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"ABSTRACT

The chemistry of Nitric oxide (NO) has been reviewed with
particular emphasis to.its reactions in solution.

N-nitrosamines form rapidly from NO and secondary amines (R,NH)
only in the presence of certain catalysts under anaerobic neutral
or acidic conditions at 25°C.

The combination of NO and iodine is a powerful nitrésating agent
in neutral conditions. The maximumvyield of gfnitrésamine is dependent’
on [1,], and‘is formed within ca. 5-30 min, depending on the solvent.
The mechanism is discussed iﬁ terms of the rate limiting formation of
nitrosyl iodide (NOI) principally from NO and I,. In acidic aqueous-
EtOH I, acts as a catalyst and reaction involves the fast formation of
NOI from neutralisation of HI by NO to NOI, N.O and H,0. Hydrogen
iodide itself, and HI released from the solvol&sis of metal iodides
also react by similar pathways.

N-nitrosamine férmation is promoted by AgI—salts in EtOH at 25°C.
Evidence favours a ligand induced disproportionation of AgI by the
amine to Ag0 and an AgII—amine—complex. Product formation occurs via
an oxidation of the bound amine to a dialkylamino radical wﬁich couples
with NO.

Copper(I)- and Copper(II)-salts catalyse E—nitfosamine-formation
from NO in dioxan at 250C, and catalysis appears to involve metal bound
amine ligands. Homolysis of N-nitrosodiphenylamine is a convenient

source of NO, and transnitrosation is also catalysed by these salts.
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N-nitrosamines are decomposed by y-radiation in neutral
anaerobic aqueous solution at ambient temperature. Sodium nitrate
and nitrite protect N-nitrosamine from decomposition, and in the
~presence of secondary amines, give both N-nitroso- and N-nitro-

amines via N,0, and N,0; intermediates.
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CrapTeEr 1

INTRODUCTION




1.1 N-nitrosamines.

1.1 (1) Biological Aspects.

Since Magee and Barnes' discovered that rats fed N-nitrosodimethyl-
amine suffered a high incidence of liver tumours, many structurally
related compounds have been shown to exhibit powerful carcinogenic
properties in animal species. - For example, both Efnitrosodimethyl—
and N-nitrosodiethyl-amine show acute toxicity leading to serious
tissue damage, esﬁecially of the liver, kidneys, bladder and lungs
of hamsters, rabbits, mice and dogs, by either direct administration
or inhalation of the vapour.3 Even in low doses, N-nitrosamines are
cumulative toxins,‘and have been reported to activate weaker carcinogens,
resulting in their being implicated in human cancer(s’6 Tumour induction
is believed to‘result from the alkylation of nucleic acids, leading to
atypical base pairings. As there are many excellent reviews on the

. 7. 8-11 . ) . ) . 2-4
formation,  occurrence, and biological properties of N-nitrosamines

and on the alkylation hypothesis of tumour induction,3’12’13

only the
more salient aspects will be discussed here.

The accepted mode of action for dialkyl—Efnitrosémines is an
initial oxidative metabolic activation, with the ultimate formation of
an alkylating agent, which reacts with cellular components. Druckrey
and his colleagues,la suggested that the initial step of metabolic

activation (Scheme I.1) was an enzyme mediated a-hydroxylation to

give hydroxyalkyl intermediate (I), which decomposes to give an



aldehyde or ketone and an unstable primary N-nitrosamine(II). The
latter tautomerises to give diazohydroxide(III) which breaks down

into either diazoalkane or a free carbonium ion.

1 1

R2CH—$—CHR5 )RZCH_th_'(('R __)chn_tlm + %:_R,,

0 ON OH , NO OH

hydroxylase

m an

+ : + “oH _
R.CH , f__l_q._’__ R,CH— N=N — RzCH—N=N—OH
(I11) -
Scheme T.1

Scheme 1.1 applies to N-nitrosamines containing gfhydrbgen
_atoﬁs and support for this comes from correlations of the degree of
carcinogenicity with gfsubstituents.15_17 Recently, Baldwin18 prepared
gfacetoxy—yfnitrosopyrrolidine and reported that this compound required
no metabolic activation, the assumption being that hydrolysis to the
a-hydroxy compound has taken place during the mutagenicity tests.

Alkylation of nﬁcleophil&:sites in DNA, RNA and proteins by N-
nitroso carcinogens has been demonstrated, but there ié conflicting

’ There is some evidence

, . . 9-2
that the 0-6 alkylation of guanosine is important for Efnitrosamlnes} !

evidence regarding the alkylat{ng entity.



1.1 (2) Occurrence.

N-nitrosamines can derive from dialkyl, aryl-alkyl, diaryl énd
heterocyclic amines. Some amines are themselves toxic but usually
there is no potential danger unless a nitrosating agent is present.
Nitrosatable amines are widespread and they occur naturally in humans.
For example, piperidine, an amine found in the brain, can be formed
by either the decomposition of proteins or by bacterial mediated
coversion of lysine. The amount of piperidine excreted in human urine
daily is approxiﬁately 1.24 mg.22 Amines themselves are found in food,
fish,lo spice522 and are used wiaely in industry. Di-, and tri-ethanol-
amines are used in the manufacture of pesticides, surface active agents
and as solvents for dyes, penétrating agents for wood, paper, in waxes,
polishes and toilet goods. »Morpﬁoline also, is used as a cheap solvent
for resins, waxes, as.a corrosion inhibitor and in local'anaesthetics
or antiseptics.

' gfnitrosamines’havé found use in rocket fuels, insecticides and
as solvents in the fibre industry.24 N-nitrosodiethanoclamine is a
gasoline and lubricant additive.23 Most of these uses are now under
review because of the apparent health risks.

With the advancement in analytical techniques, capable of
detecting trace amounts, it is not surprising that N-nitrosamines
have been detected in human urine,25 faeces and blood,26 in foodstuffs
preserved by nitrite, in beer, drugs, pesticides, tobacco smke (reviewed
by GoughloﬁJcosmetics,27cutting fluids,28 air,29 and water.30

N-nitrosamines have been reported to form in vivo (i.e., stomach)

~after the ingestion of nitrite and amines,7 and also from NOs- and

piperidine in a reaction mediated by bacteria from the gastrointestinal

2,7



31 ’ - .
tract. Nitrate can be reduced to nitrite by the bacteria in
.32 . . NP 33
human saliva® and by environmental denitrificants. Consequently,
N-nitrosopiperidine has been identified in acidic urine from NO,
34

and E. Coli infected bladders, N- nitrosodimethylamine from No§

with psuedomonas herbicola and acidic dimethylamine.35

1.1.3 (I). FYormation of N-nitrosamines.

The formation of N-nitrosamines in aqueous solution is generally

presumed to require acidic conditions (pH < 5) and nitrous acid.7 These
’ +
reactions involve a nitrosating agent NOX such as H,O0NO, NONO, (N,03)

6,7

and the unprotonated amine.3 At moderate pH, the nitrosating agent

is N203,derived'from'the dimerisation of HONO (pKa = 3.13 at 25°C)

36,7 +

after protonation of nitrite. At lower pH, HONO 1is the reactive

!

nitrosating agent. The rate of reaction can, however, be catalysed by
, . - 37 . . 36 . .
certain anions, SCN , and halide ions by forming NO-X species
which are more reactive than N,0;. The nitrosating agent is derived
+
from the attack of the anion on the nitrous acidium ion HONO (Equation
1.1).
- + HX N -
NO, + _H g HONO == H,ONO + X &—= NO-X + H,0 1.1
In its simplest: form, the N-nitrosamine results from the initial

nucleophilic attack of the amino-N- lone pair electrons on the

nitrosating agent followed by deprotonation to the product (Equation 1.2)

(where RR' = alkyl or aryl).
RR'-NH + NOX — | RR'—N ——> RNNO + HX 1.2

\H



Since only the unprotoﬁated amine reacts, it is desirable to
carry out the reaction, especially with the more basic amines,in
weakly acidic media. The acidity, however, affects the concentration
of both free gmine and nitrosating agént and no nitrosation above
pH 7.5 has been observed for aqueous nitrite. The kinetics of
nitrosation in aqueous acidic nitrite media has been reviewed by

