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ABSTRACT

The thesis seeks to provide a rationale for the behaviour of a
wide range of N-nitroso compounds in acidic solution,

The work is introduced by a review of the various mechanisms
proposed to date.

It is shown that the behaviour of the system towards certain
catalytic agents is dictated by the relative rates of the protonation
and denitrosation reactions. The effect of changing nitroso compound
structure, changing nucleophile concentrations and changing solvents
has been investigated and the results used to provide a common
rationale for the denitrosation and N-nitrosation reactions.

Supporting data is provided in the form of investigations of the
denitrosations of N-methyl-N-nitrosocaniline, N-nitrosodiphenylamine,
N-methyl-N-nitrosourea and a series of p-substituted N-methyl-N-
nitrosoénilines. The N-nitrosation of N-methylurea is also examined,

A comprehensive study of the action of sulphur containing
nucleophiles such as the thioureas has led to the proposal of a reaction
between N-methyl-N-nitrosoaniline and the naturally oécurring nucleophiles,
cysteine, S-methylcysteine, glutathione and methionine. The results may
be important in the elucidation of cancer mechanisms,

Evidence is also provided for an interaction between N-methyl-N-

nitrosoaniline and the ferrous ion.
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SECTION ONE

THE ACID CATALYSED REACTIONS OF N-NITROSO COMPOUNIS.

OBSERVATIONS FROM THE LITERATURE.




1.1 The Fischer-Hepp Rearrangement

11203;4

Following the early work of Fischer and Hepp’ in 1886, it
has long been known that aromatic N-nitrosamines (1) react readily
under the influence of selected mineral acids to yield the corresponding

C-nitrosamine (2).

NO

(1) ‘ (2) (3)

Under approvriate conditions substantial ylelds of the secondary
amine (3) may be obtained as a co-product. The rearrangement:
denitrosation jwoduct ratio is easlly controlled by a Judicious selection
of thé reaction conditions and the reaction is able to provide a readiily
accessible synthetic route towards either of the two possible roducts.
In ethanolic solutions of HC1 mroduction of the rearrangement product

3 .
predominates” and the reaction affords a convenient method of preisring
the para"nitrosaminesé. Maximum yields of the denitrosati~n product ave

favourad by the use of aqueous solutions of the mineral acid in the

- . R 7 .S
resence 0f high concentrations of & nitrite trap such as urea’ or Cull 7.

In any discussion concerning the mechanism of the reaction the




question arises as to whether the rearrangement reaction is of an
intramolecular néture, proceeding indevendently of the denitrosation
reaction, or of an intermolecular nature with denitrosation to give a
free nitrosating agent being followed by a nitrosation of the resultant
secondary amine. In a historical context, attempts to provide an

answer have revolved around the interpretation of four, key experimental
observations.

(a) Yields of the rearrvangement product are found to be largest
when HCl is used as the acid catalyst. Use of sulphuric acid or nitric
acid produces low ylelds and use of hydrobromic acid ylelds mainly the
denitrosation 1moduct9.

(b) Addition of sodium nitrite to the reaction mixture results
in an increaséd overall yield of the rearrangement producth.

(c) A number of trans-nitrosations are reportedlo. Thus the reaction
of N-nitrosodiphenylamine (4) in the presence of N,N-~dimethylaniline (5)
leads to. the formation of C*hitroso-N,N"dimethylaniline (6) in addition

to the normal rearrangement jroduct (7).

Ph NO Me M M M P
\ / N AN NI
N N N N
0000
NO NO

(4) (5] (6) (7)




similarly the reaction of N-methyl-N-nitrosoaniline (8) in the
. presence of the reactive olefin (9) gives the NOCl-adduct (10) amongst

the products.

Me NO | Me »H
CH=CHMe CHCICHI(NOIM
& ¢ Q=0 - @
(8) (9) (10)

(4). Reaction of meta-nitro-N-methyl-N-nitrosoaniline (11) in the
resence of a large excess concentration of urea is reported to give only

the denitrosation product (12).

Me NO , Me M

(1) (12)




n

On the basis of these four points of evidence one may propose a

series of plausible mechanisms.

1.2 The Intermolecular Mechanisn

. . . 11 ,
The intermolecular mechanism, as first proposed by Houben'l in 1913,

is depicted below.

H
Me NO | Me H
+ : . /
\N/ Me —N—NO \N
Y, k
H == = + NOY
K1
Me M Mo /M Mel M
N N N
k2 _ c .
+ NOY — + Y _— e + SH
— (O
JA
NO H‘ NO
¥ -+ NOY "‘""‘i:"‘*'b Products
"3

X represents a nitrite tra) e.g. urea or sulphawmic acld

bromide ion or chloride ion

03

Y represents a nucleomhile e.

8 revresents the solvent e.g. ethanol or water.




An explanat;on of the system in terms.of an intermolecular mechanism
for the rearrangement therefore requires the postulation of an initial
denitrosation reaction which may then be followed by a direct
electrophilic substitution brought about by the action of the free
nitrosating agent, NOY, at the para position of the amine. 'The
nitrite trap, %, may take any one of a number of different identities;
ufea, sulphamic acid, hydrazoic acid, hydroxylamine, aniline, and hydrazine
have all been employed with some successll. In the absence of an added
nitrite trap the nitrosyl halide mighil be expected to undergo deremposition
via reaction with the solvent.

It may be seen that the scheme proposed by Houben is entirely
combatible with the four points of evidence presented in Section 1.1.

(a) The.large yields Of the rearrangement product obtained in the
Tresence of HCl are taken as reflecting the important role of the halide
ion in the reaction scheme. In sulbvhuric acid and in nitric acid, which
can not prdvide the nitrosyl halide, very much lower ylelds of the
rearrangement uroduct are obtained. The production of the secondary zmine
as the main product in the jresence of hydrobromic acid may be explained
on the basis of the lower polarisation of the resultant NOBr compared
with that of NOCL. ‘The NOBr is thus insufficiently reactive to perform
the required electrophilic attack at the vara position of the arcmatic
amine.

(b) Addition of sodium nitrite to the reaction mixture might be
exrected to give increased yields of the rearrangement product since
formation of ihe nitrosyl halide will be enhanced by the following

reaction:~

+
NO, + 1T + 2H.O === KOGl ¢ 3H,0




(c) The observations concerning the transnitrosation reactians
-may be taken as being indicative of the existence of a free nitrosating
agent as required by the Houben mechanism.

(d) The presence of a large excess concentration of a nitrite trap
such as urea may be seen to promote the removal of free nitrosyl halide.
Under such conditions as these a significant yield of the rearrangement
product is not to be expected.

As a consequence of its apparent compatability with the known facts
the intermolecular mechanism has enjoyed a general acceptance and is
widely reproduced in the chemical literaﬁnrelZ’IB. Although the
intermolecular soﬁeme is gquite reasonéble in terms of the experimental
observations detailed above it is by no means specifically demanded by
then and recent study has led to the postulation of a number of

11,14,15,16,17

alternatives The work of wWilliams and co-workers is

discussed below whilst a short review of the work of others is reserved

for Section 1.5.

1.3 The Intramelecular Mechanism

14

In 1968 the experimental work of Asiapovekavaet al.” led them to

believe that the mechanism of the Fischer Hepp reavrangement might best

be represented in teirms of an intramolecular scheme. The experimental

. . 18
results were subsequently confirmed by Willlams and MOorgan ™ who put

forward the schene depicted over.




Me H
N/

N
'—§——1> + SH*
kA .
NO

X + NOY — ™ FProducts

3

X reiresents a nitrite trap
Y rewresents a nucleovhile

S represents the solvent

Rearrangement is thus provosed to occur cOncurrcntly‘with the
denitrosation reaction via an independent, intramolecular vathway. If
we consider the vresent scheme in the context of the four points of
evidence which formed the basis of the intermolecular ccheme's acce ptance
it bhecomes clegr that the intramolecular scheme is calable of 1woviding

us with a series of alternative ratiornalisations.




(a) The maximisation of the yield of.rearrangement iroduct which
occurs when HCl is used as the mineral acid is readily exvlained. In
the case of HBr the greater nucleophilicity of the bromide ion, as
compared with that of the chloride ion means that denitrosation may
compete more effectively with the rearrangement reaction for the protonated
nitrosamine svecies which is common to both routes. The recorded yield of
rearrangement product in the HBr reaction is thus reduced compared with
that obtained for the reaction with HCL. The low yiszlds given by aq. HZSOM

and aq. HNO, when compared with those obtained in ethanolic HC1l may well

3
be attributed to the differing solvating properties of the solvents
concerned; a detailed arguement is precluded here by our lack of

knowledge regarding the intermediates and transition states of the
rearrangenent process.

(b) Addition of sodium nitrite results in an increase in the rate
of the "reverse", N-nitrosation reaction governed by LK The denitrosation
reaction is suppressed and.thé increased staticnary concentration of the
protonated N-nitrosamine is reflected in an increased rate of intramolecular
rearrangement. In the presence of sodium nitrite the rearrangement
reaétion is thus able to compete favourably with the denitrosation reaction,
resulting in an increased yleld of rearrangement product.

(¢c) Since the present scheme involves the production of a free
nitrosating agent, NOY, explanation of the observation of cross-nitrosation
reactions may be made on the same basis as for the intermolecular scheme.

(4) The addition of large concentrations of a recognised nitrite
trap, such as urea, to the reaction mixture will vesult in the rapid
removal of the free nitwosating agent, NOY, from the equilibrium mixture.
The Yreverna', N-niltrosation step govermed by k—l is thus suppressed and

the yield of the denltrosation product is increased. On the basis of the
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intramolecular scheme we might still expect to obtain significant yields
_of the rearrangement product. At first sight this Irediction is seen to

9

conflict with the observations of Macmillen and Reade' who revorted that
reaction of meta—nitro-N-methyl-N-nitrosoaniline in the lresence of urea
yields the denitrosation product exclusively. In general however it has

been shownlu’18

that small yields of the rearrangement Droduct may be
obtained even in {he presence of high concentrations of an added nitrite
trap, this evidence supporting the application of the intramolecular
scheme. Explanation of the observed lack of rearrangement product oblained
from meta-nitro-N-methyl-N-nitrosoaniline must have origins other than in
the removal of nitrosyl halide by ureaAsince no rearrangement product is
observed even in the absence of a nitrite traplg.

As both schemes are able to provide equally feasible theoretical
rationalisations.for the observed result it is apparent that no decision

as 1o the relative applicabilities of the intermolecular and intramolecular

scheites may be made on the basis of the evidence presented thus far.

1.4 Intermolecular vs Intramolecular

14

"The reports of Aslavovskaya et al.  and william518 concerning the
observation of significant yields of the rearrangement product being
derived from the reaction of N-methyl-N-nitrosoaniline in the iresence of
large excess concentrations of urea must be considered to generate
reservations in terms of our acceptance of the intermolecular scheme. Undexr
the conditions described urea, a recognised nitrite tran, might be expected
to react rapidly and irreversibly to remove frece nitrosonium ion carriers
such as the nitrosyl halides. 'The obzervation of significant vields of

the rearrangement product is thus hard to rationalise in terms of the

&

intermolecular scheme.
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The TFischer~Hepp rearrangement may be seen to bear a formal
similarity to the Orton rearrangement of N-chloroanilideszo which is

depicted below

MeCO Cl H ‘ MeCO H
\ |, .
MeCO- N'— Cl N

Cl

Me’\Ov H | .
u\ yZ MeLQ /H
+ Clz — + HCI

Cl

This mechanism has received general accelPtance being amply
F?2 r B -5 2
supported by exierimental eVLﬂche . The kinetic obhservations of

) : 23,20 . . . .
Soper and Pryde 3 have led them to formulate the following expression

for the rale of Alsavpearance of the reactant:~

Rate = K [N-chloroacetanilide] [HrA][ClM]

Thus the rate of reaction is preportional to both chloride and
hydrogen ion concentrations. In physical terms the expression is
indicative of attack by chloride ion ulon the protonated form of the

N-chloroncetanilide. If the Fischer-lepp [earrangement were 10 occur via
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an analogous intermolecular mechanism the rate of disappearance of the
reactant might again be exiected to be proportional to the jroduct of the
hydrogen ion and chloride ion concentrations. Williamsl8 however has
revorted the rate of reaction of N-methyl-N-nitrosoaniline in aqueous
HCL to be approximately proportional to ho and not to the product hO[Cl~].
Whilst these last observations cast some doubt as to the general
applicability ofbthe intermolecular scheme they can not, perhays, be
taken as conclusive proof of the scheme's inaccuracy.
The question as to the mechanism of rearrangement feactions nay
of ten be anawered on the basis of information suppliea by isotopic
exchange experiments. Using unlabelled starting material the reaction
is carried out in the presence of a labelled species which 1is chosen so
as to promote isotovic exchaﬁge with fragments jroduced by a particular
reaction scheme. The incorporation of the isotopic label into the
rearrangement product is taken as being indicative of the existence of an
intermolecuiar reaction mechahism. In the rearrangement of vhenylhydroxyl-
amine (13) to give para—aminophenol (14) the reaction proceeds with full
uptake by the product of the 180 label derived from the labeled water
sol§ent25. Incorporation of the 180 label into the reactant is not

observed and the reaction must be regarded as being of an intermolecular

nature.
H OH H
N/ \ /
N N
OH

(13) (14)
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Conversely the lack of 15N incorporation into the product in the
~case of the rearrangement of N-nitroaniline in the presence of }5N03-
and lﬁNOZ— is taken as evidence in support of the reaction's
intramolecular nature26.

In the case of the Fischer-Hepp Rearrangement, however, no such
distinctions between the two Proposed mechanisms can be made. In the
presence of 15N labelled sodiwm nitrite, N-methyl-N-nitrosocaniline has
been shown to undergo label exchange at a rate far in excess of the rate

27

of rearrangement™ . This incorporation of the 15N label is a consequence
of the fast reversible denitrosation reaction and the observation casts
no Jight upon the mechanism of rearrangement.

In the present case it would appear that a definite choilce between
the two mechanisms may be made only on the basis of a thorough kinetic

analysis.

For the sake of convenience the schemes are reproduced below:-

Intermolecular Scheme

R NO H R H

R H N\ /H
. N SN N
Y is a nucleophile l\
¥ s a nitrite trean ﬁ;;\ N S -
15 & nlLylite tral u‘ ) + SH e + Y
S is the solvent “) kA
NQO H NO

ROY ¢y e—ed>  FRODUCTS @

1
YN
-
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Intramolecular Scheme

y |
R NO R H
N/ I

O

N
+H
- c

Y is a nucleophile S N Slﬁ+
X is a nitrite trap k4

S is the solvent H NO N O

NOY + X “E—~*4> Products

~

Ohservation of the similarity which exists between the spectra of
H-methyl-N-nitrosoaniline in acidic and neutral aqueous solutions
respectively have lead to the conclusion that the extent of protonation
is small. As the results of experiments carried out in DZO rule out the
existence of a primary kinetlc isotope effect it may also be amsumed that
the mretonation is fast. If the intermediates, D and KUY are assuned 1o
exist only in low concentration we may derive expressizng for the rate

. . . .. e s 28
of reaction via an application of the Steady Stale Principle™™,
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INTERMOLECULAR : -~

Let Rate = k[A] =k [B][Y] - k_y [c][n0Y]
where ko is the observed first-order rate constant.

Avplication of the Steady State Principle to the reactive

intermediates, D and NOY, results in the following exlressions,

—
)
—
i
~LA

=
=
2

—_
it

k_, kK, |Y
where kzv = kz - [ 2 2 [ ] }

Substitutions for [D] and [NOY] in the rate equation give,
ko [B)[Y] Geqfx] r ' [e])

o D+ G ) (6]

n the assumption that the nitrosamine acts as a Hammett base we may

Rate = ko [A] =

write, [B] = KhO[A], whence
KK, [a)[¥] G [x] + k0 [c] )

Rate = k [A |
0 ] kB[X] + (k_1 + kzl)[c]
Thus,
N key Kh [Y] (RB[X] *‘sz[g] )
0

Ry [X] + Oy + k0[]

INTRAMOLECULAR:~

Since the 1rotonation of the nitrosamine, A, is assumed to be fast

- and reversible the rate of its disappearance may be described in terms of

il

the disabdiearance of the irotonated form, B.
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Whence,

Rate = ki[a] =ky[B][¥] -k [c][vor] +k[8] - k_,[0]
Application of the Steady State Principle to the two reactive

intermediates, D and NOY, results in the following exiressions. .

]
R GV

K [B]lY]

[ror] - K [C] 7 Ky[X)

Substituting for [D] and [NOY] in the rate equation now gives,

x_, [c]x ' k_ kB
Rate = k[A] = ky[H[Y]~ k_i[[c]] 1[§]3[Y[)](] igls] - ;{:—;—f—[—g}—;

Simplification followed by the substitution of [B] = Kho[A] yields,

e R L B L I oA
‘k—l[%] "5l [k ! k] ol 1]

Rate = kO[A] iy .

Whence,

K .+ &,

kl[Y]k [')(41{’0‘0 . \i k) k ] o
. -5 L}, ()

Whilst the rate éxzmessions, derived via the intermolecular and
intramolecular schemes resiectively, may be seen to have certain featufes
in common, such as a Tirst-order dependence on ho under all conditions,

a comparison of thelr behaviour under certain limiting conditions does
yield sufficient evidence to enable a cholce between the two mechanisms

£o be made.

Reaction al high cocentrationg of X

As the concentration of the nitrite trap, X, 1s increascd k?[X]

o

may be cupccted Lo becoume greaver than bolh k_l[C] and k@‘[C]. Under such

(g%



http://ma.de
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conditions we may apply limiting forms of each of the two rate expressions.

k, = ky[v]m, INTERMOLECULAR
k, k Xh
k = —ﬂLéi-ﬁl- + ok [Y]Kh INTRAMOLE CULAR
o k4 F k_5 1 o

Both mechanisms thus predict ko to be independent of both the
nature and concentration of X provided that ¥ is present in solution in

quantities large enough to maintain the limiting conditions. The

‘predicted behaviour is observed experimentally. The results of Williams etz

which were obtained for the reaction of N-methyl-N-nitrosocaniline in

3.05 M HCl (ag.) are given as illustration.

4. -

Added Nitrite Trap [x]/w 10k /s !
i  1x1070 16.6
HN3 3 x 1077 17.3
Hi ' 5 x 1075 16. 4
NH,50H 5% 1070 16.9

Experimental evidence may also be provided to demonstrate the
. . + . . 1 . .
existence of catalysis by H and halide ions™ 7. Such behaviour is to he

exected on the basis of both the intermolecular and the inlramolecular

mechanisms .

~ / -
]/ addea (1 madea [0 ] [ned]pn 107k /s

5% 10"3 0

0 3.05 . 164
5% 10720 0 3. 57 5.03 23.0
5% 1073 0. 52 0 3.05 176
5% 1070 0 0 brotiy

T
D

o
&)

11

1
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The two rate expressions Predict diffgrent trends for the % rearrange-
ment product:% dénitrosation product ratio as [X] is increased and their
differing behaviour in this respect permits a direct test of mechanism to
be applied. The intramolecular expression may be seen to be composed of
two rarts. The first part pertains to the rate of the rearrangement
reaction and the second to the rate of denitrosation. As the rearrangement:
denitrosation product ratio is proportional to the relative rates‘of the
two reactions it is clear that the intramolecular mechanism predicts the
yield of the rearrangement jroduct to be a constant at any one acidity
and concentration of Y and to be independent of both the nature and
concentration of X at high [X]h As a consequence of the direct competition
for NOY between added X and C required by the intermolecular mechanism
the limiting fOrm of the relevant rate expression lacks the lerm relating
to rearrangement. The intermolecular scheme thus tredicts the yield of
rearrangement troduct to fall to zero at high concentrations of X.

‘ The experimental resultsll for the reaction of N-methyl-l-nitroscaniline

in 2.75 M H,80, (aq.) are given’below.

2
Added nitrite trap [X]/M % rearrangement Iroduct
HI 6.53 x 107 21
HN 16.3 x 1074 21
NSO 5.1 x 1072 21
co(ti,), 1.0 x 1077 21
NIL,OH 1.5 x 1075 20

At high values of [X] the percentage yleld of rearrangement product
at any one acidity and nucleophile concentration is seen to have s
nonstant finite value which 1s indevendent of both the nature and

concentration of X.
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These results are consistent only with an intramolecular mechanism.

-ReaqjiOn at hicsh concentrations of C

As we move towards high added concentrations of the denitrosation
product, C, we appProach a limiting condition under which

k—l[c] => k3[x]'

The intramolecular rate expression is reduced to a form given by,

k, k Kh
K o= 430 INTRAHOLE CULAR
e} kq + g5

The limiting form of the intramolecular rate expiression at high [C]
thus consists merely of a term breviously ascribed to the rearrangement
reaction. In physical terms we therefore envisage a suppression of the
denitrosation reaction by the added excess concentrations of the
denitrozation product. Loss of NOY to the solvent becomes negligible and
the rate of N—nitrosation is greatly increased. Under these conditions
the rearrangement reaction may be expPected to compete favourably with the
denitrosation route and high ylelds of the rearrangement product,wili'be
obtained. On the basis of the intramolecular mechanism L is expected to
attain a non-zero limiting value which will be independent not only of

[X] and [C] but also of both the nature arnd concentration of Y.
The full form of the intermolecular rate expression may be rewritten

as below.

T T e A : INTERMOLECULAR

The rate of C-nitrcsation, represented by k?[c] is likely to be
several orders of magnitude less than k“l[C] the 1ate cf N-nitrosation.
Since k,' exceeds k, by definition (see above) it transpires that the

ternm enclosed by the large Dbrackets is characteriszed as being of a low

value. The ‘intermolecular wechanism thus redictz thal values of ko
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close to zero will be obtained in the presence of an excess of added
denitrosation product. Furthermore the form of the intermolecular
exlression demands that k  should never become independent of [Y] under
these conditions.

Williams et al.ll have studied the reaction of N-methyl-N-nitrosoaniline
in the presence of 5.90 M HCl (ag.) using various COncentrations.of added

N-methylaniline, C. The results of the study are given below.

10° [N—methylaniline] added,/M 10 o/s'1 % Rearrangement
0 5.07 28
0.1 ER P
0.9%4 3.61 60
3.08 2.80 76
3.96 2.78 78
5.71 2.84 80

The observed Tirst-order rate constant, ko’ is seen to decrease
towards a limiting value of approximately 2.8 x 10-4 s—l at high
concentrations of added N-methylaniline. Thils behaviour is consistent
only with the intramolecular mechanism. Note also that the yield of
rearrangement jroduct tends towardé 100% at high [C] as is to be
expected on the basis of an intramolecular mechanisn.

The absence of halide lon catalysis at high[if] has also been
demonstrated by Williams et al.ll for the reaction of N-methyl-N-

nitrosoaniline in acueous acid. The data are glven over.




21

103 [N-nethylaniline] added/il  [Halide Ton] added/M 10 Js
b | 0 1.75
L 0.24 (c17) 1.79
4 0.10 (Br ) 1.77

Thus k is found to be indelendent of botﬁ the nature and
concentration of the nucleophile, this observation being consistent
only with an intramolecular mechanism.

The kinetic evidence thus leads us towards a firm acceptance of the
intramolecular mechanism. It is perhaps pertinent to point out however
that all of the kinetic data uéed in the analysis refers svecifically
to the reaction of N-~methyl-N-nitrosocaniline in an aqueous medium. This
restriction perhaps demands the introduction of a degree of qualificatiocn
into our accertance or the intramolecular mechenism since a direct
extrapolation to the general case might be unwise. Indeed the rresent
work notes the exact form taken by the nucleorhile catalytic effect

to be dependent on the cholce of both the nitroso compound and the solvent.

The general case is discussed in a later section.

1.5 Other Mechanistic Studies

The intermolecular and intramolecular schemes discussed above by no
neans rebresent the only attempts to rationalise the exderimental
observations. Three alternative mechanisms are reviewed below in summary.

4. 15 . . s o N .

Baliga - has examined the reaction of N-nitroscdiphenylamine in
methanolic HOL and reports that chloride catalysis of the vearrangement is
not observed. The re=action is reported to be first-order in both the

nitrosamine and HCL. ‘The following reaction scheme has been tentatively

prouosed.
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=== -0

] 1

Ph NNO + HCL o X i
2 ' i
slow ' '

H=m=mem~==(l

IthH + NOCL

Ph . NH + NOCl —————t -NOC,H,NH'h + HCl
2 6"k
fast

The first stage of the reaction is thus envisaged as yielding.the
secondary amine and NOCl via the slow formation of a cyclic four-centre
transition state. YFast reaction between the secondary anine thus formed
and the free nitrosating agent then leads to formation of the
rearrangement lroduct. On the basis of results cbtained in agueous

wr o
solvents using N-methyl-N-nitrosoaniline Williams*l'29

has offered
criticism on a number of aspects of the cyclic mechanism.

(a) BReaction via the kinetically free nitrosating species, NOY,
has been ruled ovt by the observation of significant yields of

rearrangement product in the presence of large excess concentrations of

added nitrite trais.

(b) The chserved solvent isotope effects obtained in aqueous solutio

point towards a tast inltial rotonation.
(¢) The observed ring deuterium isotope effects indicate the final
proton loas Lo he the rate determining sted in the rearrangement reactlion.

(@) The cyclic mechanism cannot account for the observed acid

. any one concentration of chloride ion.

Q
Y
—4
&
o<
V>3
e
o
jat]
o=

(e} Bven in the abvsence of chloride ion quantitative yields of the

soement eoduct ave btsined in the jwreszence of excess added

imoeduct,

concentiations ol the
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.

It must be pointed out that since Williams' results were obtained
for reactions in aqueous solutions the applicability of his criti cisms
of Baliga's proposal must be in question. In particular recent work by
Johal et al.BO on the reaction of N-nitrosodiphenylamine in ethanolic
HC1l does point to the existence of a slow initial protonation in that
varticular case. .

. 16,17 _ . .
Russian workers have recenlly re-examined the rearrangement of

N-nitrosodiphenylamine in methanolic HCl on the basis of the

intermolecular mechanism depicted below.

k. k
+ L + 3 ,
Ph NHNO = th, NH + NO —_— P=NOC,H, NHFh
2 " 2 6
2

(a) (B) ()

.

On the assumption that NO is a reactive intermediste application
of the steady state theorem results in the formulation of a rate
exjression for the reaction.

i)
k, Tk

Rate = kO[A] = -
2

W

where ko is the observed first-order rate constant.
; -4 -1 . .

A value of 9.167 x 10 S vas reported for ko. By observation of
analogous reactlon schemes in which the possibilitiy of rearvangement was
excluded 1t was hoped that the first stage of the reaction could be
studied in isolation. Using results obtained from experiments on a series
of dl-iara-substituted lN-nitrosodiphenylanines values of Kd the
equilibrium conatant for the denitrosation reactlion were found for each

.3l . '
substrate. A Hammetl correlation”” of log Ky vs o

, the relevant
substituent constent, thus yizlds, by interpolation, a Kd value of

-~ 3

2.1 » 10 3 foar the reaction of N-nitlroo ol henvianine Lioelf.

Similarly Lt may be secn that the otudy of & veaction system dnvolving
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the nitrosation of N-substituted diphenylamines might reasonably be
expected to yield data concerning the second stage of the reaction
scheme, the C-nitrosation reaction. Values of k3 were obtained for the
nitrosation of a series of N-substituted diphenylamines and a value of
ik3 for the reaction of diphenylamine itself was obtained by interpolation

of a plot of log k3 VS O -

Since
k. k

o kz ‘ k3

and
K = E{—];

d k2
substitution of the known values of k_, k3 and Ky into these equations
vields

k1 = 5x lO"3 s_l
'kP = 2451 mol™t g7t
k3 = 5.3 x 10-1 1 mol"l s-l

for the reaction involving N-nitrosodiphenylamine itself. On the basis
of the individual rate constants the rate determining stel is seen to be
that of denitrosation. Values of ki, k2 and k3 were then used in an
attempt to redict the form of the observed kinetic curve.

Solving the system of differential ecuations defined by

Ll -y e ?

dt

elul © k,[A] - Ya[“]z - [8)®

at

at

ala] K
delie = I{B[DJ
uvslng analogue electronic technigques leads to the generation of a curve

of [C] ve time which ciosely vesembilied that obtained by exieriment.

“The similarity between the theoretleal and experimental curves has been
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taken as confirming the applicability of the intermolecular mechanism.

Several aspects of the Russian approach merit criticism. In the
first instance it must be pointed out that until data concerning the
analysis of the intramolecular scheme by an analogous method is made
available no meaningful comparison of the two mechanisms may be made.

- . 32 - .
Secondly, 1t has become clear in recent years that the interpolation of
Hammett type correlations which rely on & small basis set can be the
source of significant degrees of error. In the bresent case the
accuracy of the interpolated results must be in question as only four
experimental points were employed in each correlation.
. . . . v o . . . +

In addltion the Russian inclusion of the nitrosonium ion, NO , as
the free nitrosating cgent would appear to be unjustified. In agueous
sulphuric acid’” nitrosation via the agency of the free nitrosonium ion
is thought to occur only at acidities in excess of 9 M H?S L Under
conditions such as these *HO ~ 4.5 —t> 5.0 and the water activity is
sufficiently low as to preclude solwvation of the nitroszonium ion. The
same may nct be said for the 4 11 methanolic solution of HCL used by the

s 3}‘«1’ ’ 35 s 1
Russian workers. As 4 M HCL has been reported to yield a -H, value
of approximately 1.4 in both aqueous and ethanolic solvents it might be
expected that solvation of the nitrosonium ion to yield the nitrous

g}

- . .t . .
acidium ion }IZN‘2 would occur. There exists ol

—t
[4]

o the pogsibllity
of nitrosyl chloride formation. NOCL may be detected spectrophotometrically
in a U M aqueous solution of HCl which contzins added sodlum nitrite and

. 36
1t has been ':alcula,'tcr*,_'j

that vnder such conditions free nitrous acld
would be converted almest guantitatively to give the nitrosyl halide. 4
similor situation wight be expected te exist regurding a Lo solution of

HCL in methanol,

If denitrosation is vroposed as heing the rate determining step in
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the rearrangement reaction then catalysis by chloride ion is to be
expected. This catalysls of the rearrangement reaction is not observedlﬁ-

Finally it must be sald that the Russian approach takes no account
of the influence of substituents upon the acid/base properties of the
substrate. As it has already been shown that the relative reactivities
of various ring-substituted N-methyl-N-nitrosoanilines are a function of
the acidity of the medium the omission may be a serious one. In short
the Russian scheme appears unacceptable.

The existence may be pOStulated of a reaction scheme involving

direct transfer of an NO group from the protonated form of a nitrosocamine

1 ‘s . L
ATNRHNO to the para-position of the corresponding secondary amine.

N Me~NINO N

NO
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The SE2 re@ction~mechanism thus described would account for a
nunber of the exlerimental observations including the lack of halide
catalysis in the rearrangement reaction. The operation of such a scheme
hewever appears unlikely on two countsll.

(1) Our rejection of the intermolecular scheme on the evidence of
the kinetic analysis, (Section 1.4), points to the general inability of

the free nitrosating agents such as nitrosyl halide or the nitrous

acidium ion to bring about the required C-nitrosation at the para-carbon

site of N-methylaniline. Since the protonated nitrosamine is very probably

4.

a much weaker e\eéhbphile than -either NOCL or HZNOZ' it seems unlikely that
it will be capable of such a reaction.

(i1) ‘The reaction of N-nitroso-i-methylaniline in aqueous acidic
solutions haé been shown to.be zero order in X, the nitrite trayp, at
high[X]~ This observation rules out the possibility of a direct reaction
involving the transfer of NO+ from the protonated form of the
nitrOsoamiﬁe to the trap species such as uvea and hydrozoic acid. Direct
transfer of NO+ to the much weaker nucleorhilic vara-carbon site of

N-methylaniline is therefore unlikely.

