJously . The

mixture was extraétbd'W1th chloroform, the exﬁract washed ’

- with water, df}qd (MgSO ) and tdé solvent removed. The ' r

3

- . residue was rccryétalllzed from chloroform/petroleum

‘ cth@r°uffordth '—cycloha )l 1-(2- hydro ycthy])—l—nitro— . o

&

'sournu 310 ma (547 ylold) m.p. 49-51°cC, . . v ‘
f/ ‘A - -

. . s * ! ) .
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- 10H, CH,); 2.7 (s, 1H, exchangeable): 3.6 (t, 2H, CH

S (m, 1H, CH); 4.1 (t, 2H, CHU

’ ! ’ : _ 71.

)

Anal. Cach. for C9”l7 3 3 (m.w. 215.1272): c,

50.24; H, 7.98; N, 19.54. Found (215.1265, mass spectrum) ,

C, 50.21; H, £.00; N, 19.58. pmr (CDC14) & 1.2-2.2 (m,

2);
3.85"(m, 1H, CH); 4.16 (t, 2H, CHy); 6.9 (d, 1H, exchange-

able) . Ir v (CriM)

max 3) 3490 (OH; 3370 (NH) ; 1705 (C=0);

148Q cm—l.(N=O).

3~Cyclohexy171¥(2—methoxyethyl)—lrnitrosourea 67.

. Cyclohéxyl 1socyanate (3.0 g, 24.0 mmole) was added-

dropw1se to 2.0 g (24.0 mmolL) of 2- -methoxyethylamine in

benzene at room temperature. After stlrrlng for 4 hr,

3.8 g of the crude 3- cyclohexyl 1= (2 -methoxyethyl)urea
Jo

e,

was‘collected. A 500 mg portlon of the ur&g_was nltrosated

by the same procedure described above giving 3- cyclohexyl—>

-

- (2~ methoxyethyl)—l nltrosourea as’a pale yellow oil
which crystalllzed from petroleum ether upon chllllng

300 mg (52° vield) m. p. 23°, T oan

o

Anal. Calcd. for C (m.w.*229.1426): ‘¢,

10t 9N505

‘52.42; H, 8.37; N, 18,34; FQund (229.1426! mass spectrum),

C, 52.74; H, 8.40; N, 18.34. Pmr (CDCI ) 6§ 1.2-2.2 (m,
‘ X & P - '
Rl
2)i 37741
6.9 (4, 1H, exchangeable).

L0H, CHy); 3.3 (s, 3m, CHy): 3.4 (t QH, cH

2);
\. . B . _ ) l 3
Ir v (CHC13? 3350 (NH); 1735 (C=0); 1490. cm (N=0) .

I

K



"Polarogrc)hlc Determination of L Dccomposition Rates for
_____*___m_______ﬁ‘____m_____ = o o200 Rates for

Nltrosoureas
—— - wedIedas.,

»

i—(2—Chloroethyl)—3,3—dimethyl—l—nitrosourea 70.
— 1<e7-nlore -

This compound was prepared according to the method

of Colvin et u].ll 110 mg (549 yield), oil (lit.ll oil).

Pinr (CDC1,) & 3.2 (s, 6m, cu_): 3.6 (t, 2m, CHy); 4.2

W

(t, 21, CH2).

N—Nitroso—2~oxazoljdinone 89,
—2r T eToxXazolidinon

This. compound was preyared according to the method

of Newman and Kutner. 2 380 mg “(68% yield) m.p. 48-50°C

79

(1it. 50-53°C). Pmr (CDC1 ) 8 3.5 (t, 2H, CH.); 4.1
, ] . h : 3 2 ~~

(t, 2H, CH,) .

Methods

Ead

v A

The Princeto 21ied Rescarch (PAR) Model 174A

T

agqueous safurated calomel referenge electrode (SCE), to
whlch all potemtlalc 1n this paper -are relatlve, a

platlnum counter electrode, and a dropplng mercury elec— ¢

trode'(DME) wzth a controlled 2 s dr & thme Theggemp—’

erature in the cell ‘was maintained at 37.5 0.2°C by

CJICUldLJOH of thelmostdttou water unless Otherwise -
indicated. The resulting curves were recorded on. &

Houston 2000.X-Y recorder The sample solutions were
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buffered at pH 7.1 with 0.01 M potassium phosphate buffer
in 0.01 M KC1 sdpporting electrolyte. The pH valne of
the sample solutions were measured witnvan-Accumet Model
52OVpH meter before each run.

For compounds which showed extremely low solubility
in aqueous solution, 57 acotonitrile ’ ’
aqueous solution was uscd; in somo cases differential
pulse polarography of the aqucous solution was sufficient-
ly sensitive and this Was used Qnenever possible."All

>

solutions were deareated~with purified nitrogen for 10

min before a run and blankeued w1th it during the run.

The Arrhenlus parameters for the 1,3-bis(2- haloethyl)-
nitrosoureus were determined from the rate data at

different temperaturcs

Product Decompoeltion Studies

(a) Decomoosition of 2—Haloethylnitrosoureas

The decompositions were carried out at pH 7 2, ’37°.
One mllllllter of a 40 mM nitrosourea solution was allowed
tor decompose in a sealed tube for 24 hr. The solutlons
were then cooled to 4°, the sealed Lube was opened and

1mmed1ate gas ehnomatoglaphlc (G C) analy81s of the ¢

solution was undertaken. ofe analyses were performéd on

& Hewlott Packard Model 5830 A tempelature prodfaﬁmable js

re$earch chromabogrﬁph Oqulpped with-a flame ioAdization

. . K . .
detector.; Samyles‘were injected onto a.2'm 6.5 .mg-o.d.

)
\

A s
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|

tolumn of 10¢ Carbowax on Chromoéorb W.’ The columniwas
: 14
leated at 90°C for 4 min aftoer 1njcctlon a heat&ng‘rate
>f 20° /mln was then maintained until yhe column tempéra—
ture reached 120°C;'this tempcrature‘was‘maintaincd until
all volatile products had bcen swept from the column.
Identification of acctaldehyde and halocthanol Qas done
usiaf retention times of authintic reference sampl?s,

-

L. . : , £
¥ Retention times of authentic samples: acctaldehyde,

O;ﬁfain; 2—f1uoroothanol, 1.7 min; 2-chlor00fhanél, 4.6

min; 2 bromoc¢thanol, g.3 min; 2—iodoethanol 12.4 min.

{b) Qggomposition of BCNU and mothvl substntutgﬂ_ggrlvatlwcs
) The dccomp051tlons werc carried out at PH 7.2, 37°C.

One' milliliter of a 40‘mM throsourca solutién was allowed

to docomposc in a scaled tube for 24 'hr. The solutionsg

werce then cooled to 4°C, the scaled tube Qas,opened, and

L

;mmcdiate gas chromatographic (Gey, analysis of the solu-

tion *was unoertdkon
-GC analyses were porformod or @ Edwlett-Packard

Model J83O A tcmpcraturc Programmable . research chromato-

af
graph equlaped with a flame 1onlzation dctector. Samples
were injected onto a 6—n 6.5—mm—o.d. Co?umn of 109
e

/
-Carbowax O“\EK§OQPSOIbw' The column:® was hcatcﬁ at )O C for

cotoncknulplul ona]dcdydc moasuromantv and
at 150°C for culorocthanoly 2rcthro—l—prbpanol and

: . . 3 ~
= l—chldro~2—propan@1.measurgmcnts; Idontjflgat1on was

L3

acclaldehyde, .

doae using refontion tincs of authcntlc qdmple°; o,
a B ' v .. o N
S . R , : : v
A\ . . [ . e L o .



Rgteﬁtion'£imes'of_autﬁentic samples: propionaldehydo
4.1 min; acbtone, 4.5 min; l—chloro—2~propanol, 6.2 min;
/2—chloro—l—propanol, 7.4 min.
(c) Decompos{E}gQ_9£m§CNUiS in SathEEcd Nan.

5 The dcbbmposition was carricd out at pl 7.2, 37°9C

<

in a\saturated sodium bromide solution. Once mllli]itbr.

4
~

of a 40 mM BCNU 2 solution was allowed to decompose in
a sealod‘tubc for 24 hr. ¢.cC. analysi; was done as in
(b). Identification was done using retention times of
authentic samples and by G.C.-mass 31 :ctral ahaly;is.

Two new products were identified: ~
Al

(1) l~bro$o—2—chlorocthane) retention time 4.5 min. S
Mass spectral data: m/c¢ (Lcldtivé intenrity) [142_(5.3),

144(6.9); M¥, mrcwcu,ciy, [107(3.1), 109(2.3); mt-c1,
‘ 2CHLC :
k]

N
Breu, e, M1, 163(100), 65(33) M -Br, +CH,CHyC1 ] .
i .

(2) 2- romo.thanol, refention time, lBgé min. Mass Spectral
£ ' .

o
~
data: m/c (zclatlve irtefisity) (124 (4.7), 126(4.8) ;

M+, BrCH2CH20H],‘I45(74), M+—Br, +CH2Ch2OH], [(31(100) ;

+ '+-
M -CH,pr, CH,=011] .

A control prcrlmcnt was run u81ng 2- chloroethdnol

-

in plaC( of the ‘nitrosourea. Incubatlon of “the mixture
followqd by GC‘analysis indicated that less than 2% of

the 2-chloroethanol could be coanrted to 2—bromoethanql
v . ' ﬂ ‘ ' "

under theseo conditions. e ' ‘

>
-~



CHAPTLR T11REE
ALKYLATIONthD INTHRSTRAND CROSS~LINKING
OI' DNA BRY NITROéOUREAS

ENU 10 and MNd 2 are known mutaqenic and carcinogenic
compounds which aﬂ}ylate¢nucle1c acids as reported by a
number of 1nvest1gators 12,21,92 Many of the potentlally
nUClGOphlllC Sites in the DNA molecule (see Chapt. I)
‘have been observed92 to undergo al}ylatlon by nitrosourecas.
Whlle MNU 2 reacts Js a typlcal S 2 alkylating agent

'produczng a{r“ 93,94

%a_lvely large amount of 7- methylguan051ne

r@duce 1ncreased amounts of the minor

s 1ncludlng 06—ethylguan051ne > 95 97

and ethyl phoSphotrlester* 95-97 Sipt. L

ENU 10 appef

alkylatlon prOm,

Fbetween othylatlug and methylat@ﬁ@ agents have wg~"

l;observed fbr sulfates95 98 and alhyl sulfonates‘

.whlch may chlect preferences toward s l and S 2 reactivity
T -

for ethyl ang- methyl alkylatlng agents respectlvely That

u“" e

the 2- fluoroethyl— .and 2 chloroethylnltrosoura& derlva—
tlveike hlblt al}ylatJng act1v1ty was first reported by
whecler and, Chﬁmley99 using the 4- (B—nltroben2yl)pyridine

assay. _ G o
‘ * ER 4'@n

The'use-pfyﬁé(p nltrobenzyl)pyrldlne (NBP) 122 as
an analytical reagent for the estlmatlon of the. concen-

tratlons of specific al}ylatlng agents was flrst propos@d

by E tcln ctoal. 100 Accordlnc to thls procedure a;;;{‘
youbs : . J .

mlxture of the alkylatlng agent 123 and NBP ]22 ils heated”&\

76 R



for a standard period of time (20 min). Aftef”cooling
and introduction ofaalkall ‘the 1ntens1ty of color developed:
due to the formatlan of the product 124 is measured

/ .
spectrophotometrlcally at 600 nm. Absolute cogcentratlons

,/

are determined using a standard curve.

/
R-L + 4\
123 .
© ® /7 N\ : ' o '
L R—" N — CH, No,




78.

Weinstein w/wu/.48 using 14C -CCNU labelled in Lho

2—chloroethyl portlon of the molecule reported roactlons
with poly U, poly A, poly G,7poly C, tRNA, DNA and protein

S o 14 48 l4 v
which resulted in bound C. They also observed
"binding to tRNA, DNA and proteln of leukomla L 1210
cells in viire. Similar results were reported by Connors
and Harelol for the matromolecules of murine TLXS5 cells

. - “« ..
following administration of 14C—CCNU to innoculated mice.
Ludlum ¢t aZ.8l reported that the relative extent of
binding of 14C—BCNU labelled in the 2—chloroethyl por-
tlon of the molecule » to synthetic polynucleotides was
poly C >> poly G » poly A poly U. Kramef, Fenselgu

81, 102 .
and Ludlum, upon 1ncubatlon of BCIIU 5 with noly C
and subsoquent hydrolysis of the polymer isblateq two
producté which they identified as 3- (2—h>lroxyethyl)—
cytidine monophosphate 125 and 3,N4~ethanocytidine mono-
1 , % %&
- phosphate lgﬁ.‘_whey suggested that a . .3- (2- @ lo¥o-
‘ . 102

formatlon of both products. A 51mllar xperlmc t
involvihg poly G resulted in the isolat oW of 7- (2;hydroxy—

ethyl)g. Ine monophosphate 123. . - M-

~/f
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While extensive studies with mono- and polynucleotidesg??
have indicateq that the 3- posltlon of cytidine 1s the most
readily alkylated, recent research 103 suggests phap
alkylation can also occur at the N4 and 02 positions of
cytidine. Singerlo3 r acted ENU 10 with cytldine in
aqueous solution at PH| 7. 3 Oof the products 1solated 50%
contalned the ethyl group bound to the O2 position 129
31% was N4—ethylcyt1dl e 130 and 19% was 3~ ethylcytldlne

;/(
131. At pH 6.1 the pr ducts ‘were isolated ln 52%, %ﬁ%

and 13b ylelds, respectlvely

NH
N .
iy
: N
cu3cH20 ,
!
129 130 i3

In addltlon to al}ylation a number of 2~ haloethvl—

nltrosoureas produce DHA 1nterstrand cross—llnks
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I ) '
KohnlO4’lO) has reported the formation of cross-links i»n

vitro and more recently106 in vive after exposure to BCNU ER

Many:bifunctional alkylating aéents have becen reportedloz—l.ll
to produce DNA interstrand eross—links. Bifunctional
alkylating agents are generally more cytotexic than

jmenofunctional derivatives.112

The major objective of this portion of the present’
study was to elucidatc: the mechanism by which some
nltrosoureas.produce “ignificant DNA interstrand cross—»
linking, since they are not obviously bifunetional afkyl—

*é

ating agents.

Studies Related to the Alkylation of DNA by Nitrosoureas

DNA alkylation by nitrosourcas was measured by two
‘methodst Relative abilities to alkylate PM2—covalently—
cloSed—circular—DNA (PMZ—CCC—DNA) wés‘examined using the
rapid‘and convenient ethidium fluorescence assay. The
absolute extent of alkylation was ‘measured for one 2- chloro~
ethylnltrosourea {CCNU 6) at different concentratlons

e v';-

«usrng radlolabelllng techniques.

1

-

Ethldlum bromide 132 1s a trypanoc1dal dye that

1ntera ts ‘with DNA. Le Pecq,and Paolettill3 as well as

(
aetkaullé have observed a marked 1ncrease in

qholfluorescence of the dye in the presence of_bihelical

»;1c acrds whllee@o enhancement 1s obscrved in the

3 e .
3 Rer e oﬁ,slnqle stranded nuclelc acids. Le Pecyq and

- w"ih‘_{r ) PR . a
- i N .,

AT—



?6115 CH2CII3

132

\ - (
and Paoletti113 concluded that the ethidium cation binds

to duplex regions of nucleic @bids by intercalation -

PN

between base planes. Their rcsults suggested that
ethldlum bromlﬁo blnos once forcevery five nucleotldes

a4 suggestion com515tent with prev1ous X-ray dlffractlon
data.115 They proposed that the fluorescence cnhancement.
is due to the occlusion of the cthldlum catJon, by‘*h h
intercalation; into the hyd;0)1ob1c region of the huc ‘eic
acids where it is pProtected agalnst quenching by the

agueous solvent. Additional eXperimehts113 supporting

this hypothesis indicated that the fluorescence of

g

‘ethidium bromide increases when it 15 measured 1n alcohols

of decreasing hydrophlllc character.

Morgan and Psetkau Observed, 114 thdt when an ethldlum
bromide concehtrstion of 0.5 jg/ml was emplovyed, a llnear
responsc of fluorescence with bihelical DNA concentration
up towo 02 AZ(O was'obtalhed. The obscrvation that

fluorcscence is dircctly broportional to the amount of

double stranded DNA in solution has permitted the

7

t 2



‘hot'alkaline solution. The,resulting‘open/bircular

development of g conven1&nt~d851y for mcaSuriug'alkylation
of DNA. . o e

Alkyiation ié detectedeith PM2—CCC~DNA: Uéing_thc
ethidium fluorescence assay, aliquots of a reacgion
mixture containing DNA arc analyzed for base algylatiom

by dilution with a solution of cthidium bromide buffered

to pH 11.8. " The fluorescence of/the DNA~cthidium solution

is Measured to obtain an estimate of the total DNA con-

centration. The resultant solution is then heat denatured

(969C/3min) and coOled quickly (O°C) Under  these

same as that Obtdlncd Jnltlally. Alkylated PM2-CCC-DNA

undergoos a fac1le dopurlnatlon Oor depyrimidination in

the reag;idﬁ mixture or during the heat denaturation to
4 N . :

\ X . - -
. pProduce épurinic sites which hydrolyze quickly in the

DNA(OC—DNA) heat denatures to form one c1rcular strand

'and one llnoar strand whlch do not bind ethidium blomlde

and the fluoresgcnce falls to zero. ,By observing the
decrcase in fluoresconco after the he ting- cooling
cycle, of aliquots taken' from the reaction mixturc, the
relat}ve extent of bNA alkylhﬁ;gnfcan be mOﬂltOLOd Thé
assay 1is Jllu)tluted in Flgure‘l3

Alkylation measureq with tho cthidium.bgomido

fluorcscence assay was observed for all of the nitrosoureas .
. : /
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Figure 13. Lthidjum- bromide ass?y for. DNA base alkylation

of DM2=DIiA.
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prbpg}ed in this study. Typich] examples of a]kyjatjonx

’

curves arc shown in Figure 14 for a secries of ¥R -bis (2-

haloofhyl)+l—nitrosourcas.; The differcent behavior

exemplified by BCNU 5 results from the occurrcence of
N ‘ v ’ o : . .
more extensive DNA interstrand cross-links after initial

o . . ) . . ” -(ﬁ’)
alkylatton which prevents heat denaturation of the

PM2-0C~DNA (sce.following section). = |

i

In addition to the effocts of cross—linking; spéctro—
fluoromctric measurcment of DNA alk&létipn,caﬁ also be
Fbmpliéatéd by céncomitant single strand scission which
results in a similar”décroaso in fluorescence after the
._hédting—éooling,cyclé. .Additionally,.while the assay can

 ,,measuré.Ehe;ratc of initial alkylaiion of the DNA molecule
it dcds not allonmQaSQrémcht of  the extent of alkyla-:
tion §§§§ezlin principle, onc alkylation per molecule . is. "

<

,sufficient for the depurindtion, alkalinc strand-scission

and heat denaturation to occuf. Therefore, DNA alkyla- '
" tion_was also mecasured directly usingvﬁad;olabelling

techrniques. o A ~
14 ' S
C-CCNU labelled in the
2-chlorocthyl portion of the.molecule. ~After-a reaction .