38
Ridd, who has shown also, that similar equations apply to the nitro-

39

sation of secondary amines and to the diazotisation of primary amines.
Mirvish7 has recently discussed the effect of pH and the basiéity of
dialkyl-amines on the rate of N-nitrosamine formation,

Challis and Kyrotopou10540 however, have shown that N-nitrosamines
form over a much wider range of pH from nitrosyl gases such as
N20,, NZOA; Earlier, White and Feldﬁan41 reported rapid N-nitrosamine
formation from N,0, in organic solvenfs, with competitive’ﬁfnitroamine
formation increasing with decreasing temperatufe (~ —700C). Gas phase
nitrosation ffom nitrogen oxides has also been reported in connection
with tobacco smoke studies.42 The possibility of these reactions being
important in aqueous media (other than‘Ngoa‘from acidified nitrite)
had not been considered, presumably because they were expected to undergo
rapid hydrolysis to nitrite and nitrate. Challis and Kyrotopoulos,
showed that the formation of N-nitrosamines from dissolved nitrogen
oxides in neutral and alkaline aqueous conditions (pH 6-14) at 250C,
was extremely rapid for example,with 400‘f01d excess ﬁ:Oa, N2O,
over 2 X 10“3 M piperidine, 45-65% nitrosation ca. 3 min. Acidic
conditions generally inhibited the reaction By converting the amine
into its unreactive conjugate acid. Apart from the observations by

Challis and Kyrotopoulos, Keefer and Roller43 showed that formaldehyde



or chloral catalysed the nitrosation of secondary amines from nitrite
between pH 6-11, but these reactions are very slow, with typically
lzlgfnitrosodiethylamine aftér 17vhours at pH 6.4 and 24°¢. Lijinsky
observed that the nitrpsation of dimethylamine at pH 7-11, 100°C,

was also accelerated by formalde_hyde.7 Tertiary amines also react with
nitrosating agents such as N;oa to form N-nitrosamines. The accepted
mechanism involves nitrosative dealkylation leading to the secondary
amine which reacts further, the significance of these reactions have

. g
been discussed by Mirvish.

1.1 3 (II) Transnitrosation.

This process; in which the nitroso group from one N-nitrosamine

is transferred to another amine,may in principle, proceed under neutral
A bh :

conditions. Bumgardner reported the transfer of the nitroso group

of N-nitroso-3-nitrocarbazole to N-methylaniline under reflux in benzene,

to form N-methyl-N-nitrosoaniline and 3—nitroéarbazole (Equation 1.3).

|
N=0

0N A A
| reflux X ‘
J + - PhNHMe —————— + PhN(NO)Me 1.3
: benzene | ~ ,
Transnitrosation at this temperature can be interpreted in terms

of the homolysis of the N-N bond of the nitrosocarbazole and reaction

involving a free radical chain.



N-nitrosamines can be denitrosated to the parent amine in
acidic media, thus,under heterolytic conditions, transnitrosation
via nitrous acid would be expected since N-nitrosamine formation
itself, is reversible. In the presence of halogen acids, NOX can
act as the transferring agent and this has been demonstrated for

. - . . - 46,47
the reaction of N-nitrosodiphenylamine and Ns. The products,

. . . +
diphenylamine, N; and N;0 are those expected since NO reacts

. . . - . 48 .
irreversibly with N, to give N.0 and N,. 8 The reaction proceeds

via an initial, fast reversible protonation at the N-atom, followed by the

rate limiting attack of X at the nitroso N-atom to give the parent
amine and NO-X (Scheme 1.2). NOX is removed irreversibly by its
reaction with N;. The reaction rate is semsitive to X—, the rate

‘being increased by added Cl_, Br—, I—.47

. 4 + - o
H X
Ph,N-N=0 €F=::::E Ph,NHNO ——— PhoNH + NOX

NO-X + N3 === N3-NO—3 N,0 + N,
Scheme. 1.2

Challis and Osbérne46 showed thét the nitroso group of N-nitroso-
diphenylamine could be transferred in acidic 50% &/v) aqueous-ethanol
at 25°C,direct1y,to N-methylaniline. The reaction was not catalysed by
C/  and the suggested mechanism invelved nucleophilic attack of the
amine on the protoﬁated N-nitrosamine (Equation 1.4).

+ + PLNHMe + +

Ph,N-NO ;zgzi? PhzNHNO ———=—=—="Ph,NH + (PhNHMeNO) ——PhN(NO)Me + H

1.4



William547 observed the same reaction with aniline and suggested
that direct transnitrosation, without the intermediacy of nitrosyl
sﬁecies (NOX), may occur in connection with the Fischer-Hepp
rearrangement.

The indirect transnitrosation of aliphatic N-nitrosamines has

also been reported,49'50

for example, the reaction between N-methyl
N-nitrosopiperazine and morpholine50 in 83M HCZ/ (Equation 1.5). The

rate of transnitrosation was catalysed by SCN_, Br_, but no reaction

was observed in HC¢0, or in aprotic solvents.

CH3 CHs

H NaSCN

NS

Ne==0

Transnitrosation between seemingly non—carcinogénic ﬁfnifrosamines
and other amines has recieved much attention since it is possible thaf
they may act as proximafe carcinogens.

However, the reactions are not restricted only to N-nitrosaminess
Challis and Shuker51 have recently shown that alkyl nitrites bearing
electronegative substituents can also transnitrosate to a variety of
amines in alkaline media. These reactions involve the direct nucleophilic

attack of the amine on the alkylnitrite.

1.1.4 Inhibition of N-nitrosamine formation.
Phenols and ascorbic acid compete with the amine for NOX reagents

52 s .
and hence inhibit N-nitrosamine formation. - Phenols inhibit by either
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the reduction of nitrite to the unreactive NO or.by formatiqn of
C-nitroso compounds.53 Ascorbic acid reacts more rapidly with NOX
reageﬁts derived from acidified nitrite than amines giving
dehydroascorbic acid, NO and H20,54 (Equation 1.6), and hence have

been observed to inhibit N-nitrosamine formation both in vitro and

in vivo. )
CH.OH
CH,OH
| | HOCH, _
HOCH 0 / o .
0o + NO—NOa.____i/J///’ + 2 NO + H,0 1.6 =
HO . 0
‘ OH _ ‘0

M&rvish,7 has>suggested that ascorbate should be added to formulations
of nitrosatable drugs, because of the low reactivity of NO towards
amino groups. Under aerobic conditions, however, evolved NO reacts
rapidly with 0, to give initially NO, and subsequently N,0;, N0,
hence it is not surpfising that a vést excess of ascorbate is sometimes
required to block N-nitrosamine formation, and that in some cases,

. . R . . 55
increased N-nitrosamine formation is observed.
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1.2. Nitric Oxide. (NO)

Nitric oxide is a colourless gas (bp. —151.740), it is a major
pollutant - 10° toms are produced daily,56 associated with fossil fuel
' .56 i .57 5

combustion, the exhaust gases of combustion engines and smoking.

It is not surprising therefore that NO has been identified in human blood.59

1.2 (2) Preparation.\’

The gas can be prepared by the reduction of nitric acid (Equation

1.7) or by the reaction of aqueous acidic solutions of nitrite and

iodide ions (Equation 1.8).60
2HNO, + 2KI + 2HX —=> I, + 2H,0 + 2KX + 4NO 1.8

Dry NO can be prepared by the fusion of potassium nitrate and

nitrite in the presence of chromium salts60 (Equation 1.9).

KNO5

([) + KNO2([) : + Cr203 (S)—§ ZKZCI‘O;‘ + 4N0 1-9

(s)
1.2 (3) ProPertiés.
Nitric oxide 1is a free radical containing eleven valency electrons.
The molecule differs wuniquely from other free radicals by its lack
of dimerisation and chemical inactivity.

In terms of valence bond theory, NO can be represented by structures

(I. (1)), (I. (ID)).