1.6 The lMechenism of the Rearrangement Reaction

In precceding sections we have discussed a series of mechanistic

53

schemes which are saild to rejresent the resctions of MN-nitrosamines in
acidlc solutions. It is now pertinent to consider one of these schemes
in some greater delail. On balance the iluntranolecular scheme of Willians

would seem Lo be the appropriate choice although the discussion has cast

: raactlons in alcohelic

some doubts upon its avplicahility in describin

on

solvents. The wvresent work demonstratez that the scheme may be extsndad

to cccount Tor the behaviour of a wicde vonpe of H-nitroso conpounds in

acidlc solution and it is felt that the scheme's vetentlal as heving
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general avpplicability- justifies its selection at the expense of the

alternatives. The scheme is depicted below for convenience.

R, NO "I'O R H

R H R H
\ / ,\/

: —S—-——> @-* SH
© ,

H NO NO —

NOY + X *"Ef"“€> Products
3

X is a nitrite trap - S is the solvent Y 1s a nucleothile

The denltrosation reaction is reiarded by the omission of the nitrite
trap, X. If the denitrosation pathway is further supiressed by the
addition of an swcess of the denitrosaticn iwoduct () almost quantitative
vields may be obtained from the rearrangement reaction. In such
civeunstances the limiting condition, k~1[c]:>>ﬂ<3[x] obtainz and the
reduced forn of the intramclecular rate exiwession may bz rejneSen ted as

folloug.
Kk, Kh
k.- a0
N k’l o I': B
Jy \..‘1)
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. ko is now independent.of the concentration of C and of the nature and
concentration of X and Y. Thus for the reaction of N-methyl-N-nitrosoaniline
in 5.90 M agqueous HCl solutions consecutive increases in the concentration
of added N-methylaniline result19 in & reduction of the value of k_

4 -1 . ' .
s . A simultaneocus increase

towards a limiting value of kO = 2.8 x 10
in the observed yield of the rearrangement product is reported with the
percentage yield of 28% obtained in the absence of added N-methylaniline
being increased to an 80% yield by the addition of a 5.71 x 102 1
‘rconcentration of the same reagent. VThé remaining 20% may well be accouﬁtédv
for in terms of the generation of a yellow side lwoduct of uncertain
composition which is esveclally prominent at the higher aciditieé.
Similarly high yields of the rearrangement product are obtained using

agucous solutions of sulphuric acid under the same conditions.
18
e.t al' '37

Williams have studied the acidity dependence of the
. -‘ X
rearrangement reaction. In the range [HCl- =2 M to [HClj =8 H
a plot of log k vs -H  gives a linear correlation with a slope -

of 1.2. This result indicates the absence of catalysis by nucleovhilic
specles such as chloride ion and implies that the reaction proceeds via
the mono~protonated form of the nitrosamine as has been irouosed. The
rate profile against -H, is observed to reach a maximum at [Hfﬂ] =10 M
corresponding to full protonation of the N-nitrogo substrate. At higher
acidities log k_ decreases linéarly with increasing ~H,, the observed
trend being interireted in terms of a rise in proton activity which leads
to a retardalion of the proton loss from the intermediate ¢ ~complex, (U),
in the final stage of the rearrangement reasction.

I genersl the introduction of electron-withdrawing substituents
intc the meta-position of the benzene ring in N-nelhyl-N-nitrosocaniline
resinlts in a8 reduced rate of resrrangement, (onversely meta-uositloned

electron~donating groups are observad io activale the subsirate {owards
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rearrangement. In the extreme case noted in an earlier section (Section
1.3) reaction of‘the meta,"NO2 substituted compound ylelds the denitrosation
product exclusively even in the absence of a nitrite trap. Conversely

the meta-OMe substituted compound yields the rearrangement product
exclusively even in the absence of added concentrations of the denitrosation
product.

The rearrangement reaction is thus viewed in overall terms as an
intramolecular, electrophilic nitrosation at a carbon site.

. . . . 18

Isotopic substitutlion experiments = have shown the rate of _
rearrangement of 2,4,6-trideutero~N-methyl-N-nitrosocaniline to bLe slower
than that recorded for the non-deuterated compound by a factor cf 1.7.

It would thus avpear that the final proton loss to the solvent is, at
least in vart, rate-determining. An increase in the added concentraticn
of the denitrosation vroduct leads to a corresponding increase in the
kH/kD ratio; the final value of 2.4 being characteristic of the magnitude
of the primary isotope effect normally vreported for the nitrosation of an

. 38 . .
arvomatic substrate” . Challis et al. have attributed the observed result
to be due, in the general case, 1o a rapid regeneration of reactants. 1In
the Jresent case k_5 is by implication significantly larger than kq.

The effects of increasing degrees of N-alkyl substitution in a series
of N-nitrosoanilines have been explained by Biggs and Williansa? in terms
of the effect upon the basiclity of the substrate.

Although the kinetic data has led bto our adoption of the intramolecular
model for the rearranzement reaction and has in addition yielded a small
camount of informstion concerning the operation of the final jproton loss
from the Wheland intermediatie (D) as the rate determining step Little in
the way of furithexr information may be gleaned from this source. Consideration

of the distances involved would seem to indicate that the transfer of +he

nitroco group betwesn the amino niltroger and the jersa-, ring carton site

k)
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to yield the o -complex, (D), must occur via the agency of an
additional intermediate not considered in the above scheme. This

"additional intermediate" is generally accepted as taking the form of a

19

X -complex™” such as that depicted below.

Although the 7¢ -complex species have never been positively identified
in the vresent context a certain amount of evidence is available to supporti
their proposed existence. 'The deel] red colourations observed when aromatic

compounds such as benzene or toluene come into contact with acidic

€
solutions of sodium nitrite have been explained by Dimitrov and FrateevJD

in terms of an initial 70 -coaplex formation and a subsequent

-
L

N —t>¢ transition. ‘Their jwoposals are supported by the recorded visible

spectra and by Observations concerning the destruction of the rovosad
‘ e, ) .
T ~complex by donor solvents. Similarly aAllan et al. have iroposed

the involvement of 7 =-bonded complexes in the jroduction of red-brown

+ -
colourations during the reaction of NO H3(, with aromatlcs such as benszene
p
i
and thenol. Evidence here is based upon an examination cf the collected

U.V., vigible an”d H.M.R. spectral data. PFurther evidence for the

. . + s A .
existence of 1v ~honded NO  comilexes may be obtaincd from observstions
+ - it

! ) .
of the extensive gas phase chemistry of HO. Thus NU iz seen to react

. e b L A L .
r of novel zizcles via a

(6]

with alkanes in the gos shase to produce a numbd

hydride transfer reaction. As the francition state chendaotey of a apzoles
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in aqueous solution often parallels its behaviour in the gas rvhase the
observed results may well be indicative of the importance of including
the Lewls acidity of NO+ in any consideration of its transition state
chemistry. On this basis the postulation of a 7Y =bonded NO+ compPlex as
a transition state species in the Fischer-HedD rearrangement would not
seem unreasonable. )

It should however be remembered that under the mildly acidic conditions
generally employed in the Pischer-Hepp rearrangement solvent ac tivity is
fairly high and destruction of the Qroposei71'-complex by donor solvents
such as methanol and water might well be exjpected. Involvement of a
KA “bondéd transition state species is {hus seen to demand that‘the
activation energy of its formation be of such a .low value as to allow the
complete transference of the NO+ group acrogs the 7v -cloud to the
Para~-carbon ring site before collision with & solvent molecule can 6ccur.
Although tentative the provosal is at least compatible with experimental
observations since the rate determining step for the rearrangement of.
N-nitrosoenilines in agueous solution is found to be the final proton
less to the solvent.

One aspect of the rearrangement which has been the cause of some
concern is its ability to yield the p-nitroso isomer exclusively. Allanuz
has dttempﬁei to explain this facet of the reaction in terms of a direct
transfer of HO+ from the amino nitrogen to the p-carbon site in an

imrediate environment provided by the bent~ring intermediate described below.

R\

~

N~NO

+
AN H
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The close proximity of the nitroso group and the para—carbon site
might thus be exﬁected to favour the formation of the para-nitroso isomer.
This postulate is compatible with the observed ring deuterium isotope
effect if proton loss is assumed to occur simultaneously with the
transfer of the NO+ group. The scheme attracts criticism on a number of
points. 'The primary criticism must centre around the existence of a
possible alternative configuration for the proposed intermediate such as

that depicted below.

ON

/

This alternative configuration minimises the steric interactions
and may therefore be expected to be of lower energy than thal proposed
by Allan. The molecule thus spends a greater proportion of its time in
the cheir form where stereochemically speaking transference of NO to the
p~carbon site is the last thing we would expect. One could also argue that
the transfer of a nitrosonium ion carrying a partial positive charge t2 a
d =3 &)
vositively charged carbon site is at best an unlikely event. Ii must also
be said that the avallability of evidence to suuvport the postulzted ring
Y 1 &
protonation is extremely limited. A study of the acld catalysed

delritiation of a number of aromatic substrates hss lead to the calculation

; : . . A R
of a pKp * value of -15.3 for the ring jrotonation of enisole . On the

assumption that the EK“IF value for the reaction of the M-nitroscanilineg
Bl

is of a similar magnitude, the extent of wrotonation is calculably

L4y ) . . s
negligible. Indeed Olah '~ has rewvorted only N-protonation of aniiine a

.
- N
B
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its derivatives in super acid media. Finally we note that the solvent

isotope effect kD O/k of around 3, which is observed for the reaction
2

H,0
of N—methyl-N-nitrogoaiiline, indicates the presence of a rapid initial
protonation. The rates of proton transfers to unsaturated carbon sites,

-such as that required by the present postulate, are generally low. The
scheme proposed by Allan would not seem to be particularly appropriate.

Although the Fischer~Hepp reaction is a particularly well c’tOcumentedl2
examvle of a rearrangement which gives, exclusively, the para-isomer it is
by no means alone in thls respect. Thus the Reilly-Hickinbottom
rearrangement45 of N-n-propylaniline yields largely the para-n-mropyl
isomer. Challis et al.38 have additiOnally noted that, in general,
nitrosation of mono-substituted electron-rich aromatics by HZNOZ+ or NOCl

yield zrimarily the »nitroso isomer. e.g.

NR, NR
Q NaNO, /H”
>

NO

OR | OR
v
NaN H

a 02/ _ OJ

NO

It mey be, therefore, that exvlanation of the orientation effects

overational in tha Pischer-Hepn rearroncciont can be gained from a




35

_consideration of the orientation effects which overate generally in
electrophilic substitution reactions. Reccurse to a novel explanation

peculiar to the Fischer-Hepp may be unnecessary. Working from this basis
Thompson46 has reviewed a number of aromatic substitution reactions and

reports that in general reaction of aﬁ aromatic 7v -gsystem wifh any "soft"
electro phile such as Br+ or NO+ tends to yileld the para-isomer exclusively.

The result is rationalisedvin terms of modern generalised Perturbation :
_theoriesu7.

An alternative approach to the question of the reaction's specificity
48

is wia a consideration of TV -gystem charge densities. Dewar = has

calculated the 77 —cloud charge densities for azulene as follows.

1:090 1030 0-870

3 1-072

0982 _ 7

0-895

The electrophilic nitrosation of azulene might thus be exipected
to yield the 3-nitroso product. This result is indeed obtalned. 1t is
pessible that calculations of a similar nature might indicate a high
T -cloud charge density at the para-position of H-methy!l-N-niltrosocaniline
as comjared with that at the ortho-position. [t is thus jrobable that the
orientation effects which operate in the Filgcher-Hebp rearrangement are
evplained without ]_*ecf‘mrse t0 novel mechanismns of Limitad arvplicadbility.

FMention has already been made of ithe yelliow side-iroduct obiained by
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Williams from the reaction of N-methyl-N-nitrosoaniline in aqueous acid
solutions. .Whiist this yellow product has not been the object of

pOsitive identification analogy with observations concerning the

reaction of N-nitrosodiphenylamine in agueous acid solution suggests the
formation of a radical cation species. Given the absence of both added
nucleophiles and nitrite trap species, the reaction of N-nitrosodiphenyl-
amine in 3 M aqueous sulphuric acid is observed by Thompson49 to leagd to
the rapid formation of a deep blue colouration with an associated visible
absorption maximum at 500nm. Addition of recognised radical scavengers
such as ascorbic acid or diphenyliicrylhydrazyl to the solution results in
ralid decolourisation. The blue coloured product would theretore appear to
exist in solution in the form of a free radical species. As the blue
colouration is élso discharged by the addition of an excess of sodium
carbonate the free radical species 1robably takes the form of a radical
cation. This proposal is supported by the observation that the blue
species may not be extracted from agueous solution into non~hydroxylic
solvents such as cyclohexane or diethyl ether. 4An e.s.r. study of the
species in agueous solution, which was undertaken by the present author
with the co-operation of the Chemistry Department of the University of
York, has conlirmed the Jresence of & radical species although the spectral
resolution was such as (o lreclude a positive identification of the sibecles
involved.

The blilue coloured sivecles is noted Lo share a number of common

. ) 50
th cal cation observeuJ

features with the Wilrstoxr rad

(=

as a product of the
rezction of divhenyvlenine with sodium nitrite in concentrated sulphuric
acid. In wvarticular, both zDecles possess U. V. absorption maxiisa which
lie in the range Li50 ——-t= 510nm.

Furthermore Thomoson has been abie Lo lsolate the 1roduct obtained

from reduction of the bilue species by sodium azide. T.L.C. investigation
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suggests that the blue colouration is due to a single species and on
the basis of the recorded I.R. sbDectra the following structure has been

assigned to the reduced form.
OO OO
H H |

On the basis of the above information it therefore seems likely
that the blue colouratiocn evident in solution is due to the presence of

a Wirster radical cation as devicted below.
H
|+ +e
(@) (@)
H H

The following reaction scheme is proposed.

+ &
Ph,NNO +H == Ph,NHNO == Ph,NH * :NO
+ v + <
2PhyNH == Ph,NHNHPh,

Z

H H
+ ‘*‘ |+
,@@ = OOl
H H H
'Hr “ PhZNH

H
+ Ig VN — 4o
Phllﬂ >:<::>{ldPh PW*’\QM) NPh
hooT 2

( Warster Radical Cation)
+

Polymer Ph, NHf
2




38

The scheme has experimental suppoert. Formation of the diphenylamine

+e 1 . . . s
radical cation, ‘h, NH, has been observed5 during the irradiation of

2

solutions of diphenylamine in toluene and the existence of hydrazium

radical cations in acidic solutiong of tetra-aryl hydrazines has been

52,53

The latter rart of the reaction scheme

54

is recognised as a benzidine rearrangement” .

confirmed by e.s.r. studles

Although little definite information regarding the 1moduction of
the yellow species from N-methyl-N-nitrosocaniline is available its
" nature is tentatively vroposed as being similar to that of the blue
specles derived from N-nitrosodiphenylamine. Certainly there are common
features; the yellow species is ohserved to be inereasingly lrominent at
higher acidities and is destroayed by the addition of sodium azide.

Whilst it is clear that this aspsct of the Fischer-lepp reaction
nerits further study the following reaction scheme is [aoposed for the
reaction of HN-methyl-N-nitrosoaniline given the present availability

of information.

Flt /H
PhNMeNO == PAN-NQ == PhN\T +  *NO
I
Me Me
_H
- — +
2Ph Nz == © PhMeNHNHPHhMe

Me “’

+ + NN s N
NHoMe == Me NH=( 7 /-NHMe
==/ | N\

f

+ T m—— [
MeNHs W\ /N1
2 Q_{/ (g//rqu.h\ ¢ PhyNHp
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1.7 The Mechanism of .the Denitrosation Reaction

It is stated in Section 1.1 of the present work that N-nitrosamines
react under acidic conditions in the presence of large concentrations of
an added ﬁitrite tra) such as urea to yield mainly the corresponding
amine7. Despite its long-acknowledged existence the denitrosation
reaction has, until recently, attracted attention only in the wider
context of its role in the Fischer-Hepp rearrangement and it's detailed
mechanism has remalned a mystery.

55156, 57

In 1964 Russian workers noted that the denitrosation of
aromgtic N-nitrosamines proceeded at a much higher rate in solutions
containing HCl than in solutions containing HZSOL1L at a comparable acid
strength and attempted to explain thelr observations in terms of the
overation of two Parallel réaction mechanisms. ‘Thus nucleothilic attack
by the anion HSOQ_ or €1 on a hydrogen bonded complex of the nitroscamine
and the acld HA wasPurportedly accompanied by a concurrent unimolecular
fiszion of the complex to yield the secondary amine and free NO+- It was
further claimed that observation of the reactions of para-substituted
aromatic N-nitrosarines lent support to the proposed schene.

58

A later paver by the same authors dlscuscsed the denitrosation in

1y

H S‘O4 on the basis o

5 reaction via mono- and di-protonated forms of the

nitrosanine.

Tt would now seem that these early attemits 1o jwovide a mechanistic
model for the denitrosation reaction are at best a 1ilttle wirealistic.
earite clalnms rezarding the support given by observaticn of the reaction
of a series of avomatic N-nitrosamines 1t would appear that no conpelling
evidence exists in favour of the scheme. The untenability of any

,'L
arguement for the existence of free NO in acidic solutions such as those

enploved abiove hos been volced in Section 1.5 of {he wesent wovk,




On the basis of present information the reaction of the aromatic
N-nitrosamines is best described in terms of Willlams' intramolecular

rearrangement scheme.

0 H R H
/ | + N\ /

Y, k
| @wf e— @1 + NOY
K K./

N
\
N
®

NOY + X — Products

k

when the reaction ls carvied out in the presence of an excess
comeentration of an added nitelte traw }/‘JLI C ] becunes small compared
wlth kj[}i] and the Tull Inteanslecular zole exjression nay he simulified

to yiaeld the reduced form shown below,
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In physical terms the swift irreversible removal of the free
nitrosating agent by reaction with the nitrite trap precludes the
Possibility of reverse N-nitrosation of the secondary aromatic amine.
Using N-methyl-N-nitrosoaniline under such conditions in aqueous HCl

29

golution Williams®” has found the rate of denitrosation to be far greater
than that of rearrangement except at very low chloride concentrations
when small yields of the rearrangement product are obtained. At

moderate chloride_conceﬁtrations the system thus provides us with an
opportunity to study the mechanism 6f the now irreversible denitrocsation
reaction without the further complication of a competing rearrangement.

Similar results are obtained using aqueous solutions of other mineral

N

fede

volds

o

n the presence of added concentrations of nucleophiles such as
chlorids, bromide, iocdide and thiocyanate.

A wide variety of nitrite traps have been employed to produce the
limiting conditions of kB[X]>ﬁ> k_l[Y] and in all cases the rate of
reaction is seen 1o become independent of both the nature and concentratiocn
of the nitrite trap once the limit is reached. In the presence of an
excess concentration of the nucleophile, Y, the denitrosation reaction
becomes first-order. Investigation of the observed first-order rate

constant, ko’ as a Tunction of the concentration of added H-~methylaniline

59

ins enabled Williams

n

to measure the relative reactivities of the various

]

nitrite traps towards the free nitrosating agent, NOY, and thus obtain

Hydrazoic acld~hydrazine >sulhanic aold >hydroxyianine >ures

jar
s
o
02
j6]

ot least for the reaction of N-methyl-N-nitrozsaniiline in agqueons
aolution, the classical nitrite tran, vrea, is shown 1o be relativaly

4

inefficlent. TMirect veaction hetiween the nitrite trois, ¥, and the
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protonated form of the nitrosamine is not’thought to occur.

As might be'exgected from the form of the rate exiression H+
catalysis is observed. Analysis of the detailed form of acid catalysis
in aqueous HCLl solutions has shownéo that catalysis is not exclusively
by H+ or its hydrated analogue since a plot of log k, vs Hy is linear
with a slope of =1.62. Whilst plots of k, vs h and [Cl-] respectively
both result in curves a plot of ko Vs ho[Cl-] has proved linear over the
acidity range studied.

Experiments have been carried out using deuterated solvents and a
solvent isotope effect kD?O:kHéo off\’z has been observedéo for the
reaction of N“methyl—N-niirosoaniline in aqueous solution at moderate
acidities. This result rules out the possibility of a rate determining
proton transfer under these conditions.

It would seem that the experimental observations are best rationalised
on the basis of a reaction mechanism involving fast protonation of the

nitrosamine followed by a rate-determining nucleophilic attack on the

vrotonated form of the nitrosamine by the nucleorhile Y .

Thus
- o+ N
Ml (Me )NO  + H = ShNH (Me )NO
K
- - ) ) N
MNH(Me N0 + Y —t  hle ¢ HOY
k1
NOY + X B Producets
fast
Taentification of the site of nitrosamine irotonation has been the

01

subject of some stedy” ™ in recent years and the indications are that o

N

number of differcent sieclies exist in relative concentrations wvhich are
devendent  the wcidity of the reaction mediuwm. Yhilst the assunption
that the reaction goes via the amino-.pcotonated species ils almost certainly

an over-giaplilication an cxtension of the sohonc to Inclode other
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protonated species is not exbected to bring any changes to the rate
exression for the reaction at moderate acildities.
Since ko is given by,

Kk K

0 ko, + [ i,

and hO is known a plot of ko Vs [Y— ]might be expected to yield a value
for le. Values of K are not obtainable by direct methods for the
N-nitrosamines because of thelr reactions in acidic solution and ki X

must therefore suffice as a measure of nucleorhile reactivity. Biggé and
Williamséo have observed the reaction of a number of nucleorhiles and
report that linear vlots of ko Vs [Y_] vere obtained for each and every
nucleoshile in the moderate concentration ranges employed. Values of le
for the reaction of a series of nucleorhiles with N-methyl-N-nitrosoaniline

in aqueous soluticn are given below.

Nucleophlle le
" 0.4z x 1077
Br 22 % 107
NS~ 0.22
1 0.63

Values of k,K were found to be indevendent of both the nature and
concentration of ¥ jroviding the nitrite traps were present in
concentrations sufficient to enforce the limiting conditions. The values
of kil were also found to be independent of the acidity. ‘ithe expected
trend of nucles;hile reactivily was observed. ‘Thus,

T > g > Br > ¢l
with relative rate constants for the denitrosation of H-methyl-N-nitroso-

antline of




15,000:5,300: %4:1

The denitrosation reaction is therefore seen to be very sensitive to
the nature of the rnucleophile employed. This observation is in direct
contrast to the results obtained for the reaction of these nucleophiles
with the nitrous acidium ion, H2+N02{ where the relative rates for the
different nucleophiles are seen to change only by a factor of 1,5 over
the complete range62. The anomaly is removed when it is recollected that

,,-
the rates for the reaction with I NO2 1ie close to the diffusion

2
controlled limit. Under such conditions no great discrimination between
various nucleophiles is to be expected.

Application of the Swain-Scott equation 3 to the nitrosamine data
yvields a good straight line correlation from a plot of log k K against n,
the nucleophilic congtants of the respective nucleovhiles. The value
of 2.1 obtained for s, the susceptibility constant, from the slope of the
plot demonstrates formally the sensitivity of the denitrosation reaction
towards nuclecihile reactivity.

The denlirosation reaction is also observed — in aqueous HZSO@ in
the absence of added nucleophiles, albeit at a rate far below that reccerded
for the reaction in aqueous H{l solutions of comparable acidity. The
reduced rate of denitrosation now allows more effective competition by the
rearrangement reaction and the yleld of the rearrangement product is
: A e . . . . ... 60
corresvondingly increased. For the reaction of H-methyl-f-nitrosoaniline
in a 2.5 M aqueous solution of HZSOM the lLercentage yielg ol the
rearrangement troduct 1is 20%. Since the rearrangementi reaction now
retresents a substantial fraction of the total resction observed values
of k, required correction to give k. the rate constant for the denitrozation

C g Q

reaction, with the degree of corrvection Lo be appllied being jwoportionzl

to the observed yileld of the rearrang:




b5

Biggs and Williamséo have investigated the denitrosation of N-methyl-

N-nitrosoaniline in the absence of added nucleophiles using aqueous H2
los i

solutions as solvents. A Dlot of kd vs H is found to be linear with a
A

50,,

slope of -1.58 demonstrating the rate of increase of k., with increasing

d
acidity to be greater than that expected on the basis of a simple first-
Order.ho dependence. On the assumption that the hydrogen sulphate anion,

HSOu , acts as a nucleophile a plot of k., vs hO +hO[HSOL;] might be

a
expected to be linear. In jractice no such correlation is found.
Furthermore addition of large concentrations of sodium sulphate has been
observed to Produce only small increases in kd' the magnitudes of the
increases being such as to ﬁermit their rationalisation in terms of salt
effects. The most appropriate correlaticn of kd VS F(ho) would apvear to

take the form given below.

2
kd = constant x h constant' x ho
A plot of kd/ho vs hg thus yields a straight line. Even here the

situation is not totally stralght forward since the plot is composed of
two straight lines of different slopes which intercept at a point
corresponding to h = 200. It may be that on reaching a sullhuric acid
concentration of approximately &M, (ho = 200), a change in the nature
. .
and extent of solvation of H3O takes place. Such a change wouid result
3 . - - - ,+ .
in an alteration of the rate constant for atteck by MBO which weuld be
reflected by a corresponding change in constant'.
As the extent of catalysis by HSO“ has been showm 1o be insignificant
we must contemplate the pozsibility of nucleothilic attack by siecles
ot . L :
such as H?O and 1,0, The reaction scheme 1s glven below
9 2
. .
Tl (e )NO + H 0 =——--—t> hlHHe + HNO,
~

Lk F R Lt
T M )0 o H,D et L Me T HLHO
e

[ [ &




Here two concurrent reactions are proposed involving attack of

+
H?O and H.0 reshectl

3

vely upon the protonated form of the nitrosamine.

The latter reaction might reasonably be expected to become increasingly

important at higher acldities.

two positively charge
remembered that an an
and the proton

..}
HZNOZ

as Torming part of th

secondary aromatic am
The realisation
dedendence differing

been instrumental in

Yhilst the proposed reaction between
d siecies may appear a little unusual it should be
alogous reaction between the nitrous acidium ion

; . 15
ated form of an aromatic amine has been demonstrated
¢ mechanistic scheme describing the nitrosation of
ines at high acidities.
that the denitrosation reaction has an acidity

from that obeyed by the rearrangement reactlon has

explainirg the observed variation of the rearrangement:

denitrogation product ratio with changing acld concentration.

It is stated earlier

denitrosation of N-me
concentrations of an
concentration of the
sufficient 1o ensure
k_3[>:]>>k_l[c]. It

“the

T3

wero—-order dele
the reaction involvin
added concentrations
shows that the

5EYC-0

concentrations below

+

that the observed rate constant for the
thyl-l-nitroscaniline in the presence of excess added
itrite trarw, ¥, ls independent of both the nature and

nitrite traip providing that the concentration

attainnent of the limiting conditlon

is perhawvs -ertinent to point out that deviation fron
I S e GOl

ence on A] iz observed at high a<idities . Fox

¢ agueous HOL solutions in the |rosence of excess

of various nitrite trans a plet of log ko 0% —HO

raey

A

s

begins ¢ lose the sero or

curve obtained being Aependent on both the nature and concentration of X
As the nitrite trap smipecles are considered Lo be reiatlively weals
nucleophiles when in aqueous o0 The dolation fon Lineariiy is not
easily exslained in terms of a direct vozebior Lot the tras soeecles
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and the protonated form of the nitrOSémine. As the acidity is increased
the departure from ze£o~order behaviéur in X occurs first for urea, then
hydroxylamine followed by sulrvhamic acid, hydrazine and hydrazoic acid in
that order. It is interesting to note that this series parallels the
series constructed earlier for the increasing order of reactivity of the
trap species towards the free nitrosating agent, NOY. The change of
behaviour observed at high acidities is therefore suggested to ge associated
with the relative efficiencies of the different tran species. For the

" less efficient nitrite trals such as urea, hydroxylamine and sulrthamic
acid the observations are eésily explained in terms of the extensive
protonation of the trap species which is to be expected at high acidities.
As the protonated forms of the trab species might reasonably be expectea
to be less reactive towards NOY than their unprotonated counter-parts,
railsing the acldity of the reaction medium will result in a lowering of
the bulk reactivity of the addéd nitrite trap. At some stage the degree
of rrotonation becomes such as to wreclude the operation of the Iimiting

condition, k [X]:=:>k_l[c] and the simble relationship between kO and

3

~H, no longer obtains. The reaction must now be treated in terms of the

full Intramolecular rate expression given below.

. 7. D 105 O
0 Ry, Tk g k_l[c] + 1(3[,{]

For the more reactive nitrite trais such as hydrazine and nydrazoic

acid the reactive siecles in acld solutions are consideved to be the
. : + , . L

irctonated siecles, NHBNH? and HN3 respectively and further jwotonation
is not thought to occur. In contrast to the curves oblained for the less
efficient nitrite travs a plot of k  vs -l _ at bigh [X] For hydrazine
and hydrazoic acld does net exhibit a maximum in the acidity range
studled. The deviation fron linearlty must be ex;ldalined on a different

basis to that enployed for the less reactive nitrite traws and is




attributed to the extensive protonation of the nitrosocamine at high

acifities. Under such conditions the simple form of the rate expression,

The latter exvression may be simplified if protonation of the
nitrozamine is assumed to be comDlete so that we obtain the expression
given below.

' k, = k[Y]

At very high acic concentrations ko is therefore expected to befome
independent of the acidity of the reaction medium. It is interesting to
note that measurements at very high aridities would therefore yield
a value for the incivicdual rate constant, ky, and thus permit a calculation
of the value of K, the equilibrium constant for the initial protonation,
which may not be obtained by direct methols. For examble consider thé

Aata of Williams.

[aci] = 7.5 v 0.1s
= =2,
HO‘ 2.6
Thus if
Ky k[Y]
then . -1 -] -
kl = 1.3 x 10" L mol 7 s 7 for ¢l
ut -l
koK = 042 x 107
Thus -
I\' - 3’() X JO 3
¥ =2, 5
a -

this value comparves fnvourably with e velve omn wmte’ hy Willlams
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via an alternative approach.

The effects of N, meta- and para~substituents upon the rate of
denitrosation of aromatic N-nltrosamines have been examined in a

- . LBl L
guantitative manner by Biggs and Williams™ . For the reaction of a
‘series of N-alkyl substituted N-nitrosoanilines in aqueous HCl solutions

a rate sequence as depicted below was Observed.

s Bt > A But > lNe
The relative rate constant ratios kO(But):ko(Me) of 2.45, 2.39, 1.45 and

0.94 obtalined in sulphuric acid solution with the nucleorhiles Cl-, H

2%
Br and I respectively lend supvort to the argument that the anomolous
. s " t . ' . .
reartivity of the Bu  compoun” is, at least to some extent, due to a
steric hind rance of the incoming nucleoihile. Whilst the general trend,
. . t . . .
excluding the Bu’ compound, is perhabs reflective of the effect of
electron-donating substituents upon the equilibrium constant for the initiail
protonation there exists also the possibility of an effect upon kl. ‘The

progression along the reaction coordinate is from the positively

trosozinine towards, at least in the

fto

charget protonated form of the H-n
case of nucleophilic attack by negatively charged siecles such azs the
hglide ions, a less positively charged transition-staile. An increasing
degree of N-alkyl substitution might therefore lLe exiecited 10 ralse the
artivation energy for the nucleoihilic attack resuliinz in a lowering

of 1}

-~

1 It is likely that both elfects operate.

For substitution at the para-position of the benzmene ring the

complications o aterlec hinderance effects Ao not, of course, exist. ‘he
relativeiy omell megnitude of the observesd erfect of substitution wiecn k.