A—-DNA Wa5 trQatcd with

timc of 6 hours in a pH 7.2 buffered solution at 37°C,

. unbound: drug was nemoved from the rcaction mikturc,by

dialysis.' DNA alkylation was then measured by. liguid
scintillation countﬁng to determine bound drug concentra-

tion and ultraviolct absorbance was used to detormine
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,‘“a5and estlmatlon of the amount of covaltntly llﬂked com$71V~‘

- 87.
bna concentration. The results frogfthe present study

116
+ and those from a prewious one involving m1tomyc1n C

. iy
133 arb reported in Table 12. As can be observed from

(\

Tablevl%, even at twice the concentration, the exteht of
alkylation by_CCNU 6. was much lower than:that obSerVed

for mitonycin C 133. Addltlonally, the amount of nltro—
" sourea whlch‘hydrolyzed was far greater than in the case

of, m1tomyc1n C 133. "Both of these observations suggest

,.é

that CCNU 6 1is much less selective in-its reaction with

nucleophiles; even redctlng to a large extent with water,
and 1mply that al}ylatlon ‘by nitrosoureas is largely an’

‘ S l or ar low actlvatlon S 2 process

, ’ s 4
DNA«Interstland Cross—LJnklnq bv N}trosoureas

T A4

: ‘ : i
. Thc ethldlum fluore scence assay allows detectlon o £

'N_plcment*ry DQA, (CLC DNA) produced after rcaction with-
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. 116,117 . ' - . :
an approgriate drug. ! Using the assay, dlilquots -
of cross-linkced DHA were sdinalyzed for CILLe sequendes by

i~ : - o
dilution with & soiution - of cthidium bromide buffeiéd
. \ . N

to pll 11:8. - The fluorcscence of the DNA-¢thidium solu-
tion was measured to obtain an O“tJmQtC of the total DNA

. e, . . . ¢
concentration. The sollition was then heat denatured

(96°/3 min', cool&q quirckly (O°C)‘andpfhc fluorcscence

of the solution was again muasured Under these condi-

tlons SCparatcd DNA strands do not reanncal. CLC—soquenccs,
by virtuc.of the.Chomjcal‘cross—link wﬁich acts as a
nucloation point, roanneal and .result in doublo stranded
DNA whlch binds cthldlum bromldc The ratio of the
fluoraqccncc after heatlnq to the fluorescence befqre
heat ‘denaturation was theﬂ a mcésure_of the extent of

« interstrand cross-linked DNA. The assay was conducted

at pHl 11.8 to prevent spontaneous formatjon of shor@

_intras strand . dupleh‘sixucLureo—r sa&t&ﬁq~irom a@ecidental
self—complcmcntallty aftcr hoatlng and ,cooling. At pH
ll 8 such structur Cs’ are unstable when comparod with
114, 118 & o

those formed by CLC- DNA That this assay procedure
detectcd the formation 0f CLC-DNA as a result of a chemical
cross-linking event has been confirmed 'by experiments

. ’ : . . ) lle . —
with the cnzyme Sl—cndonuclouse. This cnzvme'spoc1flc—
ally cleaves single-stranded DNA an&gis 4 Sontggily
iﬁqctj§o on duplex DNA}. Tﬁ%fnforcp'itudjﬁtinguishos

DA which is renaturable becauce of (<ch !LLQ] 0:055*1ink

i . - N
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o ) @
from DNA which scparates into §inglo~strands upon heating.
;4 .
The cro%s—linking‘assay s illustrated in Fig?fe 5.

-Bis (2-halocthyl)nitrosourecas gg‘ E; 62, é; cross;
link X—DNA»undcr‘physiological conditions [e.g., at pH 7.2
and 37°C, BCNU 5 cross-1links 42% of AgﬁNA in 6 h (Eig. 16)].
At 50°C a significégt increase in the réte but not the 1
e%teht of bNA interstrand cros§1links was obsg;ved (e.g.,
\at pH 7.2.andi§O°C,\BCNU é‘cross;links 37% of A;bNA ih (

»
7

2 h). Interstrand Qréss—linking_wa5'$m®t.efficient for
compounds containiég-thém2—cﬂloroethyl function and in
such cases the rate was observed to increase with increas-
ing pH (Fig. 17) in accord ﬁi£h égggested mechénisms of
decompositipn to produce alk?lating species (see Chap£er
IT). The»droés;links we%é,observed to be stable for at

least,48 h in 0.15 M NaCl and 0.015 M sodium citrate,

condltlons whlch’Have been reported119 120 to reverse

the 1nterstrand cross-links produced by carzlnophlllln,

which suggests that the nitrosoureas produce two

covalent bonds. The extent of.cross—linkinq iS‘unrelated

' to the nature of the urea 134 N 3 SUbStltJtePtS, Drov1dod;
the nitrogen carries.at5i>ap owe hydrogen

S

o
- b . /Lj\ \\
Rf‘ Il\]3 Iﬁl_ CI}2CII2X
H O=N
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- 92.

< Q
gg 30+ /C\; I3 : —
CICH, CH,N N-CH,CH,C}
o H /;'\J
2 o)
<
T BCNU
o 5mM DRUG WITH A-DNA
Y 20k - | .
€
QO
U
&
[
10 - ~
1
BENU
/\ .. Xz ¥ X
0 N . 1 BINU | .
) & 12 180 - 240 300 360
' Time - {min)

f?iQuro 1L6. DA 1nterstrand crosé—linking of, »=DNA 1.0 A760

in 0.05 M phosphate buffer pH 7.2 at 37°C wifh,

5 mi: (&) BCNU 5; (A) BBNU 62; (@) BFHU 26; or

(V) BINU 63.

-



% CROSS-LINKED DNA

3
) ~y (‘“

T T | T T I 793.

48 1
30 N
20 -
10 ]
&

- E4

0 L— ] ! Lo - L

40 50 60 70 80 0. 100
o D

Pigure 170 pH dependone.  of DA cross-linkifig. Reacticn of

L-DNA 1.0 A260 no0.no oM pbdsphftu bulfor pi 7.2

: ]
at S0°C with 5 noes (@) "LCNU Sogr () chloroso-~

tocin 80, Cross=Tinkirqg measured after a reaction
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Aryl N-3 substitution subsfantiaily,incrcascs the

.rate but not the extcnt of cross—linkjng‘by incréasihé. .

- - the acidityqof the N-3 prbton in accord with the results‘

of the pH S£udy Further attempts to affedt the ac1d1ty
of the N-3 proton were accompllshed by preparing 1-(2

chloroethy |

-

chloroethg

p- nltrophenyl—l—nltrO§ourea 69 and~l—(2—

p—méthoxyphenyl—l—nitrosouréa 68. How-
ever, neith@®r derivative exhlblted a cross linking rate

¢ , .
which differed 51gn1flcantly from the unsubstltuted

l—(2-chloroethyl)—B—phenyl—l—nitrosourea 13

3

R
: 0]
cl
N/JL\\N//A\»//
H |
O=N
ég R = OCH3 .
135 R = §
,e) ég R = N02

As oxpectcd no 1ntorstrand Cross- llnklng was observed

fox-l (2-chloron thv1)~f _-dlmothyl—l*nltrosourea Zgﬁ
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H3\N /U\ P e
|

These initial obscrvatlons are 1nvaccord w1th research
outlined in the 1ntroductlon of this chapter which |
1nd1cates that the 2- haloethyl functlon is primarily
‘responsible for the reactions with DNA.

Thehextent_of DNZA interstrand cross-linking by
2~ chloroethyl nitrosoureas was observed to lncrea§e wit
the guanosine plus cytidine (G + C) content of natural
DNAs (Flg.'lS). The average number of cross—links per
nucleotide produéed by BCNU 5 and CCNU 6’was calculated
u81ng a P01seon s dlstrlbutlonllo of the cross- links
ad& asshmlng that one link per molecule is sufflc1ent to )
‘permit onntaneouo renatur i on. The values obtained
for‘Ciesiridium pcﬁftingens DNA (30% G +‘C), Célfthymus
DNA (40¢ G + C) and F. col+ DNA((SO%'G'+ C) hes be@*’
-calculated as 1.4 x 10“5, 4.2 x lO B and 9.1 x 107°
Ccross- lln}s per nucleotlde, respectlvely Similar
results of 1.1 x 10_5, 2.8 x lO—S and. 7.7 x lO—5 Cross=a
1inks Per nucleotide wete'obtained'for CCNU for DNAs of

30%, 40¢ and 50° (G + C) content, rtepe(tlvely (Fig. 18).

These values ncg]ect the CffLCtS of strand breakage.



Cross-Links/ Nucleotide Equivalent x iOsj_
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¢ -
O
0
| e
CICH,CH,N N-CH,CH, Cl
N

~

‘<::>eN//\3§—CHQCHicr

°

cenNU.

1

\ 40 4 "vv',h,, 50
Per Cent (G+C) '

Figurc 18. Dependence of -DNA interstrand éross—linking on

‘on G + € content of DNA. . Lwrfrfﬂgw; 

with 5. mM: (@) BONU 5 oF: (¥) CCNU 6.

(305 G +C),

calf‘thymus (40%°G + -C), or HIVQin (50% G +'C)

1.0 Do in 0.05 M phosphate buffcr pil 7.2 at 37°C
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- rCross—linkin%,with'bis(2—ha10cthy1)nitrogourcas‘
shéwed a étrong ha'ngen dependénco: c1l, 42%; ?f, 8035
F,.?%; I, <2% (Fig. 16). However only oﬁc'2—haléethyl'*"

'éroup-was neégséary'for cross;linkinq, in‘56cord wﬁfb- '
'the'pfoposed decompOSitioﬁ to giVE 2—haloctﬁyl alkylating

'agents (see Chapter 1I). For qxamplc,‘the antitumor
age%t chlorozotocin 86 cross-links DNA vefy efficientlyr‘
Awhereas_ghg relafod streptozotocih gz,llacking the 2-

haloethyi-functiqﬁ, does not.

Ollg D ‘ He

HO ~ HO 6] ,
C : - HO -
HO OH : , : OH
HN o " " HN
) . o <
. T : CH
A~ T L , ¢§L\\ 3
Oz)\N/\'/Q ) ') N/
| = | |
N=0 ‘ ‘ N=0
.- 86 87

. Crdss—linkiné is not observed when #he halogen is:roplaced

t

by-—OH or —OCH3 whiéh suggests that the ability of the

- haloagrns to act as leaving. groups may be rélated to the

cros  linking mechanism. This i1s in agreoement with a

‘suqg¢ ostion by Ldalum8l’§02_that’a 2—chloroeth§l cytidine

moicty wight rcotain alkylating activity”and allow addi-

. . . . . . 2105
tional \DXNA modification. , Kohn gas also suggcsted” °° that
< . FE

s
-

e



b

98.

»

~su55titution of the chlorine atom by a second nuciéophilic
site in tﬁe DNA molecule aftoer initial,chloroethylétion
could lead to the observed DNA intefstrand cross=links.

‘ Steric gffocts as they relate to DNA cross—linking.
by 2—chloroe%hylnitrOsoureas were élsb investigated.
‘Neither l,3—bis[l—(chlorométhyl)ethyl]—l—nitrosourea1§£
(BCNU-a-Me) (Fig. 7) nor'l,3—bis(Z—bhlorop:opyl)—l—
nitrosoﬁrea (BCNU~-{-Me) 60 (Fig. 7) exhibited- any ability
to produée DNA intersfrand Cross-1links. |

In addition to the haloggn depen@ence anad stéric
effgcts, the position‘oi the haiogen was also observed
to‘éffecfvcross—ligking ébility. qur,?itrosogreaé 3,

\

57, 58, and‘ég were prepared. While all bf these S

P

C1¢H2(CH2)n]Q NH2 (
N

3 CNU n =1
T 57 CPNU n = 2
58 4-CBNU n = 3

5Y 5-CPNU n.= a4



derivatives alkylate DNA significantly, only the 2—chlofo—

ethyl derivative produced covalent interstrand cross-links

(CNU cross-links 369 of A-DNA in 6 h).
The obsef&ation'thét alkylation by 2-chloroethyl-
\\

Y, Lo . . .
‘Nitrosoureas was extensive within the first t¥o hours

(Fig. 14) and yet the extent of cross—linking did not

reach a maximum for nearly six hours (Fig. 16) suggested

that two distinct steps were involved in the mechanigm.

~\-5.'.571?3.70‘\4;0mpounds, BCNU 5 and CCNU 6 were incubated with

A-DNA for two houfs at which time the extent of inter-
strand cross-linking.wa: 2served to be 15% and. 17%,

ko4

at'0°C‘and dialyzed for 15 h at 4°C to remove unreacted

drug. Upon 1ncubatlon of the dlalysate at 37°C 1n1tlal

"

readlngs indicated that the percentage of cross llnked

DNA had not changed elgnlflcantly during the dlaLyS1s.

A

Subsequent readings showed that the extent of cross-

iesu;ted in gver 35% cross-linked DNA at that time (Fig.

el

19). 1If the incubatidn temperature was raised to 50°C

a corresponding increase in the rate of cross-linking

after dialysis was obscrved. A cortrol experiment was
run in parallel‘to\show that all = free nitrosourea
could be removed by dialysis (se <xperimental). This

"suggests that the initial alkylation (on guanosine or

CytiCinef is of a low activation cnergy and that the .

respectively. = The reac.ion mixtures were then quenched

linking continued to .ncrcase for the next 4.5 hours and

99.
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< | . A ’_ 37°C
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~ 30 o o .
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. CICH,CH,N™ “N-CH, CH,CI |
2 H | |
8 25 B ) & : : /N [O] ]
o | . BCcNU O
€ 20 4 >~ (8 R ]
o 1 ' PN .
_ ~ QN N=CH,CH, Cl
L | RN W

lstr O ' | 7

| CCNU | o -
0 b—t—nt {r— ' e IR L

0 30 60 90 120 150 ic0 210 240 270

Incubation Time After Dialysis (Minutes)
Incubation of X-DNA 1.0 Bl ié 0.05 M'phosphate
buffer pH 7.2 at 37°C with 5 mM: (@) BCNU g'ior
(4) CCNU’Q for 2 h. Samples woro’dialyzod 15 h at’
40°C in 0.05 M phosphate buffer pi 7.2 and follow-
ed by reincubation‘at 37°C or 50°C. (@) control,
5 mM BCNU 5 added to 7-DNA 1.0 A260 just prior to
dialysis followcd by réincubaﬁfon as dcscribcd

\ above.
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'sccend bond 1g formead by a slower alkyldtioh ofihigﬁer
aeﬁiveiion-cherev.
‘o o )
This ObS(TthlOH could be Slgnlflcant with rebpect
to the antleemor act;vxtv of 2- chlovoethylnltrosoureas
Therefore, ; comparléon beewegﬁ DNA 1nter%trand cross;
lihking and act1v1ty against lcukemia LlZlO is sdenfine
Table 13.° | |

It is

nevident that only compounds containing the
' 2—fluoroet‘yl— or/2—chloroethyl—‘moiety exhibit significant
 activity2: . obserwatlon in accord w;th ‘the decomposition
studies reported in Chapter II Whlch Jndlcated that only
2-fly oethyi— and 2- ehloroethylnltrosoureas produce'iw
szgﬁlflcant amounts of the haloethyl aJPylatlng agent
The loss of cross-linking ability by chain lengthenihg
o:‘chaih'branching in the 2~ch10'weLhyi\analogues\parallels
the.structu!e activity  studies of Mentgomery (Table 13).
who obServed that similar structure modlflcatlons resulted
in low activity or loss of act1v1ty against the L 1210 test
system The corrclation between extent of DNA Cross-
linking and‘antileukemic activity observed“in Taﬁle 13
initiated a more detailed study of the melecular mechanisms
involved in the cross-linking reactions.

Previous fesearch by Ludlum ot 02'102 has indicated
 that the cytidiee residues are_alk?lated most extensive-
ly-by chlorocthylnitrosourcas. - In accord with this

result is the observed dependence of the extent of
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cros§~,in 1ng on the (G + C) content of natural DNAs (Fig.
18). The two mgst'likely po;itions_of ;>§idine for
Chloroethylatioﬁ to accur appéar to be the 3 and the N4
positions. | |

The 3 position of cytidine residues in helical DNA
has been obscrved to be alkylated both ﬁn viiro and in
vivo.gz Treatment of DNAs from a number of sources with
alkylating agents such as MNNG 1, MNU 2 or ENU lg has
resulted in the isolation of émall amounts of 3 alkylated
cyfidine.92 Chloroeéhylﬁtion at the 3 pdsition of:
cytidine residucs might produce anyihtermediate which
.woultiééiain alkylating activity as suggested by Ludlum. 81,102
_ Chloroethylatlon of the N4 position results in a nitrogen
half- —-mustard Wthh appears to be the most likely chloro—
ethyl ytldlne derivative which could retain alkylatlng

.. 81,102

activity. As descrlbed previously, Ludlum et al.

isoiated j,N4?ethanocytidine mdnophosphateA126 after

treatment of poly C with BCNU 5. Transfer of a 2- chloro—
ethyl aikylatlng agent to either the 3 p051tlon 127 or

N4 position 141 of cytldlne éould account for the produc-
tion of this simple intramolecular bifunctional alkylation

product.
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NH S—\nH

127/ ' 126 14

Twc model compounds were prepared to test the
alkylatlng activity of chloroethylcytldlne lntermedlates
N ~(2- chloroethyl)—l~methylcyt051ne hydgochloride iﬂg &
was preparcc accordiné to the methdd of Ueda andFox,li25
by reaction of 4—ethoxy—l—methy1—2—pyrimidone 143 with ¢

2-aminoé¢thanol followed by chlorination with thionyl

chloridc;, 3-(2—chloroethyl)fl—methylcytosine hydrochloride

Cl

H,CH, PO SN N HelL

oCH L _
NJ\/” . H2NCH2CH2OIi N F ‘
2. HC1
//I\N - ax ')\N

3. socl, O
. |

CH

=t
N
w
—
faN
[\

4

144 was prepared by the action of cthylene o>1de on

1- mcth>lcytosmno 145 followed by chlorination with thionyl

- .
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chloride.
NH-HC1
0 c1 '
T~ L /N \/\N
—_— 1]
<§j\\ 2. HC1 C;l\\ l
) 3. soci 0 N
2 |
CH3
144

1

In D20 the latter compound exHibits an uncomplicated -

pmr spectrum. Howgugig the former compound in DZO pPro-

duces a pmr spectrum c ntaining two sets of resonances.
Heating induces coalescence of the signals suggesting a

tautomeric or acid base cquilibrium. When the DzO solution

is buffereq to pl 7.2 only one form is present. A u.v.

‘spectrum indicates the prescnce of only one compound . (A

max .
276 nm). These results suggest that the two sets of signals

observed in D2O result from the presence of the frce base

Ccl | Cl : ¢
NN NH-HCL SN
N _ | ‘ N
%\ ] s —— )\ | .+ HCl
0 T | e T
Ciiy | ‘cn3




L

146 and the protonated form 142, while in buffered solutidn

only 146 is present.

As bbserQed in Figure 20, both chloroethylceytosine:
derivatives exhibit significant leveis of alkylation of
'PM2-CCC-DNA. This Ssuggests that similar aerivatives
produced afﬁer chloroethylation of the DNA polyméf would
retain intermolecular alkylating acﬁivity and result in
DNA interstrand and. intrastrand cross-1links. Two processes
could account for the alkylating activity of these
derivatiyes (1) a simplelbimolecplar SNZ nucleophilic
Substitution of the chloriﬁe Oor (ii) labilization of the
carbon—chlorine bond to ﬁroduce a carbonium ion or similar
actlvc,ed'lntermedlate by -an S 1 process foll owed by a
rapid reaction with nucleophiles. S N

If the first process is opc¢rative then other chloro-
alkylcytidine derivatives in which the chlorinc is bondéd
tg a primary carbontatom ghoﬁid undergo further alkyla-
tién and produce interstrand Cross-links. As previously
described, the 3-chloropropyl-, 4-chlorobutyl- and
S—Ch1oropentyl—nitrosoureaé eghibit no cross—linking 
ability. '

The rélativo ;]}yldtlon of DNA in phXQEologically
buffered solatlon at 37°C for these three nitrosourcas arc

8l, 82 and 73, respectively. Decomposition of 1-(3-

chloropropyl)-l-nitrosourca (CPNU) "57 * in agueous solution

107.
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ClCHZCHZCHzN(NO)CONH2

57

‘buffered to pH 7.2 at 37°C for 24 h was followed by gas- |,
liguid chromatography The obseryatlon that 3-chloro-
propanol accounted for 95% of the volatile products
indicates the extensive formation of a 3-chloropropyl
alkylating agent. Presumably 3-chloropropylated nucleo—
51des result when DNA is treated with CPNU 57 but' these
1ntermcd1ates do not result in crogs- links.  Since only
chlorOethylated nucleosides appear to result in 1nter;

strand cross links lablllzatlon of the carbon- chl rine

-~
b

bond appears to be @ prerequisite for cross- linking
activity.