—

J [ " .
Y 0, IN==0
I. (I). I. (1I1)

Structure (I) is more favourablé than (II) because of the unfavourable

charge distribution, and this is confirmed by the small dipole moment
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of 0.16D.61 More recently, analysis of hyperfine structure by

microwave spectroscopy indicated that the odd electron is 65%

o 62

located on N and 35% on O.
In terms of molecular orbital (MO) theory, the electronic

configuration reveals that the odd electron occupies the 27* anti-

bonding orbital, giving a total bond order of 2.5. The descriptions

. o]
adequately explain the observed bond length of NO, 1.15A, which is

intermediate between the ideal double bond length of 1.19A and a

o .

triple bond length of 1.064A %2

At ZOOC, the magnefic Susceptibility of NO corresponds to one
unpaired electron. The unpaired electron has an orbital momentum of
1 and a spin momentum of %!; NO can therefore give an.excited state
thét is paramagnetic or a ground state that is diamagnetic. The
energy difference between the two states is only gg,l1.48 kJ mbl—l,

-and so the distribution is dependent on temperature.61_ Nitrie oxide
shows no marked tendency to dimerise, & G, for dimerisation is ca.

8 kJ mol— at 300°K and 1 atm.,63 and within the temperature range
273-121.7° K there is no'evidencebof NO associdtion at 1 atm.6‘3 At‘
high pressures and lo& temperatures slight association to give N,0, is
observed.

X-ray and magnetic susceptability has shown that ﬁO exists entirely
as the dimer in the liquid or solid state, but the weakness of the N-N -
bond (bent ON-NO) even in the solid is shown by its bond length of
2.18 X compared Qith 1.47 R for the single N-N bond in hydrazine.64

Nitric oxide reacts rapidly with 0, to form NO, and it has often
been mistakenly concluded that reactions carried out in open vessels
were reactions of NO. The oxidation of NO by 0. is shown (Equation 1.10).

The initial step is believed to be the formation of N0, which then reacts
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with 02.65

N0 =2N,0, —2-3 2NO, 1.10

The rate of oxidation follows third order rate laws, and decreases

with increasing temperature and it is therefore dependent on the

equilibrium constant for the dimerisation of NO.

1.2.(4) Reactions of NO.

1.2. 4.(I). As a TFree Radical.

Nitric oxide behaves chemically as a free radical, and has been
used extensively in the gas phase as an inhibitor of radiéal chain
reactions which have been reviewed by Williams.62 In all cases, NO
bonds with radicals at its N-atom although Modica66 has claimed kinetic
support for an okyimido.configuration when F.C: combines with NO.

There is evidence tﬁat NO is also capable of H-abstraction from
stable molecules or .radicals, for example, 1,3~ and 1,4-cyclohexadiene
reacts in the gas phase at 306-359°C with NO to give NOH and radical
intermediates.67 NO will also abstract H from HI to form NOH and NOI
under both thermal68.and photolytic69 conditions in the gas phase.
However, the thermal reaction between HI and NO proceeds slowly even

68

at 90°C. The product NOI has been identified by IR spectroscopy at

6
77°K from the photolysis of HI in the presence of NO. ¢

Nitric oxide also reacts with molecular halogens to form nitrosyl

70,71 .
halides in gas phase reactions under thermal 7 and photolytic

conditions.72’73

All molecules are reactive and their stability decreases
in the order NOF > NOC/ > NOBr > NOI, consequently, NOC/ and NOBr

always contain decomposition products, e.g., NO + + C¢; (0.5%) and



14

NO + & Br., (7%) at 25°C and 1 atm.74 The compound NOI is formed
transiently and is too unstable for isolation, but Ridd and his
co—workers75 have suggested the intermediacy of NOI in the iodide
catalysed acid nitrosapion.' Nitrous aéid and iodide under acidic

conditions have been shown, however, to give NO and I, (Equation 1.11)

and the reaction is believed to proceed via NOI.76
+ _
H,ONO + I —— NO-I == NO + 7 I, + H.0 - 111

Reactions of NO in solution have not be extensively studied, but
at 1 atm. pressure and ZSOC, NO will abstract HO from 0.5 M t-butyl-
hydroperoxide in benzene yielding t-BuONO, and t—BuONo; and also reacts
with t-butylhypochlorite giving NOC/ and t—butylnitrite77 (Equations
1.12 and 1.13).

25°¢C benéene p
t-Bu0O-C¢ + NO . —) t-Bu0 + NOC/ 1.12

t-Bu0 ‘+ NO » t-BuONO 1.13

The authors also reported that NO reacts with N-chloropiperidine, or
N-bromophthalimide to form N-nitrosamines under the same condiéions.
The photolytic and metal catalysed reactions of §:chloroamines with NO to
form ﬂfnitrosémines are well established.78’79

NO is reported to react directly with hydroxylamine in alkali to
give N0 and N,, althoughthé mechanism is not clear, the reactive
intermediate is believed to be nitrosyl—hydroxylamine.80

Drago81 has reported that NO will react slowly with diethylamine ‘
in methanol at 35°C and ether at-—780C, to form the salt [EtzguzoEtzNNzoz],

but the reaction is thought to proceed via dimeric NO and not NO

. .. 82 ) : .
itself. Brackman and Smit found evidence that the same reaction in
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MeCN and MeOH was catalysed by cupric salts, but required a more complex :
mechanism to explain their kinetic observations.

Challis and Krytopoulos83 recently reported that NO itself does
not react with secondary amines to produce N-nitrosamines-and this
confirmed a previous Qbservétion that NO does not react with fthH

84 The reaction of various amines with NO in MeCN at 25°¢

at 25°C.
produced only 25% N-nitrosamine over 72 hours, the rate reaction was

found to be independent of amine basicity. The zeroth order plots

indicated that 0, was leaking into the reaction vessel, and thus previous

85,86 . ,
that NO itself effects the nitrosation of amines

Suggestions
should be treated cautiously Eecause 0, reacts rapidly with NO to form
NO, with the eventual formatjon of N,0s, N20., which are known to be

" effective nitrosating agents:ao |

1.2.4.2. Nitric Oxide as Ndﬁ

The nitrosonium ion is a relatively stable molecule, loss of the
m* electron occurs easily and this is reflected by the low ionisation
. ' + - 87 . oy .
potential (NO—> NO + e , 9.25 eV). This low value is expected since
+ .. . : : .
NO 1is isoelectronic with CO and N,, and its formation results in an
increase in the bond order.

38,60 but

: +
The existence and chemistry of NO is well reviewed,
experimentally, when N,0;, N0, are dissolved in conc. H.SO,, the ionic

+ .
salt NO HSO., can be isolated.

1.2.5.1. Metal Nitrosyls.

The versatility of NO as a coordinating ligand arises from its
unusual electronic structure and it is best regarded as a 3 electron
donor. It forms nitrosyl complexes with many transition metals but not

with non-transition elements or electron acceptors. Mononitrosyls
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(i.e. those compounds containing only one NO group) can be conveniently

prepared by the action of gaseous NO on the ﬁetal halide (Equation 1.14),
cyénides (Equation 1.15) or by displacemeﬁt of CO from carbonyl complexes
(Equation 1.16). |

(o]
EtOH, 25 € 5 [cucs,.NO] 1.14

CuCZ, -+ NO

+ o
[Fe(cN) o] + No 1320+ H 25 Cy 1o ony,NOT? 1.15

petrol, 25°C\ "
Feg(CO) 12 + 6NO 7 J[Fe(NO)z(CO)z] + 6CO 1.16

88,89 which exhaustively list the wide range

There are many reviews
of transition metals that form nitrosyl complexes, and their preparation

“and properties will not be discussed here.

1.2.5.2. Bonding of Coordinated NO.

Sidwick regardedgo nitrosyl complexes as derivatives of'NO+ and
NO-; and this claésification is still in current usaée. X-ray crystallo-
graphy has reQealed that NO can combipe with transition metals by three
principal modes,’56’91
(I) As a 3e-donor, where transfer of one.eléctron to the metal

’ A TEn
reduces its valency by one and produces NO+, where the metal-NO (M-NO)

: +
bond angle is close to 180° (the so-called linear or NO mode) Figure 1.1.

o .,

Figure 1.1
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The N-atom is sp hybridised so donation of the lone pair of electrons
to the metal and acceptance of electrons into the w* antibonding
moiecular orbital of N, froﬁ the full d-atomic orbitals of the metal,
gives multiple bonding.character. This description is in good agreement
with the shor£ M-N bond length compared to other M-N bonds (Table 1;1)
that are observed.

i

- A
(II) As electron acceptor to form NO , with M-NO bond angles of

120-130%, (the bent nitrosyls). The bent nitrosyle (Figure 1.2) are
of similar geometry to nitrosyl halides and organic nitroso compounds

where the X-N bond is also bent.