) d
has been exilained in terms of the fine Halance which exists, in the case

of the ring substiinted compounds, between the separate 0.pising effects

uvon ¥oand k,.  ¥or the helide catalysed reaction the rate sequence for

-
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the denitrosation of the p-substituteé N-methyl-N-nitrosocanilines is
as follows. |
Cl > H > Me > OMe

The major effect in the case of the halide catalysed reaction is
thus shown to be that upon k.

For the uncatalysed reaction in aqueous stoq solutions a reversed
sequence is obtained which is in line with the proposal of nucleophilic
attack by the positively charged hydrokonium ion, H30+.

Further work involving the use of ring-methyl substituted
N-methyl-N-nitrogocanilines has been carried out by the same authors with
analogous results. Rate constants obtained in aqueous HCl solutions for
the denitrosation of the 2-methyl, 3-methyl, 2,6 dimethyl and 3,5 dimethyl
compounds show that in general ring-methyl substitution at the ortho and
neta positions activates the system towards the denitrosation reaction.

The results are again explained in terms of the separate effects upon

X and k, and it would appear that for meta and ortho-methyl substituﬁion
the effect on K is the more dominant. The anomalous low reactivity of

the 2,6 dimethyl substituted compound appears to be due to & steric
hindrance of the solvation of the protonated form. A relu}ance to form

the high energy protonated form 1s reflected in the low reactivity of the
substrate. This effect might alsé bz exvected to yleld a low reactivity
for the rearrangement reaction and indeed this action is observed. Clearly
in the case of the denitrosation reaction there exists alsc the possibilily
of steric hindrance of the incoming nucleophile. In aqueous H,30, the
increased wagnitude of the general activation effect reflects the fact

that nucleophilic attack is now, st least in part, due to the positive
hydroxonium ion.

In the forgoing discussions nucleomhilic catalysis of the denitiosation

of N-nitrosanines ls described as Lelng provided via the sgeacy of the
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simple nucleorhilic species, I—, SCN_, Br-, ¢l and H20 respectively.
whilst this does in fact relresent the classical case, the list is by
no means exhaustive and other possibilities do exist.

Early work by Storch66 concerning the reactions of thiourea lead to
the observation of a reaction between thiourea and nitrous acid which
in the presence of moderately strong aqueocus solutions of mineral acids
yields a transient red colouration. This red colouration is observed to
fade with time and a final product may be obtained from solution in the
form of colourless crystals. The reaction was subsequently recognised
as representing a nucleophilic attack by thiourea upon nitrous acid to

in
yield the C,C'—dithiodiformamiQéum ion depicted below.

+ o+
(NHZ)Z ¢c=S-8=¢ (NH2)2

On the basis of these observations we might expect reaction between

thiourea and the N-nitrosamines.

111057168

willi has studied the action of thiourea upon the

denitrosation reaction of N-methyl-N-nitrosoaniline in aqueous acid
solutions and gives the following report.
In the absence of an added nitrite trap the nitrosamine is seen to

react with thiourea to give a transient yellow colouration. The saime

69

yellow colouration () ~ 400nm) is also reported by Stedman et al.

nax
for tha reaction of thicurea with nitrous acid. The apprarent contradiction
which exists between Stledman's resulis and those of Storch is exPlained

" in terms of the different reagent concentrations employed in the two

. iy . . , . ) 70
studies. 1t iz interssiing to note that whilst Nerner(

relorts a red
colouration for the wreaction of thlourea with sodium nitrite in aqueous

H,30, solutionz, the reaction in aqueous acetic acid sclutions where on

ps
the basis of the acid satalysis described later the equilibrium concentration

of the nitrosation product might be expected to be lower was reported %o
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yield a yellow colouration. The comment regarding the observed
colouration to be a function of the Product concentration would thus
appear to be valid. The yellow colouration produced by the reéction of
thiourea with the nitrosamine is observed to fade with time and good
.yields of the C,C';dithioformamidinium cation are obtained from the
equilibrium mixture. The observations are interpreted on the basis of

an initial S-nitrosation to give the yellow S-nitrosothiourea intermediate
which subsequently decomposes to yield the disulphide dication and nitric

oxide according to the following scheme.

+ +
IhNMeNO + H ==  NH(Me)NO

K
k NH
. +/ l *_ L4 2 .
FhNH (Me )NO + s:c(NHZ)2 —=  O0=N=S=C_ + hiNHMe
kK NH
-1 2
YELLOW
e o
(NHZ)ZCSSC(NHZ)Z +  2NO
COLOURLESS

In the absence of a nitrite trap the niirosamine 1s regenerated via
the reaction of N-methylaniline with the nitrous acid formed from the .
oxidation of dissolved nitric oxide. In deoxygenated solutions the
regeneration reaction is not observed. In the presence of an excess added
concentration of a nitrite trap, such as hydrazinc, the nitroso-thilourea
adduct is rapldly removed by irreversible reaction with the nitrite tral
with & consequent regeneration of the thiourea. Under these conditions
the ¢,C'-dithicdiformamidinium ion is not obtained as a product of the
reaction. As the rearrangement is not observad except at very low

thiourea concentrations the reaction scheme may Lo described s over.

FAThD
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——

o+ +
FhNMeNO + H == INH(Me)NO

+ ; +

hNH(Me )NO  + SC(NHZ)Z ———t> HiNHMe + ON-SC(NHZ)Z
+ : .

NO-SC(NI{2)2 + X ——— sc(mxz)2 + Products

The reaction is found to be first~order in acid concentration. At
moderate concentrations of thiourea the reaction is also found to be
first-order in thiourea concentration. Assuming a Hammett acidity

dependence for the initial protonation we may write,

k, = lehO[Y]

We may now calculate a value of kX for thiourea in a manner analogous
to that employed for the more usual nucleophiles such as the halide ions.
From the calculated le value df 0.55 thiourea 1s shown to be almost as
reactive as iodide lon as regards its nucleoprhilic attack upon the
protonated form of the nitroscamine.

Values of n, the nucleorhilic constant, given by learson et a1=7o
suggest that thiourea lies between thiocyanate ion and iodide ion in its
nucleophilic reactivity. Acknowledging that we are now dealing with a
nucleophilic substitution at a nifrogen site a plot of log k K vs n
ylelds a2 particularly good correlation and serves to confirm learson's
order of reactivities. The slope of this line is 1.40, significantly
larger than the slopes generally found for conventional SNZ substitutions
at a carbon cenire and shows that the reactivity of the nucleothile (i.e.
the bond-making process in going to the transition state) is particularly
important - in the iresent casc.

A similar correlation (with a smaller slope) is found125 for the

reactions of the more reactive N-nitroesodiphenylanine with theso nucleophiles.




Whilst the nitroso-thiourea adduct could, in principle, act as a
nitrosating agent its action in this role is inefficient compared with

+
that of speciles such as NOCl or HNO Addition of N-methylaniline to

o
the reaction system does result in'a decrease in ko’ indicative of the
reversabllity of the second step governed by ki. A plot of 1/k, vs [NMA]
at constant acidity, [thiourea] and [X] leads to values of k_l/k3 for each

of a number of trap species. The data for thiourea is given below

together with that for bromide and thiocyanate so that comparison may

be made.
Trap SPecies k_l/k3
-+
NOBr NOSC(NHZ)Z NOSCN
- -y -
Y, 3.2 x 10'2 5.0 x 1072 4.5 x 1072
_{,_ o - -
NH,NH, 4.8 x 2002 1.9 x 107" 1.8 x 1077
. Iy, i,
NH,S0H 1.8 4.3 4.0
+ 3
NH 01 30 85 88
(‘,O(NH?)? 1,170 2,670

Consideration of the ranked values of k-l/kj indicates the same
trends of trap reactivity to be operative in each of the three cases.
On the basis of a selectivity <& reactivity correlation it would seem
that whilst the two sulvhur containing nitresating agents NOSM and
NOSS(NHZ)g show similar abilities with respect to their nitrosation
of the trap sbecies, their reactivity in this aspect is substantially
less than that of NOBr. It would thus seem thal NOSQN and NO~§;C NHZ)E
sre not particularly reactive nitrosaling agents.

Examples of the nilrosatlion of sudjihur-contailning nucleorhiles are

by no meang limited to the resctions of thiourea. Recent work has

et 5o

. : o e L U - _
demonstrated the nitrosation of tthLS? and thicamides’™ by nitrous
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acid and both the alkfl-thioureas and cysteine are believed to undergo a
similar S-nitrosation-under the action of the same reagent. The reaction
of N-alkyl-N-nitrosourethane in the presence of cysteine has béen reported
asbyielding'a "bewilderiﬂg array of prOducts"7u.

Niscoveries concerning the actions of nitrosating agents upon
naturally occuring sulthur containing specles such as cysteine may well
have a significant impact upon our consideration of the biological action
of N-nitroso compounds. We shall pursue this point in some greater detail
in Section 6.

The present work looks at the reaction of a series of alkyl
thioureas with N-methyl-~N-nitrosocaniline in aqueous acid solution. The
reactions of N-methyl-N-nitrosoaniline with methionine, glutathione,
cysteine and S-methylcysteine respectively afe also considered.

The aspecﬁ of the denitrosation of N~-nitroso compounds pertaining to
catalysis by added metal ions is currently the cause of much debate.
Preussman et al. have reported75 that the degradation of N-ethyl-N~
nitrosourea in aguecus acldic solution may be catalysed by the addition of
any ore of a series of transition metal ions. ThomLson76 has pointed
out that the observed order of reactivity parallels exactly the Irving-
Williams series77 for the stability constants of complexes of the divalent
firet row Transition Metal ioms.

+ + + + +
(n12>> Ni2 > Coz v anm Fez

The catalytic effect has therefore been described in terms of the

rate determining decomposition of a comblex such as that depicted below.

o Et
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No such catalysié has been reporéed for the denitrosation reactions
of N-methyl—N‘nitrosourethane75, N-methyl-N-nitrc;oaniline78 or
N-methyl=N-nitrosotoluene-p~sulphonamide. It is assumed that these latter
compounds are unable to form the chelate complex.

In the present work the action of Fe2+ ubon the denitrosation of
N-metﬁyl-N-nitrosoaniline has been studied. From the results obtained
it would seem that the "catalytic" action of the low oxidation state

Transition Metal ions is, at least in part, due to their action as

7 nitrite traps.

1.8 Ihe'N~nitrosation Reaction

It is perhaps pertinent at this stage of the present introduction
to discuss a few, selected aspects of the N-nitrosation reaction which
rePresents a reversal of the denitrosation reaction discussed above.
Historically the approach has been to separate the N-nitrosation reaction
for discussion and in deference a separate treatment is maae heve. The
rresent work has provoked a common treatment of the nitrosation and
denitrosation reactions which goes further towards vroviding a desirabie
portrayal of their interdependence. Thls second treatment is given
in Section 2.

‘The nitrosation reaction has recently been reviewed in an excellent
drticle by Riddéz. It is hoped that the short summary which follows will
prrovide a background for the later discussion of the catalysis of nitrosatlon
and denitrosation reactions in general. |

Te character of the products obtained from the reaction of an amino-
compound with nitrous acid is to a large extent dependent on the class of
anino-compound employed. Thug primary alivhatic amines react to initiate

a reaction pathway which continues as follows.
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+4

BNH, —+ RNHNO ——¢ RNNOH - RN,

2
Unstable Diazonium Salt

+ + . .
RN2 —_—— R Deamination Products

As the diazonium salts of primary aromatic amines are relatively
stable reaction of a primary aromatic amine with nitrous acid yields
the corresponding diazonium salt. The reaction of secondary amines,
both alirvhatic and aromatic yields the N-nitrosamine. Historically
sPeaking reaction of the tertiary amines has been considered to occur
only in the case of compounds such as N,N'-dimethylaniline where
electrophilic attack by nitrosating agents upon the activated benzene
ring has been invoked in explaining the production of the observed para-
pitroso dérivative. It is how clear that tertiary alithatic amines react
to give the N-nitroso derivative of a corresponding secondary amine. To
sdme extent this reaction is paralleled by the tertiary aromatic amines
esptecially those which possess para-substituents. In all cases the
expelled group abpears in the reaction products in the form of an aldehyde
or ketonic derivative. _The amides are observed to follow a similar
rattern of reaction.

For the general case the observed reaction kinetics have been
recognised as being indicative of the existence of a slow, initial
N-nitrozation step which, at low acidities, is rate determining. Thus
the ohserved kinetic complexity is due to an incursion of the several
different mechanism of N—nitrosdtion, A number of these mechanisms possess
two potentially rate-determining sub-stages. A study of the kinetllcs of
the reaction of the amino-compounds with nitrous acid therefore ylelds
information concerning the mechanism of the initial, rate-determining,

-i.
N-nitrosation renction. AL low acidities, where [H ] > 0.5 M, three
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distinctly different mechanisms are porposed for the reaction in aqueous

solution.

The Nitrous aAnhydride Mechanism

In 1928 Taylor79 demonstrated that the kinetic form observed for the
deamination of methylamine in dilute aqueous solutions of nitrous acid

could be described by the rate exiression given below.

Rate = k [amine] [HNOZ]Z (1)

The same kinetic form was observed by Taylor for the deamination of

79

ammonia' ” and dimethylamineBO and subsequently by Schmid8l for the

diazotisation of aniline in 0.2 M aqueous sulpthuric acid. Hammett82
suggested that the observed third-order rate expression is the consequence

of a mechanism which involves nitrosation by nitrous anhydride. The

following scheme of reaction was proposed.

+. ,I_
H + HNO == .0 = NO
2 2
fast
.,- -
3 — + ———TT
H,0 NO No2 == N203 + H,0
fast
+ -
_I~
ATRH, + N203 —_— ATNH,NO NO,
slow
+ +
(ArNH_NO —_ ATN, )
2 2
fast

Supporting evidence for the proposed scheme is obtained from the

. s 8L
results of experiments at very low ac1d1t1e383’) .

As the acidity of
the reaction medium is reduced the rate of production of the propesed
nitrosating agent, NZOB' might be expected fo fall. At low acidities the
proportion of the amine which exists in the free form is irncreased so
that there should arise at sone slage a situation in which all NZO3 is
removed, as soon as it formed, by the amine. The rate oflﬁ_nitrosation is

now governed by the rate of formatlon of the niirosating agent. This rate
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is independent of amiﬁe concentration. Thus the Hammett scheﬁe implies
that the rate of N-nitrosation should become indebendent of the amine
concentration at very low acidities. With reactant concentrations of
153 M in 0.002 M perchloric acid Hughes et al. have found the rate of
N-nitrosation of a series of amines to be described by the expression shown

below. 2 .
Rate = k[HNOZ] (2)

Thus the rate of reaction is found to be independent of the
concentration of the amine. Over a-limited range of amine basicities the
rate of reaction is also independent of the nature of the amine. The
result has been taken as supporting the proposals of Hammett. Furthér
support for the scheme has been derived from an observation of the rate
of 180 exchange between nitrous acid and water in the absence of
the amine85'86.

The nitrous anhydride mechanism is now regarded as having a general
applicability in describing the reaction of aniline and other primary
aromatic amines of similar basicity in dilute aqueous solutions of
hydrcchlorie, perchloric and sulphuric acid resvectively. The dilution
criteria are obeyed by solutiong of perchloric and sulphuric acid of less
than 0.5 M concentration and by solutions of hydrochloric acid of less
than.O.l M concentration. The lower 1limit for the latter case is due to
the incursion of a halide catalysed mechanism at higher acidities. The
nitrous anhydride mechanism may also be used to describe the first sﬁage
of the deamination of alirhatic amines under similar conditions. TFor a
series of prsubstituted anilines the values of k defined by equation 1
are found to exhibit a close correlation with the relative basicities of

. X 52 . .
the respesctive substrates . Thls trend however does not continue upon

consideration of the alijhatic amines which are far less reactive than their

high basiclities would lead us to predict.
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As the equilibrium constant for the formation of nitrous anhydride

87,88 thé true rate constant for the reaction of the free amine

is known
with nitrous anhydride may be estimated. For aniline itself this value
of k' defined by,

Rate = k' [I*hNHZ][NZOB] (3)

-] .
1 s~ 1at 250C. The reaction of

is found to be of the order of 107 mo1”
nitrous anhydride with the free amines is therefore though£ not to
rePresent an example of a diffusion controlled process. This result is

in marked contrast to that obtained for the reaction of the nitrosyl

halide species with the free amine.

The Nitrosyl Halide Mechanism

Although the catalysis of diagotisation by hydrochloric acid had
previously been reported by a number of author589 the exact form of the
halide catalysis did not become apparent until its elucidation by Schmid

90‘91. The effect of halide catalysis is to add an extra tern

in 1937

to the rate expression given as equation 1 to yileld equation 4.

Rate = k[aminé][HNOZ]z + k"[amine][Hij[HNOZ][Ya] (4)

where Y rePresents the halide ion.
As the value of k" is found to be several orders of magnitude higher

than that of k' we may generally re-write equation /+ as equatien 5.
. . _
Rate = k”[aminé”iﬁ ][HNOZ][Y ] (5)

This approximation may not of course apply at very low hailide

X e ax 82 » L
concentrations or at very low acidities. Hammett ™ has pointed out that
the concentration terms in the equation are now squivalent to the
roduct of the concentrations of the nitresyl halide, HOY and the amine.

On this basis he iroposed the following mechanism for the hiulide

catalysed reaction
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+ +
HNO, + H = H,0 - NO
: fast )
Hzo+ - NO +Y === NOY +H,0
) fast .
+ -
NOY + ArNH2 —_—t> ArNHzNO +Y
) slow .
+ +
(ArNH2 NO —t AN, )
fast

Note that, in common with the nitrous anhydride mechanism the
nitrosyl halide mechanism possesses as its first stage an inorganic -
reaction step which does not involve the amine. Evidence in support of
the proposed mechanism may therefore be collected, in a manner similar to
that employed for the case of the nitrous anhydride reaction, by operating
the rcaction under conditions which make the production of the nitrosating
agent, NOY, the. rate determining step. Thus Hughes and Ridd92 have
demonstrated that reaction in the presence of a large added excess
of the amine is governed by a reduced form of the rate expression as
given below.

Rate = k[ |[HNO)[ Y~
(o] ¥ ]

The rate of the reaction 1s now independent of the amine concentration,
the observed form of the rate expression besing interpreted in terms of a
rate-determining attack hy the halide don upon the nitrous acidium ion,
oy
nzl" o
Use of rate coefficlent data from mguation 4 in conjunction with the
available data concerning the equilibriwm constants for the formation

- . - . . .95
of the nitresyl halides has enabled 5chmigd and co~worker593'9+’9b to

obtain true rate constants, k'Y, for the reaction of the molecular

nitrosyl halides, wOY, with the free amine. Velues of k''', defined by,

nate = kees [amine][ﬂox]
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are tabulated below for the reaction of a number of substituted anilines

with nitrosyl chloride at 25°C.

1 -1
s

Amine 10-9k"'/mol- 1
o-chl&roaniline 1.16
m=-chloroaniline : l.63l
p=chloroaniline . 1.89
aniline 2.60
o-toluidine ; 2.44

‘ m=-toluidine _ . 2.70
p-toluidine : 3.00

The striking feature here is that although basicity is increased
by a factdr of 250 on desceﬁding the table the recorded values of k''!
remain approximately constant. Furthermore the values of the rate
constaﬁts lie close to the vélue of 1010 1 mo1”t sul expected for a
diffusiOn.controlled rezction under these same condition587- It wouid
thus appear that the reaction of the free amine with NOClL is a
bimolecular encounter controlled process. Support for this proposal
has been derived from calculations of tﬂe activation energies using the
observed dependence of k"' upon temperature. The values of 19.06 kJ molm1
and 20.59 kJ mol-1 obtained for the recction of aniline and p-chloroaniline
respectively are noted tc possess a great similarity with the apparent
activation energy of « 17 KkJ mo]—l at 2500 calculated for the general
diffusion contreclled prooess.on the basis of the variation of solvent
viscosity with temperature.
To proceed further we must turn to the recent study by Crampton et al.l19

which represents an application of stopped-flow techniques to the

nitrosation of a serles of substituted aniiines by nitrosyl halides. ‘he
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approach differs from earlier works in that it recognises the
reversibility of the N-nitrosation as being an important factor
varticularly at high halide ion concentrations and alsQ for aniline
derivatives containing electron-withdrawing groups. Whilst this
realisation does add to the complexity of interpreting substitueﬁt
effects the idea of a diffusion controlled process is retained for

aniline derivatives with pKa:> L.

Acid Catalysed Mechanismg

For the reaction of aniline in aqueéus solutions of perchloric and
sulphuric acids equation 1 is seen to predict that an increase in acidity
should be accompanied by an corresponding decrease in the rate of
reaction due to the reduced availability of the free amine. As the
verchlorate and sulphate ions are incalable of forming covalent
nitrosating agents we may expect that an increase in acidity would result
in ‘an overall decrease in the rate of reaction. Whilst this is, in the
first instence, truve we note that tﬂe rate of reaction is subsequentiy
increased due to the incursion of further acid catalysed mechanisms at
these higher acidities.

The first of the acid catalysed mechanisms to be identified96 was
found to be described by the following rate expression.

+
Rate = k[ammi)[mio,[n ] (6)

This result has been interpreted84 in terms of the existence of a rate-
determining reaction between the free amine and the nitrous acidium ion

H.NO, . Thus:

2
' O+ H = 1o,
HNO, == 1,
2 Tast ,é 2
W, ot 0, !
~ T oHA A . ATNH,
‘/\.J:I\H2 1~ )2 ——i>  ATN} ZNO

2
. slow




64

Reaction of.the nitrosonium ion, NO+, with the free amine which would
have provided an alternative explanation for the observed kinetic

form has been ruled out on the basis of results cbtained from 180—-exchange
exberiments. Larkw0rthy97 has been able to show that the rate of‘
xeaction via the present mechanism is much less sensitive to variaﬁion

in amine substrate basicity than is the rate of reaction via the nitrous
anhydride mechanism and it is therefore apparent that the nitrous

acidium ion is the more reactive of the two nitrosating agents concerned.

Reaction at High Acidities

Mnalysis of the observed kinetic.behaviour of the system in terms
of reaction mechanisms becomes increasingly more difficult as the
acidity of lhe aqueous resction medium is raised above 0.5 M. In the
absence of.halide catalysis two main factors would appear to be
operative in modifying the observed kinetic form at high acldities.

The first factor, essentially a rate enhancement by medium effects; is
observed as the only modifying factoé in the reaction of the lesy basic
amines in solutions of perchloric acid of up to 3M acidity. Thus the
reaction of p-nitro aniline in aqueous solutions of perchloric acid ,
with added sodium porchlorate to maintain a constant ionic strength,is

+
observed to follow equation 6 with the proviso that the H concentration

. e

term is replaced by the more appropriate acidity function, h,

observed behaviour98 of the medium effect as & functicn of the esdded
concentration of the parchlorate ion and as a function of the nature of
the metal icn in added concentrations of metal perchlursgtes indicates
that we are not locking at an example of specific perchlorate icon
catalysis.

For the reaction of the more basic amines at these aciditles an

tes in the fore of the incurczion of a

additional nodifying factor ope

new mechenistic mthway. This new prathway is characterised by the
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following expression98.

Rate = kb&ﬂHjﬁ[HNOZP%)

Whilst the details of this mechanish are as yel uncertain it would
appear that the observed kinetic form is best explained by considering
the manner of the nitrosation of the protonated amine to be éuch as to
retain the "out-going" proton in the transition state. Thus if'the
anine exists almost ehtirely in the protonated form at these acidities
~then a direct interaction between the appropriate nitrosating agent and the_
Protonated form of the amine can apparenﬁiy become significant. |

In addition to the two factors discussed above a postulated
reaction involving N-nitrosation by.the nitrosonium icn may be expected
to become an increasingly realistic possibility at higher acidities.
As the nitrosonium ion may reasonably be expected to be the most
reactive of the nitrosating agents so far discussed it is likely to be
the leaét susceptible to variations in amine substrate basicity. The
incursion of the nitrosonium ion mechanism may therefore be most casily
detected in the reactions of the less hasic amines. The kinetic form
observed for the reaction of benzamide with nitrous acid in strong sulphuric
acld solution has recently been explained in these terms99.

In general the rate of reaction is seen to rise towards a maxinum
as the acldily of the reaction medium is increased. Thus for the
reaction in agueous solutions of perchloric acid the rate profile is
obgerved 10 reach a maximum at [HCIOM] = 5 M and thereafter to decrease
vwith incressing acidity. Interpretation of the experimental resulls
obtained for the reaction in sclutions of verchloric and sulphuric acids
respectively at aciditles avpproaching 10 M and beyond must be made on an
independent basis. The rates of reaction of aniline, p-nitroaniline
160,101

and p-toluidine resrtectively at these hWigh aclidilies are reported

to follow the expression given over.
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Rato = k[ArNH;][ HYO, ] b2

33

In view of the large magnitude of the reported”” solvent isotope

effect, kH/kD =10, it is difficult to describe the system in any terms

compatible with the existence of a rate-determining N-nitrosation.

102

Raman studies have shown that at these very high acidities nitrous

acid exists almost entirely in the form of the free nitrosonium ion,

62

+
NO , and it is therefore believed = that the reaction mechanism may be

represented as follows.

+ = - + +
R N — ATNH. NO + H
3 2
k—l’ fast
+ +
AI‘NH?NO _ ArNHNO + H
- slow
. + -
AXNHNO . —_— ArNZ + OH
fast

It is not difficult to understand why the second stage depicted above
should become rate-determining under such conditions since the transfer

of a proton from AriH WO to a very acidic reaction medium may not be

2
exlected to occur easily. Furthermore the rate of the backward reaction,
governed by k_l, will be enhanced as a consequence ©f the high proton
activity in such solutions.

At these very high acidities the reaction of the amine with nitrous
acld iz not characterised by a rate-determining N-nitrosation and
information regarding the mechanism of the N-nitrosation can nect bhe

ohtained from observations of the kinetic form of the overall reaction.
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SECTION TwO

THE ACID CATALYSED REACTIONS OF N~NITRO3SO COMPOUNDS.
A RATIONALE OF THE EXIERIMENTAL

OBSERVATIONS.




~

2.1 The Denitrosation Reaction

It is perhaps pertinent to note that the preceeding discussion
regarding the mechanism of the denitrOSatién of N-nitroso compounds
in acid solutions draws rather heavily on our experience of one
rarticular compound. Whilst the reaction of this compound,

N-methyl-N-nitrosocaniline, has been the subject of a comirehensive
s 103 , .
study on the vart of Williams et al.” - it must be sald that
our knowledge or, more jrecisely, our understanding of the general
case has been limited in its extent. Our difficulties have not
stemmed from a shortage of data, indeed the present interest in the-
carcinogenic i1roperties of the N-nitroso compounds has lead to an
influx of relevant factual material. Rather we have been faced with
the absence of a rationale which might encompass the apparently
unrelated results reported in the literature. A consideration of the
results obtained in this deiartment sevves Lo illustrate the nature
. ° 1, : 14 ll . : Y * 4 »
of the problem. Thus Williams has reported the denitrosztion of
N-methyl=N-nitrosoaniline in aqueous acid solution {0 he subject to
catalysis by both aclds and nucleophiles. On the other hand the
analogous reaction is ethanol using dissolved HCL as the mineral acid

. : s \ . 30 L L0k
is riot subject to nucleophilic catalysis” . HMeyer et al. have

o

besn able to demonstrate that this ahsence of nucleophilic catalysis

nay also be cheerved for the reaction in water given the prescrnce

ge excess concentrations of the chogen nucleophile. Similarly,

of lar

.
ik . W .
¥~ has shown that the denitrosation of

whilst Thomywonl
N-nitrosodiphenylanine in agueous acidic solution is subject o bhoth
acid catalysis and catalysis by nucleophiles the observation does
not evtend to th: reaction in ethanol.

he absence of nucleophilic catalycis for the reactlon using an
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aqueous medium in the DPresence of large excess concentrations of a

chosen nucleorhile has heen demonstrated both by Thompson106 and by

the present author, (Section 5.2). Ih contrast to the observations
concerning the reaction of the two N-nitrosamines discussed above,
williamslo7 has repofted that the rate of denitrosation of N-methyl-N-
nitrosotoluene~p-sulphonamide in aqueous acidic solution is not enhanced

by the addition of nucleophilic species such as the halide ions. Similarly
the reaction of N-methyl=N-nitrosourea in aqueous solution is not catalysed
by nucleorhilic specles, (Section 3.2.5).

The key to the formation of a successful rationale lies in the
realisation that the observed behaviour of each system with resdect to
catdysis depends on the relative rates of the two component stages of
the denitrosation reaction. - A generalisation of the reaction scheme
proposed by williamsll for the reaction of N-methyl-N-nitrosoaniline in

aqueous solution at moderate aciditles leads to the scheme shown below.

A\ + A\ +/NO Y-’ A\
,N'“NO +H == /N\ e /N"H 4+ NOY

B B qb H B

REAHRANCEMERT FRODUCT (vhere applicable)

NOY + X =t Progucts

A
0O represents the generalised ¥-nllroso coimpound.
B

Y  is a nucleorhille

-~ U LG A N s Ty
a nitrits trapd

X A

i
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Analogy with the N-methyl-N-nitrosocaniline system would suggest
that if the reaction is carried out in the presence of a sufficient
concentration of a suitable nitrite trap the percentage yield of any
rearrangement product will be negligible. In such circumstances the

scheme simplifies to the form shown below.

A . 2 A 4 NO Y A
NN-NO + H o i —_— NN-H 4+ NOY
B k_, B H Iy B

As the deprotonation of the 1rotonated N-nitroso compound to yield
the free N-nitroso species must occur via the agency of a sclvent

molecule the rate constant, k is understood to include a term

_.2’
corresponding to the solvent concentration, [S] . It is further

+
understood that the hydrogen ion, H , exists in solution in the form

. . + .
of the appronriaste solvated ion, SH . 4An eximression for the rate of

avvearance of the jproduct, ABNH, may be written as follows.

pate = Glemel o [¥"] [amdH-nd]

at 1

.iA
AvpPlication of the steady state principle to [ABI\IH-NO:] vields,

k, | [peeend] [H] - k_, [ppiE-x0) o+ k4 [apii-wd) [¥7)

whence,

LN [Ami=30] [}{+]

s TN ‘\r o i
[AB-00] PSR
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+
Substitution for [ABNH-N@ in the rate expression yields,

+ -
k. .k -NO H
Rate = 2 1 [ABN ! J [ ] [Y ] (7)

ko, + oI [Y—]

In the presence of an excess concentration of the nucleophile we
may write an exiression for the rate of disappearance of the N-nitroso

reactant, ABN-NO, such that,
Rate = k_ [ADN-NC| (8)

where ko is the observed 1lst order rate constant for the disappearance.
If loss of ABN-NO is assumed to be entirely on account of the
denitrosation reaction we may equate expressions 7 and 8 to give

equation 9.

ko= L n (7] (9)

Further simplification of the present expression is possible
only on the basis of assumptions concerning the relative magnitudes

of k_, and kl-[Y_}.

2

(1) if k_,>> ky [Y~] then equation 9 reduces to,
-
kyk, |H |} Y
-2

2

Acild catalysis wlll he observed.
Catalyzls by nucleophllic specles, Y , will be observed.

(31) if k][Y ]:>>- k“Z then equation 9 reduces to,

k, =k, [i') (11)

Acid catalysis will he ohserved.