N4—(2—ohloroethyl)cytidine 141 is essentially an
aromatic nitrogen haff—mustard derivative. While'there

is disagreomentlzs—lzg'concorning the mechanism by which

aromafic nltrogen muslards undorgo alhylations; it is
gencrally agreed that the mechanlsm resombles an‘S 1
nucleophlrlc substltution Nltrogon mustard alkylatlon
could explain the ablllty of N —chloroothylcytldlne 141
residues to producc DNA cross-links while other N4—chloro;
alkylecytidine r051dues~éo”6tn

The baaisfor the alkylating activity of 3-(2~chioro—
cthyl)cytidine 127 residuecs is unolcar. One explanation

fo. “he necessary labilization of the carbon-chlorine

109.
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bond in su:. compounds 1is the formation of a short lived
oxazoliniur 1 n }jjd

NH S
cl ' ; ' .
\/\N \ ' N )
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dRr dr ' dr

While there is no evidfnce that such an intérmediatc
resulfs from the reaction Qf'chloroethyl nitrosoureas

" with DNA, there are litcrature precedents of the fopmation
of simple oxazolinium ions by similar cyclization.

130 that R—bromoethyl benzamide

Gabriel and Heymann reported
"148 is unstable when heated in water and undergoes intra-
molecular cyclization to produce 2-phenyloxazoline

hydrobromide 149.

Br H
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;wth]orO(thy benzamides are somcwhat more stablc but
A%

131 ° 132
undcrgo similar cy ]lzdthPS 1 Kagiya .: 7,

/4

)

- reported the cyclization of N—(2—bromoethy 1)-N- mcthyl—
benzamide 150 using clthcr 511vcr perchlorate or silver

tetrafluoroboratc 1n nltrobenzcne at room temperature.

Br

) ' CH
: _~cn o ~ 3

'_J
wm
O
S
I
w
¥

-~

:They have also‘observed132 that N-methyl—Z—phenyl—2;

oxazolinium perchloratt 151 or thc qjmilar N-methyl-2- .

methyi 2~oxazolinium perchlorate lgg are subject to rlng 0
[

o~ rrropgglng é;;??éph llc rlng opcnlng Yof the oxazollnlum

”»pyridine at room temperature proceeds via two

competlzlve pathwayC peruc1ng the Stralght chaln 154

/

and cycllc ‘5 pyrldlnlum pcrchloratcs in Flgure 21.

The former is a thermodynamlcallv stable product and the * *
latter‘a‘%lnetlcally controlled product 4
If the iptermedidte 147 was formed after

. . g , o
chloroetkyl;tion‘of_cytidinc’residues in DNA, the .

£

invéstigation by Kaqiy3132 1nd1cates that 1t shoulo be

morcﬁiusccptlblc to nucleoohlllc attack than a simplc

4 .
. "
CS

l-:dlhlethlldO
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\ 151 R=-C.H,

I

Figurec 21. Rogctlon of a pyridine nuclcophllc with modol
‘ oxazolinium ion. _ o T



'The reactions of 2—Qﬁioroethylnitrosourcas with DNA.
are cnvisaged to occur as shown in Figure 22. Initially
: Cd

the N4—(2—chloroethyl)cytid{nc 141, 3—(2—chloroethyl%—

cytidine 127 and 3-(2-hydroxycthyl)cytidine 125 deriva-

tives .are produced. The 2-chloroethyl derivat£§es can
undergo intramolecular alkylation resulting in 3,N4¥ethaho—
cytidine 126 or intermolecular alkylation to form inter-

a

straﬁd or intrastrand cross-links.
Kohnlo5 has suggested that a two carbon intcrstrana
cross=-1link could‘onlyfresulﬁ betwcen bases which hormally
base pair. ?ﬁfﬁination of space filling models shows
that the 365’rotation between two adjacent G-C pairs in
helical DNA allows the N4 position of cytidine of oné
bésc pair to approach the 06 positio;bin guanosine such
that a two carbon link between these.positidns imparts
minimal distortion of the helix (Fig. 22). With the
same ba5e~éeometry it is also possible to create a two
carbon cross—-1link between the N4 position of\a_cytidine
molecule énd the 7-position of guanosine, ' ‘ v '-\////
Subsequent wprk in this léboratory wiil'invoive the
isolation of the cross—linked nucléqsidos produced by

.2-chloroethylnitrosoureas. Shapirol33’l34

has recently
reported gonoral‘techhiques which allow the isolation
of modificd nuclecosides particularly those resulting

from intecrstrand cross-linking.
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Figurc 22. (a) Rcactions of 2-chloroethylnitrosoureas with
cytidine residues in DNA .

(b)"Suggcstod sites for DNA cross-link.
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Factors Affecting the Extent of DNA Créss—Linkinq.

"The extent of intersﬁrand cross—linkéd DNA produced
by cblorocthyi nitrosoureas is considerably lower than
that observe. or other bifunctional alkylating agents

110,111,116,117

under comparable conditions (compare

CCNU 6 with mitomycin C.133, Table 12). Three processes

could explain the observed low levels of DNA cross-linking.

(i) The extent of initial alkylation is low and

thus ' he concentrat%on of chloroethylated cytidine avail-
able for further alkylation is low.r

(ii) Intramolecalar alkylation or hydrolysis of
chloroethylcytidinelresidues competes favorably With
intermoleéular akylation to form crésé4links.

(1ii) DHNA degradation occurs concomitantly with alkylij
tion and cross-linking and results in the extent of

}nterstrand cross-linking appearing low.

(i) Studies Related to DNA Alkylation.

To measure the extent of chloroethylation of X-DNA,
14 ,

C~CCNU labelled in the 2-chloroecthyl portion of the
molecule was indlbated with *-DNA as described in the
beginning of thig chapter. As reported previously, at |

twice the conceytration, the cxtent of alkylation by CCNU. :

is much lower than that observed for mitomycin C - (Table

12). The cxtent of alkylation increascs in relation to
the concentration of CCRU 6 as is expected. However,

the percentage of cross-linked DRA is below 500 at binding
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ratios which'approach‘those of mitomycin C (wherce 84%
cross—linkod'DNA rclults). These obserf&tioﬁsssuggcst
that whilc a low extent of DNA alkylati&n may in part
result in decreased interstrand cross-linking it is not
the only contributing factor. Significant increases in

drug concentration to produce extegsively alkylated DNA

did not result in grcater than 50% cross-linked DNA.

(i1) Studies Related to Intramolccular Reactions of

"Chloroethyl Cytidine Derivatives.

Tﬁe possibility that intramolecular alkylation or
cyclization competes favorably with interstrand Cross-
linking for the intermed;ate chloroethylated cytidine
residue was investigated by comparing tﬁe rates at which

3—(2—chloro¢thy1)—l—methylcytosino 156 and N4—(2—chloro—

ethyl)-1-mcthy tosine 146 alkylaté intramolecularly
to form 3,N4—ethan—l—mothylcytosine 157 (Fig. 23). The cycliza-
tions in aqucous solution buffered to pH 7.2 at 37°C

were observed to follow first order kinetics (Fig. 24).

i

The N%-substituted derivative 146 has a half-life of

16 min. and complete conversion to the cyclic compound

-

occurred within 150 min. The 3-substituted derivative
156 under the same conditions has a half-life of 53 min.
The faster rate obscrved for N4—(2—chloroethyl)—l—mcthyl—

cytosine 146 may result from
; _
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the difference in nucléophilicitiés between the
nitrogen and the exocyclic'imino groué. While similar
reactions could occur in helical DNA after chloroethylatlon,
slower rates for these reactions would be expected ;s
~ the 3 or N4 nitrogen may still be blocked by hydrogen
bonding. Nevertheless, the results obtained for these
modél compounds suggest that after chlorocthylation of
cytosine bases in DNA, &ntramolecular alkylation may
compete favorabiy with intermolecular alkylation and
the formation of cross-1links. e

No hydroxyethylated cytosine was observed to be
formed durlng either reactlon - Although a 3-(2- hydroxy—
ethyl)cytldlne monophosphate 125 derlvatlve has been
vlsolatcd afLLr)Lertmcnt of poly C with BCNU 5,81’102
the necessary %ydroiysis of the chiorine atom appears
to occur prior to aikylation ThlS Observation is in
accord with rceults published by Iudlum135 concerning
a 3-(2- fluorocthyl)cytldlnc derivative. A possible
expianation for the formation of hydroxyethylated baseq
1nvolve% nuclcophilic attack at the carbon becaring the
nitrogen of the proposced oxadiazoline 106 (Fig. 11).
While the amount of drug which results in hydro>yethyla—
tion from chloroethyl nltrosoureas cannot be estimated

at this time, clearly such hydrolytic pathways will not

result in the production of interstrand Cross-links.



(1ii1) Studies Related to the Effccts of Sinqloﬂsf}and

Scission on DNA Cross-linking.

The cffects of single strard scission occurring
concomitantly with cross-linking were then investigated.

Previous studies have shown that chloroecthyl nitrosoureas

120.

R
result in significant alkalince induced DNA dcgradation.Sl >3

It will be shown in the following chapter that 2-hydroxy-
cthyl nitrosourcas produce extensive single strand
scission most probably through phosphate alkylation.
Theréfore, to determine the relative effects DNA single
strand scission has on obscrved DNA interstrand cross-—
linking a compound mixture was prebarcd and'assayed for
cross-linking.  Equivalent amolints of 3—cyclohc¥yl—lf(2—
hydrdxycthyl)—l—nitrosburoa (CIINU) 66 and BCNU 5 were

incubated with \*LNA at pl 7.2 and 37°C. The cxtent of

'

: O\E/U\T/v o

interstrand crosu-linking for this mixture and that for /

[

BCNU 5 alone is obscrved in Pigure 25. As can be obscerved
in Figure 25, addition of the cffective single strand

scission agentl CHXNU 66 resulbts in an apparcent decrease in

5
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% CROSS-LINKED} DNA
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Figure 25. Reaction of PeDRACLL0 A&@O in 0.05 M phosphate
: 5o ; B
buficer pi 7.2 4t 37°C with 5 md: (@) BCNU 5 or

(0} BCHU Soplus 5 et citig 66.
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the extent of cross-linked DNA as compared to that
observcd,for~BCNU 5 alone. Cross—linking as measuroed
spectrofluorometrically involves heat denaturation under
alkaline conditions followgd by renaturation of DNA
which has been chemically cross-linked. Decreasing the
molecular weight of the DNA by singlc‘strand sci'ssion
resnlts in smaller fragments of DNA renaturing after

heating and an apparent dccrea se 1in cross-linked DNA.

4

Conclusions-

DNA\znkcrstrand cross- llnklng has been observed
for a number of nitrosoureas. It is most extensive with
those containing(a 2;chloroethyl moiety where it exhibits
a pH dependence. Crosé—linking is of a stepwise nature
with the secdnd alkyiation completing thé'link occurring
for up no 4—5_h. Fluoro-, bromo— and iodo- analogucs,
as well as chainrbranching or chain lengthening\of
chlorocthyl nitrcsoureas res@lts in & low extent or loss
of cross-linking activity which gencrally parallels
anti-leukemic data.

Two model compounds, N4—(2—chloroothyl)—l—methyl—

] » :

cytosine 146 and 3—(2;chloroethyl)—l—methylcytosine}éﬁ

exhibif intermolecular DNA alkylation and implicate the

122.

analegGous modificd nuc10051dos in the cross- 11nk1ng mechanisu.

The extent of interstrand cross-linking is lower than that

obscrved for typical bifunctional alkylating agents.
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Three processes are in part responsible for thesoe low
levels: (i) DNA alkylation by nitrosourcas is low,

(ii) Intramolecular alkylation by probable intermediate
chloroethyl basecs compctes favorably with intermolecular
alkylation to produce cross-1links® (11i) DNA single
strand scission océurs concomitantly with cross-linking’
which reduces the épparcnt extent of Cross-linking as
measured»spectrofludromctrically.

<
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Experimental

‘Materials

14C—CCNU was a gift from Dr. Gerald Goldenberg,
. Manitoba Institute of Cell Bidlogy. 3-(2-adamantyl) -

l—(2—Chloroethyl)—1—nitrosdurca 140 was suppiied by

Dr. Thomas Johnston, Kettering-Meycr Laboratory, Southern

Rescarch Institute. 1-(2-Chlorcethyl)-3-phenyl-1-nitro-

sourca‘lji and 1-(2-chloroethyl)}-3-(2-chlorocyclohexyl)-1~

nitrosourca (.+{c¢ énd trrne) 138 and 139 wdre ~
obtained from Dr. Harry B. Wood Jr., Division of Cancer
Treatment, National Cancer Institute, Wéshington, D.C.
PM2-CCC-DNA was a gift from Dr. A. Richard Morgan,

- Departmgfit of Biochemistry, Universigy of Alberta.
Ethidium bromide was purchased from Sigma'and L -DNA

(m.v. 31 x 10°). from Miles.

N4—(2—Chlqroothyl)—l—methylcytdsine Hydrochloride 142.

This was prepared according to the method of Ueda

" 125

and Fox. It exhibited a ‘double m.p. at 160° and

272-275°C (lit. m.p. 163-164 and 271-273°C). Pmr (D.O)

2

§ 4.8, (HOD)Y: 3.22,.3.24 (s, 3HH, CH,); 3.7 (s, 4H, CH.);
) = _ )

3
5.9, 6.2 (a4, 14, Ci), 7.6, 7.8 (d, 1H, CH).

3,N4—Ethano—l—methylcytosine Hvdrochloride 158.

This was préparod according to the method of Uecda

5 . : '
and Fox,lz‘ by hecating a small amount of the above

—

chlorocthyl, derivative on a heating block for a few

4

124.
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minutes at 170°C: m.p. 272-275°C (lit.125 m.p. 271—273°C),
 Pmr (D,0 pli 7.2) § 4.8 (HOD), 3.4 (s, 3H, CH: 30 4.2 (my

Ty

- 4H, CHy); 6.3 (a, 1H, CH); 8.0 (d, 1H,’ CH).

“

'34(2—Chloroethyl)—1—methylpytosine Hydrochloride 144,
3—(2—Hydroxyethy1)—l—methylcytﬁsine prepared accorging
_to the method of Ukita ct aff136 was dissolved in ethanol &

saturated with HC1. After removal of the ethanol a 30 G
‘ : / : .

& . .
mg samplejdf the hydrochloride salt was added to 50 upl

of thionyl chloride-in 600 pl dry‘hexamethyl phosﬁ%oramide

gy
at 0°C. The solutlon was vcry slowly allowed to warm tol‘
f ™
room temperature and stirred overnlght 1 ml of ethanol'

ﬁwas then added - the mlxture was stlrred an addltlonal
hour and then added to 7 ml of ether The white SOlld
_was recrystalllzed twicé from- ethanol/ether without heat-

ﬁng.: Yield 15 mg (45%) m.p. 215°C and 269-272°C

g ’ . v K -
Anal. calcd. for.CquON3OCl HC1-7H,O [m.w. 187 8512

(free base)): C, 36.77; H, 5.08; N, 18.38. " Found

(187.0519, *macs spectrum): C, 36.63; H, 4.97; N, 17.99. .

Pmr (P40) & (HOD 4.7); 3.5 (s, 3H, CH,); 3.9 (f, 2H, cné)}

3
4.5 (t, 2H, CHy)5 6.2 (d, 1H, CH); 7.8 (d, 1H, CH). 1r
Vmax (EtOH) 3320 (N-H); 1630 (C=0); 1560 (C=t) cm™ L.

This compound could al<o be converted to 3 N4 ethano-

1+ methyicyt051ne\hydrochlorlde by, heatlng a small amount

&

.on a heatlng block for a few mlnutos at 220 C. m.p. 269-

272°C (1it.12° nlp. 271-373°c)¢« - . .
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Methods -Q 

Fluorescenc. Determination of Alkylation of PM2-CCC-DNA

by Nitrosoureas.

A 20-ul aliquot was taken at intervals from the _
-reaction mixture [SOQﬁMLpotassium phosphate, pH 7.2, !
1.2 A266 units of;PMZ—CCQ;DNA (90% CCé), 5 mM.nitrosou;ea
i a total volume of 200 ul at 37°C] was added to the
“standard assay mixturc (which‘waé 20 mM dotassium phos-
phate, ﬁn'il.s,io.4 mM EDTA, and 0.5 ug/ml of ethidium) .
The'ffuqrcsCencé éfﬁer heating at 96°C/3 min followed by
rapid qooling was‘comparéd with the initial valué,. |

Under these conditibné unreacféd‘PMZ—CCC;DNA~returns_
go.register after heat’denaturation because of topological
constraints. - Alkylated PM2-CCT-DNA showg a decreasé in
'fluoresdénce becauso‘of thermélly induced depurination
followed by al%aliné‘strﬁnd scission of the apuriric site
in the assay-medium; The ratio of the decréase in
fluorescence (a;ter'the heatipg‘;nd cooling‘cyciefkto

that of the control is a measure of the extent of alkylation.

In a control experiment it was shown that none of the

LY

components interfcred with the ethidium fluorescence.

Binding of Mo _cenu to’ ) -DNA

Duplicate 100 pl mixiures containing the desired
>

concentration of,l4C4CCNU were inecubated at 37°C and, .+

pH 7.2 w.ith 1.0 AZGO »—~DNA (m.w. 31 x 106). After a:6 h



£

incubation’ a 0 ;i1 aliquot was transferred to the assay
solution ang thePextent of intcrstrand Cross-linking was

measured. A 1 31l aliquot was transferred to 10 ml of a.

tolucne based ligquid scintillation cocktail (Scinit—Versé;
Fisher Scientific Co.) and counted on a Beckman-is 100c

" (serial # 1000930) scintillation countor using
toluehe'standard (New England Nucloaf) 4 x lO5 pm/ml)
to detcfminc initial CCNU concentration. The om&ining
rcaction m1 ‘ture was dialyzed at 4°cC agalnst threo lOOO ml
volumcs of 20 mM pota551um phosphatc pH 7.0, containing -

2 mM EDTA. The DNA nuc]thide equivalent éoncentration

0of the dlalvsate was determlneq by 'U. V absorption ét

260 nm assumlng an O\tlnCthn COfolClODt of 7000. A

100 ul aliquot of theAdialysatc was then counted as
described above.to determine the cohcohtratjon of DNa
bound radiQactivity. A 100 k1l aligquot of the dlalySls
Solution was_uswg to determine background counts.

The ratio of initial CCNU concentratlon to DNA bound.
radiocackéivity (corroctod for a 1.0 A26b DNA concentration)
1s used to detormlnc the hydrolyzed drug/bound drug ratio.
The ratio of DNA nuc]eotlde eqULvalent concentratlon‘

after dJaly51s to DNA boung radloact1v1ty is used to

determine the blndzng ratio.

P

27.
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Fluoresccnce Assay Tor Determining CLC  cquences infDNA

, : S i
Produced ! - Nitrosourecas.