Figure 1'2,

The N-atom is sp? hybridised, and formally there is a covalent bond
betweenlM—N. The complexes have a range ofipolarities and longer bond
lengths (Table 1.1). |

(ITII) Bridging Nitrosyls. This type of bonding is rare but is
exemplified'by two nitrosyls [Mn3(W-C5H5)3(NO)b]92 structure 1.IT1 and
[Ru 1(NO) » (Co)xo] structure 1,IV, where NO forms bridges between 2 or 3

metal atoms.

CcoO Co
TTC5H5 \ /
Ru co
\ OC/ !
\N 6]
0 . Co N 0
\ \\\\\i“f//c ,
5H5n-Mn n-—-nC sHs 0C—-Ru R Co.
\ /
N C N- 0
_O 0 0
1. TII ' 1. 1Iv

(Mn) 5 (7-C5Hs) 5 (NO) | Ru5(C0) 1 0 (NO) »
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TapLE 1,1

SoMe PHys1caL ProPERTIES OF CooRDINATED NiTRIC OXIDE COMPLEXES.

NO+-Nitrosyls_ M-N/A _M-ﬁ;o°. VN0 cm‘l,
[Fe(CN) sNO]?~ 1.63 178 1939
[v(cn) sN0 T3 1.66 176 1530
+
4L
o+ ’
[Co(diars) ,NO] 1.68 179 1852
[RuCZsNO]?™ 1.74 177 1930
[Ru(NHa) sNO T~ 1.80 167 1925
. [Mn(C0) .NO] 1.80 180 1763
[0s(NO) (Co) (PPha)»1%T  1.89 177 1750
NO_—Nitrosyls
[Co(en) ,cn0]T 1.82 124 1611
[Co (NHs) sNO ]2 - 1.87 119 1620
+
[IrC¢, (NO)PPhs] . 1.94 123 1560
: +
[1rC¢ (NO) (CO)PPh, ] 1.97 124 1680
[Co(NHa) 6127 1.97
[Co(en),)?t _ 1.96
" [Co(Ns) (NHs) 52+ 1.94

Data taken from reference 93.
en = ethylenediammine.
PPh; = triphenylphosphine,

diars= diarsine.
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Recent work suggests that Ag+ attached to O atoms of an exchange
zeolite forms two types of Ag-NO complexes depending oh the experimental
conditions. Below 50 Torr, the Ag-NO complex gave V.o 1884 cmfl, indicative
of [AgI(NO)]+ structure, whereas at pressures greater than 300 Torr, NO
forms a bridgé betweén 2 Ag+ centres.

In 1958, Lewis and Wilkinson95 proposed that the IR stretching

frequency of coordinated NO, o’ could be correlated with the type
' - . -1
of bonding. When NO loses the m* electron, the Vyo 1lncreases from 1880 cm

(gaseous NO) to 2200-2300 cm—l (in NO+ salts). On coordination with metals
containing d-electrons, synergistic 7 back bonding reduces Yno? and
characteristically,»vNollies:within the range 1045-2000 cm_l. The majority
of Vyo are between 1750—}900 cm-l, the so—calied NO+ region, while thqse

within 1045-1650 cm_l characterise the NO region. .(Organic nitroso

compounds, with R-NO bent normally absorb in the 1500-1600 cm—.1 region).

Although vNO can give a rough guide to the reactivity of coordinated
NO, it is misleading however, to describe éll linear cémplexes as derivatives
of NC+ from only IR data. The two limiting ground states, linear or bent,
are dictated by four f#ctorSP-(I) the coordination number, (II) the coordinatio
geometry (TIIT) the numbef of electrons occupying the d-orbitals of the
metal and 7w* molecﬁlar orbitals of NO and (IV), the nature of the highest

occupied MO.96

1.2.5.3. Nuclcophilic Attack on Coordinated NO+ Grogps.'

The ability of metal nitrosyls to act as nitrosating agents is well

97,98

established. Historically, the analysis of groups such as SH ,

thiammine and indoles, involved complexation with nitroprugside, [Fe(CcN)sNO]?™

(v

NO 1925-1944 cm_l), resulting in a variety of characteristic colours.
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Many of these reactions have now been attributed to nucleophilic

attack on the coordinated NO+, and have been reviewed by Swinehart.98

The reaction of nitroprusside with HO_, however, requires further comment:
the nitrosyl reacts in alkali to give [Fe(CN) sNO,]*™ and eventually

[Fe(CN) sH,0]°"and NO, (Equation 1.17).

[Fe(CN)sNOJ?™ + 20H'T=—= [Fe(CN)sN0,]* =295 [Fe(CN)sH,0 + NOT 1.17

—_~—————

The rate of hydrolysis of the nitroprusside is 10® x slower than
that of the hydrolysis of free NO+. This large difference was ascribed
to enhanced stébility of the nitrosyl, which makes it more selective and
hence a good source of NO+.

Nitroprusside and [Ru(bipy)2Cl(N0)]2+ both‘reaét with N3, Nﬁa,
hydroxylamiﬁe giving N,0 and N, and with secondary amines to give
N—nitrosémines, and so behave chemically as NO+.

Bqttomleygg'regarded several metal nitrosyls as potential
electrophiles;Susceptible to nucleophilic attack and suggested that this

property can be loosely related to the direct magnitude of v This

NO®
property is probably restricted to six coordinate nitrosyls having

“No > 1886 cm_l and it_may exclude most metal nitrosyls apart from

those which can be considered to aéproach true ionic character (Table 1.2).
For example, complexes of metals with high positive charge and little

back bonding, such as [IgII(NO)Cls]z_, give rise to a high residual
positivevcharge on NO and reaction with NH; to give N, occurs

100

' - , I1I +
instantaneously at 25°¢. However, no reaction of [Os (NH3) . (NO)OH ]?

is observed, the ligands (other than NO) are all o donors without
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TABLE 1'2,

THE RELATIONSHIP OF vy, OF MeTAL NiTrRosYLS, TowarDs NucLEOPHILIC

Attack. (TAKEN FRoM REFEREMCE 57).

Nitrosyl Complex, Yyo cm-l Nucleophiie Product
[1rces(NOY]™ 2006 HO™ [TrcesNo, P~
NHo [Ircss(NHS) 1°7
N3, [1rC¢s(H,0) ], N. + N,0
NH,OH [1rces(HL0) ], N0
[IrC¢s(NO) (PPhs) ]C2O. 1945 EtO [IrC¢s (ELONO) PPh, ]JCZ0.,
[Fe(CN) sNO1?~ 1938 HQ" [Fe(CN) sNOo 1%~
[RuCl(bipy);(NO)]2+ 1927 HO [RuC/ (bipy) 2NO, ]
ArNH, [RuCZ(bipy) » (NNAT) 127
ArNMe, [RuC?(bipy) - { (ON) ArNMe,)
Ns: aq. [RuC{(bipy)2H20]+, Na,
N,0
+ —
[Ru(NHs) sNO]? 1925 HO [Ru (NHa) sNO, 127
[RuCZsNO]2™ 1886 No Reaction
[Os(NHa)sNO_]3+ 1885 No Reaction
[05(NH3)L(0H)N0]2+ 1883 No Reaction

PPhs =~ Triphenylphosphine
bipy =~ Bipyridyl
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m-acceptor properties. Thus, even though there is a high positive

charge on the metal, back bonding of some electrons reduces YNo and

consequently, the reactivity towards nucleophiles.
Bottomley's relationship is not always followed, thus, cis-

[Ru(NH3) .Br(NO) ]1Br,, v 1902 cm_l, only converts to trans—[Ru(NH3)(OH)-

NO

(NO) ]Br, even when heated in alkalime solution.91 On the other hand,
[Pt (NH3) sNO X2, [Pt(NH,)3NOSO.]X and [Pt(Nﬁa)z(Noso,.)(Hso,.)],

which all have Yo 1713-1810 cm_i all react to give NO; with aqueous
© alkali.’®

Azide ion reacts with metal nitrosyls having v > 1886 cm_l,

NO

with the formation of N;O0 and N,. The nitrosyl—azide intermediate

Ru-NO-N; (Equation 1.18) has been reported to have been isolated

from the reaétion of [Ru(bipy);ClNO]2+ and N;.57 The productsN,0

‘N"”ggo — Ru——N////O\\\\ | | 1.18

Ru

+
N—=N=—==N \\N

and N, arise from the displacement by excess azide, hence, establishing
that N,0 formation is not due to the disproportion of NO. The reaction
2t -
of [Ru(bipy) ,C¢/NOJ with N, (Equation 1.19) is analogous to the
s . 2+ + B +
nitrosation of [Co(NH5;)sNs] with free NO '(Equation 1.20), and free NO

_ 101
and Ns.