Catalysis by nucleonvhilic svecies, Y |, will ¥0T be observed.
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Thus the behaviour of the system with respect to added

catalytic agents is governed by the relative magnitudes of k_z

and kl[Y-]. In physical terms we are saying that if the second
stage of the denitrosation reaction is rate determining we should
observe both acid catalysis and catalysis by nucleovhilic species.
If the first stage is rate determining we shall observe only acid
catalysis. The following discussion demonstrates that with a little
thought it is possible to make certain proposals concerning the

relative magnitudes of k_, and kl[Y-] for a particular reaction

2
system and thus rationalise the response of the system to each of
the two types of catalytic agent described above.

The relative magnitudes of k_, and kl[Y-] for a particular

2
reaction system are seen 10 be governed by a combination of three
separate factors which may be described as follows.
1. Ngture of the N-nitroso compound.
2. Nature of the solvent system employed.

3. Nature and concentration of the potential nucleophile, Y .

Consider the energy wofile for the denitrosation reaction.

A
H
ABNHNO
Potential (\/_)
Energy
F K
ABNNO (+H+Y ) (NOY+) ABNH

Extent of Heaction
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The term "potential energy" is, in this case, intended to
represent all energies of the system other than those due to.
molecular translation. Note that the reactants and products are
represented schematically as having the same potential energies:
this will not generally be the case. We may of course split the
energy lrofile to yileld two separate energy profiles each describing

one stage of the denitrosation reaction.

o+3+ a-
ﬂ ABN-NO
H a+
A -
Ep
totential E‘] AB?.\‘I?:“{ N(S3 -

Energy

Extent of Reaction

Ky and &, represent the activation energies for the forwanrd

[

and backward reactions respzcetively.
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Also,

Potential

Energy

ABNH
*NOY

Extent of Reaction

E3 and EM represent the activation energies of the forward and
backward reactions respectively. The depiction of the inherent
polarisation of the N-nitroso function in the form shown is Justified

N . ) e 108
on the basis of the review by Fribush et al. .

We may now use these energy wofiles to discuss the manner in

witich each of the three factors described above acts to control the

relative magnitudes of k_, and kl[Y ].

1. The Hature of the N-nitroso comound

(2) "he Bifect upon k

~2
Take an N-nitroso compound ABNNO with substlituents A and B chosen

such that the net effect is cne of electron donatlion towards the
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~N-NO moietj; 'Referring to the first of the two serarate energy
profiles; a consideration of the charge distributions upon the
various species leads us to note that this electron-donating effect
will stabilise the product species, H, to a greater extent than it

will the transition state species, G. Use of electron-donating
~E; /RT

substituents will therefore maximise the value of EZ' As kio< e

the use of electron-donating substituents will lead to a low value

for k_ Conversely the use of electron-withdrawing substituents

5°

will result in a high value for k_2.

(p) The Effect upcn kl[Y—'

Consider the energy jrofile for the second slage of the

denitrosation reaction. If substiltuents A and B are chosen to be
electron-donating the starting material, H, will be stabilised by their
action. The transition state.slecies, J, will be similarly stabilised
but to a lesser extent. Thus the use of electron-donating substituents
tends to maximise the value of E3 and leads to a low value for k. |
For a series of experiments al constant nucleoph?le concentrations

this effect will be reflected in low values of kl[Y”]. Conversely

electron-withdrawing substituents minimise the value of E3 and favour

high values of kl[Yq.

(c) The Effect on the k_, ik [v"] natio
As the inductive effects of a particular combination of substituents

A

act vupon the values of k ., and k][Y ] in the same direction it is not
-0 ) J ;
ecasy 1o ascertailn the effect of such a substituent combination upon

the k, :kl[Y ] ratic. To proceed further we need tO make a decision

.
-2

concerning the relative i

nitudes of the separste offects upon R“Z

and k][Y]. Tdeally this Zoeclsion would we made on the basis of a
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detailed knéﬁledge of the transition state configuration but, as
our information in this area is far from complete we can proceed
further, in the lresent case, only on the basis of an assumption.

Let us assume that the effect of changes in the nature of the
N-nitroso compound acts predominantly upon the value of kl[Yf].
Whilst this assumption might at first sight appear completely arbitrary
it is at least consistent with the associated experimental evidence.
Thus an examination of the ultraviolet spectra of N-nitroso compounds
in neutral and acidic sgolution respectively has showm that at moderate
acidities the extent of protonation is small. With reference to the
energy ;rofile for the 1motonationvit would appear that E2 is of g

considerably lower magnitude than E. In other words the transition

K
state lies much closer to the ijroduct, H, in terms of energies, than
to the starting material, F. If we invoke the general principle due

@]
7

to Hammondl , which states that immediately succeeding species which
closely resemble each other in energy terms are alsc likely to have’
similar structures, then we note that the structure of the traﬁsition
state svecles is likely to be closer to that of the iroduct, H, than
to that of the sterting material, F. This revised view of the
transition state for the first stage of the reaction leads to a
congequent reduction in the magnitude of the proposed effect of

differing substituent combinations upon the value of k The jropogal

....2'
of an "unsymmetrical" transition state sipecies in which the transfer of

+
H to the N-niltrceso compound iz almost complete has recelved support

from the woric of williamslo?

A0
AB-N‘H~~~~S where 5 rejresents the solvent.
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Working with N-methyl-N-nitrosotoluene=p-sulphonamide in aqueous

media he has reported a value of k{:k = 1.5 for the reaction in

H D
HZSOQ/HZO and DZSQW/DZO respbectively. As the reaction is rationalised
on the basis of a rate-limiting proton transfer the observed value

of kH:kD is seen to represent a measure of the irimary kinetic isotope

effect. The observation of low values of k :kD for reactions in which

H
the kinetic isotope effect is known to be of a primary nature have
been rationaliséd within the confines of the Westhelmer treatmentllo
in terms of the existence of an "unsymmetrical' transition state.
Thus it may be seen that cur assumption concerning the relative

magnitudes of the effects of substituents upon k_, and kl[Y‘]

2
reslectively is in accordance with the availlable exierimental evidence.
It is wise to point out that such an observation may not be taken as
conclusive proof of the validity of our assumption: similar
considerations may apply for the second stage of the reaction.
Justification for the assumption muét be on the basis of its allowing
us to formulate a coherent scheme which raticnalises the exrierimental
observations. The reader may wish to satisfy himself that the opposite
assumption does not lead to a fruitful conclusion.

- On the basis of our present éssumption it is clear that N-nitroso
compounids having electron~donating substituents will tend to possess
relative values of k_2 and ky such that k_2>>vkl[Ym]. Conversely

N-nitroso compounds having electron-withdrawing substituents will tend

to possess relative values of k_z and &y such that k][Y }>¢’ K o

2. The Nature of the Solvent

(2) The Effert upon k_.

Take a rorxticular H-niteoso comnpound, ABRRHT. 08 wo ecmolder the
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energy profile for the protonation stage we note that a solvent of
moderate ionising ability will tend to stabilise the product species,
H, to a greater extent than the transition state, G, since the charges
are more localised in the former case. Thus the use of a solvent of
moderate ionising ability might be expected to yield reasonably high
values of EZ' These moderately high values of E2 will be reflected

in a moderate value of k_ If we were to change to a solvent of

o
much greater ionising ability the difference in degree of stabilisation
of the product, H, and the transition state species, G, would be
increased and a higher value of E2 might be expected. This increase

in E, would be reflected in a lowefed value of k-Z'

It is thus clear that_a change to a solvent of greater ionising
ability will result in a lowering of the magnitude of k_z. Conversely
a change to a solvent of lower ionising ability will result in an
increase in the value of k_2. This result is conveniently expressed
by the qualitative theorem of Hughes and Ingold111 which states that
an increase in the lonising power of the reaction medium will inhibit
processes which involve the destruction or diffusion of charges.

() e mezect on i [x]

With reference to the energy profile for the second stage of the

feaction we note that a sclvent of moderate ionising ability will
stabllise the starting material, H, tq a greater extent than the
transition state specles, J, since a diffusion of charge occurs as we
avbeoach the transition state. E3 wlll therefore appear falrly high
and kl will take a reascnably low value. Changing to a solvent of
grester lonising ability will reinforce this effect. Thus E3 will be
ralzed and kJ lowerced relative to the above case.

Changing Lo = solvent of greater lonising ability whilst
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maintaining a constant concentration of Y theresfore results in a
lowering of the magnitude of kl[Y-]. Conversely changing to a
solvent of lower ionising ability whilst maintaining Y  constants

results in an increcase in the value of kl[Y-].

k.

(¢) The effect upon the k_

o l[Y—] Ratio

As an
kl[Y—] in
of such an

assumption

. .

increase in solvent ionising power will affect k_, and

2
the same direction we may make predictions as to the effect
increase on the k_z:kl[Y_] ratio only on the basis of an

concerning the relative magnitudes of the separate effects

> and

demands a much more extensive delocalisation of charges than does the

on k_ kl[Y_] respectively. As the second stage of the reaction

first stage it would not seem unreasonable to expect the effect of

solvent changes to operate mainly on kl' Thus an increase in the

ionising ability of the solvent will predispose the system towards the

possession of values of k~2 and kl[Y] such that k2:>> kl[Y ].

Conversely a decrease in the lonising ability of the solvent will tend

to iredispose the system towards a condition in which kl[Yj]>'> L

3.__.The Nature and_ Concentration of the Potential Nucleophilic
Reagent, Y .
At moderate concentrations of Y where Y < w  2M we nay

expect media effects attributable to ths jresence of Y to be of a

relatively small magnitude. Under such conditions the effect

a change in the nature or concentration of the nuclecphlie may be

assumed to act solely upon the term, k

i

[Y ] . Thus the use of "“poor"

nucleophl les (With a correspondingly low valus for k1) at Low

¢

concentrations in a tarticulsr resction myvetem might he ex,cc

alt system towards the posnomsion ol valuas

5
@®
=
2
3
Jr
I
<
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and kl[Y-] such that k__2 >> kl[Y—]} Conversely the use of an

efficient nucleophile at high concentration might be expected to

push the system towards the condition kl[Yn]:x> k_z.
If we refer back to the earlier paragraphs which discussed the

forms of catalysis associated with the conditions k_p>> kl[Y_]

and kl[Y-]>c> k_2 respectively we note that we are in a position to

make certain generalisations concerning the role of the three factors

described above in determining the form of catalysis observed for a

particular denitrosation reaction.

1. The Nature of the N-nitroso Compound

The presence of electron-donating substituents predisposes the
system towards the condition k_2;>> kl[Y-]' Acid catalysis is to be
expected. Catalysis by nucleophilic species is also to be expected.
The 1resence of electron-withdrawing substituents predisposes the

system towards the condition kl[Y]:>>-kN Acid catalysis only may.

o

be expected.

2. The Nature of the Solvent

The presence of a solvent of relatively high ionising ability
redisposes the system towards tﬁe condition k*23g> kl[Yn]. Acid
“catalysis may be expected. C(atalysis by nucleophliles may also be
expeclted. The presence of a solvent of welatively low lonising ability
medlseses the system towarGS‘thg condilion kl[Y_]>:= k_2. Acid

catalysis only may be exlected.

- e ——r

3. The Kature and Concentration of the Hucleophilic Species
The use of poor nuclecothiles at low concentrations in a ierticular
system Tredissoses that system towards the condition k_2>:’k1{y ]'

Both acid catalysis and catalyzis by nucleophiles 1s Lo be exwvccled.
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The use of good nucleophiles at high concentrations tredisposes the
system towards the condition kl[Y-]>>-k_2. Acid catalysis only may
be expected.

The exact behaviour of a particular denitrosation system towards
various potentially catalytic reagents is determined by a combination
of these three factors so that it is not strictly possible to predict
the exact form of catalytic behaviour adopted by each system.
Nevertheless the jresent approach would seem to go a long way towards
our objective of jroviding a rationale for the results of the
1itera£uré. The experimental-observations relevant to a numher of
studies of the denitrosation reactions of N-nitroso comuounds containing

electron-withdrawing substituents are given below.

v - ACID Y
) : Y _ T,
COMPOUND SOLVENT  ipalysTs  caTALYSIS o0
Me . .
N j—x0 1,0 YES NO 107
RSO? : Bt0oH YES NO ' 30
(N-methyl-¥-nitrogotoluene=p=
sulphonamide )
Bu?\
/N-—NO HZO YES NO 1iz2
HCQ\
0
(N-n-butyl-N-nitrosoacetamide)
0
I 0 c)' -
N — 1O 1,0 YRS NO 1173
(H=nitroso-2-jpyrolidine)
EQ\
/FM 11,0 YES NO 114,115
0= ~

a5t

[t

1o LTy 2 e s by e )
Oi"ethylmu~nlLruguuruun@n J
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It is apparent that in the case of N-nitroso compounds
containing strongly electron-withdrawing substituents the observed
form of catalytic behaviour shown by the system 1is determined
essentially by the first factor concerning the nature of the N-nitroso

compound. Thus kl[f]>> k and, whilst catalysis by acids is

-2
observed, catalysis by nucleophilic reagents is not. Within the bounds
of the current experimental evidence the effects of changes in either
the nature of the solvent or the nature and concentration of the
nucleophile upon the catalytic behaviour of the system are not
observed. In practical terms we are dealing here with compounds
yielding a very high value of kl' ‘Under the conditions studied

kl[Y_] is high and the relative rates of the two stages of the reaction
are such as to make the initial protonation rate-determining. It is
not surprdsing, therefore, that primary deuterium isotope effects,

1

k of between 1.5 and 1.9 have been observed for such reaégiggéfllz'llB

H *p’
As the nucleophilic catalysts act only upon the second stage of the
regction cztalysis by nucleophiles is not observed the reaction being
zero order in Y in the ranges studied. It appears that the relative
magnitude of kl[Y-] is sufficiently large as to preclude any attempt
on our part to return to conditions under which the second stage might
agaln beeome rate determining. Thus the use of HZO in place of EtOH
and the use of aqueous solutions in the absence of added nucleophiles
effect no change in the observed catalytic behaviour.

For the denitreosation of N-nitroso compounds contalning electron-~
donating substitucnts the effect of each of the three factors may

be demonstrated. Conslder the ewiperimental evidence glven over.
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ACID Y

COMMOUND CONDITIONS  (\pi1ysIS — CATALYSIS

Ph\‘ Iry EtOH
/,N——NO solvent
He H,0 solvent  YES  YES(low[Y ]) = 11

YES NO (High[Y‘]) 104

YES NO 30

N-methyl-N-nitroso
aniline

o Ty EtOH

my solvent
/,N—-NO

Ph

YIS NO 30

] 105
Y

H.O sclvent YES YES(low[ ) )
“ ]) 106

Y
YES NO (High[

N-nitrosodiphenylamine
CH3

Dioxan/H.0

[ J. 50:50 w/v YES YES 1156
) ?

NO

S4~methyl~i-nitroso-
Piperaszine

i
Gy v o

. 3 '
\I:N;], 50:50 w/v YES YES 116

| Dloxan/H20
NO

3, fedimethyl-1l-nitroso -
plverazine

Note: The raesults Tor the viperazine derivatives arce derived from the
T . s 116 . . - . . .
obgervations of Singer concerning the rale of tlrans-nitrosation of
mor;holine. ‘The trans-nitrosation reaction is assumed to follow that
of denitlrosation and the denitrosation reactlon lg assumed to o2
rate~determining since the overall resction ls ncted to he wero-onder
in morpholine concentration at all mt the very lowest concentrations.

The obgserved behavicur of the system towards potential catslytic agents

(S

will therefore reflect the catalytic behaviour of the denitrosation rcactlon.
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On the basis of our structural considerations we might expect

the denitrosation reaction of an N-nitroso compound containing

electron-donating substituents to obey the condition k_2>>.k1[Y ].
Thus catalysis by both acids and nucleophilic species is to be
expected. In aqueous solution this is generally found to be the case.
However, in contrast to the situation that exists for N-nitroso

compounds with electron-wlthdrawing substituents, the balance of

k__2 Vs kl[Y ] avpprears tc be a fine one. Thus the use of a solvent

.

such as ethanol, which has a lower ionising ability than water, alters

conditions such that kl[Yi}>>’k_ In this instance catalysis by

2"

nucleophilic specles is not observed. Similarly the use of aqueous
solutions containing a high concentration of an efficient nucleoprhile
such as thiourea or thiocyanate also serves to ensure that

kl[Y—]>¢>k_ The rate of reaction is not improved by any further

o
increase in [Y ].

In physical terms we are dealing here with compounds for which-
the rates of the first and second stages of the reaction are of
similar magnitudes. The catalytic behaviour of the system is therefore

greatly influenced by changes in elther the nature of the solvent or

the nature and concentration of the nucleophile, Y . 1In agueous

solution, at moderate concentrations of Y , the observed solvent isotole

effect, k tK_ A,
1.0 1.0
}12( ,12

- . ) 18
reversible protonation of the N-nitroso compound

0

of around 0.3-~0.5 is indicative of a fast

Stage two is rate

determining and macleophilic catalysis is olserved. Whilst this

sltuation ohizins st moderate values of [Y J subsequent increases in

[I ] nay enhan-e the rate of the second stage Lo such an extent that it

T,

is no lenger rate-delerinining, the reaction becoming zervo-order in Y.

The “"leveling of f* of a plot of k_ wvs [~] at high Y has been
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. 1 ]
demonstrated for a number of nucleophiles 04’106. In ethanolic

solution the greatly increased solvent isotope effect, kEtOH:kEtOD'
of around 2.6+~3.8 points towards a rate~determining proton
transferBO. Since the nucleophiles act only upon stagé two of the
reaction the rate of reaction is found to be zero-order in Y . The
gradual change from conditions involving a rate-determining 2nd Stage
to those involving a rate-determining lst Stage has been demonstrated
by Johal et al.BO using aqueous ethanolic solutions. As the

percentage by volume of water is increased the catalytic effect of

added thiocyanate becomes increasingly important.

2.2 TQE_N~nitrosation Reaction

In the lreceeding sectlon an approach based on the scheme of
Williams11 waé used to Lmovidé a rationale for the forms of
catalytic behaviour observed for a range of N-nitroso denitrosation
reactions. 1t appears that this same apyroach allows a rétionalisation
of the forms of catalytic behaviour observed for the range of
N-nitrosation reactions.

Consider the N-nitrosation of a secondary aromatic amino compound
using NaN02 in the vresence of added nucleophiles at low or maderate
acidities. Refering to Section 1.5 we note that under these
conditions the nitrous anhydride mechanism may be neglected. Al these
acldities we may assume that the reaction proceeds via the unprotonated
form of the amino compound 5o that we may reyurosent the reaclion by

the scheme shown over.
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- +
RNO, Y + H

2
|l
k_y . i
NOY + ROH -+ ABNH = ABNHNO + Y
k
’ 4 1 )
KI”H K
kz“ -2
+ +
AHNH2 ABNNO + H
ROH represents the solvent
ABNH represents the generalised amino compound
Y ' relresents the nucleophile

. [ﬁgdLB.o.;HL_.;

(o L ¥ Y )

As the removal of a iroton from the protonated N-nitroso compound
to yleld the free nitroso sjecies must occur via the agency of a
solvent holecule the rate constant k_2 is understood to include a
tern corresponding to the solvent concentration,[ S]. It is further
understood that the hydrogen ion H+ exists in solution in the form
of’ the approvriaté solvated ion SH+. Note that the rate constants
for.the individual steys of the reaction are defined in a manner
identical to that employed for the preceeding discussion of the
bdenitrOSation reaction. At these aclidities the back-reaction kZ will

be ninimal in its extent so that the rate ex)ression for the overall

reaction may be written 2z follows.

Rate . EL..L?.LBLLL = x_ [smwmo’)

N

g e . . - . - . e Ef- - .
Arplication of the steady state Drinclile to the specles ABNHNO yields,
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k_; [aBni] [Noy]

kq [Y ] ko,

[aBmvO)

whence,

k_k_; [ABN}] [woy]

k(Y]

Rate =

Substituting for [NOY] in terms of the equilibrium constant, K,

yields

k_k_, [amvi] K [RNO?J[Y-][HH

(k_p *+ o [ ])[r0H]

Rate =

(12)

The rate exiression may be simplified further by the sevarate
consideration of two distinct cases.
(a) For compounds ABNH which is moderately acidic solution exist

almost entirely in the form of the protonated specles we may write,

[ABNH +] v [ABNH)

2 T

where [ABN@,T reyresents the total concentration

of the amino compound.

Thus,
(apd[ 1]

[ami, ]

[ [n']
[AE» ]

K1

Substitution for [ABNH} in equation 12 now yields

ko ko % [rmo ] [y} s [anvy
Rate = 1 [ 2 -[_—_;]...L _— _l;.i___,,]
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Defining ko, the observed second order rate constant for the

reaction, such that,

Rate = k_ [RNO,] [aBNH],
we have

o k_jk_, KK [Y7)

© (ke [Y ]+ k_., ) [#0H]

(i) if k 2>>-k [ ] the above expression reduces to

kg X [Y7]

0T Tk 5 [0 ' (13)

Acid catalysis will not be observed.

Catalysis by the nucleophile, Y-, will be observed.

(ii) if kl[Y ]>>=k__2 then

k = "j:"‘*“"“‘:““" (lll‘)

Acid catalysis wiil not be observed.

Catalysis by the nucleophile, Y, will not be observed.

(b) for compounds ABNH which exist in mocderately acldic
golution almost entirely in the form of the non-ijrotonated species
we have,

[apw] = [ami] T

Substitution for (ABN}H in eguailon 12 in this inslance yields,

Kk, K[ >?] (Y]] }~[+] [ Az,

-7
O[]+ k) [non]

Rate
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Thus, - +
o k gk, K[Y ][0 ]
© (kfY" ] +x_,) [roi)
(1) if k“2:¢> kl[Y-] then this exlression reduces to
- +
k_, kY 3[n]
. i :
ko 7 [0H] (15)

Acid catalysis will be observed.

Catalysis by nucleoprhilic speciles will also be observed.
(i1) 3f K[y ]=k_, then,

’ k_yk, ¥ [1"]
o kq [RCH]

Acild catalysis will be observed

Nucleophilic catalysis will not be observed.

Note that hers we have a parallel with the denitrosation reaction
in that the exact form of catalytic behaviour shown by a particular
system is dependent on the relative megnitudes of k-Z and kl[Y_]e
The three factors which control the catalytic behaviour of the
denitrosation systems are thus expected to be operative here, namely,

(a) The nature of the secondary amino compounde

(b) The nature of the solvent.

(b) The nature and concentration of the nucleoihile, Y .

The rationale developed to explain the catalytic behaviour of the
denilresation reaction may therefore be avplied to the I-nitrosation
reaction of secondary arvomatic amino compounds. As the kinetics of the
dlazotisation of 1winary aromatlic amino compounds is choracterised
by a rate-deternining N-nitrosation the rationsle may alizo be apnlled

to the Qdiazotisation.
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Consider the data given below which describes the N-nitrosation,
al moderate acidities, of a series of amino compounds carrying

electron-withdrawing substituents.

] _ ACID Y
~ T ] g N R ]
COMOUNT SOLVENT () rALYSTS  CATALYSIS -
,NH?
“C ot o H,0 ? NO 117
NHC Z,kz
Hydantolc Acid
Bsy-co mt , H,0 ? NO 117
s 2 2
Et
Ethyl-N-ethyl cerbamate
Me
0 S NH |
“WH H2 NO 118
2
N-methylurea

Under the reaction conditions employed we might expect amino
compounds carryiﬁg electron-withdrawing substituents to exist mainly
in the form of the unprotonated species. Furthermore our experience
concerning the analogous N-nitroso compounds has shown us that, on
the basis of structural conslderations, we may exyect the condition

kl[Yu}>> k__ to hold. Referring to equation 16 we note that acid

N\

catalysis

N
[N
9]

+o be exirected whilst catalysis by nucleophilic species

is not. Yo can not comment upon the rediction concernlng acld
catalysis but the rationzle does adequately describe the behaviour of
the system with resiect to nucleophlilic catalyels. The eifecls of
chanzes in ithe nature of the solvent and in the nature of concentration

of the nuclesphile have not been invesligaeted.
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In practical terms we have a reaction in which the stage
involving loss of a proton from the protonated form of the N-nitroso
compound is rate-~determining.

The data for the analogous reaclion of amino compounds with
electron-donating substituents are a little more abundant. Consider
the examples given below.

y ACID Y :
COMEOUND CONTITIONS CATALYSTS  carigsis  REF-
Me_ _
eVl H,0 solvent, low[Y ] ? YES 117
pmimethylamine
CHNHCH, GO H H,0 solvent, lowY | 2 YES 117
Sarcosine
H 1 -
\N) . H,0 solvent, low[Y ] ~ NO YES 119
N HZO solvent, high[Y J NO NO 119
I _ _ MeOH solvent, low[Y i NO YES 120
MeOH solvent, high[Y | NO NO 120
Aniline
p-methoxyaniline H,0 solvent, 1ow[Y ] NO YES 119
p=methylaniline H?O solvent, w[Y ] NO YES 119
p-nitrcaniline HZO solvent, lou[Y ] NO YES 119
1,0 solvent, high[Y ] O NO 119
m-nitroaniline 1,0 solvent, low[Y ] NO YRS 119
<
1,0 solvent, high n(y'] xo NO 119
~chloroaniline H?O solvent., IOW[Y—] NO YES 110
i,0 solvent, high[y ] NO NO 119

Under the conditions employed we wmight expect amino compounds with

electron—-donating substituents to exizi mzinly in ihe form of the
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protonated species. As the 1ossession of electron-donating
substituents will lredispose the system towards the condition
k_2>;>k1[Y—] we mighl expect the reaction at low nucleophile
concentrations in solvents of high ipnising ability to be governed by
equation 13. Acid catalysis is not to be expected. For the reaction
in water at low nucleophile concentrations such behaviour is indeed
observed. A change of solvent to one of lower ionising ability or an
increase in concentration of the nucleophile might be exL@cfed to

induce the condition kl[Yf]>>¢g_. The reaction 1s now governed by

2
equation 14 and nelther acid catalysis nor nucleophilic catalysis is to
be expected. Whilst it is not possible on the basis of present
evidence to demonstrate the effect of a change in solvent the effect of
increasing nucleophile concentration is clearly shoim. Ifresumeably in
2>=-kl[Y—] inequality lies too far over to the

left vo be reversed by solvent effects.

the cases studled the k_

In vractical terins the reaction of amino compounds with election-
donating substituents is seen to wvroceed in aquecus solution at low

acidities via a rate-determining stage involving attack by NOY uvon the

free amine. Addition of nucleophllic species serves to increase the

rate of this stage and therefore ‘that of the overall reaction and

nuclteoihilic catalysis 1s observed. As [Y ] is increamed this early
stage eventually becoimes s fust as to make the loss of & roton from

the protonated form of the nitrosamine rate-determining. Thus plots of

=1
kg Vs [Y ] whilst Llinear in thelr lower reaches curve away towards a

limiting value of k, as [Y ] bzceomes high.

It sheuld be noted that our ratiomaiz applies only in conditions

HO, where ¥ = H

=
O
<

S~
O
[

such that sttack by the nitrosating siecles ] 5
[

ig unon the Tree Torm of the amino comvoamd.,  Thus the obaervation of
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Kalatzis et alﬂlzl concerning the vresence of acid catalysis in the
reaction of N-methyaniline is explained in terms of the incursion of
a mechanism involving an attack on the protonated form of the amine.

Thus we have bheen able to rationalise the forms of catalytic
behaviour exhibited by a number of N-nitrosation and denitrosation
reagctions in termg of the effect of 3 factors upon the ratio
k_2 Vs kl[Y—]' The three factors are as follows,

1. The nature of the amino/nitroso compound.
2. The nature of the solvent.
3. The nature and concentration of the nucleophile.

Viewed in this light the experimentzal observations concerning a
wide variety of denitrosation and N-nitrosation reactions are seen to be
consistent ﬁith the reaction scheme devised by williamsll for the reaction
of ‘the N-methyl-N-nitrosocaniline/N-methylaniline system in aqueous
solution. In the main the postulation of unique reaction mechanisms nay

be avoided.
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SECTION THREE

THE [RESENT WORK

THE EFFECT OF THE NATURE OF THE

AMINO/NITROSO COMLOUND.

THE RBACTIONS OF N-METHYL=N-NITROSOUREA AND

N-METHYLUREA IN ACIDIC AQUEOUS SOLUTIMNS



3.1 An Introduction

Whilst the preceeding section has demonstrated that the kinetic
behaviour of a number of N-nitrosation/denitrosation systems may be
adequately exVlained in terms of a common reaction scheme and the
effects of three modifying factors it is perhaps valid to criticise a
general acceptance of such an approach on the basis of a lack of
relevant experimental data. With this possible criticism in mind it
- was decided to extend the spectrum of evidence avallable in support of
the Tresent approach. As the Preceeding section was able to demonstrate
the joint applicability of the iresent apiroach to both the denitrosation
and the N-nitrosation reaction the subject system was chosen in such a

manner as to facilitate the study of both of these reactions. Thus

H

the N-methyl-N-nitrosourea/N-methylurea system was deemed sultable for

study.

3.2 The Denitrosation of N-methyl-N-nitrosourea

2

3.2.1  The Litevature

The results of a study related to the rate of "decomposition" of
. : . N ) C1p2
N~methyl-N-nitrosourea (MNU) are given in a paper by McCalla et al.
Using aqueous solutions which contained HCLl at various concentratlions

a)

they have been able to show that exposure of the nitroso comzound to high
concentrations of hydrogen ion results in its "ravid destruction". Under
the conditions employed the rate of disavpearance of MNU is found to

follow First-order kinetics such that,
Rate =k [1nu]

The observation of methylamine-H7l amongst the degradatiior

has been exiplained in terms of a {wo-stage reaction scheie in which a
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fast 1preliminary denitrosation of MNU is followed by a slow hydrolysis
of the methylurea jroduct to yleld ammonia, methylamine and carbon
dioxide. The effect of varying degrees of illumination is also discussed.
Upon a thorough examination of the paper it becomes clear that the
authors maintain a staunch biochemical viewpoint and indeed the aim has
been that of Iroviding a qualitative explanation for the differing
degrees of biological activity demonstrated by a series of N-nitrosoamides.
In such circumstances the authors omission of a comprehensive kinetic
study is perhals understandable. In particular it should be noted that,
as the mineral acid employed in the study was aqueous HCl, it is not
clear from the information given as to whether the rapid destruction of
MNU cbserved in the iresence of high concentrations of HCl is indicative
of acid catalysis or nucleophilic catalysis or indeed both. It seems
to me that a rough extravolation of McCalla's data might proceed as
follows.

Let us assume that reaction is limited to the denitrosation and
hydrolysis reactions discussed above. As the rate of the hydrolysis

raction is deemed to be very slow comiared Nlth that of the denitrozation

reaction we must assume that the observed rate of disappearance of the
nitrosc compound reiresents the rate of the denitrosation reaction. The
rote of reaction at zero HC)L concentration may be exwvected to be very
low and if tlhis rate is assumed to be negligilble compared with those

obiained by MeCalla at higher acidities we may make an addition to the

data glven.

. . =1
[ne) /i K /e

0 0

/

N s e -6
0.0025 O.893 x 10
0.01 2.833 x 1077
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Now ko may be proportional to either [H+]or_[cl_] but not both
. as a plot of k_ vs [HCl] is linear with a correlation coefficient of
0.998. Qur experience in Section 2.1 would lead us to suppose that
Wwe are seeing here a case in which acid catalysis acts in isolation.
Whilst the procedure is, at worst, a gross approximation it does
demonstrate McCalla's results to be at least indicative of the occurence
of a denlitrosation reaction in which only acid catalysis is operative.
The system was subjebted to a more rigorous kinetic analysis at the

hands of the uresent author.