BN

All mcaéuramonts‘were performed on a G. K. Turner
and Associates Model 430 spoctrofluoromcter equipped
with a cooling fan to minimize fluctuations in the xenon
lamp source. 'Wavélcngth calibration was‘perférmédvas
dcscribed.in the manual for the instrument. One-centimeter
-square cuvcttes were used.. The“>excitation wavelength
was 525 nm and the emis. on wavelength Qas 600 nm. The
iOO’x scale of medium sensitivity was generally usecd,
and water was circulatcd between the 'cell compartment
and a thermaliy rggulated bath at 22°C. 2 20-ul aliquot

was taken a intervals from the reaction mixture (50 mM

=

\

%Bpotassium rhdephate, pH 7.2; 1.0 units of }»-DNA;

Ra60 _
)thM nitrosourea; total volume, 200 pl) at 37°C and added
to the standard assay mixture (which was 20 mM potéqﬁium
phosphate, pu 1198, 0.4 mM EDTA, and 0.5 pg/ml of ethidiuh).
The fluorescencée after the heating ang cooliﬁg cycle
comparcd with”control times.100 gives the percentage of
CLC-DNA in a samplé. For a standard s§p Qf conditions
(i.e., type and concentration of DNA; PH, ionilc strength,

: . 1
and. the tcmperature);‘the accuracy of the CLC assay is

determined by the precision of the fluorescence readings.

Overall accuracy of the CLC assay is cstimated at 2%,



strand Cross-Lanks.

Stability of Tntc:
A260 units of }-DNA,
40 mM potassium phosphate pH 8.6, and 10 mM BCNU was

A 300 11 samplce containing 1.12

incubatcd at 5Q° for 3 hr and the extent of DNA cross-
linking measurcd. The sample waé dialyzed again%t 0.15 M-

NaCl and 0.015 M sodium citrate (known to reverse the

119,120

cross—-linkFof carzinbphillin) at 4° for 15 h.

The sample was then incubated at 37°C for 48 h and the

extent of cross-linking measurcd again.

Two-Step Nature of Cross-Linking of »-DNA by Nitrosoureas.
/

A 400 pl sample containing 1.4 A26O of A-DNA solution

at pH 7.2 was prepared with BCNU or CCNU with the concen-

trations used above and incubated at 37°C for a period
corresponding to two half-lives of decomposition of the

nitrosourca. The rcactions were quenched in ice and

dialyzced against 50 mM potassium phosphate pH 7.2 at 4°

for 15 h to remove unreacted nitrosoureca. “*The dialysatc

was incubatcd at .either 37° or 50° and assayed for cross-

linking. The control consisted of nitrosourea and A-DNA
at 0°, dialysis as described, incubation at 37° or 50°

and assaying for DNA cross-links.

Conversion of N4~(2—Chloroethy1)—l—mcthylcytosiﬁg 146 To

-

3,N4—Nthano—1—mothylcytosqu 157.

The pmr (D20 ptl 7.2) of the chlorocthyl derivative

shows a sharp resonance for the methylene protons at §

4

129.
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3.6 (s, 411). Under the same conditions the cyclized
product exhibits a closc A2B2 pattcrn centered at ¢ 4,25
(m, 4H).

A 1 ml D,O reaction mixture containing 65 mM of the
chloromethyl cbmpound in deuterated 200'mM potafsium

phosphate pH 7.2 was incubated in the pmr probe O

Varian A 100 analytical spectrometer. The rate of intra-
molecular cyclization was obtained by monitcring the

changes in the areas of the signals listed above.

Conversion of 3—(2—Chloroethyl)—l—mcthylcytosine 144 to

3,N4—Ethano-l—methylcytosine 157.

The pmr (D20 %H 7.2) of the chloroethyl.aerivative
shows a resonance for one of the ring protons at § 7.8
(d, lH)A Under fhe same conditions the cyclizediproduct
exhibits a similar doublet for one of Ehe ring protons
:shifted slightly upfield. While the inner peaks of the
two doublets ovelap the outér resonances are clééﬁly
separated.

A1l ml sz reaction mixture’containiﬁg 65 mM of thé.
chloroethyl compound in deuterated 200 mM potassium phos-
Vphate PH 7.2 *was inc;b%ted in the pmf probe of a‘Varian
A 100 analytical spectrometer. The rate of imtramolecﬁlar

cyclization was obtained by monitoring. the changes in the.

arcas of the signals listed abovc. ' ‘ =
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Dependence of Cross-Linking of Natural DNAs by Nitrosoureas

on the (G + C) Content .-
A 200 yl sample containirg 50 mM potassium phosphate

PpH 8.6, 10 mM nitrosourca and 10% acctonitrile was

R ;
(omairrdiLur

incubatced at 37°C with 1.6 units of

! 2260
porfrineons DNA (300 G + C, m.w. 7.80 x 106); calf thymus
DNA (400 G + C, m.w. 347 x 10%): or . o7: DNA (503

G % C/ m.w. 0.87 x 10"). (The m.w.s weré determined by
sedimentation velocities). Assuming - a Poissén's distri-
bution‘éf the cross-links and that one link is sufficient

to permit spontacous renaturation, the average number of

cross-links per molecule M was determined from M = 1n(1/Po)

[where Po is the fraction of moleculces not cross—linkedllo].



CHAP¥ER' FOUR *

N"ITROSOUREA INDUCED DNA SINGLE STRAND SCISSION
DNA damage in the form of alkali labile sites which
.produce single strand breaks has becn reported for BCHNU

,511137 CCNU_§,52'J3 and MNU 2138 as wcll as other

methylating agents.138 Kohn51 and Gutins2 have detected

5

DNA degradation by BCNU 5 and CCNU 6, respectively using
sedimentation rates through an alkaline sucrosc gfadicnt.
In this assdy, when nitrosourca treated DNA is exposcdm
to alkali (0.1 N NaOll and 0.9 N NaCl) the strands begjn'
to separate with the single. strand breaks scrving asv
points where unwinding can bcgin.l39‘_Completc unwinding
petween breaks results LIn the releasc of s;nglc stranded
DNA ffagments which sediment faster in an alkaline

40

. 1 .5 ' .
sucrbse gradicnt. GUtlDJZ has attempted to quantitatc

DNA damage by its susceptibility to digestion by Sy

[ AT

nucleasc, a single strand specific nuclease from Abpree LD

L4192 ptter treatment of the DNA with CCNU 6

QY5

and ecxposure to alkali it was subjected to the CNZyYme

preparation. Enzyme resistant duplex regions of the DNA

were dctcctcdﬂusing the fluorescence assay déveloped by
. . 14 . . o '

Kissane and Robbins. 3 Hilton ﬂ:_uz.53 have used

chromatography on hydroxylapatitq to determine the extent
of damage to DNA exposcd to CCHU k. After alkalinc
. I

treatment, the scparation of double stranded and Sincle
i . J

stranded DNA on hydroxylapative was donc according to the
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51'137 has used the

method of Rydborg.l44. Recently Kohn
rate of alkalince elution of céll lysates from a membrane
filter after trecatment with BCNU S to’observe'DNA’damage.
&his technique reliosvon the relationship between DNA
single strand length and the rate of elution of thesc

145

strands from cell lysates at pH 12.1. Small single

stranded fragments clutoe very quickly while duplex DNA

‘regions remain bound to the membrane filtc;,l45

Although all of the to;hni;ucs briefly discussead
above allow the detection ofjaiiali induced DNA deg?ada—
tion there are two major disadvantag;s, (i) A relative
eSfimato of the number of single strand breaks 1is oﬁtained
but thcrchomical mechanisms cahnot_bo easily,investigated:
(ii) Since the irreversible separation of single stranded
DNA fragments is required in all of the above assays,
compounds which créss—link DNA, in addition to causing
DNA dcgradatién,_will inhibit the'felcase of sﬁch gingle
stranded fragments where they are involved in a chemical
@rdss—link. | | | }

DNA singlec stfand selssion (SSS) can occur primarily
through: three processcs: | ‘

(1) The goﬁeration of highly rcactive raﬁicals_(suporoxidoh
- . -

or hydroxyl) in the vicinity of the DNA molecule results
in the formation of DNA sprand breaks.

(i1) Alkylation followed by depurination or dcpyrimidian
tiomlrgsults in labile apurinic sites. -Three pathways

arc possible for the transformation of apurinic sites to



R

single strand breaks, (a) hydrolysisruﬁdCr alkaline
conditions,i(bf trcatment with an appropriatce amine,

(c) enzymatic action.

(iii) Alkylation ofvthe phosphatc groups forms phosphat.

triesters which arc susceptible to alkaline hydrolysis

resulting in single straga hreaks. «nils chapler considers

these alternative pathways as they apply to the chemical

mechanisms of the nitrosoureas.

ThelDétection of DNA Single Strand Scission Using the

Ethidium Bromide Fluorescerce Assay. - -

The flﬁoréécence assay describéd in Chapter IIT has
been extended tp detect DNA single stéqnd scission by
"making use oﬁ a covalently closed circular DNA (CCC—DNA).‘
The amount of ethidiuﬁ bromide 132 taken up by PM2—CC6—
DNA is restricted duc to topological constraints. If
single strand scission of theVCCC—DNA occufs in one or
more placeé 5peh cifculax DNA (OC-DNA)  results in which
the topological constraints are‘removed. OC-DNA takes
.up about 309 more ethidium than CCC-DN2A wit:n o correspond-
ing increase.in fluorescence.
PMZ—CCC—DNA returns to regiéter upon heating (96°C/
-3 min) and cocling (0°C),'reSJl£ing in a fluorescence '
i;tensity which is the same as before the heating cooling
-.cycle. In contrast PM2-0OC-DNA, upon heéting and cooling,

denatures into one linear and one circular strand.

134.

~2
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With no. duplex regions remaining (pH 11.8) the fluorescence
_faj]s to zcro. This is illustrated ir Figure 26:

This assay is complicated when the scission agent
also cross-links the DNA. Wiphﬁconcémitant single strand
scission and interstrand Cross~linking the 302 fluorescence
increase prior to the hcating/coo%ing cycle is observed;
however, duce to the crosg—linking, the two strands do
not completely denature after heating and cooling. The
fluorescence no longer ﬁalis tolzcro but instead reflects
the extent of DNa interétrand crossjlinking. While the
30% incréaée in‘fluorescence can only be accounted for
by cleavage oﬁ{CCC—DNA to OC-DNA, a 309 range was not
suffici¢nt to allow a detailed study of _he molecular
mechanisms involved.

The increase in fluorescence dué:to thce conversion
of PM2-CCC-DNA to PM2-0C-DNA car be further enhanced by
initially treating the PMZ—CCC—DNA with the calf thymus

146

topoisomerase. ‘Native PM2-CCC-DNA contains necgative

147

Supcrcoils. The'popgisomerase‘by ac lnﬁksequentially
as bo.th an endonuclease and a ligase re oves the super-
. s 146 . : N
Coils to relax the DNA. During this process the
number of intercalation sites for ethidium (which itself
unwinds the sujercoilled PM2-CCC-DNA) is dcercised.  The
relaxation process can Lo monitored by a .33 decrease
in fluorcscence.  The conversion af relaxed PM2-CCC-DNA

to PMZ-0OC-DN/\ now results in o 100° lncreasce in fluoresconce.

~
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Fluorescence
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single strand scission of supecrcolled

PM2-CCC-DNA.
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DNA single strand sci..sion can then be monitored in the

presence of concomitant DNA interstrand Cross-linking

’

which has no effect on the flﬁoresccnce prior to the

heating/cooling cycle. The'use of the ethidium bromide
A )
NS /

fluorescence assay in conjundtion with calf. thymus

topoisomerasc is illustrated in Figure 27.

.

Detection of Type I-Single Strand Scission (Type I SSS)

and Type II1 Single Strand Scissjon (Type II SSS).
Extensive formation of‘alkali‘labiic sites which
result in single strand brecaks in DNA is observed affer-
treatment of relaxed PM2-CCC-DNA with nitrosoureag. The‘
lesions produced in the DNA have much greater stability
when the pH 7.2 ethidiuﬁ aSsay is employed,  while under
alkaline assay condiﬁions,'pH 11.87‘they‘are‘yeadilyk
cleaved. The diffbrént rates of p%oduction of DNA single
strand.breaks observed in the alkaliﬁc.assay solution,
after trcatﬁent with nitfosoureas, suggest tha£ at least

o

two mechanisms are opefativc. There is an extremely
fast reaction resulting in single strand 5reaks which
occufs immodiaéoly after additioh of an-aliquot of
nitrpsourea treated DNA to a 20 mM Pl 11.8 phosphate
buffcrvat~22°c1(Fig. 28). Thé extent of this type I
single strand scssion ($8S) increases with the time of

reaction betweon DMNA and druy (Fig. 29). Significant

differencoes in the oxtents of type T SS8S are observed
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Figure -29.  Type I SSS. Reaction, of PM2-CCC-DNA 1.0 A. .. in

0.05 M cadodylate buffer pH 7.8 at 37°C wigg
5 mM drug. FluQreécence values were thainéd
within 30 sec of addition of a 20}u1 aliquot to
the pH 11.8 assay solution at 229. Type II SSS
was not observed at 22°. (@) Cl: J 65; (0)
chlorozotocin 86; (£) BCNU 5; (C ENU 10;
(Y BFNU 26; (i) “Dimethyl su. e .29 or
3—cyclohexyl—l:/2—methoxyethyl)—‘ crosour~a 67
or control (comntaining relaxed PM2-CCC-DNA with
- no drug) . ;

-
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for 3-cyclohexyl-1-(2-hydr vethyl)-1l-nitrosourea (CHNU)

66, BCNU 5, BFNU 26 and ENU 10. - -

‘_r

NHCON {NO) CHZCH2OH

66

=

ClCII2CH2NHCON (NO) CII2C112CI

5

N

F(EH2CH2NHCON (NQ) CII2CIle

» . } 2‘6 ) ' &

L

1\

H,NCON (NO) ClI.CH
2 2773

10 ’

) An additional slower pro<uctlon of 51ngle strand

breaks 15 Oobsecrved whon tho nitrosourca treated’ DNA is

S

allqwod to incubate at 37°C and pi 11.8 |

:

Fig. 28). This

type II process can\bc obsurved to occur for 90-120

o
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minutes after addition to the pH 11.8 buffer (Fig. 30).
Controls run with untreatced DNA indicate its stability

to the high pH cénditions for 120 minutes. Dilution of

the reaction{mixtuje;by the assay solution was observed
B . - j . "' ¥

to qdench further reaction between DNA dnd unii:jied

nitrosourea. The presence of ethidium bromid ing the

4

detectiOn of type II SSS did not significantly affect

the observed rates. ® §§

Neither of the two progeéses was affected by the
presence of enzymatic radical frapping agents such as .,
: superoxide‘dismutase'and catélase. .Chemical;radical
traps such as isopropyl alcohol ana sodium benzoate“also
had no effect‘on'the sﬁission phenomenon. No strand
scissibntis observed during the first. four hours of
reéCtiGn wheﬂ a pH 7.2 assaylsolﬁtion is used. These

observations rule out a radical process, similar to that

wh}ch has been.observed for”ﬁgﬁés such as bleomycin and

148,149

the anthracyclines in the presehé% of reducing aéents;

to account for the observed DNA'degradation»in’£ﬁe case

of the nitrosoureas.

x
Ci

Studies Related to Tvpe IT SSS. toar

Nitrosoureas have beeh observed;§0“alkylate the bases

The cytosine and. guanine residues are

: . RaE
- reported to be most extensivelyf@lkylated.ls

g a 15
of nuclelc acidg.
A number of

modified nucleosides have beef isolated after treatment
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]90(*

Fluorescence

100 =— P— — ) =
0 30 60 20 + 120
’ Incubation Time (min) -
o

Flgure 30. /Type II SSS obscrved after 240 min of reaction of
¥&laxed PM2- CCC-DNA 1.0 A26O in 0.05 M cacodylate
’buffor PH 7.0 at 37°C with 5 mM: (@) CHNU 66; (0)
chlorozotocin 86; (4) BCNU 5; () BFNU 265 (L)
ENU 10; (X) dinet thyl sulfate or (HEY) control:
relaxed PM2-CCC-DNA with no drug. Sample
incubation occurred in 0;02 M phosphate buffeor
PH 11.8 at 37°C. Assay solutions cooled to 22°¢

before fluorescence %caiihg.

>
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of synthetic polynucleotides with BCNU 5 which lndlcate

o

that a f-chlorocthyl or f-hydrO\yothy] alkylating m01ety
has. bben transferred to the base. 81,102 The 'facile loss

.3 .
of alkylated bases from the modified DNA polymer to
produce Iabrie apurinic sites is well documentedgz’150 and
‘accounts for the depurination or depyrimidinat}on observed
in the prdsent study.

' To determlnc the contrlbutlon of the depurlnatlon—
depyrlmldlnatlon strand sc1581on pathway to the overall
degradatlon of nitrosourea treated DNA, the effects of
dimethyl sulfate 159 were firs%hstudied. Dimethyl
sulfateliig is known to.alkylate‘DNA extensively with
the pr1nc1ple sites of attack occurrlng at the N- 7 pOSlth;
-oi guanlne and the N-3 position. of aden1ne92 150,151 with
no oxygen alkylatlon of the bases or phosphates. 152 It
:has also been observed that N-3 alkylated adenine and N-7

-

_alkylated guanine re51dues are readily lost to yleld
:apurlnlc stles,153 which while stable under neutral
condltlons are subject to alkallne hydrolysis and the
formatlon of DNA single strand breah . 154 While dlmethyl
~sulfate 159 treated relaxed PM2- ~CCC-DNA showed none of
the type I sss,- extensive type II 5SS was observed upon
its 1ncubatlon for 90 min at 37 C and pH 11.8 (Fig. 31).
F Confirmation that the type II SSS observed for

dimethyl sulfate 159 was due to pProduction of apurinic

sites and subscqguent hydrolysis was obtained using an
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30C 360 420 480

s

‘ ‘ ?ﬁgé (min)
Reaction of PM2-CCC-DNA 1.0 A26O in 0.05 M caco-
dylate buffer pPH 7.0 at 37 C w1th 5 mM drug.
Measurement of- type I SSS for (e) ~ CNU 3, follow-
ed after 120 minutes of reaction with; (0)
endonuclcase VI (+) 90 minutes incubation at 37°¢°
pH 11.8; (0O) 5 mM aniline, (W ) 5 mM cyclo-
hexylamine. Measurement of type I SSS for (4)
dimethyl sulfate 159 followed after 120 minutes
of reaction with (4 endonuclease VI; (X)

90 minutes incubation at 37° pH ll 8; (O)

control (relaxed PM2- CCC-DNA with endonuclease VI).

N

AN
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apurinic site Schific endonucleasc. Endonucleasc VI
first isolat§d by Berly and RassartlSS recognizes apurinic
sites and hydrolyzes the DNA sugar béckbonc”at such points.
Treatment of relaxed PM2;CCC—DNA with dime;byl sulfate 159
fofla pefiod of two hours was followed by ;réatmont wiﬁh ~
the endonucleasc VI. An immédiate and extensive production
of singlevstrand breaks was observed ihdigating the y
existence of apurinic siteé produced by dimethyl sulféte “//
159 (rig. 31). Treatment.of native‘supercoiled or relaxed %
PM2-CCC-DNA with the endongclease\was run as a control to
show that the enzyme héd no efﬁect'oa\the native DNA.
Additionally it was observed thét the fate of the typé 1T

5SS process 1is comparablc'with the rate of hydrolysis of

156,157
S

2

. \
apurinic BNA (generated under low pH condition

) . . i
at 37°C and pH 11.8 (Fig. 32).
A similaf-study was then undertaken.for 2-chloroethyl-

nitroseurea (CNU 3). CNU 3 was chosen foY two reasons,

FER

(1) the half life for CNU 3 at 37°C and pH 7.2 is approx-
imately 9 minutes (see Chapter I1I) which compares favor-

ably with the 10 minute half life observed for dimethyl

58

sulfate 159 under similar conditions.l (1i1). In add on

to an alkylating moiety CNU produces isocyanic acid which

i

is converted to sodium cyanate in cacodylate buffer

(scheme 4). The N-3 substituted nitrosourcas decompose

VLS

to form isocyanates which then hydrolyze to aminés. It
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G
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115

Fluorescence

. NO
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100

Pigurc 32.