[Ru(bipy) 2€N0]2T + N5 —2224 [Ru(bipy).Cl(H0] + N, + H,0 1.19

2t !
[Co(NH3)sN3] + not -—-lii)—-) [Co(NH3)5H20]3++ N. + N0 1.20
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The reaction in MeCN leads to the same product but with different
coordinating ligands (Equation 1.21), but unlike H,0, the organic

- 4
[Ru(bipy) 22(N0) 137 + N3 —MeCN o pu(bipy) .CZ(MeQN) T + N,0 + N, 1.21

molecule is.labile and can be displaced.102 Hydroxide ion also reacted

with the ruthenium nitrosyl to give Ru-NO,, and the reaction is reversible

10
in the presence of acid. 3

_ ‘ . ¥ _ -
The reaction of alcohols with [IrC¢5(NO)PPhs] vNO 1945 cm 1,
to give a RONO- complex can also be reversed to give starting materials
, -, 104 . ‘ . + _
by acid. Hence, the reactions of coordinated NO , are analogous

to the behaviour of both free NO, and alkylnitrites in acidic media.

. 10
In the presence of NO, CoC/, also nitrosates alcohols and alkoxides, 3
but the reaction proceeds via reductive nitrosylation, (Equation 1.22),

the cobalt dinitrosyl [IV ] has YNo 1876, 1792 cm—l which may be

considered as derivatives of NO+ and NO (Where L = tetramethylethylenediamnin

o .
NEts +.CoC/¢, + 2L + 3NO ——gé—g—) CoCZ(NO) ;L + MeONO + Et3N,.HC? 1.22
MeOH @) :

There are relatively few examples of amines reacting with coordinated
+ . , R Nend : ;
NO 1leading to either diazonium ion or N-nitrosamine formation. Bowden

106,107

and his co-workers prepared the arenediazonium complex by the

+
reaction of ArNH. with [Ru(bipy).C¢/NO]}® (Equation 1.23).
+ 25°¢C 24
[Ru(bipy) .C#NO]* "+ ArNH, ———) [Ru(bipy).C/NNAr] + H,0 1.23
. " MeCN
The reaction mechanism was shown very elegantly using 15NO to

involve NO+ and the intermediate diazonium salt could be treated with KI
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or B-naphthol to give iodobenzene or the diazo compound. Secondary

and tertiary aromatic amines reacted with the same nitrosyllo7 to give
C-nitroso-products, but in these cases, it is unknown whether the
initial step is direct C-nitrosation or N-nitrosation foilowed by the
Fischer-Hepp rearrangement. N-nitrosamine formation has, however, been
reported for the reaction of nitroprusside108 and the copper—nitrosy1109’82
with secondary amines. Maltz,108 reported the unique nitrosation of

amines with [Fe(CN)sNO]?® in alkaline media up to pH 12.7, above this |

pH, nitroprussidé is converted into the NO, salt by hydrolysis. Primary

amines were deaminated to alecohols and N, via the diazonium salt

(génerated in alkaline media);.secondary amines, such és'diethylamine

gave N-nitrosamines, while aromatic secondary amines or tertiary
amines did not réact. The yields of product showed dependence on the
initial amine concentration, and required that a two-fold excess over
the nitropfusside was present. The reaction mechanism involved initial

attack of the amine, for example, Et.NH,on the nitroprusside complex, (Scheme
1.3) (which reflects the dependence on amine basicity and indicates why
aromatic amines did not react), to form the protinated N-nitrosoamine
complex (y), in the case of diethylamine. Displacement of the N-nitro-

. . + . .
soamine by another mole of amine gave H. and the iron-amine-cyanato

complex.

+
[Fe(CN)sNOJ* + Et,NH 21K o [5e(on) 5 (EENH-NO) 12 ¢y
‘ 42

Et,NH

- +
[Fe(CN)sEt,NHT>" + Et,N-NO + H

Scheme 1.3.
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CuII—halides in ethanol form violet nitrosyls110 when in contact with
gageoﬁs NO. These éomplexes have YNo 1824-1830 cm_l, are diamagnetic and
SO may formally be regarded as [Cu+(N0+)]X2. Generally, these
complexes are too unstable for isolation, although Ffazerlll showed
that the nitrosyl was formed in solvents with donor propérties, In
ethanol, the violet nitrosyl slowly dissociates_into a colourless ion,

with the formation of ethylnitrite 111 (Equation 1.24). The formation

of ethylnitrite implies that nucleophilic attack on coordinated NO+

was possible.

CuX, + NO.,.-—_-:_-—\_[Cuxz-N—*(.)] —Lots Cux + EtONO + HX 1.24

Doyle and his colleages109 qund that N5 reacted with the nitrosyl
giving, N.0, N, and Cu(I), whereas primary aliphatic amines when
complexed to CuC/, were‘oxidativély deaminated to geminal.dihalides
(Eduation 1.25). |

. o]
ArCH2CH2—NH2.CuCl2 -+ [CUC{Q.NO] —'M—% ArCH2CHC{2 + Nzo -+ Nz 1.25
MeCN ’ :

These results suggested that the low v 0'(due tblextensive back bonding

N
from d-electrons) does not reflect the eletrophilic character of
Cu(NO)C/, as predicted by Bottomley.99

Earlier, Brackmén‘and Smit82 observed that the copper-nitrosyl
could nitrosate secondary amines and alcohols. Their mechanism (Scheme -
1.4) for the nitrosation of secondary amines is complicated, but it
now appears that the diffusiop of nitric oxide into the solvent may have

been the rate-limiting under their conditions. They found that CuC/,

behaved catalytically, Cu(I) predominated during the course of reaction
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NO
“2NO
N,02. + R ,NH—> R,N——N—0 RoN—N——0" (VII)
. _ H+
NO ——> NOH $N,0
+ +H,0
I 1T

Cu Cu

+ .
R,NNO + H R.NH, NO

II

¢ -—
RzN—N—0 + Cu »RNNO + CuI

(VID)

Scheme 1.4

and that N,O was formed.  From these observations, they suggested that
after the rapidly established pre-equilibrium, dimeric NO reacted slowly
with the amine.(dimethylamine) to give the Drago salt81 (vI).

The copper.nitfosyl reacted wifh the amine to givevﬂfnitrosamine
. H+ and CuI, which was continually oxidised by (VI) to CuII and éomplex (VII).
The anion radical (VII) could react with CuII to give Efnitrosaﬁine, but
in-the presence of NO, regéneration of (VI) waé most likely. Essentially,
the reaction can be abbreviafed to (Equation 1.26).

IT

L

+ R,NNO + NOH 1.26
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1.2.5.4. Electrophilic Attack.
There is clear evidence that in some metal nitrosyls the bound

NO behaves as NO . Normally, protonation of the coordinated NO has
56

been accepted aé indicative of the presence of NO . The few examples
known are shown in Equations 1.27, and 1.28.
0sCZ(NOXCO)L, + HC/ == 0sC/(HNO){(CO)L, - 1.27
-1
Vio 1600 cm
. 2+ HBr R 2+
[Co(diars) ,NO] ———= -[Co(diars). (HNO)(Br) ] - 1.28

1.2.5.5. Reduction Reactions.

The nitrosyl ligand can, in principle, also be reduced to NO, NO,

N, and NH3. For example, cr2t has been used to reduce the coordinated

+ .
nitrosyl group of [Ru(NHe)sNOJ* to NHs (Equation 1.29).°%

' + +
[Ru(NHa) sNO1®T 4+ 6cr?t + sH——3 [Ru(WHa)6)?% 6Cr®" + HoO  1.29

Also, the nitrosyl complexes of ruthenium, rhodium and iridium have been

reduced to N.0 by CO.