3.2.2 The Extent of the Teamination Feartion

Let us ronsider the scheme of the lresent reaction to reiresent a
specific examiple of the general denitrosation scheme discussed in

1
Section 2.1, Berry et al. 12

and Challis et al. ™ have noted that both
N-n-butyl-l-nitrosoacetanide and N-nitroso-2-pyrrolidone yield
substantiai amounts of the deamination products and we can not at this
stage dlscount the possibility that a parallel deamination may abcom}any

the vresent reaction. An acknowledgement of this possibility leads to

the following reaction scheme.

"oy - 10
e :

1— __"m‘ . »
O:C\\ - H = Deamination :roducts
NHZ
k:JP k"Z
+ )1 -
e ~ N ~NC Y7k, Mg
0= R $ -H
AN = o . oy
N - 0 = rooONUY
1\H2 I‘-], \NH
2
woy v X B Products
fast

vhere ¥ rTebresents a nuclecophile and ¥ reuresents a ndlriie Lra,.
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The relresentation of the protonated nitrosoamide is acknowledged
as being nominal. The most likely site of jwotonation in an N-nitroso
compound would seem to be the nitroso oxygen atom so that it is
conceivable that the N-protonated form arises via an internal
rearrangenent. Such an argument does hot materially affect the kinetic
analysis and in the absence of evidence to the contrary the vresent
revresentation is retained as an outline mechanism. The pronposal of
such a scheme 1s supported by the observation of a peak at 200nm in the
U.V. spectrum of the reaction mixture at equilibrium. A comparison
with the U.V. specltrum of an authentic sample has shown this eak to be

due to N~methylurea. With the addition of a further stage involving

decomvosition of the methylurea the scheme becomes compatible with the
. % TP I 122
conclusions of McCalla et al. .

If we are to consider the kinetic behaviour of such a system 1t
is advantageous for us to carry out the reacticn the presence of a high

concentration of an added nitrite trap, X, so that the reverse sted

roverned by k may be neglected. The choice of jw»chlcroaniline as the
¢ __'L o O

.

nitrite trap leads us to a method of assessing the imuortance of the
deamination pathway.

A number of kinetics rﬁns were carried out wnder the conditions
detailed below. Allguots remcved at various times, t, were neutralised
iven in Section 8H.2.2.

The diggze compound produced by the

e

ceaction of the free nitrosating
agent, HOY, with “he nitrite trap, was then couvled with an excess
concentration of 2-napthol=-3,6-disulphonic acid. lHeasurements of the
magnituﬂe.o* the zbhzorption ;oak at 500nm, due 1o the resultant diazo dye,

were verformed for cach sample. The resulis are glven over.
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[hs0,] = 2.155M
[wano,], = 5.078 x 107

volume of 41 NaOH aq. uséd = 4.70ml

t/s abs (500)
0 0.465
780 0.474
1920 0.470
2280 0.467
[stou] 0.539 1
o], = 5.526 x 1074y
Volume of 1M NaOi ag. used = 2.99ml
t/s abs (500)
0 0.016
570 0.190
1350 0.343
2550 0.503
4710 0. 577
7230 0.607
12,920 0.620
[stoq] = 1,078 M
T - o=l
Pwu], = 5010 x 1077 1
volume of 1 Nall ag. used = 7.1linl
t/s abs (500)
0 0.027
558 0.220
1366 0.313
1792 0. 340
2l 0.3
il 0.74

2,504 x 107° N

[xBr]

[p—ahloroaniliné}:z 2 x 10_2 M

Mean value of

abs (500) = 0.469 A

[xBr] = 2.504 x 1072 M

-2

> 72 x 10 M

[P’Cthroanilinﬂ

abs (500)(e®)

it

0.620 A (graphical)

2.504 x 10 © K

[KkBr]

brchloroanilhuﬂ ™

abic (500)(e0)

= 0.370 4 (erahic

)




[1,80,] = 1.616

[avu] o=

Loolly x 10~

n

M

100

volume of 2M NaOH ag. used = 6.32ml

t/s
0

140

abs (500)
0.059
0.171
0.305
0.384
0.411
0.387
0.397

[H,80,] = 2.1551

[mvu] = 4948 x 107

4 M

vVolume of 4 NaCH ag. used = 4.70ml

t/s
0]
132
302
558
1122
7oy

222

abs (500)

0.102
0.269
0.362
0.440
0. 451
0. 4472

0. 446

[KBr] = 2.504 x 1072 M

[ p-chloroaniline] ¥ 2 x 107% i

abs (500) (e°)

= 0.391 A (graphical)

[KBr] = 2.504 x 107°

[p~chloroaniline] ™~ 2o 1074 i

abs (500) (e=)

= 0.448 A (gravhical)
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[HZSOM] = 2.694 M [KBr] = 2.504 x 1072 iy
(mu], = 5.076 x 107 1 [i-chlorcaniline] & 2 x 107% i

Volume of 4M NaOH aq. used = 5.96ml

t/s abs (500)
0 0.085
124 0.245
2445 0.322 abs (500) (00)
377 0.358 = 0.39% A (graphical)
605 0.382 |
915 0.398
1214 0.397

The data for the reaction mixture involving NalNO_ are assumed to
<

relresent a quantitative conversion of NaKNO, into the diazzo dye so that

>
an extinction coefficient, € (500), of value 19,710, may be calculated
for the didzo dye. Plots of abs (500) vs t for each of the five

remaining runs allow us to find abs (500)(e®), the infinity value of

abs (500), by extranolation. Thus values Tor the tercentage yield of

the dlazo-dye from the MNU starting material are obtained. As the dlazo
dye is formed via the agency of the free nitrosating agent, which is
formed on the denitrosation iethvay only, thls percentzse yleld relresents
é neasure of the vercentage resction via the denitrosation pathvay. The

results are given below.

% Reaction via Ienlitrosaticn

[H ZSO/J /i Fathway
0. 539 100%
1.073 S
1.616 1.02%
2.155 Q0
2,600 ‘3,»,7\* M, 065%

EYEES s -

N SECTHON s .
N L
- Sealy .
Mo : :r, o
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Reactlon via the denitrosation pathway is quantitative there being
no effective competition from a parallel deamination pathway.
The results may also be used to give approximate values for the

observed first-order rate constant, ko, defined by,

Rate = k_[Mu]

If we discount data which refer to the final 10% of a reaction we obtain

the following figures.

[H,50,] /1 10%k O/s_1
0. 539 0. 5%
1.078 | 1.31
1.616 » 2.90
2.155 4. 59
2.690 | 5.78

Values of ko obtained in this manner, often from only a few data points,
are noted to agree acceptably with the more accurate values of
Section 3.2.4. A detailed account of the dependence of ko upon the
aprropriate acidity function is glven in that same section.

As the deamination pathway has been demonstrated as being of no
significance it may bes removed from the proposed reaction scheme to

yvield the scheme depicted over.
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Me\
¥ -H
SLOW DECOMPOSITION <~~~ 0 =C -+ NOY

“NH

NOY + X ———t> Products

fast

If we assume that the denitrosation reaction is kinetically inderpendent
of the slow decomposition we are left with the general scheme of
Section 2.1.

For the remainder of the kinetic studies involving MNU hydrazine
sulphate wés used in place of p=-chloroaniline as the nitrite tran. The
reascns for this substitution are two-~fold. Hydrazine suluvhate épart
from heing a more efficlent nitrite tfap than p=chloroaniline, has the
added advantage of being optically clear at 24f5nm. Adoption of hydrazine
sulthate as the nitrite trap thus allows us to monitor the di?a}@earanqc
of MNU directly by follewing the deérease in its U.V. absoeption peak
at 24nm.,

3.2.3 The Variation of k_ with [Hydrazine Sulvhat%

With referciice to the reactlion scheme depicted above we note that
k_may be expected to rise with increasing concentration of the nitrite
5 :

5
.

trap as a conseqguence of the increasing degree of supiression being

aiviied to the luck-reaction governed by k_..  In the swroponce of o
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sufficient concentration of the nitrite trap the reverse reaction may
be commletely suppressed so that ko attains a limiting value. Values
of ko obtained for the reaction of MNU in aqueous acid solution in the
Presence of various concentrations of hydrazine sulphate are given
below. 1In the absence of added nucleophiles the nucleophilic reagent

is believed to be H_O.

2
[#,80,] = 2.248 K Nucleophile is H,O0
[NHZNH3+ #S0, ] /i 0%k s
0 - 8.622
2.50 x 107 8.339
5.00 x 10~ 7.673
7.5 x 1077 6.875
1.25 x 107" 1h.662
2.5 % 1074 I}, 690
3.75 x 107" b.439
5.00 x 107 4. 503
7.9 x 107 4. 597
1.25 x 10 0 4. 680
1.75 x 1070 1729
2,050 x 10".3 L., 560
5.00 x 1077 . 591
The data are jresented ax a plot of kc Ve [I:xéh‘zi\’z‘flj;~ HSOQN] in
figure one.  The high values of k, recorded at low concentrations of

hydrarine sulihate are not fhought 1o be significant. At these low
concentrations the reverse reaction governed by . is able to make a

conziderable contribution to the Kiretic behaviour of the gsystem and
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deviations from simple first-order behaviour are to be expected. As
the values of k_  in question are derived from an application of the
first-order guggenheim method123 their large magnitude is assumed to
arise from the application of a simple first-order kinetic method to

a reaction which under the conditions stated does not show simple first-
order kinetic behaviour. It should be noted that the individual plots
of =1n(abs (A)(t) = abs (A)(t +A)) vs t used in the calculation of
these ‘''rogue" values of ko appeared linear to the eye and returned
values for r, the correlation coefficient, of greater than 0.999. The
ability of the first-order guggenheim method to produce linear plots
from data which do not depict a first-order kinetic behavicur is noted
elsewherelzB. values of k  for [NHZNH3+HSOQ—] = 3.75 x lonllL 1 were
calculated by application of the computer Program RKISNA to datls which
reflected good first-order kinetic behaviour. It is clear that if we
di;count the early points we are left with a depicticn of the expected
trend wh 1ch involves an increase in k, towards a limiting value as
[NH?NH3 ] is increased. In the present case where [MNU]O =
2.748 x 10 4 M the plot is noted to Be flat within the limits of the
experimental exrror for all values of [NHZNH3+HSOQ— ] such that
[NHZNﬂ3+ﬁSOum] =2 2.75 x% 10“4 1. A hydrazine sulphate concentration of
greater than 2.75 x lO“Q M is therefore assuned to subpress the reverse
reaction completely. In general the reaction is found to be zero-opder
in hydrazine sulihate for all values of [RHZNH3+H804n] guch that

W%m;m%j>hm1-
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3.2.4 The Variation of k_ with acidity

If‘we carry out our experiments in the presence of a concentration
of hydrazine sulihate larger than the initial concentration of MNU
then we ensure the complete subpression of the reverse reaction governed
by k_;. Under such circumstances we may apply the generalised kinetic
analysis of Section 2.1. From our earlier discussion concerning the
effect of a nitroso compound's structure upon its kinetic behaviour
we would expect the equation for the rate of denitrosation of MNU to
take the form dictated by equation il.

Thus

Rate = kZhX[MNiﬂ
where hX relresents the appropriate acidity function. It is clear that
acid catalysis is to be expected. The results of a series of kinetic
runs at various acidlities are given below. Under the conditions shown,
where[ H+]:>>°[Bﬁnﬂ , the reaction is expected to follow first-order
kinetiecs éucg‘that,
Rate = k_ [mwu]

Values of ko were obtained by application of the computer wrogram

RKISHA to data which reflected good first-order behaviour.

[11,50,] /¥ 0%k s
0. 539 0.56
1.072 1. 40
1.613 2.91
2.148 I 60
269l 7.49

Clegrly the weaction is acid catalysed. 11 should notl surrrise

- 4
us te find that the variation of ko Lo non~lincar with changing[ H ];

clearly st these acidities some alternative acldity functlon must be
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sought. Figure 2 depicts the variation of log k  against log h, and

log ho' The plot of log ko vs log h, yields a slope of 0.93 together

A

with a correlation coefficient of 0.999 and shows the H, acidity function

A
to be the more appropriate in the Present case. That this resuli should
be different from that obtained for the reaction of N-methyl-N-
nitrOSoanilinell is to be expected. The HA acldity function is derived
from measurements involving amide indicators12['L and is predictably the
more appropriate here. The value of 0.G3 observed for the slouve of the
gravh is taken as being consistent with the theoretical value of unity

extected for reaction via the singly protonated nitrosocamide. A similar

correlation vs HA is observed for the resction of H-butyl-N-nitroso-
112

acetamide in perchloric acig .
Under the Jresent conditions the denitrosation of MNU appzars to

be governed by the rate law,

Rate = k,h, [imy]

the general behavicur of the reaction being consistent with the reaction

scheme of Section 3.2.2.

3.2.5 The Variation of k_with [Nucleoph%yﬂ

A series of kinetic runs were carried out in the 1resence of

5
L

varions concentrations of added nuc

3

eovhiles so that the absence of the

Q

nucleosphile concentration from the rate law of Section 3.2.4 nisht be

confirmed. The details are gilven Over.
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[n,50,] = 2.48 1 [NZH: HSO,

] - 1x 109 N
-/

Added Nucleophile 10° k O-/s~J'

0 .6l
0.1 M KBr ‘ L.73
1.0 M KBr .88
0.02 M KSCN 14,70
0.0l M KSCN 14.90
0.002 M sc(m&z)2 ' ly. 6l

0.004 M Sc(NH 4.83

2>2

The small changes in ko deplcted by the table are, in many cases,
within the exrerimental error of =) 5. If these changes are "real"
it seems likely that thelr cause lies in s general salt effect rather
than in a specific nucleophile/nitrOSOamide interaction. Certainly we
do not observe the large kinetlic effects brought about by similar
concentrations of these same nucleovhiles in the denitrosations of
N=methy1mN-nitrOSOanilineéo and N—nitrosodiphenylaminelz5. As a
comparison consider the hundred fold increase in ko for the N-methyl-N~

o

nitrogocaniline reaction which is brought zbout by the addition of a

0.0CL I concentration of thiocyanate lon.

lysis by such lons 1s not operative Toz
This is in agreement with the provosed rate law, the observation bzing

rationalised in terms of the armuments of Sscetion 2.1, The electron-

imes the Initial

withdrawing character of the F-nitroso substitusntis

.

protonation to become rate determining so that ithe oote actlion of added

nucleohlles upon the overall rate of resctlon dwn of the foww of minor
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3.2.6 The Variation of k_with [MU] (added).

The overall reversability of the reaction was investigated
briefiy by noting the variation of k_ as a function of added MU.

The results of this investigation are given below.

[1{2804] = 2.148 M [N2}15+ HSO, ] = 1 x 1070 N
Mol added/M lOBRO/S“l

0.002 L.l

0.010 Iy.35

0.020 - - L.17

0.101 2.93

0.201 , 2.26

0.302 1.67

A3 k is avvreciably decreased by the addition of MU it iz clear
that the reverse N-nitrosation stage governed by k -1 is of some
significance. At high concentrations of MU the rate law of Section 3.2.4
hes no apvplication since its derivation requires that the rate of the
reverse resctlon be neglizible. A full rate expression may be
derived via the application of steady state trestments to the two

intermediates,

+
NHZCQNH(Na)NO and NOY whence,

k, -~ c_flk[ ]L,[\n ]

med o e e s »~,.. b

(k-z [ ])La[”in’]+ k“lkcg[ﬁu]

_ -1
The exireasion has heen tested at lewst 1n nurt by plotting S

arzinst [U”] "he linear relationship is presentesd as Figure 3 with o

RO S T S P T VN —
sazitive sloye and intorceit.
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. 3.3 The N-nitrosation of N-methylurea

3.3.1 The Literature

It is well known that in aqueous solution the nitrosation reactions
of amines (diazotisation for primary amines) are generally strongly
catalysed by nucleophilic specles such as halide ions and thiécyanate
ionéz. This catalytic effect is thought to arise from a rapid -
equilibrium formation of the corresponding nitrosyl halide, etec., which
~acts as a more powerful nucleophile than does nitrous acid itself. For
some of the more reactive amines (eg. some aniline derivatives) the

rate constants approach those values exibected for a diffusion- controlled

119 . . . .
process 7. Whilst there is one report which concludes that thi

s state’
. . . . . 126,12
of affairs existe also in the reactvion of amides 27 there are a

number which report that nucleophilic catalysis of the amide N-nitrosation

. . . o . 112
reaction 1g not observed. Thus Berry and Challis report the absence

. g s . S 128
halide catalysis from the reaction of acetamide; Stedman
reached a similar conclusion. The absence of halide catalysis has also
been reportled for the reactlons of hydantoic acld and ethyl-N-ethyl
I A . Y9 g ; -

carbamate . In the face of the dilemma additional data would seem to
be nzcessary. Whilst the N-nltrosation of N-methylurea (MU) had been

. . . 118
studied to some extent by Yamazmoto et al. with the conclusion that
nucleophilic catalysis was absent, there arc areas of their avproach
which Jand iheassclves to criticism;  1n particular thelr data are
based on sreacvrements of the initial rate of reaction. The system was
asubjented Lo & none vigc rous Kdnetlc analysie at the hands of the

vresent aunthor.

[aRs



http://n1.2cleophi.lic

114

3.3.2 The Extent of the Side-Reactions

We might supvose that the N-nitrosation of MU would jroceed along

the lines of the reaction scheme shown below.

k
=1
-+ -+ (R HM - 2} £ -
H,0 + NOY * NH,COHHMe ::=- NH fONH(NO)xe
1
| x k., \”\ k,
- + _ -4
HNO, + Y *H NHZCON(NO)Me 1

The yield of FMNU was established by comiaring the U.V. absorjption
at 265m, abtained after ten half-lives with that obtained from a
standard solution of MNU., Values for the jercentage yvield of bheiween
967 and 10074 1n\1cate that the N-nitrosation reaction is guantitative.
Clearly the deamination pathiway is not operative here. From the results
in Section 3.2.@ it is further clear thatl the reverse recactlicn governed
by‘kz is of little significance at these low acidities so that the

rate equation for the disaprearance of MU takes the form showun helow,

(section 2.2).

Rate

o+ y _ )
o oand HU the reactlon is

A - R PSRN Kal iy e
CLven an Execos concentration of bLoih

exieniod to follow filret-order Rinetinn,  This oohaviour s dulvy

]

ohsarved. Tt shoald be noted that thoso obsoovations mxaﬂm‘u the
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operation of the "N?03" nitrosation mechanism.

3.3.3 The Variation of k_ with [ mu]

A éeries of kinetic runs were carried out at various initial
concentrations of MU s0 that the order of the reaction with regipect
to [MU] night be determined. Under the conditions employed good first-
order behaviour was observed in all cases. The values of ko, defined

such that

o L] o =alwgl) \
Rate = Q-—-(-ift--—- = —i-dt—l = ko[lmoz]

are given below.

[M80,] = 0.020 M [Nano,] = 6.026 x 1074 &
102 [110] Wi lo2ko /Sml
1.20 1.2
2.40 2.8
3. 59 5.5
.78 h.61

FProm the nlot of ko Vs [MU]O, presented as Figure 4, it is clear

that the reaction 1s first order in | MU| as is predicted by egquation 16.
J 1

3.3.4  The Varistion of k with Acldity

,

A series of XN-niltrosations were carried out in the jwesence of
various concenteations of agusous sulphuric acid. Values of k, defined

as above, wore obtalned from good firvst-order data and are tabulated

averr.
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[m] , = 1.198 x 107 1 [Naro ] = 6.026 x 107 u

3 2, 4 -1
107 [11,50, ] /M 107k /s

1.00 0. 50

2.00 1.23

3.00 1.84

4.00 2.4

The data are presentad graphically in Figure 5 as a plot of
k Vs[ H‘+] . At these acidities the reaction appears to be first-order
in [H+] whiéh is to be expected if the reaction involves the attack
of the nitrous acidium ion,the nitrosyl halide or the nitrosonium
ion upon the wijrotonated form of the amide. At these aciditles the
latter possibility apdpears wcemote as nitrosation via the free nitrosonium
ion is thought to occur only aﬁ acidities in excess of 9 HZS(Z’BB. Thus

the rate law of eqn. 16 is established. It is pertinent to note that

the same rate law has recently been established by Mirvish in a study

(by initial rate measurvenents) concermed with the possible involvement
e . . 122

of nitrosoureas in human gasitoic cancer .

Ead

oL

<
a3
=
1
in
o)

oncentrations oF added nucle2unlles so the absence of the

TR [N £ N T 0 ey ] SR VE o Tt
sntratlon fterm from the rate law night be confirmed.  The

micieopnile con

. ~  r Ty Lo ey 3 - .
vatuan of ko arve tabuloted over.
A
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[1,50,] = 0.020 1 [vano, ]

li

6.026 x 1074 M

[MU] = 1.198 x 1072

2 -1
Added Salt 10?ko/s

0 ‘ 1.21
0.1 M KBr 1.4
0.2 M KBr 1.28
0.3 M KBr 1.30
0.1 M KSCN : 1.13
0.2 M KSCN 1.10
0.3 M KSCN | 1.11

0.4 M KSCN 0.98

In contrest to the amine reaction the N-nitrosation of MU is virtually
unaffected by the addition of quite substantial concentrations of
nucieothliles. If we assume that the small increase in ko observed with
the additi5n of KBr is due to a salt effect then this effect miggt also
be expected to bhe operative in the case of the thiocyanate. It should

be remeibered however that the protonation of the thiocyanate ion acts

to lower the effective acidity of the solution. This latter affect would
seemn to be stronger than the sslt effect, which it opposes, since a small
reduction in k_ is noted with the addition of XSCN. Our observation

conoer:

¥

ing the absence of nucleovhilic catalysis is in line with the

resulic of Yamanoto et al.

and Mirvish 77 and should nolt sur rise us

3

2.7 we note that the wildes electron —
ey ipanted to cause & situatlon to arlse in
the oolvent becomes the rate determining

herefore

to wart in this atage and may not t

[ SN IL HA RV S,
o T LNe PEesC L.




120

However this is not a full explanation of the observed facts.

Consider the expression for k

1 K [(H '][MU]

- -2
ko = kK, [H 3]

Whilst it is true that the nucleophile concentration term is missing from
this exiression we should not expect the same value of k, for all
nucleovhiles since the values of k-l’ kl and K will @qiffer from
nucleophile to nucleophile. It should be remembered that if kl[Y-] is
large, as we are indeed saying, then the rath-way for reaction via the
nitrosyl halide must be reduced in rate considerably. Such circumstances
as these will permit reaction via the nitrous acid species,
(NO+ or H?WO? ) to compete favourably. It seems clear, bearing in mind
the low acidites employed, that the reaction of MU Proceeds via the
attack of HZNOZf upon the unirotonated form of the amide.
Thus
k_

+ e ‘ S SR o
H, NO, ¥ NH,COSHite :;:_:? I\'HZ(,ONH@IO)\JE, T H,0

b -

. \,,\ ES
H_* + H—_NOZ NH?COI\ (I\ )1.; - H

Tt may well be that the final proton

the solvent is not the simiple one-stage wvrocess depicted above. lhe
most likely site of 1rotonation in the H-nitroso compound is the nltroso
oxygen atom so thal gome find of  O=se—o=N fransition may bs involved

In the absence of detalled evidence the ahove outlilne is potoired.

L conclusions

eyt e G Sae s B are iy

It ig clear thet nucleovhille catalivain is nol ohnerved for el ther
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the N-nitrosation of N-methylurea or for the reverse denitrosation
reaction. Furthermore a consultation of the results of other authors,
(Sections 2.1 and 2.2), leads us to believe that this is the normal state
of affairs for amino/nitroso compounds which possess eleclron=-withdrawing
.substituents. Refé%ing 1o these earlier sections we note that the effect
of these electron-withdrawing substituents is to make the proton-

transfer stage governed by k_, rate-determining with the production of

2
the relevent limiting forms of the rate expressions.
This proposal of a rate-determining proton-transfer is not

unsupported. Thus both (hallis et al. and Williams report that the

kinetic isotope effects Kk 1k observed for these systems lie in
HZO DZO

the range 1.5 to 1.9,
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SECTION FOUR

THE EFFECT OF THE NATURE OF

THES SOLVENT

THE REACTIONS OF A SERIES O
P=SUBSTITUTED N-METHYL~N-NITROSOCANILINES

IN ACIDIC FIHANOLIC SOLUTICNS
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4,1 An Introduction

In the preceeding sections we have considered the effect of changes
in the amino/nitroso compound structure upon the kinetic behaviour
of a series of N-nitrosation/denitrosation reactions. HMention has also
been made of the effect of the nature of the solvent and in this
section we will consider this aspect in a little more detail,

In the case of N-nitroso systems possessing electron-withdrawing
substituents the over-riding dictate over the kinetic behaviour
aprears to be the nature of the N=-nitroso compound and it has not been
possible to 'demonstrate the effect of solvent changes 1n this sphere.
To £ind exampies of this effect we must confine ourselves tc species
such ag the N-nitrosamines. Consider the denitrosation of N-methyl-N-
nitrosoaniliné. Williamsll has noted that the reaction in aqueous F25“+
is characterised by the operaticn of both H and nucleophilic catalysis.
The, kinetlc isotope effect (kD O:kH O) of between 2.C and 2.9 confirms

: 2 2

that we have a fast initial protonation which is followed by the rate-
determining attack of the nuclesophile upon the protonated form of the
N-nitrosamine. In moving to a solvent of lower ionising power we might
exPect from our discussion of Section 2.1 that we would predispose the

systen towards the condition kl[y-]>e> k__. If this effect is large

-2
enough we may exrect to reach a vosition in which the initial jrotonation
3 L { N 3{) ) LI A |
becomes the step. Johal et al. have examlned the

reaction of K-methyl-N-nitrosoaniline, (Wi

and verorl that the addifion of a 4.6 x 10 7 M concentration of sodiun

hremide has no =Cfect unan the of reaction. In contrast the addition

of

ration of sodium bromide brings about a five-Told

increase in the rate of the weactlion in Simi larly
the addition of cobetoriial concentrations of sodium thiceyanale effects
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no increase in the rate of the ethanolic reaction. Clearly the
nucleovhilic species plays no rtert in determining the rate of the
reaction in ethanol. This suggests that either (a) the loss of NO+
is now an unalded unimolecular process or (b) the rate determining
stage is now the protonation. It is difficult to imagine a reason as
to why explanation (a) should occur and so we Irefer the second
possibility, a conclusion vwhich is supported by the observed kinetic

isotope effect (kEtOH:k of 3.8. Clearly the effect of the change

EtOD)

to a solvent of low ionising vower has been to make the initial
protonation the rate-determining stage.

A similar situation exists for the denitrosation of N-nitrosodiphenyl-

amnine, (NDA)BO. Thus whilst Thompsonlo5 has reported that the
denitrosation in HZO is subject to nucleophilic catalysis the reaction
in ELOH is notBQ. In this present work the study is extended to include
the effect of solvent change uvon a serles of .p-substituted N-methyiw

.

N-nitrosocanilines.

4.2 'The Denitrosation Reactions of a Series of p-substituted

N-methyl=N-nitrosoanilines

6l
A study has been made, by Biggs et al. ', of the reacticas of a
geries of psubstituted NMRA's in agqueous acld solution. In ezch case
nucleophilic catalysis waz found to bLe operative. It is thus clear

that they werc dealing with a serles of denitrosaticn reactions Ton

which the nucleothilic attack is the rate-dete:
which we might have iwedicied on structursl grounds. valuzs of k_, the
whe

chaervad Tlret order rate constant for ithe disavpesyance of

ke T
catsz ‘l'{/

nitrosamine ove given beiow for the boom

N - Y - R T - _ T I Lo ot e
cenee of a2 % 10 7 ¥ concentration of the nitriss bros swighanilc azic.
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[1,50,] = 2.15M {er"] = o.2m
substi.tuent IOL’LI(.O/S-1
H 39
p-Me 23.7
p=0Me . 13.7
Pl 63.7 .

P=NO 50.8

Similar, although not identical, resulis are obtained for the
chloride catalysed reaction. Let us consider the range of
reactivities which whilst simall does demonstrate that electron-~

donating DP-substltuents serve o reduce the reactivity of NMNA. Whilst
the effect is eusily observed it is less easily ratlcnalised. Consider
the reaction scheme ghown below.
K . .
=3 NHMNA + H == p=¥X NMNA H
k_lqb Ky X

=X N-methylaniline <+ NOY

NOY + nitrite trap -—--—t= Products

L. and realicing that the extent

D

Winiimt 1t ohs odesr thal the nature o the p-substituent rust affect

% L R ) R [ T B ETI R SHP [T
Mentirossenilines v we can only assgume hinl the varia
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in p&a parallels that of the anilines. Values of pKa for the anilines

are given below.

sﬁbstituent pKa
p~Me 5.10
p=0ile 5.34
p-Cl. 3.98
1.11
P-NO2

As pKa.is increased by electron-donating substituents the
insertion of such substituents into the p-position of the nitrosamine
should result in an increase in ko. Such an increase is not observed
and we COnclude that the effect of substitution acts also upon kl‘
Note that we now have an example of the effect of substituent uvon the
leaving group in a nucleophilic substitution at a nitrogen centre.

Viz.

+L 0 w/////’~\}
x@—-rlw:tzm// Br
CH,

+ NOBr
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In such circumstances we would expect the insertion of an
electron—-donaling p-substituent to decrease the value of kl. In the
case of the bromide catalysed reaction the effect upon kl would appear
to outweigh the effect upon K so that electron-donating substituents
“produce a décrease in ko. As this decrease represents the difference
of the two ouposing substituent effects it is understandably of a
small magnitude.

Now let us go on to consider the corresponding reaction in an

ethanol solvent which proceeds as follows:

; k, .
P=X NIfNA + H o= -X NI AH
%, '

kl,Y “\ k_l

p=¥ N-methylaniline 4+ NOY
NOY + nitrite trap ——® Products

From our earlier dlscussion we are aware that a change of solveht
to ethanol may suffice to make the iniiial jrotonation rate-determining
g0 that

ko = kz hX

In such circumstances the effect of the p-substituents upon kl
will not be transmitted to ko. If our earlier consideration of
substituent effects is correct then the effect unm KO should take the
form of the unouposzed effect uvon K or in the vrezment casc upon the

1
t

forwvard comuonent of I, kZ. tith the removal of the ousasing effect

1

on ky the voriation in k) might be cxpected 19 be of a moderately large

nasnitude.

D
]
o
=

Values of k_ obtained for the reactlons of 4 series p~substituted

ToArTt, [T
RPN S WS TR R 1 B S )

in o the  rononce of accarbic oodd oo o nltrite




. trap are given below.

[Hc1] /i
0.216
0. 1iy7
0.678

0.909

p=Cl NHNA

[Hea]

0.213
0.444
0.675

0.906

s e e m it
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103 ko/5—1
3.839

15.14

22.24

4. 840

12.65

17.26
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p=OMe_NMNA
[seq] pm 107 & /s
0.194 2.808
0. 414 7. 246
0.614 11.19

0.826 17.33

A consideration of the cxiression for ko given above demonstrates

that a plot of k  vs h , an appropriate acidity function, should lead

Lo

to a straig hf 1ine of slope kZ' We expect this value of kZ to he

increased by the iresence of electron~donating substituents. Fyrther

we exiacht thls effect t¢ be transmitted, unopposed, to ko.

72

- . 130 .
Flots of ko Vs ho using the h, velues of Braude - are given

below. A comparison of these plots with the accompanying plots of

ko Vs hO[Cln] does serve to 1llustrate the abéence of nucleophilic
catalysis. Clearly our change of sclvent to ethanol has had the

expected effect of making ths initial, protonation, stage rate-~determining.