-

30 » 60 - 90 120
~Incubation Time {(min)

Alkulino.catalyzbd strand scission. 20 ul of 1.0
A260 apurinic PM2-CCC-DNA (gcneratced by: (@)

low pit; (0) troatmcnt.with dimethyl sulfatce)
incubatced in 2 ml of the pH 11.8 assay“sblution
at 37°C. Solutions cooled to 22°C before fluor-

escence roadings, - ‘
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Scheme 4

ClCH2CH2N(NO)CONaﬂ

PH 7.6 3, &
: "5,\\"“ ) '.',  RS
. | _ } A @ ““;ﬁ:.;

C1CI,CH, Ol + O:CZNH5§::ﬁiHO—C N o+ N,
'& 4
+_
Na O-C'N e
Reo?

~

3

has becn'obsc:vod that aﬁines react with apurinié sitcs,ng’lso
a process which will be discusscd shortly. The use of CNU 3
removed the possibility of this cuﬁpeting pathway during
" the initial study.
& After feaction of CNU 3 with relaxed PMZ—CCCfDNA for a
.period of l20.minuteS significant type 1 $S5S.was obscrved
(Fig. 31). 'Inqﬁbation of the reaction mixture for 90
minutes at pH 11.8 and 37°C indicated « considcrable'amoant
-of type II SSS h?d also taken place. Confirmationbthat

the type II SSS observed for CNU 3 was due to the forma-
tion of apurinic sitcs was again obtained usipg endonucleasg
Vi (Fig. 31). . *

It 1s clear that apurinic sites lead to strand breaks

under enzymatic treatment or alkaline hydrolysis. 7The
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third possibility involves .the reaction of apurinic sites

s

with amines. It has been reported that the reaction of

apurinic acid with an aromatic amine in the presence of

aqueous' formic acid results in DNA chain scission.159’16o

We have Observed that at pii 7.2 there is significant
‘ .
reaction between aromatic amines and apurinic acid lead-

ing to strandagcission while aliphatic amines show'littlé
Or no reaction (Fig. 33). The difference presumably

reflects the relative stabilities of the Schiffﬁékbases
formed.161 This was sﬁbsténtiated by observing the

differences in ability to cause strand scission by a

'

aromatic amine containing either an#%2lectron withdrawing
‘ , bty _

substituent or an electron donating substitute (Fig. 33)

An investigation was then initiated to determine if<::i:?

hydrolysis of apurinic sites by amihes was resulting

from N-3 substituted nitrésoureas (scheme 5) was a

Scheme 5
ClCH2CH2N(NO)CONHﬁ
pH 7.0
C%CH2CH2—OH + 0O=C=N-R + N2
H2O

R-NH, + CoO
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—
contributing pathway in tae degradation of nitroseu:ea
treated DNA. CNU 3 was reacted with relaxed PM2-CCC-DNA
fqgga"period of 120 minutes. Type,I S55 was observed

when no amine was present in the redction mixture. After

f%wo hours of reaction, an equivalent concentration of

e cyclohexylamine Or aniline was added to the
n. vsourea DNA mixeure. While aniline cause a signifi-
cant further increase in single sfrand bréaks during the
following five hours, cyclohexylamine showed only a small
addltlonal effect upon DNA degradatlon (Fig. 31).

‘ Reactlons of amlnes with apurinic sjites JS unllkely
to be a contrlbutlng pathway for nltrosoureas which pro-
duce aliphatic amlnes from isocyanate hydrolys;s.
Specifically, the type I cleavage phenomenon dees not
reflect amine-apurinic eite reaction in the case of BCNU
S5, CCNU 6, CHNU 66 or 81m11ar derlvatlves However, it

may be 51gn§flcant in the case of aryl substituted nltro—

soureas. The relatlve e*t &t of this contrlbutlon to

the type I process was measured using’ three aryl deriva-
o

tives: ‘l (2 chloroethyl) (B—methmxyphenyl)—l—nitro—

A a
i

sourea 68 lv(2 chlorQethyl)—? phenyl l-nitrosourea-13

.and 1- (Zthloroethyl)—‘ (B—nltrophenyl)—lfnitrQsourea

69. An ethidium bromide fluorescence assay for the ability

151,

4



in Flgure'34.

. 1l
- extensive type I SSS.

CH 40
NHCON (NO) CH.CH.C1
252
68
NHCON (NO) CH,,CH,,C1
135
0,N

i

AN v
Nyl

NHCQN(NO)CH ﬁn Cl

69

UJI
F, -

v
? i

tive 1is 1ntermodlate in react1v1ty

2

of the three derlvablvgs té 1n1t1ate type I SSS 1is shown
-?heaanalogue producing the elbctron rich
afyl émine-and thus the more stablp Schifg's base shows
. The derivatiVe with tﬁe electron
‘withdrawing‘substitueﬁt on‘the aryl moiety.shows little

DNA strand scission, while the unsubstltuted aryl derlva

152.
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Strand scission resulting from depurination of an

alkylated basc followed by reaction with an aﬁﬁpe‘is

e
envisaged to occur as shown in Figure 35. Loss of the

alkylated base produces the apurinic site 160. Amines

react with the open chain form of the deryribose 161

to produce the Schiff's Luse 162. Tautomerie¢..on of

the Schif?'$ base to the enamine form 163 allcws elimina-

|

tion of the phosphate from the 3' position of ihe sugar

and results in DNA sugar backbone cleavage.

~
'

14

Studies Related to Type I SSS.

It has been previously shown by Singer et al. thath‘#g

3
.when DNA is txeated with ethyl nitrosourea 10, 65% of

_the alkylatiofi events occur on the phosphate residues.95’98

The resulting ~hosphotriesters, while known to be stable

4 s 3 ' :
under neutral coxditions, 2 have been observed to undergo

162,163

base catalyzed drolysis- Based on these observa-

tibns, we inxtiated a study to déterminé if the nitro-
squr‘as o% ;nterest in this work alkylated phosphaté
resiqﬁés of nucleic acids. The obvipus differences in
the type I1SSS observed fof én‘ethylating agent, é
ch}oroethylating agent and a hydroxyethylating agent
(Fig. 29) dictated the three tybes Of coﬁpoUnds that -~
should be studied.

Verly and Banri‘onB3 have observed that ethyl and

methyl phosphotriesters of DNA are, stable under neutral

& R
A s



155,

T

*
LN

b

"{eS1Qq SPTIOLTONUISIUT PuUeIIS oTHUTS B O3 ‘uoTierAMTe YNQ wWoxg butitnsax

©3TS OoTuTIndE U JO UOT3RPWIOJSURIY pezATe3eo autuwe 103 wsTuryosw pajzssbhng

w57 ___ NOISSIDS GNVYLS
. ‘ 91
_0-d- | _ -o-&\"o |
od0 R
, : . &
, _ H
L —_— J——— -
0=HY e 4NeHD , ¥NTH
0 -
O ‘o-a\"o _0-d-

O»vx N*x .‘ | , | , O

NOILYNIING3Q H. & B "y ,
ON _‘ ) - / e
IZ 5 +4d NIZJ“ Zv @] F/
NP ?

G¢ sanbr



:anaitjons,hwhilc Shooter has reported that étAyl phos-
..éhéﬁriestors hyarolyzo only very slowly in 0.1 N NJOH.16%
RNA internuqleotido linkagcs are much less stable and the
'”éLyEosidic linkago; much mofc stable than those in DNA}C'
fhospbotriesters &f;ribonucloofidcs are unstablelovcr‘the'
éntirc pH range presumably duc to participation in the
hydrolysis step by the 2'-hydroxyl group on the sugar

moicty (Fig. 36).%%4

.

This property has permitted obscrva-
tion of RNA dcgradatioh by alkylating agents to be used.

. , L _ . 165,166
as a diagnostic test for phosphotriecster formation. t
Alkylation of the base residues of RNA- produces a much
more stable system than in DNA, and therefore, depurina-
tion of. alkylated bases followed by hydrolytic cleavage
of the'épurinic site is less likely to contribute to

L4F-

RNA dggradation. Therefore, it ) peared that the best

analytical method for ﬁhe‘m@asurementﬁpf phosphate

vy

alkylation in nucleic acids involved monitoring molecular

welght changes in RNA after treatment with the alkylating -

agent.

Reaétiog of poly A'(Sigma, m.w. 139,000) with the
‘_thfée cémpounds.of interest, ENU 10, BCNU 5 and CHNU gé
at 37°C and pH 7.0 follédcd by molecular weight analysis
usin&zsedimentation velocity oh a Beckman analyfical
ultracéntrifuge,‘resulted in the curves observed in

Figurce 37. 'The ratc of RNA degradation parallels the

rates ©0f dccomposition of the thrce nitrosourcas at pH 7.0

156.
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Figure 37. Dccrcase in poly A molecular weilght dufing reac-

tion of 150 mM drug with 4 mg/ml poly A (Sigma)

in 0.05 M cacodylate buffer at 37°C. (0)  ENU 10;

N

-

T BCNU 5; ()7 CINU 667 (8)  control,

poly A (Sigma) pH 7.0 and 37°.



" neutral conditions.

and 37°C. The half-lives under these'conditions have
been measurcd as ENq 10 lélmin.) BCNU 5 79 min., and
CHNU Eg 186 min. (see Chapter II). The extents of RNA
degradation by the three compounds is‘approximately,the
same but whether or not this reflects similarjfxtents
of phosphate alkylation cannot be stated witf\oertainty.
To determine if the type I SSS observed for these com— 
pounds reeolts from h&drolysis of the phosphotriesters
formed, the neture and the fate of the triesters result-
ing from thehthree different alkylating agenfs was
examined.‘ fb.  @

Lawley et al. have observed that the methyl’phospho—
triester of the thymidylyl(B'—S')thymidine-dinucleotide'

-

164 has a half-life of 2.3 h.’in 0.1 N sodium hydroxide

at 37°C.162 Shooter163 has reported the slow rates of

alkaline hydrolysis of ethyl phosphotriesters in DNA

while, as stated,above, Vérly and, Bannon have observed

methyl and ethyl DNA phosphotriesters are stable under
33

No work has been reported for the stablllty of
chloroethyl phosphotrlesters Wthh will be dlscussed
shortly. ‘y. ‘ | | o

Hydroxyethyl phospho%rlesters -0f DNA have been

reported to result in ‘strand scission under neutral - \
167,168 \

condltlons. N However, ‘there is some dlcrgreement
A N .

concerning DA strand sc1551on after hydroxyethylation.
\

\\
N,
\

\ ¢

159.
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A

Mikhailov . and Smrt have observed that the f-hydroxyethyl
A

yoxyuridylyl-(3'-5"'")-uridine di-

phosphotriester of th

nucléotide 165 prepar nécently 1s stable at pH 7.5 and

40°C'£ut will readily \ crgo, base cétalyzed hydrolysis

in agqueous ammonia at 20°C leld a mixture of nucleotide

produéts.169
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Whlle the. enthalpy of hydroly515 of f- hydroxyethyl
‘dimethyl phosphate 166 has been reported to be only slightly.

greater than that obsefved for trimethyl phosphate 167,170’l7l

o" ¢ K o)
S . . : I
Hocn2CHzop(ocu3)2 cH, ?ﬁ(ocn3)2

166 o ' : 167
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there have becn observations which indicate that some g
hydréxyethyl phosphates hydrolyze very rapidly under
alkaline conditions.l72_’173

To determine thewstability of the DNA phosphotriesters

168,.169, 170, formed by ethyl, chloroethyl and hydroxy-

ethyl alkylating agents (Fig. 38) under ihe alkaline
assay conditions used to observe type I SSS, th:ee model,
compounds were p;eparéd. Triethyl phosphate’lii, R-
chloroethyl diefhyl phosphate 172 and B—hydroxyeﬁhYl diethyl
~ phosphaic 173 (Fig. 39)’wefe subjected to the glkéline
;conditions of the assay (pH 11.8, ambienf tehperature) and
the extent of hydrolysis measuréd using gas-liquid
chromatography.

Both trlethyl phosphate 171 and B- chloroethyl dlethyl
phosphate 172 were stable under the hlgh PH conditions
with negllglble hydrolysis aftgr Six hou;s at amblent
temperature. A trace amount of ethaﬁolicould be identified
. in the hydrolysis mixture but this accountéd for lessv
than 5% of ﬁhe volatiles for eachbcdmpoﬁﬁd (Fig. 39).
However, in the tase of “the {- hydroxyethyl dlethyl phos-

phate 173 the results were 51gn1f1can9%y different. An

allquot_of the hydroly51s mixture was injected into the
gas liquid chromatograph within 30 seconds after addition:
of the phosphato to ﬁhe pH 11.8 solution. The chromato-
graphy indicated thaf“the ﬁ—hydroxyethyl diethyl phos-

‘phate 173 had complectely hydrolyzed. Ethanol accounted

T
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for 95% of the volatile products>swopt from thk\sflumn
/\§%thin 20 minutes of sample injections (Fig. 39).
| ‘ .
Whether or not the observed rapid hydroly51s for the

'8=Hydr6§§gzgyl dcrlvatlve is the result of a concerted

-

SN2 mechanlsm,l74 an addition elimination mechanism175
Oor, a cyclic pentacoordinate intermediateuwhich has been
suggested from some B;hydroxyethyl‘phosphodiééters,l76 as
well as ribohucleotides,l77 is not within the‘scope of'
this study.

The extreme lability of this model B—hydroxyethyi
phosphotriester 173 accounts for“the rapid type I SSS
Observed for CHNU §§ (Fig. 1). wWhile conversely, the
stability of triethyl phosphate 171 to the alkaline assay -
conditions accounts for the very low type I SSS observed
for ENU 10." While both compounds alkylate the inter-
nucleotide phosphate groups extensively, the fate o#:the
triesters is significantly different: in alkaline solution.
Further evidence as to the necessity of the‘hydroxyl
function can be obtained by compqring ﬁhe results obtaiﬁed

for 3—cyclohexyl—l—(24methoxyethyl)—lfnitrosourea 67. By

0 .
\N/[KV/\/ OCH,

- NO

16
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methylating the hydroxyl function, near total inhibition
of type I SSS'was obserdvd (Fig. 29);

The stablllty of the f-c: loroethyl dlethyl phosphate
172 5n the pH 11. 8 solution does not agree with the
observed significant type I S8S noted for chlorozotocin
86 andeCNU 5 kFig;29). It appeared that the most likely //pﬁﬁ
route to type‘I.SSS by chloroethyl@;idg agents would
involve some hydrolysis of the chlorine to produce the
labile hydroxyethyl derlvatlve Previous work8l’lo2 has
shown Lhat hydroxyethylated bases can be isolated after,
treatment of synthetic polynucleotides with BCNU 5. To
"detect~this ;ossible pathway, a solution of f-chloroethyl
diethyl.phosphate izz, PH 7.2 was incubated at 37°C. At
one hour'intervals aliquots of this reaction é&xture wete
transferred to a pH 11.8 buffered solution thoh was then
chromatographed: No observed‘ohangelih the concentration
of B-chloroethyl diethyl,phosphate Eza was observed in a
three hourlperiod.‘ After the incubation, a sample of the
reactioh’mixture at pH 7;2 was chromatographed No 8-
hydroxyethylvdlethyl phosphate 173 was detected
Whlle the model f-chloroethyl compound dld not

appear to follow the postulated hydrolytic pathway this
does not preclude the possibility that some hydrolysis .' e
of the chlorlne occurs durlng transport or decomp051tlon g@
of chloroethyl nlttosoureas. Clearly the isolation of

hydroxyethylated bases by Ludlum rt aZ.81‘102 after



'\

167.

, L 4
“
trecatment of Polyribonucleotides with BCNU 5 suggosts
£ S ' : '
chloride hydrolysis at some stage of the rcaction, The
. k-]

Obscervation in Chapter ITI that no hydrolysis of chloro-
thylcytosine derivative s to hydroxyethylcyLosine\derivati@es

was detected also indicates that the necessary hydrolysis

must occur prioréio alkylation. A pPossible explanation
@

for the production.of hydroxyethyl phosphotriesters from

chloroetth?}trosoureds involves reactlon Of the 1,2,3-.

v

oyadlazol¢1 106 suggested in Chapter II to result from

!

chlqroethy]nltrosourca decomp051tlon Reactlon of the

DNA Phosphodiester 174 with the 1, 2,3~oxadiazoline 106 ‘ -

' could result in' the lablle - hydroxycthyl phosphotri-

ester 175.

hcd ., ’ . P

L ~e
Nucleoside . A co Nuciéoside
N =~ ‘
RN U P
\ M+ Toop=o ——————»-HOCHZCH2O—T=O ) SN,
v Nucleoside '+ . Nucleoside
/ o ' : :
106 C - - . N &
T : 174 _ o 175
NS oy
Y ~> ) L o

& ) N

In’support of this hypothesis, BFNU 26 is observed

ar

to,prqduco significantly leés‘type I SSS than BCNU 5

(Fig. 29). ' The grcater strength of the carboq—fluoriné

/ ‘ : .



Lond would inhibit cither hydrolytic pathways or cveli-

zation pa . ys . to produce the 1,2,3,-oxadiazoline 10
In either case, less ( hydroxyethyl phosphotricster 175

and less typc I SSS would be expected.

v

Conclusions

, ‘ Lo ) . .
There 1s considerable evidence that the nitrosourcas

¢
‘react prlmarlly so as to alkylate DNA and to form inter-

.
strdnd Ccross—links. These processes are also accompanied

by single strand scission of the D&@J The present work

1ndlcates the latter process can occur Py two distinct.

n “ . -

pathways (i) a relatlvely rapid reaction' involving de-
oxyrlbostpwosphate triesters and subsequent hydroly51s
and (1i1) base alkylation followed by a relatlvely slower
depurination and hydroly51s of the apurlnlc site either
enzymatically or by reaction with an amine. The isola-
tion of P—hydloxytthyl substltuted pyrwmldlne m01et1es T

.x_l

from nitrosourea tgeated DNA and the obscrved eff1c1ent
DNA bClSSlOﬂ by CHNU which contalns a f- hydroxyethyl
subs 1tuent suggested that _the therapcut*c propertles of‘
tbls class of nitrosourecas should be exam;ned

, _ \

The effects of electrophlles from nltrosouroqs on.

DNA is shown in Flgure 40. Alkylation can ooedf on the
purine or pyfimidino’bases or.the internucleotide phos—i

. B : / . ' ' oL .
phate llnbbges. ‘Phosphate alkylation can result in rapid

type I SSS whilce base alkylatjon followed by depurination

168. -

\
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(or dopyrimidination) producces a slow ty
hydrolysis of labile apurinic sitces. Bas
also bcwfollowéd by a sccond intermolecul
ecular alkylation. Intcrmolcecular alkyla
eithcr_intrastrand or intcrstrand DHA cro

C .
p ]

., Experimental

Matgr1als

Tricthyl phosphate 171 was obtained
and was redistilled.(b.p. 93-95°/12 mm) .
and c?lf thymus topoisomerase were gifts
Morgan, Department of Biochemistry; Unch
Endonucleage VI was isolated'é;cprding to

’ i
Verly and Rassart.l))

f-Chloroethyl Dicthyl Phosphate 172.