1.2.5.6. Disproportionation.

Disproportionation was mentioned briefly in the reductive nitrosylation
of methanol by CoC/,7 Rhodium(III) catalyses the disproportionation of
NO in ethanol to give EtONO and N20.56 The, Scheme can best be depicted

- ' 4+ .
in terms of NO assisted attack of NO on ethanol (Equation 1.30).

[RRITI(NO ) (NO')] + EtOH ———> Rh(EtONO) ‘+ NOH 1.30
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1.3. Concluding Remarks,

Although NO is a major pollutant?6’57 reports of its chemical
inéctivity in solution have led to very little research into its
chemistry. However, the better understanding of bondingvin metal
nitrosyls, especially in those cases where NO+ formation is important,
has increased the predicﬁive powers of its reactivity substantially.

The fate of NO+, generated under very mildvconditiohs, has not

been hitherto, extensively investigated with respect to N-nitrosamine
formation. Clearly, the ubiquitous nature of N-nitrosamines cannot
be accounted fér only by acidified nitrite. The results that fpllow
show unequivocally that NO, by suitable activation, is capable of
readily converting amino compounds into carcinogenic N-nitrosamines
under neutral conditions in éolutionland is therefore, of relevance

in the elucidation of human exposure to N-nitrosamines.
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CHAPTER 2

THE FormaTION OF N-NITROSAMINES IN SoLuTIoN From Gaseous Nitric Oxipe

IN THE PRESENCE OF IODINE.

2.1. Introdﬁction.

' Halide ionms (Cl—, Br—, I ) have been observed to catalyse the
diazotization of aniline,75 and the formation of N-nitrosamine from
secondary‘amines7 from the reaction with acidified nitrite. The
general reaction mechanism (Scheme 2.1) involves attack of.the halide

+
ion on the nitrous acidium ion H,ONO, resulting in the formation of

’ ) +
HNO, + H+ Hal &=—————> NO - Hal + H,0

+ ' slow ' r
NO - Hal + R'RNH —————3 R'RNH - NO + Hal

|

Products

Scheme 2.1

a nitrosyl halide (NOCZ, NOBr, NOI), which then reacts directly with
the unprotonated amino compound to give the corresponding products.
For Br , T catalysis, the formation of both NOBr and NOI can be made
rate-limiting.75 It was reported recently, however, thatbnitroqs
acid (HONO) oxidises I to I,, with the reduction of HONO to NO.76
These products were believed to form from the decoﬁposition_of the

NOI intermediate. This is in good agreement with previous observations

that the stability of the nitrosyl halide decreases in the order

NOC/ > NOBr > NOI and these NOX species decompose to varying extent
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into NO and X, at 25°C,1atm.74 The entity NOI is not isolable
even at 77°K69 and decomposes readily into NO and I..

. The thermal 68 and photolytic69 studies of theé reaction between
NO and I, in the gas phase, have shown that it is poésible to form

NOI, but the direct interaction of NO with I, has not been previously

- considered as a source of NOI in solution.
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2.2. Results and Discussion.

2.2.1. Reactioms in EtOH.

Under anaerobic conditions, and in the absence of iodine,
N-nitrosamine formation-from NO in EtOH and other solvents at 25°¢C
was exceedingly slow. Typically, with 0.01 M piperidine, morpholine
and N-methylpiperazine only 5% N-nitrosamine was formed on standing
overpight. Generally, the small amounts of N-nitrosamine were found
immediately after injection of the amine into the reaction éolution,
but thereafter,its concentration increased slowly or not at all
over the next 2-3 days. NO itself, is a poor nitroséting agent for
molecular amines, presumably because it is unable toabstract the
amino-H-atom to generate the dialkylamino radical (Rz&) which might
be expected to combine further with NO (Equation 2.1). The relafive
stabilities of Rz& and &0 make the first stepAof Equation 2.1

very endothermic.
RNH + NO —> (NOH) + R2N ——N—o——)RzN-—NO 2.1

Any reactibn in thg absence of catalysts probably results from
the advenﬁitious leakage of air into the reaction vessel. This would
produce either N,0; or N;0,, both of which have xecently been shown
to be powerful nitfosating agents.,

N-nitrosamine formation was Qery much faster in the presence of
elemental iodine. Reaction was usually complete in ca. 20 minutes,
and, oxygen apart, iodine appears to be one of the best promoters of
nitrosation by NO. Unfortunately, these reactions did not lend them-

selves to precise kinetic measurements because of the difficulties both



32

in controlling the NO concentration in solution and in devising

an artifact—frge quenching procedure. Mechanistic deductions can

be drawﬁ, however, from the variation of % Reaction with respect

to time of g.l.c., injection typified by Figure 2.I,for 0.01 M
N-methylpiperazine in EtOH saturated with NO and containing various
deficient concentrations of iodine.‘ (At the end of reaction, when
maximum yield is obtained, the iodine colour is completely lost). The
initial concentration of dissolved NO was found to be ca. 2.2 x 10-2 M
- (v. Expérimental 2.&.(VI»aﬁdréince the reactions were cafried out
under an atmosphere of NO, it should be maintaiﬁed throughout fhe
reaction by absorptionvfrom the paseous phase.

Similar plots were obtained for the nitrosation of morpholine and
piperidine, and variatiqns in the maximum yield of the corresponding
N-nitrosamine and its time of formation with initial concentrationé
of both iodine and amine (in the case of morpholinex are summarised
in Table 2.I. These results show several important characteristics.
Thus, the maximum yield of N-nitrosamine is dependent gglz_oﬁ the
initial [I.]}, but is virtually independent of both the basicity
(reactivity) and initial concentration of the amine substrate.

Figure 2.2 shows the independence of amine basicity on the rate of
reaction under standard conditions of ca. 2.5 x 10-3 M I, and 0.01 M
amine in ethanol at 25°C. This observation implies that the amine

is not involved in the rate-limiting step since the time required to
reach the maximum yield is about fhe same for all reactions. The
relationship between the maximum yield and initial [I,] is quantified
by Figure 2.3, which shows that 2 moles of N-nitrosamine are produced
by each mole of iodine. Thus, the reaction rate probably follows

Equation 2.2, although proof of the kinetic order for NO and I. requires
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Figure 2 (1),

The effect of iodine on the formation of N-methyl-N-nitroso piperazine

from initial 0.01 M N-methylpiperazine and initial saturated (ca. 2.2 x

1072 M) NO in EtOH at 25°C.

% 3
Reaction lO3 [1.]/M

100 A A ' A 4.86

80 -

2.50

1.14

0.32

0.114

Time/min.
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Table 2.1.

Limiting yields and time of N-nitrosamine formation from secondary

amines, NO and T, in EtOH at 25°C. Initial [NO] ca. 2.2 x 10_2 M.

102[AmineL/M 103[I2L/M Limiting ‘ Time (min)b
: ' Yields (%)?

1.0 Piperidine 0 A 4 1200
" 0.53 B 15 20
" 1.05 20 .20
"o - 2.46 (2.64)° 44 (48) 20 (20)
" 2.459 45 20
" 4.70 57 25
1.0 N-Methylpiperazine 0 4 80
n 0.32 | 14 18
" 1.14 34 17
" . 2.50 (2.3D)° 49 (60) 21 (18)
" 4.86 100 20
1.0 Morpholine 0 4.3 450
" 1.15 22 20
" 2.60 (2.63)° 54 (48) 22 (20)
" 5.15 58 25
0.50 Morpholine 2.51 46 22
2.0 Morpholine 2.46 ' 25 20
a

Based on initial [Amine]

b . e . .