However con investlgating the results in a little more depth it becomes

clear that our foregoing vatiocnale does not reflect the whole truth. In
goLng

the first instance comment must be made concerning the asparent desarture
frai Mnearity devleted by a nmumbar of the X vs h, plots;  clearly

the Fravde acidity function does not reiresent the goldity de jendance of

the veactiom wilh any great accurccy.  As N0 ure an apurowriate

function hag beewn foans we nunt ersevere.  Hith the acceried curvature
- . . - T e

off the ko Vi ho Ttz agrecd that T lay ayveelf o en to eriticienm

in presenting values of k, devived from then via a lsost-squares

treatnent. Neverthelecs has boon nade since I believe
ERa g) o NG o e e i ~ PRV | i L FRANN e o
! AN £ A o L i : il Dao NG REAN WY LRE shiacows o or
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3 /o=
107k /s

Figure 6

ko vs hO and ho[Clu]

for NMNA

h, or hfo1]
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Figure 7°

ko vs ho and ho[Cl-]

for p-NO, NMN A

7
+ o /
/ 3
4‘ -
// n. or ho[Clj
T S .
0.5 1.0 .5 2,0 o0
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3 -1
107k /s

20+

" Figure 8

ko Vs ho and hO[CIE]

for p~Cl NMNA

h, or b [o17]

1 3
2.0

AN]
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20 -
103k(/s_1

15 =~

AN

Figure 9

k, vs h_ and h;[c1]

for p-Me NMNA

&
hWooor b "lﬂz
iy o) ()[ -
' v P— S
0.5 1.0 1.5 2.0
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20 -‘

. _ Figure 10
3. 4

107%k _ A5 \

o=
k, vs h, and h [c17]

for p-Olle NINA
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some while.

Consider the values below

p-substituent 103 k?/s;1
-H 10.8
“NO 5.

WO, 2.33
-Cl 740
"'Me 9- 2}*1’

-~(Oie 8.78

The first point of note is that the substituent effect upon kZ

is small, perhaps smaller. than we would have exrvected for our

pogtulated "wnopposed" effect. The values of k? whilst agreeing with
1

those of Meyer - lie well below those values expected for the rate

(b
}._l

constant of a simple proton transfer reaction. It is also intevesting

to note that, whilst the substituent effects act upon k2 Tor the
P-substituted NMNA's, NMNA 1tself possesses an “anomalously" high
reactivity. Continuing our investigation we plot log k, vs Hj for

each analogue and arrive at figure 11l. Clearly values of log k

rise towards a maximum value for each analo zue. It would seem appromriste

to conduct an exilanation along the following lines.

It 1g acknowledgzed in ecarlier discussion that our portrayal of the

initial protonation of the niltrosamine as a simple one-stage process
may e at faulit. A possible aliernative reiresentation would seonm to
~otonation at the nltroso-oxygen site followsd by a

L to pive the R-jwotonated aiscies
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——+  Products

Nole that wnder this scheme the devived rate-constant kZ reiresents

combosite rate constant for the protonastion stase. It shonld not now

<

be too surivrising to recall that the measuresd values of k? for the

pesubstituted NIMNA's fa2ll short of the values cxbected Tor a proton-

tranefer reaction. (Clearly the resrrangement stage governed by ki
)
reiresents the rate-delermining stage of the N-irotonation. 1In the high

~ - R S, 4 ) - 3, - s P P - AT A
of our neries of teasts 1t would apnsar that the Hella's

i

| e et e B i e A da b e e e T ey s
UJ o ili_j‘:‘:\’-t'()‘rj(.-‘v Cion 80 lzll(’u & L}!‘ﬂ _L_d_-iu'_f SLOLES LN s

Tyer i o RPN .- e
LOgr ]L“) LY e . S E, AN norn BN -~

« S SR e - JO Y Y S SUN S S
LEo QML oA Ly AN Rnaent oL Ll Gl Ly .
20 & ,
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4.3 ronclugion

Although the j~substituted N-methyl-N-nitrosoanilines afford
confirmation of the effect of solvent changes upon the catalytic
behaviour of the denitrosation reaction it must be reported that their
detailed behaviour is not readily understood. It would appear that
the exverimental results are not easily rationalised except on the
basis of a postulated two-stage protonation reaction. It is perhaps
pertinent to suggest that any new study might start with a readrralsal
of the variation of hg in ethanolic sclutions of HCL since it is

acknowledged that some linaccuracy may derive from the use of the

specific values presented by Braude. 1In the light of this acknowledgement

it would seem unwise to place too much significance upon the unresolved

anomzly concerning the reactivity of H-methyl-N-nitirosoaniline itself.
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SHCTION  FIVE

THE KFFECT OF THE NATUSE AND

CONCENTRATLON OF THE NUCLEOFHILE

THE REACTLONS O A SERIES O
N-NITROSAMINES IN AQUEOUS ACIDIC
SOLUTTON IN THE rRESENCE OF HIGH

CONCENTRATICNS OF NUCLED:HILES
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5,1 An Introduction

In earlier sections of this work we have discussed the effect
of both nitroso-comiuound structure and choice of solvent upon the
kinetic behaviour of the denitrosation reaction. We have also made
mention of the effect of the nature énd concenﬁration of thé nucleophile
and in this lresent section we shail yursue this aspect in a little
more detail.

Consider the denltrosation of an N-nitrosamine in an aqueous
medium. Structural considerations would lead us to expect the rate-
determining stage of the reaction to be represented by the attack of
the nucleovhile uvon the protonated form of the nitrosamine and our
cholce of water as the solvent would reinforce this expectation. Such
a reaction would be characterised as being subject to hoth acid and
nucleophilic catalysis. The kinetic isotope effect demongstrated by
the reaction may be expected to be of a fairly low magnitude. At low
nucleophile concentrations these conditions are generally found to
obtain and indéed the specific evidence of Thomﬁsorxlo5 and williamsll'125
concerning the denitrosations of N-nitrosodlphenylamine and N-methyl-
N-nitrogoaniline resiectively has already been discussed. As the
congentration of the nucleophilic sjecles s increased we expect this
sitvation to alter.

The dilsappearance of nucleophilic catalysis at high nucleojhile

4

concenlrations which is so indicative of the change towards a rate-

Aeterminineg protonation was fivst reported by Challiz and Osborme’ -

ALrogodivhenylamine with HOI in mixed it

for the roaction of MH-n
solvent.  The range of H-ndtroso comjpounds ctudied at high nucie - hile
concentrations haz lncreased steadily with sinllar results belng

06

] b L :

5

. . . , .. 1 . .
ined in each case.  Thus whilst Thompson has been able Lo oeonfirn
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the observations of Challis and Osborne for a 100% agueous solvent
Meyerloa has moved on to study the reaction of N-methyl-N-nitroso-
aniline. Using a 0.47 M aqueous HZSOH solvent in the presence of an
added excess of sodium azide the reaction was found to become
independent of the concentration of the three nucleophilesbBr_, SCN
and S(‘.(NHZ)2 respectively at high nucleophile concentrations. The

measured kinetic isotope effect k 0 of 1.7 measured for

2

H,0 Ky
*hNMeNO at a thiourea concentration of 0.42 M is taken as being
indicative of a move towards a siltuation in which the protonation of
the nitrosamine is the rate-determining step. Under such conditions
we may refer to Section 2.1 and write the following ex|ression for ko,
the observed first-order rate constant for the disajpearance of the

nitrosamine.

ko = kzhx

As k is dependent only upon k. and hx,.the approyriate acidity

2

function, the limiting value of ko at high nucleoihile concentrations

should he the same for any one nitrosamine irrespective of the nature

of the associated nucleophile. Meyer's results confirm this exiectation
. e s -4 ~1

with a limiting value of 200 x 10 ° S 7 being observed for both

thiourea an< the thiocyanate ion. As these two sjiecles 40 not possess

identiral nucleojhilic reactivities we should not expect to reach the

limiting valuc of k, at the same concentration for each nucleophile and,

indeed, whilst a 0.5 M concentration of thiourea is require? to reach

7

this limiting arvea a 0.9 M concentration of thiosyanate ilon is required

to bring about this same effect. Ve may further demenstrate this

difference in nucleophillce reactivities as Tollous.
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Consider the reaction scheme:

A ' k A H
SNNO F " SN
B K 37 NO
-2

Y| K
A
SN—H + NOY
B

Reference to eqn. 10 of Section 2.1 leads us to vresume that the
reaction of NMNA at low nucleophile concentrations in an aqueous

solvent procecds according te the exvression glven below.

when ko is defined by

Rate = ko [N—methyl-N-nitrosoaniline]
At high concentrations of the nucleophilic species this same reaction
is governed by the expression,

]

At intermedlate concentrations of the nucleorhile we must refer to

kg = Kk, [H

Section 2.1 for the full rate exivession given by equation 9 whence,

Kk, [”7“] (Y]

[

- -+ kl[ Y ]

It is clear thal if we take values of kc obtailned at these

1
2 5 5 F LN i . L o o
intevmedintle nueieophlle concentrallons then o plof of i ve | Y ]

')
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will lead to a straight line with an intercept equal to the value

+ ) ,
l/kZ[H ]. lots for the three nucleophiles employed by Meyer yield
a common intercevt of 50 s which leads to a value of 3.2 x 10~2 1 mol

for k The slopes of the three lines give an inverse measure of the

o
reactivities of the nucleophiles so that Meyer was able to calculate

the following relative reactivities. -

Thiourea :Thiocyanate 2.2
Thiocyanate :Bromide 124

These figures compare well with the values of 2.5 and 100 respectively

60,65

calculéted by Biges et al. from data obtalned at low nucléophile
concentrations. It should be noted in passing that Meyer's value for
kZ although lower than the valuve to Be expected Tor a simple proton
transfer reaction agrees favourably with the value calculated by the
present author for the reaction in ethenol. It would seem that the

two-stage protonation proposed for the ethanol reaction is also

operative in aqueous solvents.

5.2 The Tenitrosation of N-nitrosodiunenylamine at High Nucleopnile

Concentrations

-

106 .
Although Thompson has demonstrated the removal of bronmide

catalysis for the reaction of N-nitrosodichenylanine (WDUA) in zgueous

H Sih‘at high nucleophile concentrations {he existence of a common
limiting value of kc forr a1l nueleophiles has not bzen noven. As the
!

existence of this common 1imit is characterlistic of the present

rationale a series of exploratory kinctic eziariments were carried out

valions of bLromide lon and

in the vresence of various added conceor

thineyanate 1on reg;ectively. The daty =ve oiven  over, Lhose same

data belng reiresented gra:bically in Faovee 12

-1 A

2
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[n,50,] = o0.277 m
[ar,] = 06w
[roea] o T 2.936 x 107" i
10° [xBr]/n 102k0/s—1
H 1.050
8 | 1.639
12 1.839
16 2.051
20 2.216
24 ) 2. 347
28 2.4y
32 2.708
36 2.778
40 | 2.0687
b 2.981
107 [xse] /i 10%k_ss7!
4 0. 68
8 0.973
12 1,279
16 1. 08
20 1.731
2H 1.822
2 1.978
32 2.175
o6 2.275
"o 2.283
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Fi.gure 12 - KBr |

3 -1
| 10 ko/s

24 7
16
‘ko % .[nucleoyhile]
~for denitrosation
of NDP4
8 -

10° [1ce] /1
or

]
107 [gsa] /i

e " . S

X 40 - 50 60

e s st et -,.‘.‘_Mr..ﬂ.,., Fr—
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(learly K, tends to become independent of the nucleophile
concentration at high nucleophile concentrations. We may perform a

simple extrapolation to obtain the following limiting values for ko
= 3,02 x lO~2 5-1 at [KBr]

kK =2.8x10%s 1 at [ksew] = 65 x 1072

60 x 10°° N

i

Ea

At first sight these limiting values of k, do not seem to be in
too good an agreement but it should be remembered that other factors
operate. In particular we must correct the nominal acidity of the
reaction medium to allow for the protonation of the azide anion and in
the case of the thiocyanate anion to allow also for the protonation of
the nucleophile. Assuming comiplete protonation of the azide we may

write, to a close apiroximation,

NaN ]
- Y32
1,50, H.SO -

whence from tables we obtain

+ - -
[]I ] for Br experiment at limiting [Br ] = 0.259 M

. 134 . . .
For the thiocyanate case we have a value ~  of pKa for the anion of
-0.701 so that we may calculate the extent of protination. Using this
o . b .
knowledge we may then arrive at a value for[ i ] for the thiocyanate

exveriment such that,

. - - o
[]i ] for SN exveriment at limiting [S(ﬂ J = 0.238 1

OUn the assumition that

[en)

Rate = ko

and

ko i kZ[H } al these high nucleophile concentrations
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then we may correct for the differences in acidity such that
F -2 _~1
k (KBr) (at [H ]=0.295M) = 3.02 x 10 25

. W2
+ L5 x L -2 -
kO(KSCN) (at [ H 1= o0.205 1) = 2LZTZ%§?£Lm' x 0.295 = 3.19 x 10 2 gt

(learly the limiting value of k_ at high nucleophile concentrations is
indevendent of the nature of the nucleovhile.
Proceeding further we note that at moderate nucleophile
concentrations ko is given by
-+ -
ek [11 ][ Y]

© k_, kg [Y7]

A plot of l/kO vs L/[ ] should thus be linear with an intercebt
of 1/k,[1'].
Such a plot, given as figure 13 ylelds the following values for

k2 which should be dependent only upon the nature of the nitrosoamine.

1.5 % 1070 1 nol™ g7

i

kZ(KBr)

1.y x 10‘1 1 mol"l s_l

It

k., (KSCN)
[

The slopes of the lines represent the values of

Since k. and k are lidentical Tor a particular nitrosoanine we

in o, and k_,
nray use the slopes to yleld a value for the ratlo k SQK)/ br

P

(which reiresents the ralio of the reactivities of the {two nucleojhiles
. PRV, s ’\ . ) T v . .
in this reaction)} by assuming that | I is equal in each case.

.. Consldering our

-

On this basis we have kl§SPN )/k1(hr )

asswtitilon concerning the acldities thin value comparss acceustably with
Y
A o 140 . . . . .
thot ~0 7 crosoged by Thow son Tor Lhe reaction ol Tow nuoler Bile

COTIeON L o7} S P R . : 54 E
ecubrations. The low wva e aofl tha resent pabtio comjared with that
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104 . - .
obtained by Meyer o4 for the reaction of NMNA clearly reflects the
higher reactivity of NDI'A which causes it to be less discriminating

between the various nucleovhiles.

5.3 The Denitrosation of a Series of vara-substituted N-methyl-N-

nitrosnanilines

In order to substantiale the generality of this behaviour at high
nucleophile concentrations an investigation was carried out into the
reaction of a series of p-substituted N-methyl-N-nitrosocanilines.

The results of this investigation are given below.

[1,80,] = 0.407 i

[Thiourea] = 0.792 M

2

[Hydrazine Sul)hate] (as nitrite tran) = 1.003 x 10 “ i

4

pesubstituted NINA 10 A

I'.O/s
-H 180
-1 b5
-NO, 71
~Me ' 209

~{Me 214

In cach case a 204 increase is the thioures econcentration caused

Little or no increase in the value of k_ . The lorcest incroosce

recorded, with an approximate value of 8% is comparable wilh the

. - S ) T e o
exrerimental cyror of -55 and rejvesenis, at best a salt effect. It is

i

clear that under the specified condiliopsz the reocotion is not subject

to nucles hilic cataltysic,  In common 3 ih ihe " bth NoRA and
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NMNA the action of high nucleophile concentrations on the
denitrosation of the p~substituted NMNA's 1is such as to render the

initial protonation stage rate-determining so that,

where h represents an apiroiriate acidity function.

It is interesting to probe slightly deeper into the behaviour
of the p=-substituted analogues. Noting that the use of high
nucleophile concentrations in an aqueous solvent brings about the same
limiting condition as does the use of an ethanolic solvent, 1t should
be possible to rationalise the effects of substitution in a manner
analogous to that employed in Section 4. With the opposing effect upon
kl removed>wé inlght expect to see the substituent effects uwon kZ
reflected by a wide variation in ko across the varlous analogues.
Whilst this varlation does operate in the exyected direction it
shares a common feature with that observed for the ethanol reaction .
in that 1t is of a low magnitude. The explanation is almost certainly
as per Section 4 in that we are seeing evidence of a two-stage

rrotonation. After allowing for the irotonation of the thiourea

(pKa = =1.19) we may calculate values of k

2
2 ~1 -1 ;
v=gubstituted NMNA 1O'k2/s 1 7 mol
-4 3.22
-1 2.69
~IT0Y L - v
RO, 1.2y
~le 3.7




Clearly these values lie far below those expected for a simple

single-stage protonation reaction.

5.4 rconclusion

At high concentrations of added nucleophiles we expect the
denitrosation of the N-nitrosamines in aqueous solution to proceed with
a characteristic independence of both the nature and the concentration
of the nucleophile. Certainly I find no exception amongst the
compounds studied here and our jroposal of this effect as being general
for all N~nitrosamiﬁes gains support.

It is interesting to note that here agaln we have evidence of the
existence of a two-stage jrotonation Iwocess so that we are drawm
towards the views of Challis and Osborn6132 who propose that an initial
o-protonation at the nitroso-oxygen site is followed by a

rearrangement to give the N~-protonated form. As of now however no

conclusive evidence concerning this point exists.
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SECTION SIX

THE REACTION OF N~METHYL-N~-NITROSOANILINE
WITH SULPHUR~CONTAINING NUCLEOPHILES

IN ACIDIC SOLUTION
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6.1 An Introduction

It has been avparent for some time that the denitrosation of
N-nitrosamines in aqueous acld solution may be catalysed by the
addition of moderate concentrations of various nucleophilic agents.
Whilst these nucleophilic agents have classically taken the form of
the halide ions this 1list is by no means exhaustive and Section 1.7
of the present work has allowed us to consider one alternative
series of nucleophiles; the sulphur nucleophiles. With the current
interest in the biological acﬁion of the N-nitrosamines and given the
abundant supply of sulphur nucleophiles in the body, the interaction
of the two takes on a high blological significance. With this
significance in mind we shall develop the subject further.

Barlier, in Section 1.7, we made mention of a study by Williams
which centered around the reaétion of thiourea. The following scheme

is proposed for reaction in the presence of a nitrite trap.

+
PhNFMeNO + H

el

- - wH
+ + A2
N (He JHHO ~ ——Y—t  PhNMeH + ON-S=r
I8 AN
] A,
[
. NI,
' <. ) . N
ON=5=1"_ Fonitrite trap — -t Froducts
HH,
Z

It is clear Ffrom the reas

5]
o

11t of the kinztic and roduct stuiles
that the rate delermining stage of this reaction under the conditions
staled 1s reiresented by the nucleophilic attack of the thiourea ujon

the irotonatesd form of the nitrosomine. Given that,
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Rate = =< %-E}i =k [

we may write

k, = kJn[v]

A plot of ko Vs @hioureﬂ thus leads to a value of le which
demonstrates the nucleophilic reactivily of thiourea to be
comparable with that of the lodide ion.

Similar results have been obtained for the reaction of thiourea

. . o . 125
with N-nitrosodlphenylamine .

1

6.2 The Reaction of N-methyl~N-nitrososniline with Thiourea and

the N-alxyl Thioureas

6.2.1 An Introduction

In examining the reactions of the N-nitrosamines in acidic
solution it 1o advantageous to carry out all investigations in the
presenfe of an excess concentration of an added nitrite trap such
as sodium azide or hydrazine sulvhate. In such circumstances the
inherent reversibility of the denitrosationvreaotion is removed

s0 that the kinetic hehaviocur of the system 1s considerably simpglifier

reaction in the presence of the thioureas it aiiears

that the cholce of the nitrite tral must be a one -«
Whilsel hydrazine sulihate behaved satisfactorily over the entive range

of thio~—gubet

thare wao evidence of eyvlensive side reand

with some of the trass examined and in articular the combir

gulihamic acld and tetranethylthioureas lead Lo a raroducibvle s-sha e
Y ~ r -t . -
curve for a vint of kK _ ve [tetramethyjthlﬁureaj. Consequently

}J‘y-"_r_uv,-,’,luc sl hate wars ehnloyed bhroushoewb the jresont invoesis
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In such circumstances we exiect the reaction scheme due to Willians,
which is depicted, above to apply. Whilst this scheme has been
proven for the reaction of thiourea, (Section 1.7), it would be
unwise to apply it blindly to the reaction of the alkyl—substituted
analogues without some previous analysls of the jroducts. 1 have
carried out such a series of investigations whose results are
described fully in Section 8. Suffice it to say that 1 find no
evidence in these results to suggest any reaction which lies outside
of the scheme proposed by Williams; neither do I find evidence
amongst the results of the kinetic investigations save in the one
instance noted above. It is clear that thiourees react with NMNA

according to the following scheme.

. . il + AR,
NMNA + H == NMNAH T=r———-—t [HMA T CN=-S=(
thiourea N
K NR
2
R,
ON-57C + nitrite trap ———=t= jroducts
NR
2

If we assume that the concentration of the thiourea remains constant

during any one kKinetic run then we may define the value K, which

relresents the obzerved first-order rate constant for the reaction,

X e iaa . 08 o
as above. Referring to the worl of Williams and acting on th

D

assumption that the initial jrotonation has some dejendence u;on the

Hamnett acidlty function, hg, we may write
) )

where x reiresents the evierimentally Jdeiormined order in ho v ecten

to be olose Lo ounlly.
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6.2.2 The Variation of k_ with | Hydrazine sul hate]

A series of investigations were carried outl to ascertain the
concentration of hydrazine sulphate which must be added to the
reaction system to bring about the complete subjugation of the
reverse reaction described above. Basically the reaction of each system
to increasing concentrations of hydrazine sulphate is identical so that
we will not dwell uvon a detailed discussion of each. Nevertheless
the results obtained with each thiourea at each of two acidities are

given below for reference.

[Thiourea] = 1.801 x 1077
[wma] = 1.348 x 107 1
[,s0,] = o.78u
| 10° i n, e, ") i 107 /st
25 b 0
0 | 13.10
0.25 5.40
1.25 1.5
2.50 1.70
7.50 1.82
12.75 1.90
25.00 1.87
.00 1,30

100.00 2.00
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o = J
[H,50, ] 3.94 M
3 b o T /i 1AR -1
10 [N2H5 H80,, /M 10%k /s
0 2.75
0.25 2.28
l.25 2.16
2.50 2.30
7. 50 2.76
12.50 2.72
2‘5- OO ) 2-88
50.00 2.92
.2
100.00 2.86
N-Methylthiouresa
[N-—methylthiourea] = 1.802 x .'LO.-3 1y
-1y
[niwa) = 1.297 x 20" M
[H80,] = 0.78 ¥
I b .3 -1
10 [N2H5 SOy, /M 107k /s
0 7.71
0.25 3.35
125 149
2-[)0 ]___c;"’/‘
/.0 1.66
12,40 1.76
25.00 1.75
0,00 . 1.8

100,00 .80
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[n,50,] = 3.94n

10”[N2H5+H804—]/M 10%, /st

0 2.36

0.25 2.01

1.25 1.72

2. 50 1.81

7.50 2.30

12.50 2.34

17. 50 bo2.3h

50.00 2.53

N,N'=dimethylthiocurea
[N,N ! —dimeﬁhylthiourea] = 1,187 x 10—3 11
[wwa), = 1.297 x 1074 i
[H,80,] = 0.78 1
104[N2H5 s, ]/ 1o“ko/s~l

0 95.10

0.25 17.10

L.25 8.68

2.50 9.6k

7.50 10.20

12. 50 10. 34

24,00 10. 55

50.00 10,04

100,00 10,43
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[stqu] = 3.04 M
10" N H, 150,7) /M 10%k /st
2 o
0 1.85
0.25 2. 51
1.25 : 1.57
2. 50 1.41
7.50 1.72
12. 50 1.77
25.00 1.82
\
50.00 ' 1.83
Trimethylithiourea
[’l‘rimethyl'tzhiourea] = 1.210 x% lO“3 M
-1
[wa) = 1.297 x 107 M
[1,80,] = ©0.78 1
W 4 Al -1
107w, n 180, ]/ 107k /s
0 ' 127.90
0.25 21.71
2. 50 8.08
7.51 8.60
12. 52 8.80
25,04 8.60
“0., 08 3.60

100.20 8.40




[stou] = 3.04 M
104[N2HSPH804_]/H 102k0/s"1

0 3.72
0.25 1.63
1.25 1.36

2. 50 1.76
7,51 2.10
12. 52 2.10
25,04 2.12
50.08 2.13

Tetranethylthiovry

[Hgsolp]

]04W2H5ﬁ3% ]/

e

0

160

[Te tramethylthi ourea.]

[WENA]

0.78 M

126

‘loL*ko/s'l

.30

15.59

.82

= 1.297 x 1074y

1.206 x 1072 M
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[1,80,] = 3.94u

LN , 3 -
107[v) 1y {so, Vs 107k /s

0 11.70

50.00 6.11

If we were to plot k_ vs [hydrazine sulphate] for each set of
data we would obtaln a series of gralhs which shared cervitaln common

~

features. Consider figure 14 which uses the data collected for
N-methylthioures at low acldity as an illustration. It should be

noted that values of ko fall initially from a maximum in the absence

of hydrazine sulphate towards a minimum value at low tlrap concentrations.
We have observed such behaviour hefore in the reacticn of H-methyl-N-
nitrosourea, Section 3.2.3 and apply the same explanation here. These
'high valugs of ko which arise at low lray concentrations are wobably

Aue to our anplication of first-order gugzenhelm treaiments to a
resction which, undev the conditions operating in that area of the
gravh, are not first order. Being of little sisnificance these vzluen

have been onltted from figure 14, As lhe concentration of

sulshate in ralzed further k_ 1ls oboerved to rise from its

towaris a Jimltine value whose evact marnitoio 1s not uneciootosly
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derendent upon which particular thiourea is in use. At these

1imiting values of k, the back reaction has been successfully

suppressed. In all cases we find that a hydrazine sulphate concentration
of 1 x 1077 i or more guarantees the ojeration of these limiting
conditions. Further increases in hydrazine sulphate effecf no

further increase in ko and we may assume thal no direct reaction occurs

between hydraszine sulphate and NFNA.

6.2.3 The Variation of k_ with [T%iourea]

An extensive series of investigations was carried out using each
of the thioureas in turn to ascertain the manner in which ko varies
with the concentration of the nucleophile. 1In each case hydrazine
sulphate was present at a concentration in excess of 1 x 10_3 M 50

that the limiting conditions described above were in operation snd

good first-order hehaviour was observed. With each thiourea being

n

the subject of study at a number of aclidities the investigation

generated the following data.

Thiourea
[1,50,] = 0.78 1
lOB[Thvourca}/M logko/sn’
Q 0
3.0%3 2.57
G.06 1o 90
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[H,80,] = .57 n
103 [Thi ourea] /l‘-i 103k o/snl
0 0
3,03 ‘ 9.00
6.06 16.00
9.09 20.74

[1,50,] = 2.36 1

10 [thi ourea) /i 103}<O/s"l
0 0
1.21 8.42
2042 16.25
3.63 22.30
[1,50,] = 3.1
103 [Thi ourea.] /I‘*‘I 'J.OBI{O/S-1
0 0
1.20 14.08
2.140 26 . 4y
3.60 36,86

[.09] = 3.2
£ ind

- 5 . g - ) - .],
107 [Thl O z;ws:a.J /1 J_sz’; O/S
0] 0.3h
0.60 LD . 2
1L 20 14,7
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N-methylthiourea

[Hy80,] = 0.85H
10> [N-methyl thiourea) /i 10% /7"
0 | 0
3.00 3.11
6.01 5.48
9.01 743
[stoq] = 1.70 ¥
103[N—methy1thiourea]/m 103ko/s~1
0 0
3.00 : 9.67
6.01 17.35
9.01 23.36

[H,50,] = 2.5 M

107 [N-methylthiourea) /i 109k fs
0 0

1.20 5.73

2.40 16. 47

3.61 22.13

(Moot ] = 3ukzn

103[N~methy1thioureaJ/H ],(Jﬁko/.cf1
0 O

1.20 RN

2,10 20.0¢
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(1,50, ] = 4.2bn

107 [N=me thy thioureca] /it 107k /s
0 0.58
0.60 9.37
1.20 17.12
1.80 25.74

N,N'-dimethylthiourea

[stoq] = 0.85 M
102 [N N =dimethylthi ourea,] Y4t 103110/5—1
’ 0 ' | 0
1.93 1.88
3.95 340
5.Gh 479
[stog] = 1.70 M
103DS,N'-Aimethylthiourea]/m 103ko/s"l
0 0
1.93 6.35
3.6 i1.72
5. Ol 16.5
1,80,] = 2.56 1
103 [“ LN =dimethylthl "'U.rea] /i 1031;0/3"1
0 0
0.79 6.26
1. oA 11,859
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[H,80,] = 3.42m
103ﬁqJf'—dimethylthiourea]/m lOBKO/s—l
0 0
0.79 | 10. 52
1.8 ’ 20.34
2.38 29.61

[H,50,] = 4.24n

103 [N S =dime thyl'thiOurea]/M :L()Bko/s-l
0 ' 0. 58
0.40 7.33
0.79 13,14
1.19 19.40

Trine ‘I:.lzyl thiourea

[H2304] = 0.85 I

103 [’l‘rime thyl‘thiOurea,] /i loako/s;l
° 0
2.02 161
4.03 _—
6.05 417
[0, = 1.70m
107 [Trinethyl thiourea] /il 107 O/I:-:—]‘
0 0
2.02 o0
.03 0.0
6.0 Le. 2l
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[H,80,] = 2.%6 M

103[Trimethy1thiourea]/m 103ko/s-l
0 0
0.81 6.11
1.61 11.95
2.42 17.40

[stou] = 342 N

103[Trimethy1thiourea]/M, 103k0/5-l
0 0
0.81 12.09
1.61 22. %6
2.42 34.05

103 [_Trime thylthi ourea] /i 107 O/ s !
c 0.58
0.40 8.13
0.81 15.12
l.21 22.63
Tetramethylthioures
[H,50,] = 0.851
. .3 -
LOB [” tromethylihi t‘.n,l_rea:] / H 107k o/ S t
0 0

D
(&
]
(@)
)




[H50,] = 170 n
103[TetramethylthioureaJ/M
0
2.01
4,02

6.03

[Hy80,] = 2.5 n
10? [ Tetramethylthiourea] /i
0
0.80
1.61

2.41

[1,80,] = 3.02m
103 [Tetramethylthioureé]/ﬂ
0
0.80
1.61

2.41

[H50,] = 4.24m

107 [ Tetramethylthiourea] /M

0
0.40
0.80

1.21

169

-
107k /e

3, ;=1
107k, /5

9-40

12.72

1o3ko/s'l

3.49
6.90
9.97

3., ;=1
10 I\O/ S

.21
7.98

11.18
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When this data is portrayed gralthically, as for example in

Figures 15 to 19, we obtain good linear plots of k_ vs [Thiourea] for

all of the thioureas at each of the acidities studied. 1t is clear that

the reaction is first-order with respect to the concentration as we might

have expected. In each case the plot depicts a small positive intercept

on the y-axis which represents the value of ko for the water catalysed

reaction at that particular acidity. Where this value is negligibly small

compared with the values obtalned for the thiourea catalysed reaction it

is set equal to zero.

The slopes of these plots are given below.

s

<92

N-methylthioures

e

[1,50,]

0.