This compound wa: prepared according
178

1

@

Of ‘Robinsem™'® b.p. 136-137/12 mm (lit. 1
Pmr (CCl,) ¢ 1.3 (¢, oH, Ciy); 3.7 (¢, 21
(m, 61, Ciy).
) LA \\) " - .A
R—Iydroﬁyothwl Dicthyl Phosphate izj. %
i 179 :

Eth A Othy]enc pho%phate
A

,was alil

/\ 3 5
'(Q‘ove{plght in abqolutc ethanol Aftor SOl
hS

s
i
N 3

-the product '—hydroéygthyl dlethyl phosph

tilled in ;gar gquantitative yield b.p.

6 15

N

| i

1 . Anal. Calcd. for C_H rPO5 (mow. 4 pr

170.

eoll 58S involving

C alkylatﬁon can -
ar or intramol-

tion produces

ss-links.

from Aldrigh
PMZ—CCC—DNA
fromrDr.~A. Richard
rsit? ofiﬂlberta.

the methed of

[l

to the method

44- 143/18 mm).v'v

Ve

, CI{2) ; 3 9-4. 4

I

owed te golvoly7o Rt
»1\ Vs

vcnt rcmoV@l-ﬂ

ato.172/}s diJ— ¥
-99°Cc/10™% .

oton 199.073¢,

m.w. - proton /1757,0‘579); C, 36.306; H, 764§ ‘Foun'dl (]_99.0740,



\“q " a 3

(m, 8H, CH

197.0583 mass spectrum

6 1.38 (t, 61, CH 3

3)f
2)' Ir‘vmax

- /
1030 (pP-0) cm lw

©

Depurinated PM2—CCC~DN

): C, 36.16; H, 7.56. Pmr (CDC]j)

.34 (s, 1H, exchangeable) : 3.72-4.32

AY

(film) 3400 (on); 1260 (P=0) ;
-

Al ) B

To 400 yl1 of pM2-

sodium acetate buffer

‘at 27°C. 2 1 aliquot

standard assay solutio
11.8, 0.4 mM EDTA, and
LS(LHCC was measured a

heating at 96 C/3 min

(seoe mcthods)l_ > %

i :
Under these co&gﬁtidﬁ_*

to registoer after heat

constraints. Depurina

fluorcscencL due to al

i

apur%plc SltC in the as

decrease orescen

L o
cycle) t that of 'the
of depurjnatioq. As 1

readJng rcmdlng constd

'dQQFJlnatloﬂ 1 negllg

w
.

incubation fig ° DLCCS ar

sité'p@ﬁ-malecu]c:‘ AT

w

M

~& e
P o e

-CCC-DNA 8.0 A26O was added 25 ul 1M
PH 3.05. The mixture was ihcubétod'
s were withdrawn and added to the
n"(whicH wés 20 mM phosphate, .pH

0+ 5 .g/ml of ethidium) the fluor-

nd Pompared to that obtained after

and followod by rapid cooling

3 . :L'

denaturation because of tdpological

T
ted PM2-CCC-DNA shows a decreasc 1n

{

Pallne,strand Scission oF the

ssay mcdlum The ratlo of the

v

ce (aftgr the hodLJng ‘and coollng
controlvls a mecasure of the extent

a :
ong as tho 1n1t1al fluore%cencc

nt, DNAﬂ@cgrddatlon other than -

"

1bl; “Typlcdlly a 90f120_minuﬁ(
% to introduce at least one apurwnlc

ter dncubation, 50 .1 of 1 M pH 7.2

171.
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\
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172.
phosphatce buffer is added to quench the reaction.  The
Solutﬁ@b of apurihic PM2-CCC-DNA may be stored for secveral

days at 4°C.

7

Endonuclease Specific for Apurinic Sites of Escherichia

coli (Endonuclease VI).

This enzyme was preparced o- this study by.Joan

N

Forsythe, Department of Bﬁochtsttry, University of Albcerta.
Endonuclease VI was purified according td Verly and {
Rassart155 from . 7. BATCC 11303, after the‘phospho—
cellulose chromatpgraphy the enzyme was stored in 0;15 M

NaCl, 0.04 M>sodium phosphate pH 6.5 with an equal volume

8

of glycerol anddkept at -20°. ¢ Or the experiments, this ‘\\\\“\»
preparation wasrd%}ébud~mith a suftable buffer.
’ J

¢

"Assay for“Endonuc{pase VI Activity.

The basis of the assay ié that the enzyme cleaves
apurlnlc PM2-CCC-DNA and thoreby converts it to llnear
‘DNA which resu]ts in a change in ethldluq fluorescence._
-both 5eforc and afpcrjheat denaturation whenimcaéured. . -
at pH‘8.0. " The reactiop solution consisted of §puriniC‘
MY

8.0¢ A 10 % aliguot of “the cnzyme was added and the

= - I

dCthH soJuLlﬁnnlncubatLd at 370 for 15 min ang‘thc
: ¢ ’ : '

PM2 DNA 1.0 AZGO units in pota55lum phosphate buffcr pH \\\

. T L - .
fluoresccncc of the resq;ting PMZ—OCFUNA read using the L
standard pH¢8 ethididm assay Conve(51on of PM2- CCC DNAi

to PMZ -CC~DNA by the endonuc]case VI lcsults in a

v
A
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cﬁardctcristic 3OT:jhcroaso in fluorwsccnpo ds a result
of thd releado of topological cohstfaintal After héat
doﬁaturation at 96°/3 min, when'the PM2-0C-DNA ;s converted
into single strands, then rapid cooling to 23° +the
fluorescence Qas read again-. An activc.endonucleaSc VI 4
fraction'isf:ovcalod by loss of fluorescence'after heat

1 %gtiop; The cohtrol for the assay consisted of'a

taction substituting native PM2=CCC-DNA.

' —-,‘4‘?@}?{'
Metheds .
£ ‘&.‘E

Ethid fum FluorcsConcégAss
T CSCONCcER As

>

5SS _of DNA. .
»Tﬁe fluorometric methods using Cthldlum bromide have
been describcd in‘Chaptor III. The conversion of PMZ—

CC&—DNA to PM2-~ OC DNA results in d»30 increase in

[N

flUOlLSCCnCC in the pir 11.8 ethjdlmm>assay solution (which

was 20 mM potassium phosphat( pH 1118, 0.4 mM' LDTA and
\ s ' o LT
0. 5 pg/ml of ethldlum bromldc) owing to releasec of topo-

lOg]Cul constragn&s
- L )
_1g}ﬂ'300 tl S&mple contalnlng PM2 - CCC DNA 1.

U Posor
50 mM sodium_cacodylato buffer pH 7.0 ang 400 nM NaCl was
incubated at 37°C with th topoisomcrase.” - The fluorcvccncc

was monltorcd by tranrfcrrlng 20 Ll a]lqu®ts 1nto 2 ml Of

—

_thc pH 11 ER assay éolutjon.: Whpn‘a‘éS—EO% dLCJLCSL in
'fluorcscence~had been obscerved (typically requiring g

30 min incubuiion)[ a 5 by concentrat?bn ol the desired
drug-wgs‘jntroduced'and Lhc‘flUOrOSCUHCQ again monitored

{

:y



174.
hsing 20 11 aliquots in 2 ml of the . pl 1lf8 assay solution.
Readings must bec taken immediately after/addition of the
dliquot so that apurinic site hydrolysis doecs not con-

tribute to the obscrvation of type I SSS.

Ethidium FFXuorescence Assay for Type IT SSS of DNA .

After the fluorescence reading had bgen taken to
determine type I SS$S and phl 11.8 assaQ.golutiqn contain-
ing the 20 pl aliqpot of reactior mixgurGVWas incubated
.. at 37°C. At designated ﬁimes, the solution wés reequili-

brated to 22°C for the fluorescence reading.

i

Detection of Apurinic Sites.

&

A 300 Hl solution containing 5 mM drug, 50 mM sodium

cacodylate pH 7.0 and rclaxed\ﬁM2—CCC—DNA 1.0 A260 was

allowed to recact for 120 min while monitoring for.type
I SSsS. 20 ul of the apurihic éndonucleaée solution was
then added (the amount was determined by previods oxpcri¥

‘ments with lowpH depurinated PM2-CCC-DNA). Thé& fluor-

o e ' oL e
_@%ccnce was then monitored as described in part -1 of

’

Methods section. The percent of fluofescencc increase d t

with respcecct to.the fluorescence at time 0 min was

4 ) ) S
. ~ R R . N/
corrected. for dilution by the cnzyme solution.

R4
4

" Reaction of Apubinic DNA witli Amines:

A 200 .1 solution containing apurﬁhig’PMZfCCC—DNA

1.0 A260 50 mM potassium phosphate pH 7.2, and .5 mM of
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of thce appropriatce amine was iﬁcubatcd at 3706.{ 20 111

aliquoté were withdrawn éﬁdvaddcd,to thé pH 11.8'assay'

solution and thc.flubrescencc reading immudiately tékén.:
A control solﬁtion was monitored which gontalned thc

apurinic PM2 —CCC-DNA in a pH 7.2 bhffer at 37°C

Detecticn of Phosphate Aikylétion by RNA Deqrédation.
A 140 p1 solution containing'4 mg/ml Poly A {(Sigma
m}w.'139,000), 150 mM sodium cacodylate buffor pH 7.0
and 159 mM of the acglred nltrosourpa was incubated from
1-8 h. *The reactionslwcre quenched din ic » and dialyzed
against 50 mM pofassium phosphate-pHL7.2, 100 mM NacCl1,
1 mM EDTA in triply)distillcd watcr at 4°C for 36 h.
’ {
\The dlalysatc was. then d;TEXQﬁ with the dlaly51s solution

P
1.0 A26O and the sedimentation ve Joflty determlned

Onh a Beckman Analytical Ultracontrlfuge.

Eﬁgéphotfjcster Hydrolysié. Q\;

Gas-liquid chromatographlc analy 1s of the triesters
WAS. performcd on a Hewlett-Packard modil 5830 A Lemperaéure"'
Programmable ;esoarch chromatograph cquIpped with'a<flame
1on12atlon detector. To a 1 ml- solutlon contalnlng 200 mM

: i

potd551um phosphatc pH '11.8 and 0.5% dicxane as an inter—"
nal - standa;deus addcd the appropriate t:iqstcr,to"a.
concentration-of 20 mM. A 1 bl aliqﬁot waé immediately

i3
ﬁinjcctcd, after’ thorough mixing, onto a 6 ft stainless

stecel column cdntaining a support of 10 polyphenyl ether

IS
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on chromosorb W. The column temperature was maintained

at 150°C for 4 min at which time it was heated at 20°C/
. | '

 min until a tempcrature of 200°C had been reached. This

temperature was maintained for 20 min or until all

volatiles had bcen swept from the col¥mn. Additional 1

‘
13

pl aliquots were taken from the solutions during the next

M
L
sy

6 h. The following rectention times were observed

)"’1— i
ethanol 0.9 min, dioxane l 9 min, trlethyl phosphate
7.8 min, f-chloroethyl diethyl phosphate 14.4 min and

B-hydroxyethyl diethyl phosphate 16.7 min.

. .
Attempted Conversion of Q—Chloroethyl Diethyl Phosphate

to B-Hydroxyecthyl Diethyl Phosphate

A 200 il solution containing 10% dloxane,\lOO mM
potassium phosphate pH 7.2 and_25£mM f-chloroethyl dlethylm‘
phosphate(wes ineubated at 37°C. At 1 hour intervals
a lO pl ailquot was transferred: ﬁo a 250 pl solution

ontalnlng 200 mM pota551um phosphate pH 11.8 and a 1 ul

allquot of thls solution was injected-onto the polyphenyl

ether column as described above. After a 3 h incubation,
T t 3 .

a l ul'sample of the pH 7.2 reaction mixture was injected

‘onto the eolumn



CHAPTER FIVE
NOVEL NITROSOUREAS AND RLELATED COMPOUNDS
AND THEIR REACTIONS WITH DNA- | ‘ @
Introduction '“.

The previous three chapteré havg exémined various
aspects of the chemistry of thé?hitrosoureas including
agueous decomposition,‘al%ylatlon of DNA (1nclud1ng
: 1n£erstrand Ccross- linking) and DNA single Strand scission.
r‘The results of this lnvestlgatlon suggest that Slgnlfl—
cant’ DNA cross- llgklng by nltrosoureas requires the ;
generation of a chloroethyl alkylating agent, possibly
the cyclic chlor&nium ion, upon agqueous’ decomp051tlon
‘Chloroethylation of an appropriate base in DNA is o
rollowed by lablllzatlon of the carbon- chlorlne .bond and
a second alkylatlon to complete the cross- link.

'The correlation between ability to proauce DNA
interstfapd cross-links and activity in the leukemia
L1210 test éystem (éoe Table 13, Chapter ‘TII) has prompted
an attemptgd rational design of nitrosoureas and 51m11ar _ =
Vﬁompounds 1ncorgorat1ng flVO d051gn features
| (1) The modlflcatlon of nltrosou1eas and/or 51mllar
structureq to 1ncrease the.ratc of decomp051tion'and
production of the chloroéthyl alkylating agént\maY‘
increase the rate and . eytont‘of Cross- llnklng |

(ij)lrhc modlflcatlon ©f the carbon bearlng the

halogen to produce compounds wjth botter leaving‘groups

e ' . }

177



‘ | 178.
may increcase the efficiency of the sccond alkylation

necessary for the cross-link and lead to enhanced thera-

peutic cffects. Qf

o

"(iii) The modification of nitrosoureas to nitroso-
thioureas will result in isothiocyanates in place of

lsocyanatcs upon decomposition under physiological , .

g

conditions. _sothiocyanates being less reactive than
thelr oxygen counterparts may show reduced carbamoylating
activity and toxicity effects. |

(;y):The design 6& compounds which will produce
'chloroethyl'alkylating«spucies:from sources other than
nitroséureas may result in comparable DNA cross-linking
and therapcutic effects.

(v) The modification of nitrosoureas to produce
alkylating agents other than chloroethyl alkylatin§
specles may result in enhanééd‘intorstrand cross—linking
and therapcutic effects. |

Modification of the substituent which remains

attached to the isocyanate portion of the molecule has

s

been carried out.in a number of previous studies.2’3’15

4

Therefore, .this aspect of nitrosourca modification was

s . . : . ’ i N N ." . - . - - - ’ %
~not exploredi}n.the present investiga*tion. ot

- ’ :9

;,_,.(if qudibs Related to the Rate of Production of Chlorocthyl |
W = lati S :

o . Al¥ylating Species.

B #Y_? ating Si

\‘Thélﬁicvious work described in Chapter III has

‘;iﬁ&icategztﬁgi BCNU 5 exhibiéé significant DNA intérsifand

a
=N . .
: . el “
" .
\ o



179..
crogé—iinking which maximizes after 6-8 h. BCNU 5 1in a
PH 7.2" aqueous buffered solution at 37°C has a half-life
of 79 min.' The rate of aqueous decomposition céuld be
increased significantly by preparing the unsubstituted
derivative l—(2—chloroethyl)—l—nitfosourea (CNU)vg_which 
under the same conditions has a half-life of 8 min. 5

CNU 3 produces interstrand cross-~links comparable to

R

) t ’
- that of BCNU 5 which?maximize in 4 h. The observation
YU o ke

that an increase in decomposition rate by a factor of

\ ~

10 only increases thelﬁate 6% cross-linking by appr6%~\\
,imatgi; a factor.of 2 suppqrﬁs the hypothesis that it' is
nct the decomposition and ipiﬁial alkylat;on‘but'raﬁher
the rate of the'sepond aikylation by\the~iﬁ£é}médiate
chloroethylated base thch determines the;£é£é of cross-
linking. |

A second appréach to increase the rate of production
~of the chloroethyl alkylating species was‘éttempted by
preparing the sulfoxide analogque of BCNU QQ Addition of
‘aziridine to thionyl chloride followed‘by aéueoﬁs nitroj
satlon resulted in a compound which abpeared Eo be tbe_

N,N'—bis(3~chloro—l—azapropyl)—N—nitrososulfoxide 176,

(@)
ClC}IZCH2N I\]CHZCHZCI
H
O—— N .

176



"180.
however, it proved to be tod unstable to purify. By a
similar procedure using aziridine and sulfuryl chloride
followed by anhydrous nitrosation an attempt was made
to prepare the l,3—bis(2—chloroéthyl)—l—nitroSodisulfon—

amide 177. Nitrosation of the l,3—bis%é—chloroethyl)di—

O

| |

,—TCH2CH2C1
NO

N

ClCHZCHZS_

O=

c.n
. A ’ R
RN RESRST AR E Rt [ .

sul fonamide at -30°C produced‘an extremely unstable
compound.

od . ) . 9 :
(i1) Studies Related to Increasing the Efficiency of the

Second Alkylation bf the Cross-1link.

While the second alkylatiOn nécéssary to complete the

cross-_irk occurs at the carbon bearing the' chloriffe,

e

il v : .
incréa§{ng its ability to act as a leaving group does not

)

appear to Increase the efficiency of cross-linking.

Chloroethylation of nitrogen atoms in the DNA molecule

=l
-

would. produce intermediate compounds which resemble nitrogen
mustards. The ability of thesc intermediates to result
in a second alkylation forming the interstrand cross—-link

should parallel the alkylating ability of'nitfogon muétards?

wi

IO WA
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3 , T ; R L. .
e 0 ) T .
The relative alkylating abillty‘of chloro, bromo and.

»” \\\

. ) » > P : .
j.odo ﬁitrogen\mustards has bcen prev1ously reportadlBo .

s . - ' \ R 4
u51ng a p- nltrobenzylpyrldlnc test for- alkylatlnq ablllty / .

" The relatlve values fff Cl Br_and I phenyl hi?rogen

VAN Y t, T ' "
muetards are 1.0, 18.6 and 2042, respecﬁively, HoWover,
. the extent of cross-linking pr ductd. by a chloroethyl,

5_bromoethyl and iodoethyl.nitros ureas is 43%, 8% and <2%, -

4
n

respecthely.

'

: ? .
Further modification of th

ethyl substituent to-

produce p-toluenesulfonate ester 'was abandoned since

181 -

: . N, . b ]
' Hansen and Neilson have reported hat a st‘lar

benzamide derlvatlve 178 undergoes cy llzatlon to form _ ,

"an.oxazoline 179 at room temperature. ' ¢

> S - E

. (s -

H . TSCl :
N S - ,
r OH Py ’ |
o SHy - CHy -
a N
. -
178 . - 179 -
The parallel between ablllty to act as a 1eav1ng ”
group and alelty ‘to produce DNA 1nterstrand cross-links
appears to break down. As the group attached to the
“ -7 N - ..
carbon which normally bears the chlorine atom in 2-chloro-
" .
ethyl nitrosourcas increases in leaving ability, competitive I,
N o " \

< . "~ «
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-

- carbame;’lating prODcrtles w1thout macor structure mOdlfl—

¢ . ‘ '
docOmpcSiLlon pathwdys 1nvolving the substituted 2-imino-
. 0
N~-nitroso= O\afolldlnono and/or the oxailazollnc and/or
W

182,

:hydrldc mlgratlon rcsult in less of the d021r€c 2-substitut-

~ed ethyl ale]ntlng agent -

v H

of the second alkylation in the formation of a cross-

link 1s détailed in part «(v) of this'inveStiéation.

(ii1) Studies Related.to Nitrosothioureas. .
W W

CarbamOylatlon by the 1309yanates generated from.

-4

tHe decompo 1tlon of nltrosoureas has been relatcd5 8-10

to th1c1ty effects In an attempt to inhibit the

.