Time to reach limiting yields
Duplicate experiments in parenthesis

I and NO in EtOH left standing for 40 hrsbefore addition of piperidine.
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Figure 2.2.

The rate of N-nitrosamine formation from deficient 2.5-2.74 x 10—3 M I,

in the presence of initial 0.01 M piperidine (A), morpholine (@},
N-methylpiperazine (M), with initial saturated (ca. 2.2 x 1()_2 M) NO

in EtoH at 25°C.

103[§7nitrosamine]/M ' 103[12]/M

2.50

2.74

2.5

T T — T — T

5 ~ 10 15 20 25 30

Time /min,
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Figure 2.3.
Dependence of limiting N-nitrosamine yields on the initial iodine
concentration for the reaction of excess piperidine (0), morpholine

(o) and Efmethylpiperazine (&) with saturated NO (ca. 2.2 x 10--2 M)

in EtOH at 25°C.

103[§7nitrosamine]/M

10

8.0°

6.0 -

4.0-

A
2.0 o
o0
/;>/
VA
0 10 20 30 40 50

104[12]/M
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further experiments.

) .
Rate = k [NO][I=] 2.2

Although N-iodoamines may be expected to react with NO under
thermal conditions,112 these pathways (e.g., Scheme 2.2) cannot

apply to the reaction of NO and I.,, because both rates and yields

R,NH + I, g=====> R,N-I + HI
A th
[RN+T7) .

U;S// \\Qt;
R;NH

(HI) + R,N-NO ¢&—2"" __ NOI

Scheme 2.2

are independent of the basicity and concentration of the secondary
amine. |

These observations élso rule out reactions via charge transfer
complexes, which are known to form readily from secondary amines and
iodine in drganic solventll;. Further, no products typical of
dialkylamino radical intefmediates, such as imines and tetra-alkyl
hydrazines, could be detected in the reaction solutions. Therefore,
the preferred mechanism (Scheme 2.3) is one involving rate-limiting
formation of nitrosyl-iodide (NOI), principally from NO and iodine,

followed by rapid reaction of this reagent with the amine.
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No + L, (SOWs oy ELOH o EtONO + HI

fast 2R,NH

+
R:NNO + RoNH.I

Scheme 2.3
Scheme 2.3 Mechanism for the formation of N-nitrosamines from NO

and secondary amines in the presence of iodine.

Two aspects. of Schemé 2.3 require further comment. Tﬁe first
concerns .the release_of HI as a byprodhct which, as the reaction_proceeds,
will both acidify the solution and lead to the formation 6f tri-iodide
(I. + HI &= HIs;). The second concerns the formation of ethyl nitrite
(EtONO) which could be the effective nitrosatipg agent in the presence
of HI.llav The produétion of HI must also lead to amine cation (RzN;zI_)
formation, and inter alia, a reduced yield of N-nitrosamine. This
consequence‘is not clearly evident in Table 2.1 because excess amine
was employed; but it may explain the slight reduction in fhe maximum
yields of N-nitrosamine with increasing basicity of the,amine (i.e.,
pipreridine (pKA 11.22) 115 < morpholine (8.33) 115 < N-methylpiperazine
(9.8, 5.11)115). The effect is apparent, however, for reactioné carried
out with an excess of I, over amine. These additional results are
summarised in Table>2.2 . Significantly, the maximum yield of
N-nitrosopiperidine does not normally exceed 50% of the initial [piperi-
dine] as required‘for the mechanism in Scheme.2.3. Further, the addition
of small amounts of NaOH or NaOEt to the solution allows the reaction

to proceed almost to completion. For N-methylpiperazine, however,

N-nitrosamine formation 1s virtually complete without the addition of
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Table 2.2

Limiting yields for N-nitrosamine formation from secondary amines

and NO with excess I, in EtOH at 25°C. Initial [I.] = 0.99-1.04 x

1072 M, [NO] ca. 2.2 x 1072 .

10° [Amine]/M Initial Limiting Added base’ ~ Final Yield®

yield (%)? (M1 4 M NaOH) %)
1.25 Piperidine 16 100 (0.01) 100
2.5 " 14 ' 100 (0.01) 99
3.75 " 21 - -
5.0 " 29 50 (0.005) 94
10.0 " 42 } 50 (0.005) 95
15.0 " 47 - -
5.0 Morpholine . 65  100%¢0.01) 89
10.0 " 64 100%(0.01) 93
10.0 " - 58° 100%(0.01) 87
10 N-Methylpiperazine 100 - -

e

10 " 100 - -

? Based on initial [Amine]

b Added after ca. 15 min. Molar concn. in solution in parenthesis
¢ After addition of base, based on initial [Amine]

4 W1 4.04 M NaOEt

e

With 5 x 10_3 M iodine.
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NaOH. This amine is dibasic (pK.A 9.8, 5.11) so it may protonate at
 the tertiary N-atom, but still react with NOI at the secondary position

(Equation 2.3), or form a quarternary nitrosonium salt which then under-

Me e . e A
\\\+;/,/M +
C'j+HI—A(N/lI —XNoi I + HI 2.3
N=0
goes an intramolecular transnitrosation (Equation 2.4).

In.any event, under equivaient reaction conditions, free base
concentrationé will be higher for gfmethylpiperazine than either
piperidine or morpholine.

Examination of the reaction solutions by h.p.l.c. showed that
low concentrations.of ethyl nitrite were present. Attempts to quantify
the amount were largely unsuccessful probably because this compound is
very volatile (b;p., 170C116). The equilibrium between n-butyl nitrite
and NO (Equation 2.5) gave more reproducible results but significant
errors in estimating the n-BuONO by h.p.l.c. assay combined with
complications arising from the additional equilibrium between

HI

n~BUONO + 5/4 HI —=3 n-BuOH + NO + '2/4 + '13/4 2.5
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- iodine and tri-iodide ion [Iz. + I_;===§I3_], which is included in
Equation 2.5, prevented calculation of equilibrium constants. = This
proéess was examined, however, to give some idea of the extent of
alkyl nitrite formation under kinetic conditions. Measurements were
taken both pf the dissociation of n-BuONO in the presence of HI

(by u.v.) and for the formation of n-BuONO from NO plus iodine in

n-BuOH (using h.p.l.c.). Addition of HI (actually KI plus HCZ) to

equimolar amounts of n-BuONO in solvent EtOH produced the characteristically
strong absorptions attribﬁted to I, (Amax (H,0) 288, 353 nmm, log €
4.60, 4.42117). The I, concentrationms, assuming Amax is independent
of solvent and HI; is completely dissociated, (Table 2.3)»aré not
quantitative (i.e., [I.] < [UI1/3).

Independent measurements, however, showed that not all the iodine
would be converted into I,, even in the presence of HI (Table 2.4).
When adjusted. for this factor, the results in Table 2.3 indicate that
ca. 16% n-BuONO remains in equilibrium with NO, I, and I,. This figure
agrees qualitatively <i‘5%) with direct h.p.l.c. estimatgs'of EfBuONOA
formed in Nb saturated ngubH containiﬁg 0.01 M I,, although these
measurements ﬁere also uncertain.owing to extraneous n-BuONO formation
on the h.p.l.c column. This was apparent from the analyses of NO in
n-BuOH coﬁtaining no added I.. It probably arises from the oxidation
of NO to NO, by adventitious oxygen. Daté werecorrected for this effect
(v. Experimental 2.4.IV). The most reliable estimate of EtONO formation,
therefore, comes indirectly from the limiting yields of N-nitrosamine.
As noted above, these reflect the extent of amine protonation and
inter alia, the acidity of the reaction solutions. For the data in
Table 2.2, the limiting yields of N-nitrosopiperidine before the addition

of base decreases from ca. 42-14.5% with decreasing initial piperidine
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Table 2.3

Equilibrium between HI plus n-BuONO and I; in EtOH at 25°¢.

10 [n-BuoNO 1/ 10° [H1)¥M op(r 290 am)®  10° [131/
1 | 1 o001 0.25
2 2 0.02 0.50.
"3 3 ~0.085 2.2
6 | 6 0.255 6.38
8 8 0.465 | 11.6
10 10 | © 0.625 15.6

From equimolar KI and HC/

b 10 mm cell.
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Table 2.4
Equilibrium between I, and I, in EtOH at 25°C and influence of added

HI.