1

(]

85

.70

slope
0.69
2.29
- 6.17
10.25

15.77

slope

0.82

&N

59

10.11

13.86

corrected slope'*
0.75
2.94
10.94

29.80

85.71

corrected slope
0.91
3. 59
13.10
40.93
111.75
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N.N ~dimethylthiourea

[HZSOLp]/M slope corrected slope *

0.85 0.80 0.86
1.70 2.77 . 3.l
2.5 7.27 12.41
3.42 12.46 36.43
L.2l 15.74 86.01

Trime thyltﬁ ioures,

[HZSOL,,]/M slope corrected slop; *
0.85 0.60 | 0.72
1.70 2.53 2.91
2.5 7.20 10.35
3.42 13.97 30. 57
vlJA. 24 18.14 68.20
Tetranethylthiourea
[HZSOM]/M slope | corrected slope
0.85 0.70 0.80
1.70 2.12 3.19 .
2.56 Ly, 1y 10.27
3.2 .6k 23.32
Iy, ol l. 56 7,01

there is nuch evidence to suggest that the thioureas are subject to

e g . : . L e 175,016,137
a significant degree of protonation at those acidlities 7 o
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probably at the sulphur atom and since the reaction is pPresumed to proceed

via the agency of the unprotonated species the values of the slopes have

been corrected to allow for the protonation of the nucleophile. Values of

PKa basged on the Ho scale are obtained for the thioureas from the work of

138

Janssen’ whence

[ Thiourea.] _ 1

e . e e e .

. [ThiOurea] TOTAL (l + Kbh0>

and

frhiourea]

-rl\ O{I‘AL

corrected slope = slops x

[Thiourea]

It is clear that these corrected slopes rapresent the values of

k)b *. If we Lrevare vlots of log kkh ™ vs log h  we may determine

the value of x which i1s expected to lie close to unity. These plots,

yrevared for each of the thioureas are given as figures 20 to 24. Good

straight linss are obtained in each case with the calculated values of x

being as tabulated.

Thiourea
N-methylthiocursa

4 .
N,N ~dimethylthiourea

Trincthylthicurea

Tetramethylthiourea

Clearly the Hammett acidlty fu-ct

Order in ho

1.20
1.16
1.12
1.1

0.98

Adon, H,, relresents an adequate

description of the acidity dependence of the nitrosamine (wotonation.
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For all of the thioureas, other than tetramethylthiourea, the rate-dependence
upon h is to the‘vower of between 1.1l and 1.21. For the tetramethyl
substituted compound the value is a little lower at 0.98. Obviously the
value of x for a particular nitrosamine should be independent of the
rarticular nucleophile employed and, in essence, the figures quoted above
reflect a dependence upon h, to the power of 1.00 £ 0.02.

With the data iresently available to us we may calculate values of

le for the thioureas at each of the given acidities.

Thiourea
[1,80,] /0 K K
0.70 0.55
1.57 0.0
2.36 0.5%
3.14 0.5
3.92 0.5

Nomethylthiourea

[1,50,]/m kK
0.85 0.55
1.70 0.55
2.56 0.58
3.2 Q.57
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[1,50,] /i kK

0.85
1.70
2.56
3442

4.2l

Trimethylthioures

0.5
0. 56
0.62

0.59

[1,50,] /1 kK —~-

.0.85
1.70
2.56
3.42

L.zl

Tetramethylthioures
ERIA A AT LT Bl AT E AT A

[1,50,] /m T K

0.8

1.7

R
Lh

)
Py

5 0.4

N <
(@} (=]
O\ N
(1 <

N
[®]
Ln
<O

U2l

<
\;\
3

¥

The valuos of &

that we may cazlculat

K reflect the expected indelendence of acidity so

e the following mean values.




Substrate ﬁéan Value of le
Thiourea 0.53
N-methylthiourea 0.57
N,N'-dimethylthiourea 0.58
Trimethylthiourea ‘ 0.49
Tetramethylthiourea 0.57

The striking feature of these values is thelr similarity. We know
from our earlier discussion of halide catalysis, (Section 1.7), that the
reaction is very sensitive towards the reactivity of the nucleothile and
. . R 125 .
indeed the learson plot of log kK vs n possesses a slope 0 of 1.41: clearly
the similarity of the values of le devicted above demonstratles that the
s , . . N . ; 69,73
thioureas possess almost identical reactivities. Stedman et al.

rerort a similar observation for the thioureas in their reaction with free

nitrous acid and it is tempting to apply their reasoning in the present
case. Arguing on the basis of the similarity which exists between the rate

constants obtzined for the thiourea/nitrous acid reaction and those obtained

. . . s . . 62,11 -
for the diazotisation of aniline derivatives ' 7 they believe that the

tingtlecs of both reactions are governed by the encroachment of a diffusion-

et

coptrolled limit. Under such conditiocns as these we would not expect a

great dlscrimination between the various thioureas. It would avpear howaver

that this rationsle does not apply in the present®case. I we assune that

ky does avproach the diffusion-controlled limit then we must assign a value

e

. ) 10 -1 =1 o . .

of cirea 1 x 1077 1 mol 7 g 7. It therefore follows that K must have a

bl s o “1]. Vo N : N
vaine of around 5 x 10 which corresponds to a pK_ valuce of arocund -10

[
forr the nitroszanine.  Whilst this value bas never been measvred directly
p

T THE S Gl : . | - S
it has been estinated as being of the order of =2. TPFurther, when we
congider that the earson vlot of log n  (a) ghows no indication of
Tevelling ol ot n=7.3 oo y) desdots A value of 0063 fop
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the lodide ion, (n:7.4), then we realise that we can not apply Stedman's
rationale here.

It would appear that an explanation must proceed along the following
lines. Let us assume that, in the transition state for the nucleophilic
attack, little if any of the positive charge is delocalised to the thioureas'
amino-nitrogen atoms. Thus, 1f we represent the formation of the transition

state as below, canonical IV makes no significant contribution.

IIT

YN ~g -0 TV

The important contributions thus come from the structures labelled

I, I1 and TIT where the posilive charge is located on carbon and sulthur

atoms respectively. In such clreoumstances an increasing dezree of

N-methyl substitution is not expected to stabilise the

sitlon state

Lo any great extont and the thicureas will possens similar veactivities.
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6.3 The Reaction of N-methyl-H-nitrosoaniline with Cysteine, Glutathiqggt

S=-methyleysteine and Methicnine.

6.3.1 _An Introduction

In the preceeding section we discussed the remarkable reactivity which
the thioureas exhlbit in thelr reactions with N-nitrosamines. A valid
question now might be; "is this reactivity common to all neutral sulphur
sites?" Certainly the question is an interesting one especially if we
turn our attention towards the sulphur sites of such bilologically important
sPecies as the amino acid$. The possibility of reaction between these
sbecies and the N-nitrosamines would necessitate a fairly radical revision
of the schemes lroposed for the behaviour of the N-nitrosamines in the
human body. At first sight it appears that tﬁis possibility is indeed a
reality since the reaction of N-methyl-R-nitrosotoluene-p-sulihonamide with

71

cysteine has alrsady been rejorted

6.3.2 The Variation o _with [Naturally Occuring Sulvhur NunleODhiles]

Yariation o £ K,

tc discover whether the neutral sulpHur sites of

[
fand

In an attemy
biologically important substances do possess an alpreclable reactivity in

this context the following five substances were chosen for study.

(’.‘.HZSH THZ . CH2 « CONH* CH* COYH- CHZ . COZH
(iJH "NH, (EH ‘IH 5 CHZSH
COZH 1@2H
Cysteline Glutathlone
?HZSNG THZSHG Te
(I'H'NHE (!*‘-.12 FH‘NHZ
(’02!‘1 T}? y N”};’ COZH
0 ./'.’*1

S-hethyleysteine FMethicmine  Alanine
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The inclusion of alanine which does not possess a sulphur centre is
important in that it provides us with a valuable control. As with the
thioureas all kinetic exmteriments were carried out in agueous solution in
the presence of a high concentration of hydrazine sulphate so that the
complication of the denitrosation reaction's reversibility is removed.

Under the conditions employed the reaction was observed to follow first-order
kKinetics so that we may define an observed first-order rate constant, ko,

such that,

:i%?i =k [NMa)
where kO = lehox [nuoleolmile]

Values of ko as a Tunction of the concentration of each of the
nucleophiles were recorded as follows. The data are vresented graphically

as figures 25 to 28.

[H,50,] = 4.48m

102 [Cystein41ﬁ€ 104ko/s_1
0 8.41
2.05 9.63
6.14 . 9.89
10.23 10 52
107 [Glufaihioné}/m lOQkO/Sml
0 84l
1.90 $.40
6.00 9.50

9.92 10.85
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10% [ s-methyleysteine] /i 10% /st
0 8.41
1.24 62.80
3.73 153.80
6.22 221.90

107 [Methionine]/m loqko/sm1
0 8.41
1.21 15.83
3.64 31.21
6.06 ' 4614

10° [Alanine]/M thkO/shl
0 8.41
8.69 8.26
26.11 8.48

43, 52 8.90

It is clear that for cysteine and glutathione (which contain the
vCHZSH group) reactivity towards the nitrosamine is very small. Nevertheless
the significant increases in k, observed with increasing concentrations -
of both substrates would seem to indicate the existence of a direct

.t.

reaction betueen the nitresamine and the nucleoithiles. It should be noted

jou)

that the presenre of the nitrite trap 1recludes the overation of an

)
[
—
&
—
fos
o
—
o

ive explanalion which would involve a solvent—promoted denltrosation

coulled with the subsequent nitrosation of the sulphur nuclsophile by frece

S

nitrous acid. Bince alanine reveals itself to Le singularly wnreactive

in the present context the possibllity of a nitrosation at the ~NH2 (cr ~WH, )

P

gite 1s adso exoluded. O oo direct nitrosotion
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+
of the sulphur site by NMNA to yield an ON-S]  intermediate which is

N
irreversibly removed by reaction with the nitrite trap.

If we assume that

o 1.11 .
ko = klkho [nuﬁleophlle]
where 1.11 represents the mean of the values of x calculated for the

thioureas then we may proceed to calculate kK for each of the sulphur

nucleophiles. -Values for k- Kh 1.1l are of course provided by the slopes
17

of the kj vs [nucléophilé] plots whence we arrive at the following table.

Nucleophile le
Cysteine 9 x 10m5
Glutathione 1.6 x 1077

S~methyleysteine 1.7 x 1077

Methionine 3.2 x 10772

If this table is viewed in conjunction with the date provided by

Williams which are given below then we produce a fruitful summary.

Nucleophile le
c1” 4oy 1077
Br 2:2 % 1077
1 0.6%

Clearly the ~CH.SH groun (which is tresent in both cysteine and
glutathione) nossesses a reactivity towsrds NMNA which i comizraple with

that of the chloride lon. This low reactivity may bz congiderably increased
o i

by the ilnclusion of an S-methyl group so that the ~Cil,#

:1-1‘,3 group (Dresent in

[ Lo

both S-nethyleysteine and methionine) exhibvits & reactivity close to that
) / J

of the bromide lon.




195

6.4 ronclusions

In the tresent sections we have considered evidence which has high-
lighted the nucleophilic reactivity of neutral sulphur sites. it is
clear that the alkyl-thioureas parallel thiourea itself in reactity with
NMNA to yield, initially, the S=-nitroso adduct, their reactivity being
comparable with that of the iodide ion. In establishing the existence
of a reaction hetween NMNA and a series of sulphur-containing amino acids
a question is raised which goes beyond the scope of the lresent werk:
"How important is the sulphur 1athway in directing the metabolic

rrocesses of H-nitrosamines within the human bogdy?"
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THE INTERACTION O N-METHYL-N-N1TROSOANILINE
WITH METAL IONS IN AQUEOUS

ACIDIC SOLUTTON.
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7.1 An Introduction

This section contains the results of a preliminary investigation
into the nature of nitrosoamine/metal interactions. The results are
by no means conclusive, indeed they raise more questions than they
answer, but I believe that there is evidence to support the existence
of an interaction between NMNA and certain transition metal ions.

The data are given here in the hope that they may prove useful to
others who venture into this most interesting aspect of nitroscamine
ohemistry:

Oxidetion of the ferrous ion by nitrous acid in acidic solution
139 and

has heen widely revorted 4 1is known to be due to simultaneous

oxidation by nitrogen dioxide (from the decomposition of the nitrous

AN . . X . . . .
acid) and the nitrozenium ion (or nitrous acidium ion). The overall

reaction which has the stoichiometry,

Pel ' + MO, + H === Ted M0 + 0
e h ) i _— e S >

. . s o,
is governed by an equilibrium constant K where, at 25C,

+
[FGB } }ﬁo 3 =P =D
W= iy - T = 0.2 x 107 atm mol & 1
ST 1Ty i
[Fe™ J[mo, ) ]
_ o S £t R
From the investigations of Abel et al. 77 it is clear thetl the

rate of aipnearance of the ferric ion may be reiresented as follows
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where
ky, = 7.83x10°1 mo1™t 57t
k2 = 2.27 x lO"l 12 mol_2 s"l
- -
k., = 4.00 12 atm mol “ s !

On the basis of these results the reaction scheme devpicted below

has been proposed for reaction in a nitrogen atiosvhere.

2HNO,, == . NO, *NO fHO
Fe? b o, —  Fedl wo,”
HNO,, ¢ - —  HO NO "
re?’ Fw0" ——  Fel O

In the light of the established reactivity betusen the ferrous’
. . C s o . . . 2t
ion and nitrous acid 1t wes declilded to investigate the use of Je
as & nitrite scavenger or trap in the nucleophilic denitrosation of
NMNA. 1If the ferrous lon was to prove successful in this context
then might it not be that this reactivity could be extended 1o cover

other metal ions of low oxidation state.

Ferrcus 1on and N-eme

Prom the eriorience of the wrevious sectlong we migh

the following rea tion scneme.




/”/ NOY

REARRANGEMENT

NOY + Fe” - Products

If this schewe 1s indeed operative then it is clear that at

the end of the reaction the initial NM¥NA will be present
in the form of no more than four components:  (a) unchanged HMNA

Y ART A % + a - E . 3 . .
(or W&NAH ), (b) K-methylaniline, (¢) the rearrangement ;roduct,
p~nitrosoaniline and possibly (d) the "yellow produet” described
in Section 1.6. Freliminary experiments indicated that it might be
possibie to demonstrate nitrite scaven

ing activity on the part of

or
<

Ire if it were present in high concentrations relative to the

N-Nitcosamine.  Consoquentiy a series of gualltative investlo:
were carvied oul under these conditions in order that any veactlion
culside of the roodsed sohene might be detectad. Tt must be oaid

atlons met with miyed success.

that these invesii

The Initisl aviroach wi ireare an aguenus reaction mixture
emteainingg, sulphuric acld, HMNA and e in the form of its

ammoniam guloh: the oreranic products oo thal they

-+
o
Q
e
e
o
25
.
T
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might be subject to the scrutiny of G.L.C. and mass spectrometry.
This approach iroved unsuccessful irobably for the reasons discussed
in Section 8. An attempted investigation using T.L.C. was a little
more successful in yilelding the results depicted in Figures 29 to

32.

If we assume that spots with R, values which differ by less than

i

0.02 units are derived from the same component then we may summarise

the results as below.

COMPONENT R £ value IDENTITY

O* o A
oxidation product

1 0.07 ditte

-

2 0.20 ?

¥
C
I~
=
-

6 0.73 NMA

ﬂ
(@]
Co

(W

NHMA

1F A /NFINA
or R/F

@)
o
4]
T
[
<
4]
jon
@]
<
=
~
ol
o]
=
e
—
@
=
©
s
=
o
[o%
]
ey
-
n,
puss
<
d.
e
e}
3

Fvem A we discount those guols

wnder one method of detecvion 1t

exhibits at least © zspots. CF the & s

highest Rf va e (Rf = 0,73, 0.0 ann

to combinationa of MMA, NMHA and tho e e ment arcdunt

L T o O e JR R TP R A O e e - Eah

chervefore reirrensent products redicolsd within ohe 5 o the
B v e S s - .. o ) e . Lo

orovaged reosotion scheme. ihe s o ol e SIS N SRR S TN vl it o B
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are trobably due to NMA oxidation products since they are shown
by a stock sample of NMA but not by one that has been purified
before use. The other spots must be the cause for some concern.

It has not heen possible to obtain a T.L.C. of one of our
expected products, the yellow product of Section 1.6 and so it may
well be that this together with its oxidation rroducts accounts
for some if not all of the unassigned spots. There exists also
the possiblility of direct reaction between the Terrous ion and the
nitrosamine to give the corresponding hydrazine; in this case the.
N~methy L~N-phenyl compound. Altﬁough a sample of this was not
available at the time of the study a sample of vhenylhydrazine did

yield spots of a similar I, value to the unassigned spots on the

|2}

chromatogram. Albthough these laltter reactions must remain a
posgibility we have obtalined evidence concerning the jercentage
conversion of NMNA to FHiA which suggests that they are of little
significance. It should be noted, however, that the present work
doeg not shed any light upon the extent of any direct reaction

2+ . .. o
between Fe™ and N%NA which would yield NHMA as its wrinciple product.

In the absence of definite evidence to the contrary we will assume

that the recction scheme deiicted above is valid.

1, NP ) s Lt
the pmst” the ability of a substance, X, to act as a nitrite
trap in the denitrosation of NiMNA heg been tested by carrying out a

«

sevies of Rinstic rung al Increasing {X.s The first-order rate

| S—

congtant ko obtained for each vun is than plotted agalngt [X]. Ir 7

o
1o goling as 2 nitrite trep the plot of k) v [X] will Dbzhave

rharacteristically by rilsing to a limiting value whereafter the

. . - ¥ - g
reaction iz rerds-order Lo IA[. Observation of 1 ag a Tunction of
adced REA concentralions leads fo a volue for k .k, which ls seen
- 3
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s a measure of the efficlency of a material X in removing the NO
species. Whilst this apyroach has proved successful in the study
of the more conventional nitrite traps such as urea and hydrazine
sulphate it may not be employed for ﬁhe ferrous ion. Preliminary
experiments demonstrated the production of a large U.V. absorvption
peak at ~ 300 nin which has been attributed to the ferric ion formed
during the reaction. The extinction coefficient of this peak is
such as to preclude attempts to monitor the disavpearance of the
NMNA peak at 270 nm; consequently values of k, are unobtainable.

i . ) L2+ ey
In an attempt to determine whether Ye does act as a nitrite

a

S

tra)p the following approach was employed. In the absence of
nitrite trap the denitrogation system described above moves towards

an equilibrium. NMHA, NMA, the rearrangement product and an
unidentified yellow product are observable components of the
equilibrium mixture, their relative concentrations being dependent

on the nature of the nucleophile Y employed in the reaction. When

an excess concentration of a nitrite tra) such as sodium azide or
hydrazine sulphate is included in the resction mixture the siecies

NOY is rapidly removed so that the equilibrium dericted below 1roéeeds

to the right with the back reaction being suppressed.

S
NFNAH + Y == ka4 + NOY

(learly the addition of a nitrite trap to the reaclicn mixture should

ion in increasing the concentration of NMA jressnt

o

have a notable ao
at the end of the reaction. A conseguert decrezse in the concentration

of NMNA,  the resrrangement jroduct and the yellow component should
i ) 2
aiso bhe obgerved. 1If a reaction mixturs contalning Fe ig

el
=
=

]
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to go to completion a comparison of the NMA, NMNA, Rearrangement
Product and Yellow Iroduct concentrations in the final mixture with
those expected on the basis of the above considerations should
indicate whether the ferrous ion is acting as a nitrite trap. In the
present work, carried out according to the proceedure detailed in
Seotion'S, the final equilibrium mixtures were neutralised so that
U.V. absorption spectra such as those depicted in Figures 33 to 35
could be recordad. The comparison of the final concentrations was
then carried cult on the basis of the collected U.V. spectra. The
resulls are summarised below.” Note thatl in certain cases where the
absorvtion peak at 237 nm is observed to be due to both NMWA and NMA
in wndetermined proportions it has been possible to jprovide only a
maximun vadiue for the final concentration of NNHA.

Using water as lhe nucleophile the following data were obtained.

L - o s . - =h
-[Jazsol,r] = 3,512 M [NﬂNA]O = 5012 x 10 ' M
Nitrite Trap Final Concentration of Nia/M
) -ly
None < 2.3 x 10
Hydrazine Sulphate -l
, N L},? x 10
4 5 16 7 )
Ferrous smmenium Suljphate I
A3 € 2.6 x 107
(b x 107 1) g
Ferrous ammomniuvm Sulihate )

(b x 10°° §1)
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Figure 33
U.V. absorption spectrum for
Section 7.2 with no nitrite

\ ' trap vresent.

NaOH

R ARRANGENENT PRODUCT

N4 /RMNA

YELLOW FPRODUCT
/

/

N
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Flgure 34

U.V. absorption suectrum for
Section 7.2 with hydrazine
‘sulphate as the nitrite trap

NaOH

REARRANGEMENT PRODUCT

NMA

YELLOY IROBDUCT

/\ P T e T
N /

- — b U——

200
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Pigure 35

U.V. absorption spectrum for
Section 7.2 with a 4 x ZLOm2 M
concentration of Ferrous Ammonium

‘ Sulphate as the nitrite trap.

—4+— NaOH

NMA

HMA

200

300 ' 400
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Under N2

Nitrite Trap Final Concentration of NMA/M

Ferrous Ammoniun Sulphate -l

(4 x 1077 1) < 2.9 x 10

Ferrous Ammonium Sulphate -l
-2 4.6 x 10
(4 x 10 “ M)

At a concentration of 4 x 10 2 M the ferrous ion shows only

slight evidence of its acting as a nitrite trap. The U.V. spectrum

indicates that the final concentrations of NHNA, the rearrangenment

moduct and the yellow woduct are reduced relative to those

concentrations obtained in the absence of a trap. Conversely the

vield of BHA does seen to

.

lightly higher with a discrete NMA

o
[0

peak at 237 nm being just visible for the run containing the ferrous

ion. The effect is small however and certainly far smaller than the

are

the

zht about by a simllar concentration of hydrazine sulphate.
. a2t - =2 .

At an Fe concantration of 4 » 10 M however the observations
nore conaelusive. In comparison with the results obtalned for

yun In the gbsence of a trap the final concentrations of the

yellow product, the rearrangement product and WMNA have been reduced

ooptained in

to

. -
(&Y

ilst that of NMA hos been increased, almost by a factor of 2. It

nfer that the ferrouas 120 3y

i

trationg of the vellow jroduct

srodunt are lower sven than those values

ot byarvnsine sulphate and 1t iz tempiing

i

wmore efficient of the two traps

Loomsideration of the recorded

howaves 41 im not &0 and we must
ol S0othe Dow vields attained by these



http://absen.ee

212

products in the jresence of the ferrous ion. The most obvious
possibility concerns a direct reaction between the ferrous ion and
these two compounds which serves to lessen their concentration in
the equilibrium mixture. It should be noted however that a direct
reaction of the metal lon with NMNA, NFNAH or NiMA would yield
similar observations. ‘

. . . . 2%

The two kinelic runs involving Fe were repeated under a
nitrogen atmosphere in accordance with the details given in Section 8
50 that the importance of atmospheric oxygzen in the reaction scheme

. . . . 2+ .
might be established. Whilst the reaction at high [he ]v vielded
results combarable with those obtained in air the reaction at low

o+

[Fc ] bezhaved surprisingly in that the yield of MMA was increased

that of rearrangement product decreased, and that of the yelliow

product unaltered. 1t appears that the jresence of air adversely

2]

L2k . .

affects the ability of Ye to act as a nitrite trap. This may be
due to one of two factors:
(a) a retardation by air of the reaction of the ferr;ous ion with
the NOY species
or

. f e s 2
(b) & reduction of the effective Fe” concentration due to atmosvheric

oxidation.

With vegard to the 2nd possibility I have studied the decomposition
of nevtral solutiong of fervous ammonium sulphate and report
percentage decomiiailtions of 0.137% nnt 00107 over six hours for the

solution In alr and nitrogen respeciively. Slince the corresionding

figures for selullong in 3.752 B H,00, rre aned 04 resicotively

AN “ ~ ey, UL IR . AL N o, VRS IO I S -,A\ . . e - b
it apvears thot we must rule out explaration (b)) Although the

poasihility of the oxidation veactlsn beineg cotbaly

compenents of the run may not b Alscoustoed 1L seerns to me
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that the explanation lies with our first jproposal. 1In the absence
of air the reaction steps leading to the removal of nitrous acid
may be summarised as follows

+ 4

2+ 3
HNO, + Fe“ +H == TFe’ +NO *+H

> ,O

2
In air however the NO is readily oxidised by atmospherlic oxygen to

I

B
glve NO? which acts to lower the bez concentration according to the

following reaction.

2 3+ ~-
e + 0 —_ ° +
Fe N.2 == Te NO2

The ohserved redustion in the trap efficiency of ferrous iron in the
resznce of &l ds lhus exb
notad ot the higher Fe™ concentration because of the presence of a
tions using a 0.1 M concertration
of the bromide ion in place of water as the nucleophile and revort
that the vesulis are essentlally similar to those obtained for HO.

2

is

Whilst we shall not enter into a deteiled discussion the dat

@

Nitrite T Final Concentration of NIA/M
. . -y

None = 2.9 x 10

Hydrazine Sulihsbe -l

(b x 10" ) ﬂ

Pervovs Amnoniuwn Sulphate X ey,
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Ferrous Ammonium Sulphate
(4 x 1072 1)

] J
Under hz

Nitrite Trap
Ferrous Ammonium Sulphate

(4 x 1072 M)

Ferrous Ammonium Sulphate
-2
(4 x 10 © M)

4.9 x 10

Final Concentration of NMA/N

< 3.5x 10‘4

4.9 x 1074

Clearly the ferrous ion does show evidence of acting as a nitrite

an extension of the present investigation the exveriments

using equald concentrati

described above have heen vepeated vions of a whole
series of nitrite travs. Consider the data given below collected in

added nucleophile

.50, | 3,512 W
[ 2=

[Nitrite tr&p] 2.00 x 10"3 M

Tral Sbecies
Sodlum Azlide
Sulvhanic Acid

i A
vine Sultvhate

Hydrarvine Sulphate
Urea,

Terrrous Ammonlum Sulphate

Perrous Ammonlumn Suljhate

undaer N
Me
End

Thic oo

Ve

messurensnt

)

45,

..,/+

012 % 10 " M.

Final Concentration of NMA/M

5.6 x

.9 =

5.1 w
0 x
3.0 x
3.0 0w
calk Wit on

1070

.~

)

10

—
10 -
rree hindes our




21

As the yield of NMa will be maximised by the pwesence of an
efficlent nitrite trap we may use these data to produce the table

of trap efficiencles depiclted below

/N

Sodiuwn Azide

Hydrazine Sulphate
INCREASING
Sulphamic Acia

Urea TRAT

under N EFFICIENCY

2

Whilst thils approach takes
Irotonation experienced by each
It is

their bulk reactivities.

four elements of the series are

no account of the varying degrees of
sPecles it deces allow us to comlare

encouraging to note that the top

arranged in an order which parallels

59

that obltained from the more sophisticated kinetic study by Williams

The indications are that the ferrous 1lon is a poor nitrite trap being

lese efficient than even the worst of the classical nitrite traps,

uraa.

[a]
D

o, to 2 have evidence that the Terrous ion

of regcting with both

HNDP and NOBr at such a rate as to vermit its

use as o nitrite trap in the denitrosation of NMMNA. We have algo shown
that 1t is efficient amongst the nitrite traps we have

two sentences really contaln the complete

1leh would benefid

eote

WD We o, Consider thas rroblem of

Hnove

lroved necessary

aereactlons .

to eontenlste the assible
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We may summarise these possibilities as follows.
GROUP ONE

AN A
I'e” /Fe” -+ NMNA =t A hydrazine

.

+ + . X
Fe2 /Fe3 ‘+ NMA ——t> Producty
-+ [T
Fe2 /Fe”  + NMNA ———t> ditio

2+, g+ ] .
Fe“ /Fe’ + Rearrangement Froduct ————t ditto

2+ ’

- ) .
Fe e+ Yellow Product i ditto

Posgibly of the form FeSOL-(Z)??
Yo TR

GROUP THO
+ 24
e /o + NMNA m——ei> NMA

conszider the group cone reactions. As we already have evidence
concerning the percentage yields of NMA it 1s possible to place

upper limits upon the percentage reaction via these grouvp one schemes.

vig:
Nucleophlle 9 Beaction via Group thne
7
Br < 7%

. L2t - .
T suztect that an increase in [Fe ] would Jower the i

hese proup ome reactions 4o not alnpear to

o+

of 15 consldsvably so that

Ty Y11 mant
he significant.

1

T Ao not believe that the some may be satd of the Group fwo reacti
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A series of investigations which were designed to quantify the kinetic
behaviour of the system met with little success but did show that
the kinetilcs were far more complicated than we might have exiected
for a denitrosation in the absence of the ferrous ion. We may place
a number of interjretations upon this observation and it may be that

. L 2t . . .
the reaction between NOY and Fe vroceeds so slowly that its kinetics
affect the rate of disappcarsnce of the nitrosamine. However there is
an alternative explanaﬁion. It is conceivable that the ferrous lon !
enters the rate expression for the denitfosation in a role additional
to that of a nitrite trap. Referring to Section 1.7 we might jpropose
that the resaction proceseds via the formation of a complex similar to
75 R

for the reaction of N-ethyl-N-nitroso urea.

that invoked Ty Thompbson

ON Et
N/

N

hilst I believe that the

Such g resction falls within Group Two. W
behaviour of the ferrous ion in the prceuent syster reflects its
gbliity +2 act as hoth a nitrite tray end an eloctrophile, wroof
nuct derive Toon other sources,

In bringing this scelion 1o a close one finai guestlon giwmings 1o

S H ! g

mind. “"Is the effect that nas been obuerved limited to the ferrous

From the limited zwmount of

om0y common Lo & sories of notal

»
)
o
"3
|3
-
o
b4

O

v thalt 1 lave cacrisd oul opn btho cw ocous don it orrears thal the

lotter may well ke the cnme.
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8.1 An Introduction

The following sectlen contalns detalls of the experimental
techniques which were employed in obtaining the resulis of preceeding
sections. Whilst reagent sources are described in a general way the
supplier is identified only where a reagent 1ls believed to be of
limited availability.

The kinetic studies were generally carried out at low reagent
concentrations, typically in the range lO—“'-~“> 10—2 M. VWhere this
proved possible reagents were made up into stock sciutions in ethanol
or water az appropriate.  Varying proportions of these stock solutions
were lhen used to prejare reaction mixtures of differing reagent

concentrations the total volume being made up to & constant voiume,

typieally 49ml, in each the addition of an approvriaste guantlity

Ly

of the jure solvent. The ceaction mixtures were then pre-warmed in a

LhO“WWCLat tandl atl 31 foxr a period of not less than twenty minutes. One

from cach reaction m thus the

ecsential v

addiiion voleme, typlcally Iml, of a pre-warmed stock soluiion

-/

L

of ihis compornent to each action mixtuare served to initlate the

reaction. The chan-e in tcial voluns £ the stoeek soluticnsz which ocours

1

on thelr mixis ity gt auch low reagent concentrations the

e S by, . R " . L * TN . T - . [ R [,
magnltude of this volume of ls exjected to be sumall., The active
reactlion mixture was T troaoterso Lo oo goeotrophetometer celi, The

tne change in

ohrerved

cotion was a Caoduct or o4 5
areeo rizle.  Hopobions wers thus Doliywed vis ihe axency of e of two

avaliahle smetroiho
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double-beam instrument capable of displayiﬁg values of the recorded
absorbtion, abs (A ). (t), =t wavelength A and time t, in a digital
form. The instrument may be operated in the fixed wavelength mode Lo
monitor the change in abs (X ) with respect to time or may be used in
‘the wavelength scan mode to monitor the change in abs (t) with respect
to A . Repeated scanning is the wavelength scan mode at known time
intervals allows an alternative method of measuring the change in

(X))  with time. Analogue revresentation of such trends is provided
by an attached graph recovder. ‘lhe recorder jwovides a wide range of
chart speeds, 0.1 izm to 10 1i,m, and a falrly comprehensive renge of
absorbance scales from 0.14 to 2A fuil srale deflection. The svectro-
photometer 1s fully operationsl in the range. 190 to 700nm. The cell

. . S o. . . .
comlariament is maintalned at a temperature of 3¢ = 0.17¢ by an intemal

electrical heater/thernostat combination.
The Pye Unlcam SFB000 giectrophotomnsier is in most resiects similar
to the Beckman instrument dsscribed above. The internal flat-hed

recorder of the SFIOD0 irvovides only two choleces of absorbance scale and

a limited number of chart speeds. The instrument is fully operational

in the range 190 to 700nm and temperature control is via the agency of an
external thermostet tank. Attachment of the SrO005 accessory Lrovides
for automstic time jprograums:d repeat scanning in the wavelength scan
mode .

lem pathle “Par UV cells of fused silica construction were
used exclusively.

n general the of wtant othiength in

) s e o
be direc LLy Pyl por Flonal

A conclderatls

of the variation of sba A ) with time Ums leais dlroctly to a value for

b Tor the resceb aon. T bhne

wort,




where the kinetic behaviour is predominantly first order, values of ko
for reactions in which the infinity value of the absorbance is known
were caleulated using the computer ijrogram RKISNA (Appendix 2). When
the requisite infinity value was elther unxnown or was deemed to be
unreliable a value for ko was obtained via an application of either the
guggenheln method or the initlal slope method. Both methods are
described In Avpendix 1. Upon completion of the reaction the U.V.
spectrum of the reaction mixture in the range 200nm to 700nm was usually
recorded s0 as to provide evidence of 1roduct identities. A measurement
of the acidity of the active reactlon mixture was obtalned by titration
of a suit&bly slzed aliquotl with an aqﬁeOus solution of NaOH using vhenol
red as an indlcator. In the case of ethanolic reaction mixtures the
chosen aliguot was diluted with demineralised water before titration to
inprove the performance cf the phenol red indicator.