& -

%
catlon,xhe N- nltrOSothlourca ana109uc of CCNU 6 Was

182

repare Isoth1oc anatCs are - less reactlvc ‘than J g
prep Y

“

1socyanates toward alcohols and amlnes and should there—

fore have ‘lower clrbamoylatlng activitigs when produced
/
in vivo from the decomposition of nltrosethloureas /

—(2 éﬁloroethyl) -3- cyclohexyl 1- nltrﬁeothlourea 180,

prepared in an analogous manner to CCNU 6, thlblts

: N

«

A more productive approach to increasc the efficicncy



—

- cross-—linked A-DNA 1in 6 h).\\Preliminary in vivo screening.

significant DNA cross-linking. at plH 7.2 and 37°C (54%

;?ross—linkcd X—DNA 1n‘6_h) in comparlgon.to CCNU § (43%

. . . .
CCNU 180has a % (T/C) value of 523 against the ldukemia

-~¥gsults obtdined, from the National Institutes of-Health,

*%gthcsdé, Maryland indicate ‘that the_thiq_derivétive of

- L1210 test system. Under comparable conditions, ccﬁb 6

R
PO

1183

‘has a . (T/C) of 307. L

Yo

[ ) ) ‘ .
The high activity exhibited by this derivativeé} -
ould

indjcates that additional compounds in this group s

be prepared for'further study and antileukemic testing.

©

) - ) ‘\ .

(iv) Studies Related to Chloroethyl Alkylating Agents.
Of the nitrosoureas investigated in this study, the

Z—CHLorocthyl derivatives decgmpose most efficiently to

produce the desired 2-substituted ethyl alkylating agent

necessary for cross-linking (seg Chaptef\li). ‘The

s

.chlorine atom is not an exceptional leaving group such'

that competlng decomp051tlon pathWays 1nvolv1ng oxadla—

' zollnes, lmanFN nltrosooxazolldlnones or hydrlde migra-

thDS whlcﬁlgesult 1n spec1es other -than the desired -

o~

2—chlo:oethyl alkylat;ng~ag§nt'are favorable.

However, thQ>ability of thé‘chloriné:to’act‘aé'a Ieaving‘

group.is such, that’ aftor chloroethylatlon of an approprlate

,baSQ; lab* 1 of ‘the chlorlne to subqtltuc1on and .

h Y

producti: ‘strand cross-links occurs. . - .

Ce =4 {
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SN | g

¥ \\'< !
v b ' : ) ) "‘ . i - .
Therefore, chloroethyl akylatingqggcnts from a number

i

. v

. < . \ .
‘ot sources were examined. Inltlal experlments 1nvolved n

fthe Chlorocth}l species ClCHZCH2 L w1th leav1ng groups ‘L

othcr than the dlazohydrox1de or dlazonlum 1on which.

/ 4

result from the nltrocoureas " A scries of compdunds was
‘Prepared or puUfchascd wpich included: 2—chloroethyltfi—
fluoromethanesul fonate 187, érchloroethyl—anitfbbenzene—
sulfonate 182, 2—chioroethyl—p4tolueﬁesulfonate 183,

2~ chloroethylmethanesulfonate 184 and tris-(2-chloro-

ethyl)phosphate 185 "The alkylating ability of these

(o3

L | _cleH2CQQ—L | * ..
’ 181 -1 = -0S0,CF,
182 -L = -0S0,CH,NO,
183 -1 = -0s0, CH,CH
- 184 -L ="-050,CH, . - o
b , 185 -1 = —oP=0(OCH2¢H2c1)2 B _ RN

Jﬂ.ln 6 h) - The observatlon that the remalnan ‘sulfonate -’

:estp;s exh;blt no alkylating ability is uhcloar'Sinée

derlvatlves in comparlson to selected nltrosoureas lS

listed in Table 14. Only the trlfluoromethanesulfonate

\

181 derlvatlve, other than/fhe nltrosourea, Qthbthd

31gn1flcant alkylatlon of bMQ CCCmDNA This derlvatlye’.

also resulted Jin ll° cross—llnked l—DNA after a rcaction

© ¢

tlme of 6 h (by comparison CNU 3 croxﬁ llnhs 37% ) -DNA .-

oy

184.

.
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sihllar,meﬂhyl and ethyl:sulfonate esters alkylate DNA. 2 -
. N - '
Reutov el ad. 185,186 have reparted, that the acetoly51s

of 2- chlqroethjl p nltrobenzenesulfonate J82 at eleVated

temperatures reeults in products whlch Suggest soﬂe

-

partlclpatlon by a cycllc chloronlum 16n. Whlie thls

observation 1nd1cates that the nosylate 182 generates a

_reactlve species which could lead to DNA CrOSS*linkiDg,'

Lo -

no such activity was observed at pH 7.2 and 37¢ C . .
As reported 1in Chapter 111, chloroethylnltrosoureas
appear to alkygate by an S 1 or low actlvatlon S 2
reactlon. Therefore, a second series of compounds was
prepared whlch could reiplt ‘in 2 chloroethylcarbonlum

ions, 2 chloroethy]dlazonlum ions or 51mllar alkylating-

species. A series of compounds 1ncludlng 1-(2-chloro-

ethyl) - 3 -nitro-l-nitrosoguanidine 186, 187 N- (2~chloro-
' ethyi)—N—nltrosoacetamide 187 5~[3 —(2 chloroethyl té%—

e Be —

'azenyIjlmldazole 4 carboxamlde 188 Pa48\“et'hyl N=- (2~ chloro—
ethyl) N nltrosoearbamate 189 and N (2 chloroethyl)
nitroso- p toluenesulfonamlde ng 2 (1lee 15) werec
‘assayed for their aqueous Stablllty and ablllty to produce
‘DNA interstrand cross-1links. Polarographic analysis as

»deécr&bed in Chapter II'Qas used to determine the stab-
/ .

ilities of these derivatives‘at'37°c in aqueous solution

\buffefed~to pH 7.1 (Tablo lg). - The ib;llty to p%oduce

. TS )
DNA 1nterst1dho cross-links was assaved and compared to

A\

knowm\antiloukomio activities (Table l%). f' R IPTIRE

186.‘
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O ' ' o . 189, °

N Both\tbe*nitroguanidinc 186 and toluenesulf03§m1de

- 190 derivatives show no ablllty to produce DNA cross- llnks

|

rd
which is in agreement with their observed stablllty in

» -

the aqueous buffer. Metabollc actlvatlon may be necessary

to initiaté decomp051tlon by these two derivatives inm

vivo and result 1in the observed activities- Nevetrtheldss

a significant correlation between ability to produce DNA.
R’, T.
1nterstrand“cross llnks Ln vitro and act1V1ty against

the leukemla L1210 test éystem can be observed in Table

16. These results encouraged us to modléy a derlvatlve

which exhibits low act1v1ty and a laow extent of cross-

llnklng in. an attempt to increase its cross- llnklng and
p0551bly 1ts acthlty against leukemia L1210. The deriva-
tlve chosen for modlfLCatlon was ethyl N—(2—chioroethyi)—
' N—nitrosocarbamate 189.

~ March has suggested190 that the first step 1ﬁ the

\

decomposrtlon of similar nltrpsocarbamates to produce ¢

diazoalkanes is a 1, itrogen-to-oxygen rearrangement

" (Scheme 6). Nitro te decomposition is base

~N (NO) coZEt;——u» R—°N=N_—oc0213t* .

- catalyzed which Smithl?l has ‘suggested involves a

\
nuclcophilic “ttac} by hydroxldc 1on at the carbonvl

liberating a carbonic oster Y91 ang a diazotate 192
— ] ——
: I ‘\ a - . .

(Schemc 7).

,;



= L -
} Scheme 7
&
- O @ O
T . OH ‘ [ ,
R—IT]—C—OEt — _R—I}I—C'J—OEt
~ N=0 T © NOH'
o? g

While a slow 1,3 nitrogen—to—oxygen‘shift may. explain

the_deeompoe}tion of- ethyl N-(2- chlqpoethyl) N nltroso—

carbamate 189 under physiological condltlons, 1ncrea51ng

the chance of nucleophlllc attack at the: carbonyl in a

\

pH 7.2 buffered: solutlon should 1ncrease the rate of

0

decompOSLtlon and subsequent cross- llnklng
y )
To 1ncrease the nucleophilic character of the

.

reaction mixture, DNA interstrand‘Cross—linking for
. »

~ethyl N+(2;chloroethyl)—N—nitrosocarbamate 189. was medsured

in' the presence of excess 2- mercaptoethanol or dlthlo— -

threitol (Table 17). 1In both exper1ment§’lt was conceiv—
e

able that the thiol ckmpound would compete favorably

with the DNA for the chloroethyl alkylatlng moiety.

'However, in both ekperlments as observed in Table 17 the

extent of DJA Cross- llnklnq lanCd>“d aignificantlv
§
anouraﬁcd by these initial experllents a compound was

deSigﬁpdethh mlght EATENNE WIS result'in-similar nucleo- .
’ AN

philic activation of the nitrosocarbamate to producc "the

desired alkylating agents.  The desired modified
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[

nitrosocarbamate.is shoWn-in Figure 41. Reaction of .

>~

blS(3 hydroxypropyl)dlsulflde with 2- chloroethyllso—
4

cyanate produces the bis carbamate 193. Anhydrous nitro—v

274

) satlon with N,O results 1nf3,3'—bis[N7(2fchloroethyl)—

o . .
N—nltrosocarbamoyl]propyldisulfide 194.- Reduction ofe&the

dlsulflde 194 in situ could produce the thiol dexrivative

195 which can interact intramolecularly or intermolecularly

with 'the carbamate carbonyl. Intramolecular_attack’would

result ifi the intermediate 196 shown in Figure 41. Proton

transfer in;the intermediate'yieids 2—cnloroethyl diazo-
hydroxide 197 and 1, 3—oxath‘ane-2vone 198. . 4
The results of the fluorometric assay for DNA
1nterstrand Cross- llnklng by this compound is shown in
Table 17. The dlsulflderl94 1s notably 1nsoluble in
agqueous solutiol.. Ar20% acetonltzlle/water mixture still

resulted in a cloudy solutlon . The low value for Cross-

linking after 6 h of reaction may in part be due to the

1ow aqueous solublthy However after 24 h of reactlon;
the reactlon solution had clecr. d. The extent of cross-
llnklng 1ncreased only to 15%. Conversely,- addition of

either dithiothreitol or sodium dithionite to the aqueous

suspension of "the disulfide'rbsulted in a clear solution;k

within 30 min, presumably due to the qreater SOlubllltY'

of the thiol derlvatlve 195 Both reduc1ng ‘agents

resuit in enhanced cross—llnking as compared to the

parent disulfide (Table 17). The slightly greater value

192.
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198 - . 197

Tioure 41 propOSCd docompOSlthn pathway follow1ng reductlon .
T of 3,3"-bis [N~ (2~ chlorocthyl)‘N nlt:osocarb;moyl]_ B
propvldleulfldo 104 Ly S



194.

s

Observed with dlghotgroitol may reflect th%,apillty of

_this reduciug/éoent t initiate a dircct nucleoohilici

attack at the nitrosocarbamate carbor . as well as to l, S

result in reduction of the.disulfide linkageq i
- To conflrm that some of the reduced disulfide undergoes

1ntfamolecular cyclization durlng the reledse of fhe ; -3

~chlorotthyl alkylatlng agent an attempt was made to iso-

late, the 1, P—OYathlane 2-onb. A solutlon of 3,3'-bis-

.[N—(2 chloroethyl)—N nltrosocarbamoyl]propxldlsulflde lgﬁ

was allowed to decompose in a 200 mM pH 7.2 buffﬁr scl u-,

tion at 37°C in the presence of sody im dlthlonlte

Extractlon of the aqueous solutlon with ether resulted

in a mlxture of compounds » ngh resolytion mass spectral///&\

analysis indicated a- molecular fofmula corresponding to

,the 1,3- oxathlano 2=0one 198 (see Materials section).

(v) Studies Related to Nitrosoureas Which Produée Modified

Alkylatlnﬂ Agents.

” Wlth the dlscovery that 2 chloroethylnltrosoureas
~exhibited hlgh acﬁlv1ty 1n the leukemla L1210 test system
a w1de varlety of derlvatlves have been synthe51 d for
biological testlng Most of the mOdlflcathDS of the
alkylati g portion o§«tﬁe molecule have. already been
outlinc iniChapter 1LI. Roplacement of ‘the chlorlne
atom by other halogens as5we11 as’ chain lengthening or

chain branchipng has generally reeulted in a lowerlng or

loss of actlxlty Therefére, mosP of. the workfln this

~

[+d
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~ ) . ’," i RS

arca has been concentrated on the mo ification of. the
< : _ .

. . ’ . / ’/’
substitueént which results in the isocyanate upon decompo-

/ - : //

sition.f~Encouﬁaged by.. the cqrrglation betwecn<the extent
of DNA interstrand crossgiinkingaand leukemia iinO
activity observed in Tgbfé'ig and'%abie l6t an additiénal
‘éttempt#@as made to modify the alkyléting portion of the//

‘ mﬁlecule to increase the'extqnf of DNA'brossjlinking.u'
X - . H , *

The design of this new compound 1is based upon .

infohfmation obtained as a result of tHis study. More
) s '
. . r 1
specifically, the/synthesis of this modified mitrosourea

incorpgXated fbuereéignfeatures. (i) The compound
, shoufd inhibit decomposition pathways involving either
. . L™ !

. - ¢ ' . . . . 4
the jhitrosooxXazolidinone or oxadiazoline thus more: .

effit'enﬁiy producing a cross>linking species. (ii) The

intermddiate carbonium ion should be\stabilized in a

manner \ﬁpglar to that occurring with '

ion generated\from chloroethylnitrosour as.

11@l1§ub—

stitution of the halie necessary for thg gecond alkyl—
ation to compigi;Dthe crds“

the dru® itself so {Bqtﬂﬁﬁos-

\
1ink should be activated by
-linking will not be-as .

ey

depend%ﬂf-on the initial smte af alkylation. (iv) The
“distance betweeh,ﬁhe/#wo alkylﬁtlon sites should be

greater than the restrictive tjwo céybon‘link prOVided

e cyclic chloronium

195.

S—

N | . .
\\\\by chloroethylnitrosoureas. “"The compounrd synthesized -
¢ v ~7 ,

thiolethyl}-3-cyclohexyl-1l-nitrdsourca 199. Decompogit..

%

.‘Q

e el
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NO g

199

Yalkylation and cross-linking can\be envisaged to occur
as fputlined in Figure 42. Initial DNA alkylatlon can

0c¢ur by S 2 reactlon with the dlazohydrOX1do 200 or by-

alkylatlon of the sulfonium ion 201 produced by Syt

‘ellmlnatlon of nltrogen and hydrox1de The second alkyla-

~1

tion results frqm'thé reactive sulfur half-mustard 202

preshmably'through the o fonium icn 203,

‘Convérsely, due tc¢ labilization of the carbon-
~—
chlorine bond in the formation of the sulfonium ion 204

1

° ¥

PR © - | -
( (l /U\V~ ’ SS | :
N R <)
| . |

v\"‘_ ‘ . NO .
) o

- . 204 »

T

: e . d ' -
the initial akylation may result from the sulfur half-

mustard protion of the molecule followed_by‘subsequent

hvdecqmposition and alkylation by the nitrosourea.

L4
AN

. This nitrosourea derivative ' - uces 90% cross-linked

X

A=DNA in 10 mimr at pH 7.2 and 37°. Recent ¢n vivo
testing of this compounﬁfresulted in a £ (T/C) value of"

v

194,

-



~
. o |
: ’ 51 , ' S o~
DNA“TN"2] -~ ONA- "7 "pna

’Figure 42.\pProposcd pathway for decomposition. and DNA inter-
strand cross-linking by 1-{2-[(2=chloroethyl)-

'thio]ethyl]43—éyclohexyl—l—nitrosouroa 199.
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~. The significant activity displayed as a resylt of

this maedification encouraged the synthesis. of similar
) . L . .

dérivati&es.w’To datb=0nly the - xygen analogue, 1-[2-

(chlorocthyoxy)ethyl] 3 cyclohe\yl 1- nltqssourea 205
has becen obtained. Under Lumparable COhdlthﬂS no \ross—
linking was observed for this compound durlnq a pCllOd

of 6 h. This observatlon supports the hypotheSLS that ~

labilization of chlorlne atom is réqul;ed for alkylation
\:’

and complet'on of a crOSS link as suggestod in Chapter

ITI. While lablllzatlon of the carbon chlorlnp bond

1n chloroethy ated baJOs, resultlng from chloroethyl
nltrosoureau, is not well understood clearly,lablllzatidn
of 'k -~ carbon-chlorine bond in %he sulfur half- ~mustard can_,
'occur through a sulfonlum ion (Flg._42). Similar activation
is not expected when the sulfur ig x(wlaced w1th OXYgen

The nitrogen analogue 206, whosc synthesws has thus far
remained eluSlVC, wpuli be of interest as a potential Cross-
linking agent ana anti—léukemié drug.

R

o |
NHCON (NO) CHZCHZNCH2CHZC1
| 206
—
\\ . 3 -
\\\\Experimental

Materials

24Chloroothyl—g~tolucncsulfonate‘183fwas purchased

n

from Eastman, 2-chlorocethylmethancesul fonate 184 angd

tris(2-chlorocthyl)phosphate 385 from Aldriph. Compounds

prepared in this laboratory are described below.

.
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0°C and then 20 ml

v‘ N ‘ . N /'

199,

The N204 usced in this work was prepared by condensation

of nitrogen dioxide in an appropriatc flask. oy

gen was

N »

impurities. Tho llOuld was then dlstllltd from P

{

-stored in a °caled container at —78 Ic whcnjnot in

l—(Z—Chloroethzil—3-cyclohexyl—l—nitrosothiourea

. To a suspension of 2.1 g (18 mmol) of 2-chlo

4

-amine’HyBrochlo:ide and 2.6 g (lé mmol) of cycloh

thiocyanate.in 50 ml of chloroform at 0°C was add

(20 mmol) of triethylamine dropwise during 30 min.

o

. bubbled through the liquid to oxidize ri rous oxide

205 and

use.

roethyl-
ex 1¢o-
ed 2 0 ¢

After

stirring an additional hc ., at 0°C the, chloroform was

*’rcmoved - The white sclid was suspended in water

remove hydrochlorldc salts flltered and air drled
crude 1-(2-chlorcethyl)-3- cyclohe>ylthlourea alth
not.analytically pure was suitable for nitrosatio

\

T 330-mg (1.5 mmol) of the crude urea in 10

formi acid at 0°C wa

The mixture stirred for 2
I
f water was cautiously added.

mmol) s 'ié%i%itri e.

stirring an additional hour tFRe—pale yellow solid

fi'ltered and” recrystallized from ether/pet. 7ther.

mg (8l% yield) m.p. 83—84°C.

Anal. Calcd. for C9H16C1N3OS: C, /43.29; H,

added during 30 min lJ)gﬁﬁlS

to

The
ough
n.

ml 98%

% at

After
WAaS

300

a1,

N, 16.83, Found: C, 43.41; H, 6.48; , 16.48. Pmr

(CDC15) ¢ 1.0-~2.2 (m, 10m, Cli,); 4.2 (t, 2H, Cii,)

~

6.9 (4,
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200.
1H, oxchangeablégj Ir Voax (CHCL3) 3400 (nN-m), 1700%(c=s),

1480 N=0) em” L.

\

2-Chloroethyl Triflueromethanesulfohate 181.