Qualitative investigationg which generally employed higher reagent
concentrations are desoribed in the relevent sections below.

Since the N-nltroso compounds are generally found 1o be potént
carcinogens sultable gloves should be worn when spillage is considered
to be even a remote possibility. A good deal of care should be exercised

in choosing sultable gloves since thelr permeabllity to solvents has

1 found to differ widely. In the iresent work two pales of "Kimguara®

td.) were worn sinulicneocusly.

&
(8]
w

| Ot 1 SR SR RO A oy P TS R (/"-- A dmma ) evam (T e T
NI U L TG DU W DnTaAned oo LA DI LGn Cheliiloals

-

t Turther ariiicstion.

wirs similacly used withool Turther
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.
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Analar grades of.the inorganic reagents, hydrazine sulphate, potassium
bromide, potassium thiocyanate and sulphuric acid were used as supplied.
Thiocurea was oblained as the S.L.R. grade product and was purified by
recrystallisation from ethanol. Solvent ethanol was of the "absolute

grade".

8.2.2 Frocedure

From the work of Mec(Calla et al.lZZ it is evident that the rate of
decomposition of a solulion of N-methyl-N-nitrosourea, MHU, is greatly
enhanced by.1lts belng exposed to daylight, presumeably on account of the
incursion of radical decomposition pathways. In the prescent work

thanolic stock colutions of MNU were thervefore stored in complete
darkness untii required. Under such conditions the rercentage decompesitlion
of the stock solutionsg at jloc was measured at apyroximately 107 over
an eight hour period. Consequently fresh stock solutions of MNU were
vrepared at the start of esch working day.

Agueous stock solutions of the other reagenis were used to .repare
49ml volumes of each of the required reaction mixtures. The reaction wac
initiated by the injection of a 1Iml aliquot of a stock solution containing

the nltrogourea.

In order that some estimate might be made concerning the extent of

decombozgitlion via the deamination pathway a nunber of rung were carrl

out at varicus acidliies in the presence of added excess coacentratlions

; Y

of prchloroaniline. The swegence of nibtrous arid roduced by the

Jenttrosation rathuay le to tho dlarotisation of the added t-chloroaniline.

antoaliguots cemoved from the reactlon mixture et varioun tlmes, h, weve

neutralised by the of a mesuurced voliuns of aquecus sodlunm

e lid alliguots of these nouwnd solutlons vwere thon a2ded to
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10ml volumes of a solution containing borax together with an excess
concentration of 2~napthol-3,6-disulphonic acid. The magnitude of the
visible absorbance at 700nm due to the resultant diazo-dye was measured
on & Pye Unicam SP500 spectrophotometer. Consideration of a run using
sodium nitrite in place of the nitrosourea yielded a value of 19,710

for ¢ for the diazo dye. Thus a value for the percentage reaction

500
via the denitrosation pathway could be calculated. A consideration of
the variation of abs (500nm) with respsct to time lead to approximale

values of ko’ the observed first-order rate constant for the reaction.
All other kinetlic studies were performed via an observation of the

variation in magnitude with respect to time of a U.V. Deak al 24‘nm

ascribzd to MU, These latier observations were carried out using a
€ . g

pectrophotoneter operating in the fixed wavelength
mode. Values of ko for the reaction were calculated via an application

either the computer program RKISHA or the firsteorder Guggenheim

This Irocodure was slightly modified in the case of reactions in
the presence of either potassium thiocyanate or thilourea. liere the
disappearance of MNU was monitored at 26mm  to jreclude interference

by the adjacent low wavelength U.V. absorptions of the two sulphur

cempounads .

s baon of Hwelhylug

(ntdrich M3, 6B0~4) was used without furbther urific

the Inorganin reagents ocilaszlum bromlde, potasslun

K . e N e T A . L han e a ey e RN Yoyl .= P -y
thiocyanatie, sodlum nrtrite ongd sulshuric acid were used as sapplied.
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8.3.2 Procedure

Aqueous stock golutions of reagents other than sodium nitrite were
used to prepare 49ml volumes of each of the required reaction mixtures.
Reaction was then initiated by the injection of a Iml aliquot of an
aqueous stock solution of sodium nitrite. fThe reaction was followed
spectrophotometrically at 26nm on a Beckman Model 25 unit opérating
in the fixed wavelength mode. The observed absorbance at this

wavelength, although almost entirely due to the reaclicn product

N-meth-l-N-nitrosourea, does contain a small contribution from K-methylurea.

In the present case N-methylurea 1s bresent in an excess concentration

.

and its contribution to abs (26'am) is effectively coustant throughout

the course of the reaction. Since the contribution is both small {~ 0.044)

be neglected. ALl values of k_ were calculated using
the computer progeam RKISKA.

>

Derivatives in Acidlic

M A was prepared by the reaction of N-methylaniline with sodium

141

nitrite vnder the usual conditions i was purifled by fractional

digtillation under reduced yressure, (B.1. = 120 - 17°C at 13ma lg).  The

1y - - - ° ] P— e T, 5.t
D=NU, 0l pMe and p-Oie subatituted cormpounds were

b1 L3 1 L \ parel Vvia o TWo

atage synthetic route commencing with the corresponding p-subsiitoled

aniline aocordling to the schome depleted over.




Me ?_,S 0
Me OH

Thus

an N-nitrosation under the usual conditions.

an initial N-methylation by
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NQ

Id

Nal O, /HCL

HZO

su

The p~

dinethyl sulphate is followed by

bstituted NMMA

derivatives were recrystalised from aqueous ethanol before use.
This wrebarative procedure was modificed slightly for the production

of the u-Me compound in

ES

introduced mnedil

prmethylaniline obtainaed from

fractional distilletion under reduced ressure using an automated
gpaltrohr HMS %00 column. (RP = 86 Sy 7.5mm Hz). In the
of this jurification stsge crude N-methyl-p-methylaniliine employer

the subsequent N-nitrosation reaction gave a substantial yield of an azo
dye dus Lo the vresence of uworeacted primary amines.  Analar grade
ascorbic acid (Kooh-iight Laboratories Ltd. ~ O462h) was used without
porification. Ethanolic solutlions of HOL were made by vassing dry HCL
gas into ethanol of an "absolute™ grade.

selutions of HCL projared ag above were nol found
Lo e Indefinately ot ant wore discaried some three cnys after
LXe aratl on

Prosh stock codulbi s of G0k weve uensd in conjunction with an ethanoliio

salution of cooorble acid and solvent ertively to duce i volumes
Ao b LU e oo TODL L L LA e S e then Yheilated

that &

ately wrior to the N-nitrosation.

n additional purification stage was

the N-methylation was jurified by

The crude N-methyl-

Fischer
absence

1 in
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by the addition of a Iml volume of an ethanolic stock solution
containing the nitrosamine. Progress of the reaction at 37 C was
monitored siectrophotometrically by monitoring the magnitude of the U.V.
absorption due to the nitrosamine. Values of A chosen for the study

“were dependent on the 1recise nature of the nitrosamine.

NINA A /rm
v~H 300

p=NO 310
-l 305
p-Me 305

p=Obie 315

The docompogition of ascorblc acid in ethanolic HOL solution has

. . R Thp . 4. . ; ,
been reported by Williawms to yield rmroducts which themselves absorhd

U. V. ngnt ot a wavelength of 300nm. Dzcomposition of the ascorbic

acld can thus lead to a distortion of infinity values. In the jresent
case 211 kinetic runs exhiblied good first order behzviour throughout,

the time escale of the decomposition relative to that of the denitrosation

being such as to ireclude interference. Values of the observed first-

order rate constant were calculated by the computexr jwogram RKISHA.

i N“QLbruvﬂ’l'heni

N-nitrozstivhenylenine is convenie
. L . . - . ] . 3 .
sodivm nitrite ueon Al chenylamine In acidic ethanolic solution™ ~. The

nitroso comyound crvetalises out and 1o urifled
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potassium bromide, votassium thlocyanate, sodium azide and sulphurlic acld

were used as supplied. Solvent ethanol was of the absolutle grade.

8.5.2 Procedure

Aqueous stock solutions of reagents other than NDPA were used to
rrevare 49ml volumes of the required reaction mixture and reaction was
initiated by the addition of a Iml aliquot of an ethanolic solution of
NDFA. The reaction was monitored by following the decreasing magnitude
of a U.V. absorption reak at 32%m due to the N-nitroso compound. ‘The
reacltion at 3100 was Tound to exhibit good first-order hehaviour

throughout its entire course and values of k, the observed firvst-order

rate constant were calculated by the comimter program RKLSNA

-t

D
o
=
=
?
I

b=

8.6 The enli”W sation _of vesubg titut

Derivatives at Hich

Bucleoyvhile roncentrations

8.6.1 HMateriaols

e e

The preparation of Mifts and the wegulsi

£
[

e dorivatives has already

been described Jn Section 8.4.1. Analar grades of hydrazine sulthate
and sulvhuric acid were uscd as suvplied whilst thiosurea was obtained

in a G. P R, grade and wags urified by recrystalisation from ethanol.

ot

P T PR S ) U BT S TN s PR T
solutiong of hydresine sulihete, salvhurlc acld and
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higher than those emPloyed for the reactlon in ethanol since it was
necessary to avold interference from an adjacent U.V. Dpeak due to

thiloures

NEI A A /am
p-H 310
p-N0, 325
p-Cl 320

p-Me 320

T
<
AWS]
%]
A

A11 kinetic runs Adisulayed gond first-order behaviour and values
of ko’ the observed first-order rate constant were calculated by the

miputer Twrogram RELSNA,

8.7 The Reactlon of HIMNA with Thiourea and Alkyl Thioureas

8.7.1 HMaterials
F~methyl-E-nitrosocaniline was lrepared as detziled in Secticn 8.4.1.

The thloureas were all obtained in the form of the 5.L.R. grade products

as follows: thiourea (B.D.H. 30423), H-methylthiourea ( foch=-Light

ethanol hefore use.  The inc:

PR N TR S - G oym e 3 ey e 3 D T - R
vhate . sadium ¢ lun hydrosice and gnlihurle zoeld

vere obltalne’ as the znalar pgrade products

I I X e e e e [T AT R
Solvent either wes of the wsnalaer

o0
o
T

¢
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8.7.2 Procedure

8.7.2.1 Qualitative

Two gqualitative investigations were carried out, at low and high
reagent concentrations respectively.

Thus for the reaction at high reagent concentrations an agueous
solution containing 0.636g of WiNA in 12ml of distilled water wes added
to 108ml of an aguecus solution containing sulihuric acid (A~ 3 1)
together with excess concentrations of both hydrazine sulvhate and
thiourea. The reactlon was allowed to go to completion and the reaction

mixture neutralised with aguecus sodium hydroxide solution. 'The

resultant solution was ether extracted. The ether extracts were drie

o3

for 20 ming over anhydrous magnesium sulthate and the solvent removed

5

on a ratary evarorater. IThe golden yellow residue was ildentified as ure

¢

N-methylaniline by comrvaring its 1.R. siectrum with that of an authentic
samiile.
For the investigations at low reagent concentrations the following

reaction mixtures were irepared to give a total volume of 250ml in each

A

acid 0.849 1
NP | L - (\ ~ ‘] N.’j
sudlihate 2.003 x 10 I
~h
AT N N
WA 3 La0 w0 10 I
B vl Ehd onen D00 ey R
42 1\ LNOL O R, D ERTICIE S R A A1
suld shurlo acis 0.85 1
X -
hy“vranine sulohabe 2,007 « 106 7 W
]
" ~el
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C N,M'-dimethylthiourea  1.979 x 1073 N
sulrvhuric acid 0.85 M
hydrazine sulthate 2.009 x 1073 1

NMN A 2.579 % 10 M

trimethylthiourea 2.016 x l(f3 1M

Iz

sulvhuric acid 0.85 M
hydrazine sulphate 2.009 x 10 3 i

KU A - 2.579 x 1071

)
tetramethylthioures 2.010 x 10 ” M

i3]

sulphuric acid 0.85 M
hydrazine sulihate 2.000 x 10 -~ H

NMEA 3.040 x 10 " K

On combletion of the reactlon each reaction mixture was neutralised
by the addition of a suiiable quantity of solid sodium carbonzie. The
neutral golution s2 2btalne? was left overnight under continuous ether
extraction using 2:0ml of golvent. The resultant ethereal fraction was
dried over anhydrous magnesium sulphate and evalorated down 1o a final
volume of about "mil. The inomganic material jrecipilated by this action
was Tiltered on a number 3 sinter. 4 sample of the ethereal Tunction

-y P - Sty B - L R - e D R
from cach exporiment was fed into a V.5, M

AN - - " - ~ e
Litiles and oo mass
-1y Ly . h ST PRV Dman b 1 - Lt ~ -
srocteoneter detocliion ocyvsten.  Sanoles held on column O, ¢
A B

wuntl?! all ether was removel an:

of 220 ¢, A1) but e of the

P

e than cther.

PP [ R L S RN VSN U SRR S 1
was Adentified oo N=wethyanlliine by

that of an gsuihonbilic somlo,  Jhe sam e decived Tron (e -
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thiourea exieriment yielded two components. One was identified as
N-methylaniline whilst the other would ajpear on the basis of its mass

siectrum to be the thiourea itself.

8.7.2z.2. Quantitative

Aqueous stock solutions of the varicus nucleophiles together with
aqueous stock solutions of hydrazine sulvhate and sulphuric acid were
vsad to vrepare LOm) volumes of the aiproyriate reaction mixtures. A
Inl volume of an aqueous solution containing NMNA was then added to
start the reaction. Progress of the reaction at 3100 vas Tollowed
gsvectrophntometrically by observing the decreasing magnitude of a U.V.
peak due to NiA, genervally alt a wavelength of 27IZnm. In the case of
the unsubstituted thiosuresn the 'resence of a U.V. absorption peak due to
the nucleovhiie causes little in the way of comnpilcations since it lies
at low wavelength ani makes ou_y a small contribution at 27’'nm. As the
present work wss carried ocut under conditions invelving the use of
twenly fTold eycess concentration of the thiourss over that of the
nitrogamine this small contribution is effectively constant and may be

dlecounted. An increase in the degree of N-methyl gubstitulion is noted

& bathochromic shift of A for the

P

abhzorption of the thiou:

may

for the absorption

degree

R O L A S 1
of substitution the

Lte in an increasesd ser unil
tovaris the obhaerved value

wvas found B2 be amell for

or reactiong Involving

thio latvter oon
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proportions.

In general the kinetic runsg were seen to exhibit good firvst—order
behaviour throughout thelr extent. Values of ki, the observed rate
constant, were calculated by the computer program RKISNA or, in the
absence of a reliable value for abs (A )({Ee), via an applicalion of a
firgst-order Guggenheim Method. Values of k; were corrected on the basis
of the observed yield of the rearrangement product so as to give a

value for k, the rate constant for the denitrosation. The yield of

the rearrangement product was measured s;ectrophotometrically given

that under the conditions employed AIHHY = 333nm and = 20,050,

€ 393nm
In the case of reaction in the absence of added nucleopldles at

Jlow acidlity observed rates of reaction are very slow and values of kg

were ohtalned vie a consideration of the Inltial rate.

8.8 The Reaction of NMINA with Cysteine, Glutathione, S-methyleysteine

and Methionine

The sulvhur nucleovhiles L~glutathione (reduced) (Koch~Light Labs.
Ltd. 282¢), L-methionine (Koch~iight Labs. Ltd. 3600h), L-cysteine
(B.T.H. Chemirals itd. 37218) and S-wethyl-L-cysteine (Aldrich Chemical

Co. B85, h7-2) were all obitained in a jure form and were used as subplied.

was prepared as detailed in Sectlion

hiydraciae sulihate suliiiuric acid

crades and used as sulnlled.




presence of small amounts of sulphuric acid, as an aid to solubillty
an’d thesce stock solulions were used in conjunction with sclutions
eontaining hydrazine sulphate and sulphuric acid to provide 49ml
volumes of the reguisite resction mixtures. The reaclion was then
started by the addition of 1lml of an aqueous solution of NMHA. In

40
each case the progress of the reactlion, at 317C, was monitored by
observing the decreasing U.V. absorption peak of the nitrosamine at a
wavelength of 284nm.

In general the kinetlc runs eXhibited good first-order behaviour
throughout their extent and values of ké, the observed first order
rate constant, were oblalined from the computer program RKISNA,
auplication of the Gugsenhelm Method or via a consideration of the
initial rote as aporowriate.  These values of k! were corrected for
rearrangenent, using the methods of Section £.7.2 12 yield a value for
ko the rate congstant Tor the denitrosation. In the case of reactions
involving L-cysteine some evidence for a devietion from first-order

behaviour in the latter steges of the reaction is available. Thig

deviation, noticeable only at values of

than 7755 is slight in its exlent and values of k_ were obtained as above.

Rty ogo-imethyleniline vas Cwe Copam Lomme byl ndline
144 ‘ ,
m othe o nEnne > dan recryatallaed frowm noncene
! b e f h b SRR TR L ¢ vy R
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acid and urea were used without further purification. The solvents,
acetone, benzene, diethyl ether, toluene and methanol were all obtained
as the analar grade products and were used as supplied. In general the
inorganic reagents were also readily obtailnable in this form so that
ammonium‘ferrOus sulphate, masnesium sulihate, potassium bromide,

sodium azide, sodlum hydroxide and sulihuric acid were used as obtained.

8.9.2 Procedure

8.9.2:1 Qualitative
The following reaction mixture was prepared in aqueous solution

to give a final volume of 250ml.

ammoniwn Terrous sulihate 0.746 1

2

N-methyl-H-nitroscaniline l.234 x 107° N

sulphuric acid 3. 512 H
The reaction was allowed Lo procecd Lo completion and the rasultant
solution neutrallsed to pHO by the azdition of solid sodium hydroxide.

The (recipitate Termed at this stage (s, Fe(OH), ==t Fe, 0, 'ni 07)
o & 277 7z
il i

was removed by filtration wnder vaccuwn using & nmumber 4 sinter in
je]

conjunction with Whatman "Qualltative" jepers. The collected residue
vwas washed with 3 = 251 portions of diztilled water and the washings

added t0 the filtrate. The resulting solutlion was then extracted wit

na of dlethyl ether and fthe exwtracts dricd over

in volune to i by the renoval of solventi on a

Ao vas further evacorated to abhout 0.2m1 and subjectes

Ly oom samplesn or the

rated to Jdryness
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Turther analysis by G.L.(. or mass spectrometry. The experiment was
reveated twice in an effort to obtain materlal suitable for analysis
by these latter two methods without success. It may be that the low
yield of organic material is due to its partial removal with
“precipitated iron salts at the filtration stage because of complex
formation and/or adsorption.

The T.L.C. investigations were carried out using each of seven
different solvent systems in turn, their compositions being as glven

below.

Solvent system Comgosition by volume Polarity

Toluene 1 LW

Benzene-acetons Q0:10

0
7t
[

Benwene~riethanol
Benzene-acetone 80:20
Benzene?diethyl ether L0 :60
Methyl ether-methanol 99:1 Y<;7

Methanol 1 HIGH

The steticnary vhase n 21l cf consisted of Kleselgel (F2 9

0

m
I
n

¢
<

(1'1luka Chemicals).

[T S S Yo S
bonsone iacetine \UO H ¢),O)
ex s are For thls system
concentrated etherscal solutioms

nonner toretlher with jure

he cwxiected vodxducis

r

coach o Lhe three Torms

the solvent tanw, o
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N

iodine vapour and re-examined in Jdaylight. Values of R are defined

as below.

distance travelled by compoment a in cils
distance travelled by solvent front in cm's

Rf(a)

Re values in Section 7.2 are given under four headings debending on the

components visibility under each of the four methods of detectign.

8.9,2.2. guantitative

m estimation of the rate of alr . oxidation of an aqueous solution

of ammonium ferr-ous sulihate under neutral and acidie conditions was

carried out as follows. Aqueous solutiong of the asiropriate reasents

were used o prevare s0ml aliguots of the requisiie reaction mixtures.

e U.V. specirum of each reactlon mixture between the Llimits 200nm an?l

600nm was recorded lmmedlately after ireparation and azain after Shrs.

The value of € 37 onm for the U.V. absorption of Nej‘ had already been

calculated as 177 using a standard solution of fel ‘CHRU S0 that a

direct measurement of the Dercentage decomposlition cof the ammoniunm
ferrous sulthate osver the Shr period was easzily obisined. ‘The estimatic

was reieated using solutions deoxygenated by the jassaze of nitrozen

:‘J

=

=
)

gas for a period of 15

The effect of the rescnce of ferrous lons usin

obacrvesd yield

of M4 obbtaine’ Trom NHNA was studied as follows. & 4

of the reculre’d reaotin

solutisme of the awrou

.2 e C e e A= e - ] e men ] a L3 - - Ly ; K
lurn was then and neutroal ! the ol Sy VAN R i
PRV L [ S N S K R R
an W oaguoous zoinbio 30, T Ltste
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b F W7 m R A N 4Ty i 1y




237

U.V. swectrum of the filtrate was recoried between the limits 200nm

an? 600nm. A measure of the concentration of NMA jresent in the

sample was obtained by a comiarison of the observed absorbance at

237nm with that of & reference solution »f NMA. Several of-the
investigations were rejpeate’? using solutions which had been deoxygenated
by the passage of nitrogen gas in an attempt to elucidate the role of

atmostheric oxyzen in the reaction.
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The Mathematical "reatmenl of Iata

In general the reactions of the present work have been carried out
under conditions which produce first-order kinetic behaviour.
Information concerning the iwrogress of the reaction has normally been

collected in the form of abzorbance vs time data and these values have

been employed directly to irovide values of ko st-order

rate constant by reference to the following equation.

/£ a ' .
where abe(A >\L) rebresents the recordad U.V. absorbance at wevelength
A and time .
In the present work the actual arithmetic has been carried out by

the computer wo appeniix 2), whose first action is to

caleulate a series of values for k using each of the avallable values

N - - 5 . . - .
of abs( A )(t). Ideally of course thess "instantaneous® values of kg

should bhe identirald but in ractice this state of affaires is never
realised. Variations of - 10% around the mean figure apiesr to be

cominon but where this varlsiion was exce

the a»plicability of first-

order kinetics wes critically reassessed.

values.  Values which the mean by o warsin whioh e

a et
JYNR P i
G




to revresent less than 19 of the total valqe of ko'

Tn some exveriments the value of abs( ) )(©2) was not known and
\

in these instances the value of ko has been derived from an application

. N : . .
of the first-order Guggenheim Method™ . Conslder the equation given

below upon which the approach 1s based.
In abs(A )(t) - abs(A)(t+4 )' = ukot 1+ constant
where A represents a fixed time interval.

A vlot of In abs( A )(L) - abs(A )(tiA )} vs t should thus yield

o
{/'\
<
m
&

eht line of slope Wko. In the present work these ulots were

visually assessed for linearity, to test the anplicability of the

method. Mn the assumyption that values of ln abs(A ){t) ~ aba (A )(t*
ars accurate than values of t the data werc then subjected to a

simde "least sguares”™ lrealment to yield a value forx ko' whilst this

aviroach gives some degree of trotection {rom mis~use the abillity of

thls Guggenhelin Method to produce straighit lines from data which do not
c e . s
reflect first-order kinetlcs has bzen noted 3 and 1t 1s rudent to

ensure that the reaction 1s first-order before applylng it.
Tn the uresent work where values of A were chosen s0 as to

half~lives the standard error in value=

was egual to arsund 24 of the total

valus of k_.

Tor g Tew reartlions which wroved Lo e exce values
of ¥ woere o ated via the Initial rates methot., raloculstions
s

¢ OTILeT e

have nol

any error

. el ey "o 1o N L :
WO NG H GO s sl




the tangent Adoes nol change rapidly with tlme so that the standard

AN

error in k has been estimated as reiwesenting less than 47 of its
total value.

Yhilst mention has been made concerning the inherent errors

Iresent in values of k_ calcu laled by each of the above methods it is

perhavs pertinent at this stage (0 say that these errors of - 17

-0y

ctively reiresent the precision of the calculated

\’6

27 and £ 9% res]
value. ‘Thus lhese errors merely describe the precision with which each
value of ko fits the data from which 1t was derived. If we were to .
preiare a series of "identical" reaction mixtures and carry out
sejarate kinetic runs using each in turn we should not exjpect to obtain

identical values for ik . Indeed these values would vary arvound a mean

bounds defined by the “reiestabllity error'. 'he “reipeatehility

error” is expecteld to be larger than the iwecision Aescribed ahove

as components both the (recision end errors due to
&IJuALOHA in reagent concentrations betueen the various runs etle.

In the present worik this "repeatability error" is estiuated by
observation t2 veuresent apiroximately N w5 of the value of ko. Although

the precision is of great 1ractical use in allowing

'

an appreciation of

the consistency of data in & single run iis imuvoritance is

Alminiched in the

discussion and 1l 1s omlitted from

™Tn a nusibsr of Instances a

AR are lotied againsl  thioures

s

tr eovide o ovalue of Ky Kh. from the roiatlonshin olven below.
1 i) o
| -= ey




In each case the expression is of the following form.

y © omx *c

If errors in m are assumed to arise mainly from errors in y we
can calculate a value for m on the basis of the least squares method.

Thus,
moT N §ouyy - §x 8

- (€ )"

where Xy and yi represent the indlvidual values of x and y respectively

and W is the nunber of x, y #ata vaivs to be considered.

A value for o is similarly obtained using the exiression ziven
below.
>
¢ = f y é x.” =~ { x é DY
L 1 L0 L1

In a large nunber of cases the value of r, the correlation ~oefficient

was also caleulzted using the following Formula.

r = N g XV = g b é Y
i 1 i
(8 %"= (52708 5" = (45070
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THE COHFPUTER FPRUGRAMN

RKISKNA



The Comimter Prosram RKISNA

The complete listing of the +L/C computer program RKISNA as run
on the KUMAC IBM 360 Computer uvnder the NTS operating system is given
.below.

The vprogram revresents an amended form of the program RKISHA

developed at Durham University by Dr. G. Kohngtam.

RKISNA :PROC OPITONS (MAIN);
/% CALCULATLON OF RATE CONSTANTS FOR FIRST -

ORNER REACTIONS —%‘6/

JR /A
oL NAME AR Qc;,ﬁ);
PATAGET LISt (RAME, N, 254);

[ WARD, LERTIFYING (S5TRIPTION OF

[# NC, HUMBER UF REACINGS INCLUDIRG ZERQ BUT

L (re, wo) (Ne);

T

QT 10T M)

e s h, Lo CELY REATIRG N TATs SO0 D
/3..‘? oy u]‘ . o e Tﬁy\// '




TWO: BRGIN;
net, (0, R, 1,0y, Wn) (N) 5
A=RB~RC(NE)s
1p=rc(ip)
0 I=1 TO N
P(L)=TONHL )~ T8;
R(L)“RAA-RC(NE T );
RK(T)=LoG(A/ /(1)) /1{(T1);
[ 8K (1),  INSTANTANEOUS RATE CONSTANT
AT LM T e/
rm

m
I

g

"'v"\ 72
PUT PAGE LIST (NANE);

PP SKIP(2) ENIT (' TOTAL REATINGS=*, liC,
"ZERO AT NO', N, 'ZERO READING=', RC(NP),
'HUMBER TAKEN=',N, "INFINITY=', RZD)
(a,Y(2), F(5), (), &, x(2), P(4), x(&), &, £(i2,5), 1),
A, X(2), B(5), 2(4), &, B(12,5));

PUT sKIP(2) B70c (YUIME', 'REATING!, 'K')
(A, %012), A, X(9), A);

Ut SKI

DO T=L TD N;

PoT skIP prcr (r(r), ro(WARL), RK{D))

(B {1z, 5), %005

¥l

PP sET PGy mrna (Unisnarns 1) (s

M&R G



MEAN :1,°M;
SY=SUM (WHeRK) 5
AWM=AY /1
/# RKM, THE MEAN VALE OF THE INSTAN TAWEOUS
RATE CONSTANTS %/
WD=Wae( RK= 1KY )yt
VAR=STM(HT) / (M-1);
/% VAR, THE VARIANCE O INTIVIDUAL VALUES OF
THE INSTANTANEOUS RATE CONSTANTS ¢/
MIT SKIP
DO T=1 TO N;
IR WN(I) = g g mim Ir (RK{I)-REM )#%2
s (7%VAR) THEM DO;
Wi () =0. gh50;
M=M=
PUT RITT (1) (x(2),F(5));
D
END;
/¥ VALUEZS (F RK FOR WHICH (RK-RIG 2
>7% VAR ARE SISCARDED. VALUBS OF THR NEAN
AN VARIANCE ARE THEH HMCALCULANED =%/
TF TB TN GOTO MEAN;
VARM-VAR /5
Jve VARM, THE VARTANCE T8 THE MEAN s/

PUT SKTE nld (*Heant) (Sil.o,A);

[ERION .L\.;n .

TN 0

ART 7
'».




GOTO DATA:

STOM:END RKIS NA»

Iata input to the program takes the following form:

AME

R

(1)
RC(1)
To(2)
RC(2)

20(1)

RC(1)

TC(NC)
RC(C)
Np

N

where

NAMEY T8 pN IENTIFYING TRSCRIUTION OF

Cr ~ -1 o T ey

BYACRED 00 CHARACTERS IR BLANKS.
3 T TR RS IO TEY TTTIN T ~ EoN T o RN oy v AT TI IR
‘RC! RECRESERTS T NUNBER & DATA CALRD DIECTRD, EXCLUNING

THE ZEZDY IR,
R ) T AT NG A TEME T )




R\ RE PRESENTS THE NUMBERR OF TC/HC DATA PAIRS TO BE USED
IN T CALCULATION EXCLUDING IHE ZERO rAIR AND THE

INFINLITY READING.

The order of the iniput data as described above must be maintained
in all cases.

Data 1ltems should be selarated by a space.

More than one sel of data items may be submitted.

Input values of T0(I) in units of seconds yield a first-order

. . =1
ratz constant with units of s .
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