A ﬁixtﬁre ef%& 5 g (23 mmole) of trifluoromethanc-
sulfonic anhydride a‘d 1.85 g. (23 mmolef of 2-chloro-
ethraned—wag carefully protected from moisture end heated
at 60-70° faor 30 min. The reaction mixtﬁre was cooled
then fractlonated under reduced pressure with- the main
ﬁ}gactlon dlstllllng~at 58 59°/14 mm. The resulting r’ "\
2-chloroethyl trlf1uoromethanesulionatemz} ex%remely B ‘ )
water sensitive and fumes ;eadily in moist air. ‘ /%;\

Mass epectral data: C%lculated for C_H,C1F O\g :Ew

3774 373

| A\
N ,
176.9833 M -Cl; 162.9676 m\e\cn Cl; 142.9563 M" "= CF

~ 2 .
Found 176.9863, 162.9676, and 142.9566., Pmf Xneat) §

3.26 (t, 2H, CH2), 4.21, (t, 2H, CHZ). Ir Yoo {film)

1410, 1140 (50,) 1200 cm b (c-F).

-

Sy '
2-Chloroethyl p-Nitrobenzenesulfonate 182.

—_—

This compound was prepared éccoqﬂing to the method \\ﬁ\

of %%utov et aZ.13§ and 1solated'€% white needles from v~// :

benzene: czclohe\ane 2.4 g (78%~y1eld) m.p. 100-101°

(11t 18 mipl 1029103°).  pmr (CDCly) ¢ 3.7 (¢, 21, cHy);

4.4 (t, 2H, CH,); 8.k (d, 2H, ArH); 8.4 (d, 2H, ArH).

—(2—ChlorOethyl)—N'—nitro—N—nitrosoquanidine 18¢€.

-

This compound was prepared accdrding to the method .

of McKay and"Mll}s 187 320 . mg (61% yield) m.p. §4496d

O
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~

187 T . “a .

g g
) § 3.5 (&, 21, Ci,N. 4

(t, 2H, Cné); 7.9 (s,‘lH, e%changeable);\B.K\fs, 1H,

(lit. _od . prr  (DMSO-d

exchangeable) .

N—(2—chloroethyl)—N—nitrosoacegémide.187.

a.

\

/

To 1.5 g (12 mmoles) of/N (2—chloroethyl)acetaﬁide

in 20 ml of ether Contalniyg a suspen51on of 1.7 g\

(20 mmoles) of sodium-bigarbonate at -30°C was adde

2.0 g (20 mmoles) of N O4g1n 5 ml of ether drOpw1se ith

a syrlnge, The mlxtdre stirred 1.5 h <-20°C and was

“w

.. then poured into %0 ml of 10% sodlum.blcarbonate. The

>

ether layer was washed twice With water, dried (MgSO4)

"~ and the sol nt removed respltlng in a dark yellow 01}

-12q'. //' : '\

Calcd for C/H7N202Cl (m.w. 150.0197):\ C,

H, 4.70; N, 18.37. Pmr (CBCl,) & 2.80 (s, 3H,

(cacT,) 1730 (C=0); 1510 (N=0) em L. 4 .

'//EH ; 3.45 (t, 2H, CH,); 4.10 (t, 2H, CH.). Ir v.___°
5&‘ ! 2\~_ : 2 o ‘max

5-[3—(2-Chloroethyl)triazenyl]hmidazole—4—cérboxamide-bﬁg.

s compound was prepared according to the method

188

of Shealy et al. and isolated as an off white solid.

188

45 mg (approximately 5 vield) m.p. 111-113° (lit.

114°). Ir v -(nujol)\ 50, 3050, 1635, 1585, 1420.

max

4.70; N, 18’%1 Found (150.0201, mass spectrum):

\_—v/ ]

201.

192~



//] ' | ‘ ‘ 202.
( | ‘

¥ihyl H-(2-chlogeecthyl)~N-nitrosocarbamat. 189.

FoO l.S‘g (8 mmoles) ethyl N—(2—chloroethyl)caibamatel93Q\

~in 20 ml of ether containing a suspension of 1.7 g (20

mmoles) of sodium bicarbonate at -30°C was added_2.0\g

Y

. (20 mmoles) of N204 in 5 ml of{éther dropwise with a

syringe. T .e mixture stirred 1.5 h <-20°C and . was thex

poured into 50 ml of 10% sodium bicarBonate? '%Le\ether‘

) S .
layer was washed twice with water, dried (MgSO4) and  the
- A . A

solvent removed resul ing in a pale yellow oil 1.16 g

(yield 66%). )
Anal. Calcd. for C5H9N203Cl (m.w. 180.0302)

33.23; H, 5.03; N, 15.52. Found (180.0309 mass spectrum%:

C,

.\

(\\\f C, 33.12; H, 5.01; N, 15.52. Pms, (CDC1,) & 1.45 <, 3H,

\ .
CH,); 3.45 (t, 2H, CH,); 4.1 (t, 21, CH,); 4.55 (q, 24, ~ f
. ’ _ . _ -1
N CH,) : Ir»vmax CHCl, 1750 (C=0); 1520 (N=0) cm ~.
N N-(2-chléroet : ; iso-p~tioluene sulfoﬁamigg 190.

' /.
Thislipmgg:;d was prepared accefding to the method

T G - 3
of Goodman et aZ.2 240 mg (52% yifeld), m.p. 49-50°C

et

(1it.2 49-50°C). Pmr Yeoclyr 8 2.4 (s, 3H, cHy), 3.4
(t, 2H, CH,); 4.0 (t, 20, CH,); 7.3 (&, 2H, ArH); 7.8
(d, 2H, ArH). ‘ % | o
AN /
\ / B .
\\\\// 3,3'—£§S[N—(2—chloroethyl)carbamoyl]propyldisulfide 193.
y/ 0 mg (3 mmoles) of 3-hydroxypropyl disulfigel??
// and\ 600 mg (6 mmoles) of_2—chldroethyl isocyanate were
/// refluxed in 50 ml of ether for 6 h. After éooliﬁg the



203,

7
white solid was collected and recrystéllized from CHC13/pet.
_ether. 520 mg (yield 50%) m.p. 82-84°.

l2H22C12N20482 (m.w. 392'0390):&

Anal. Calcd. for C
c 36.64; H, 5.65; N, 7.12; €1, 18.02; S, 16.30. Found

(392.0389 mass_spectrum): C, 36.75; H, 5.63; ¥, 7.07;
. \\ \

c1, 18.04;.S, 16.12. Pmr (cbcl,) & 2.0 (m, 4H,'cH

3 )i

2.7 (t, 4H, CH,); 3.6 (m, 8H, CH)); 4.2 (t, 4H, CH,) ;

5.3 (s, 2H, exchangeable). Ir vmax (CHC13) 3340 (N-H);

1690 (c=0) Jem™ 1. 7
A

3,3?"Bis[N—(2—chioroethyl)—N—nitrosocarbamoyl]propyldi-

sulfide 194.

. To 200 mg (0.5 mmoles) of 3,3'-bis[N-(2-chlorgethyl)-
L3
carbamoyllpropyldisulfide in 20 ml of tetrahydrofuran

- containing a suspensibn of 5000 ﬁg (6 mmole§)<6f sodium

- ‘j';,_/
- | [P »
bicarbonate at -30°C was added 500 mge(6 mmoles) of N204
in 5 ml of ether dropwise with.a syringe. The mixture

st.rred 1.5 h below -20°C. 20 ml of ether was.then added
\and the resulting mixture poured into SOSnl of 10% sodium
. ]

Jbicarbonate. The ether layer was washed twice with water,
! i '

i - : L 2 Y
dfied.(MgSO4) and the solvent.removed resulting in 120 \
mg (yield 53%) of a yellow o0il which was difficult to

\ ¥

purify..

\

-

Anal. Calcd. for C12H2O 2747672

c, 31.94; H, 4.48; N, 12.42; Cl, 15.71. Found (450.0209,

: \
m?ss spectrum): Cj, 31.86; H, 4.51; N, 11.61; Cl, 15.51. '

hi \

';; > ) \ \

© N

C1,N,0.5, (m.w.. 450.0201):



Qb

Pmr (CDC1,) & 2.2 (m, 4H, CH 2.8 (t, 4H, CH,); 3.4 (¢,

2);

4H, CH2); 4.1 (t, 4H, CHZ)' %r vmax (CHCl ) 1750 (C=0);
-1

1520 (N=0) cm

Detectioh:of i,3—6xathian—2—one 198.

A 3.0 ml solution was prep;red&containing 150 mM ‘
3,3'—bis[N—(2—chl?fggihyl)—N—nitrosoéérbamoyl]propyldi—\
Suifide, 20Q/ﬁg’;otassium phosphate pH 7.3 and 0.5 M
sodlum dithionite in a 20% ecetonltrlle aqueous solution
which was ‘incubated at 37° C'for 6 h. Extractlonuof the.
agqueous mixture with ether, (drylng (MgSO4) and removal
 of the solvent resulted ‘in approxlmately 5 mg of a
colorlers liguid. Although not analvtlcally/pure the

mass spoectral characterlstlcs are as follows.
, ‘ } [

i

m/e , _
ggigpred calculated rel. intensity ) fragment
118.0085 118.0089 ‘ vi.o5 'c4H6025( )
74.0196 74.0190 | 100.00 C4HS (M -CO,)
58.0435 | 58.0418 | 13.03 C4H.0 (M"~cos)

|

l~[2—[(2—Chloroethy1)thio]ethyl]—3—cyélohexyl-l—nitrosourea

199,

‘Triothylamine (300 mg, 3.0‘mmoi) ‘was added to SOO mg

(2.9'mmolo) of S—(2—cH&oroethyl)thloothylamlne hydro-
|\ .

chloridel”> at 0-5°C ip chloroform solution. Cyclohexyl-

[

isocyanate (350 ng, 2.£ mmol) was added dropwise to this

mixture ‘and stirring continued at room temperature for

o

204.



o " ' © . 205.
| Yo j : :
| : ' . i N i

'18. h. "The chloroform was removed 1n vecud and the
4 \r¢51dual white solid was suspended in coké water to

remove hydrochlorlde salts and filtered. The l—[:—[(?— ,
X —- ]

hY
chleOLthy )tho]cthyl] 3 cyclohexyluroa was purlLled DY

¢ ;o

recrystallization from < oform/pet. cther; 450 mg
(63% yield) m.p ®122-144°. \
. Ana%. Calcg: for CllH21C1N2OS (m.w. E28:l296( M~-36) 1 .
*§5 C, 50.04; H, 8.03; N, 10.61; Cl, 13.43; s, 12.12. Found
(228.1296, M-36, mass~speotrum): c, 50.04;'H, 8.02;

N, 10.68; Cl, 13.45; 35, 12.15. Pmr (CDCl;) 4 0.9-2.1 (m,

108, ¢iy); 2.7 (¢, 20, CH,); 2.9 (t, 2H, CH,) ;

3.4 (¢,
' 2H;"CH2); 3.6 (t, 21, CHy); 3.3-3.7 (m, 1H, CH); 4.1-

4.9 (m, 2H, exchangeable)>\ Ir Voax (CHC13) 3300 (NH);
1

1620 cm ~ (C=0).. - f

\

To a 100 mg (0.4 mmole) portion of the urea in 2 ml -
of 98% formic acid was added 200 mg (2.9 mmole) of sodium
nitrite in portioﬁs during 1 h. After the addition the

mixture‘stjrred an additional hour and was thén;cxtracted
\.’/'\ n -
with thoroform dried and the solvent removed affordlgg

1-[2-(2- chloroethyl)thlo]ethyl]—3—cyclohexyl—l—n1tro—
~ sourey as a yell‘w 011 65 r\ng (59% yield).

Jénal. Célcd.afor Cll 20C1N3OZS Am.w. 293.0964) :

\ C, 44€96; 1, 6.87; N, 14.30; Cl, 12.06; S, 10.91. Found

(293.0958, mass spectrum): 'C, 44.72; H, 6.76; N, 14.15;

7

cx, 12. 33T_5Th%% 11. .Pmr (CDCl,) 6 1.0-2.2 (m, 10%,
-/ CH,); 2.6 (t, 21, CH,); 2.9 (t, 2, EH ,)i 3.6.7(t, 2, cH,) ;

T



o » , 206.

_—

4.0 (t, “ZH, CH,); 3. 7~ 4 1 (m, 1u, CcH); 6.8 (a, 1H, exchange-

able). Ir v = (CHCL, ): 3350 (w); 1723 (C=0);* 1525 cm 1

{(N=0) .

‘

1—[2—(2—Cﬁaoroethoxy)e£hyl]—3—cyclohexyl—i—nitrosourea 205,

T : —

1.0 g (10 mmoles) of diethyleneglycolamine ifi 50 ml

4

.A- .
of 1,2-dichloroethane is saturatesd withQHCl. The solution

“is cooled *and 220 ml (27 mmoles) of thionyl chlorideAis

added. The,mixture 1s slowly warmed to rOOm tempegature
and then heated’at 60°C for 1 h. Cooling of the salu-

tion and addition of 25 ml of ether resulted in a'white

\\,.

solid which could be recrystalllzed from ethanol/ethf
\

The white crystaﬂs are hygroscoplc and dlﬁflcult to

R

prepare in analytlcally pure fofﬁ but the recrystallized
,#f chloroeohoxy)ethylamlne hydrochloride was found

e

sultable for the next step.

To 500 mg (3 mmoles) of the hYdrochioride salt and

\
\
v

400 mg (B mmoles) of\cyclohexYlisocyqnatq,iﬁ 50 ml of

' chloroform at 0°C is added 300 mg (3 mmoles) of triethyl- -’
amine during a 30 min pgri%¥d.‘ after stirring 2 h at e

the solutlon was waxmed?to room temperatupe and stlrred

another 2 h. RCmoval of the solvent resulted in a white
$ : -
solid which was Suapendod in water and @tlrred to rempve
N
hydrochlorldo salts The remaining whlte SOlld was,
: ; e '\ ~

Aflther and taken up in chloroform \drlod ang crystal—

llAG( Y addlng pot.'ethor 480 mg (yield 65%) m.p. 82-84°.

v _ : . _
M. -
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1 ; ' \ .1‘ T
Anal. Culcd. for CllH2lClN202 (m.w. 248.1291): C, L

'

53.10; H, 8.53 N, 11.26. yFound (248.1305, mass spectrum):
4 .

C, 53.11; H, 8.74; N, 11.09. Pmr (CDCl,) § 1.0-2.1 (m,

o

s

, OH, C ; 3.3-2. , 9H, ;4. ;
/_fgx\l CH2) 3.3 gﬁ(m 9H CH2), 4.5 (d, 1H, exchangeable);

\

\

-~
)

i

!/ formic acid at 0°C is added during 20 min 100 mg (1.4 % #

4.8 (t,'lH,‘exchangeable). Ir vmaXI(CHCl-)'32OO (N;H);

3
1630 (C=0) cm™ .

( . . -
@b 100 mg 50,4 mmol) of the urea in 1 ml of 98%

2

mmol) sodium nitrite. After the addition the mixture . e

is stirred 1 h, 0°C then 5 ml of H,O.is cautiOQSly added.

The aqueouy mixture is extracted with chloroform, washed,

(/'dried (MgS0,) and the chloroform removed to yield 60 mg

.

~3);

Y : . \
(yield 54%) of a yellow oil whieh was difficult to purify, -
v, . . . LAV

Anal. Calcd. for C ClN.O,: CC, 47.50;eﬂ, 7.27;

. 11%205N393¢ ,
¥ .
—y//A(j 15.13. Found: Cm 46.61; H, 7.15; N, 14.69. Pmr
o 3

-
A>

T (CDC{B) 6,1,0—2.%£(m,\lOH/ CH2);'3.5 (m, 6H, CHZ); 3.9

(m( 1H, CH); 4.1 (t, 2H, CH2). I; vmax (CHC1
- l )

3)
1720 (C=0); 1520 (N=0) cm
| Although an aéceptable'measurement could be madé for
the parent.compound; the high resoluti&n maés‘ééectrum
was characteri;eé b§ é tendency to undergo proton trans-

fef to form cyclohexyl isocyanate and the appropriate

diazohydroxide. Mass spectral data:

S

3400 (N-Ny; - 3

t
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l\}i , ‘ .
myeasured Calculated %rcl;/}n{gn;ity fragment
277.1191 277.1193 I R ' S
' ‘ N , B ) +
l5q.0350 150.0352 24 o ClCHZCHZOCHZCHZNZOH
T o8 . ‘ ' m ' +
'12J.O822 125.08 2 - uC6HllNCO
e . ) . ‘A : +
109.0207 31 Cl,CHZCH2OCHZCH2
- ! _ . : ) +
. 93.0100 21  cicmcn,ocn,
o ) . . +
83.0873 -100 ' . C6Hll
- | . . i
' Methods ’ o - . -

In vivo testing was done by Mrj I. Wodinsky, srthur
D. Little, Inc. under the direction of the National Cancer
Institute, Silver Spring,'Maryland Testing was in L1210
1noculated mice ‘with a«51ngle 1ntraper1toneal 1njectlon
~of drug. Values are reported as % (T/C) which is: (the
llfe span of ll2lO inoculated mlce treated with drug

dlv1ded bf:ghe/llfe Span of L1210 1noculate5 mice glven

no drug) x lOO

SUMMARY
This~study has examaned a number of aspects concernlng
the nhemlstry of 2- haloethylnltrosoureas Polarographv

\

has allowed a convenient measurement of the Stabllltles
of the nitrdsoureacs urder. aqueous phy51olog1cally bufftred
solutio:r. Uecomao wtlon studles have confirmegd the

ex1stence of tho 2- chloroethyl alkylatlng agent for

- chl oeth'lnltrosourcas resultlng from a major decomp051—
, y

tion pathway ) Ev1dence W s presented which also sSuge¢ Lis

-
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the interﬁediaey of‘an oxadiazol% ' 1in the decomposition
of some nitroseureas to accountlfor thefisolaﬁed carbo:
contéini‘g compounds and hydroxyethylated nucleophiles.

Details concerning the_reéktions of nitrosoureas
with purified DNA.have also beeh p:esentoﬁ~ In*addition
to alkylation some nitrosoureas producc DN interstrand

cross-links. This phenomenon is most apparent with

' ?
gechloroethylnitrosoureas in accord with observed,anti—l
leukemic properties. Sross—linking appears to result
from chloroethylation of an appropriate base followed
by labilization of the‘carbon—chlprine bond and.a second
alkylation ﬁnvolving displacement of ehloride ion. The
observatlon that the extent of DNA 1nterstrand cross-
llnklng.produced by chloroethy ' nitrosoureas is less than
50% can be accounted for by three processes: (i) low

levels of DNA alkylatlon,aLL%%/competlng 1ntramolecular

alk lation after chloroethylatlon and (iii) concomitant

"DNA degradation.

. ‘ » Y
DNA degradation has also been examined in detail..\\

Nitrosourea induced single strand scission (SSS) occurs
) ]

bv 70 major processes. Type I S5S results from phos—

u -

P- 2 alkvlatlon and is exten51ve in the case of hydroxy-

ethyl alkylating agcnts. _TypeOII 5SS results from
: % . . B

alkyletion of the bases follpowed by depurination or
depyrymidination, Conversion of the apurinic site to a

X
\

'single strand break can occur enéymatica]ly, under high



PH conditions or by recaction with an appropriate amine.

_ //r The finai éspect presented'ﬁp this St?dy involved

. e
the design of new drugs based on the results of the
. : 3 : . . A 3 P
previous chapters. The two most productive design areas

involved attempts to generate chloroethyl alkylating
> < =

agents from sources other than nitrosoureas, and the

modification of the alkylating portion of CCNU to enhance

5 N : ' -~
DNA. interstrand cross-linKing. ' The extent of cross-linking_)
of these compounds was observed to correlate with in vivo

antiL%ukemic data.

<
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