10° [.]/M  10° [mI)/M - op (n 200 nm?®  10° [13)m

2 ' - 0.16 0.4

5 - 0.64 1.6
10 - 1.00 2.5
20 . 1.18 2.95
10 2.5 1.46° 3.65
10 - 5.0 1.80° 4.5
10 7.5 2.04° 5.1
10 10.0 2.32P 5.8
10 12.5 2.58° 6.4

a In 10 mm cell

Reaction solutions diluted volumetrically by 2 for on-scale

reading.



44

concentration, and the aeficiency below 50% should equal the amount

of HI produced by the reaction of NOI with the solvent. This
corresponds to 8+27 of the initial iodine concentratio?. For example,
with 0.01 M I, and 0.01 M piperidine, the limiting yield of
E—nitrosopiperidine (Table 2.2) = 4.2 x 10—3 M. Thus, the amount of

I, reacting to produce HI is given by (0.01 - 2 x 0.0042)/2 = 0.0008 M,

i.e., 8%. Since two moles of HI arise from each mole of I,, this agrees

well with the estimate based on the dissociation of n~-BuONO. Hence,
the conclusion is that under kinetic conditions, less than 10% of the
initial iodiﬁe had reacted with the solvent. There was no apparent
change in the maximum yield of ﬂ—nitrosopiperidine (Table 2.2) when a
solution of NO and I, in EtOH was left to stand for 40 hours.

Ethyl nitrite presumably arises from nucleophilic attack by the
solvent oﬁ NOI, in cohpetition with the secondary aﬁine. Most
alkylnitrites,‘however, arehineffectual nitrosating agents under non-

acidic conditions,lla’51

so the likelihood of N-nitrosamines arising

from the ethyl nitrite in the presence of either excesé amine (Table 2.1)
or added NaOH (Table 2.2) seems remote. This conclusion Qas confirmed

by observing that 0.011 MApiperidinium hydrochloride with 0.0063 M
n~BuONO and 0.0078 M KI in EtOH at 25°C gave only 5 x 1074 ¥ N-nitroso-
piperidine (ca. 5% reaction) over a period of 24 hoursy also, when 0.0175 M
n-BuONO and 0.01 M HC/ in EtOH under anaerobic conditions was left to
stand for 10 min , then 0.01 M piperidine added, only‘l-SZ N-nitrosopiperidine
over 24 hoﬁrs was obtained. 1If, however, 0.01-M KI is added to fhe above
solution of n-BuONO and HC/, I.,/Is is formed immediately and on addition
of piperidine, 30% g;nitrosopiperidine forms after only 35 min. The

observation suggests that the combination of NO and I, is unique

for the nitrosation of amines in alcohols, and this presumably arises
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from the relative positions of the associated equilibria and also from
how the reagent is stored. With n~BuONO and HC/, (Equation 2.5)
the equilibrium lies well over to the left hand side, i.e.. the

formation of n-BuONO from NOC/ and n~BuOH. (The decomposition of

n-BuONO + HC/ == n-BuOH + NOC/ ceeeee. 2.6

MeDNO in HC/ is reported to be 7% at 250C118). This is in good

N . + 3 L * +
agreement with the observation related to the inhibition of NO BF,
(reported later, Chapter 4), and NOC/, N,0, nitrosation of piperidine Qith

119 NOC/ is, however, attacked by I to give nitrosyl-

alcohols,
ibdide, which exists almost exclusively as NO and I, (Equation 2.7),

and hence shifts the equilibirum to the right.

n-BuONO + HC/&—> n-BuOH + Nocz;=:£==3 Cf + NOI=>NOo + i1, ....2.7

2.2.2 Reactions in Acetonitrile.

Examination of the reactions iﬁ ‘solvent MgCN confirmed that

ethylnitrite is incidental to the formation of §7hitrosamines from

the NO-iodine reagent. The change of solvent gave much faster reacfions
with limiting yields of N-nitrosamine reached in less than 5 min..

Data summarised in Table 2.5 shows that with excess iodine over amine,
this limiting yield is ca. 50% for piperidine, 66% for morpholine and
100% for N-methylpiperazine. These differences are probably related
to protdnation of the amine substrate by the HI produced as a byproduct.
As in EtOH, addition of NaOH to the reaction mixture increased the

yields of N-nitrosopiperidine and N-nitrosomorpholine to ca. 100%.
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Table 2.5

Formation of N-nitrosamines from secondary amines, NO and I. in MeCN

at 25°C. Initial [NO) ca. 1.4 x 1072 M, [I.] = 1072 m.

10> [Amine]/M Initial Limiting Added Base®  Final Yield"
vield® (%) (ul 4 M NaOH) N¢A)

10 Piperidine 75 50 (0.005) 95

5 " . 50, : - 100 (0.01) 94

2,5 " - 56 - -

1.25 " 50 - -

5 Morpholine 66 100 (0.01) 100

5 N-Methylpiperazine 100 - 3 -

a

Based on initial [Amine] and reached after ca. 5 min.

b . . e . . .
Added after,gg,vZO min. Molar concentration in reaction solution
in parenthesis.

c

After addition of base, based on initial [Amine].
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2.2.3. Reactions in Aqueous-EtOH.

Results summarised in Table 2.6 and depicted in Figures 2.4 and
2.5, show that the addition of up to 50% (v/v) H20 to solvent EtOH
progressively reduces ghe limiting yieid of N-nitrosamine. This
reduction is more marked for N-nitrosopiperidine than N-methylpiperazine:
The presence of H,0 must result in competitive hydrolysis of NOI
(Equation 2.8) to produce 2 moles of relatively strong acids (i.e,
HNO; and HI). Thus protonation of the amine substrate will be more

H,0

NO + I, (=2 NOI =—==2HNO. + HI  ...... 2.8

extensive in aqueous—ethanol than in pure EtOH, which will lower the
limiting yield of N-nitrosamine. The effect should bestfonger for
the ﬁofe basic amine (e.g., piperidine) as is observed experimentally.
Further, Equation 2.8 will be largely irreversible under reaction
conditions because of neutralization by tﬁe amine substrate [g;g,,'

. + + R
HNO, + HI + 2R,NH:—> R,NH.I + R,NH,NO, ). This exacerbates

—
the drop in the amount of p?oduct by consuming the iodine promoter and

is probably the prime factor influencing the yield of N-methyl-N-nitros-
plperazine. Addition of H.0 produces only a slight reduction in the

rate of N-nitrosamine formation, Figures 2.4, 2.5 and, as in EtOH,

these rates are virtually the same for both .amines. Both observations
suggest that the formation of the NOI reagent from NO and iodine

remains rate-limiting as shown in Scheme 2.3. Indeﬁéndent'measurements (v.
Experimental 2.4.VI) .showed that H,0 progressively decreased the concentration

of dissolved NO in the solvent and this would account for the slight

reduction in reaction rates.
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Table 2.6

Effect of added H,0 on the nitrosation of piperidine and N-methylpiperazine

. -2
by [NOJ and [I.] in EtOH at 25°C : Initial [Amine] = 10~ M

103 [1.]/ M (v/v)H,0/% Maximum Yield? Timeb

(%) min,

PiEeridine

2.46 (2.64)9 0 48 (44) 20 (20)
2.52 (2.40)9 2.5 48 (40) 20 (23)
0 ‘ 10 1 200
2.45 . 10 32 33
2.44 (2.45)° 25 25 28 (25)
2.66 (2.66)d 25 23 anc 25. (27)
2.44 (2.45)°% 50 16 (13) © 25 (20)
N—Methylpipérazine

| 2.37 0 63 18
2.44 2.5 S s20 20
2.39 10 46 . 20
2.45 (2.50)4 25 45 (45) 25 (21)
2.49 (2.40) 50 36 (33) 25 (22)

Based on initial [Aminel
Time required to reach maximum yield.
With 2 x 10—2 M Piperidine.

Duplicate experiments in parenthesis.
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Figure 2.4.
The effect of added. H20 on the nitrosation of piperidine by saturated

3

NO and 2.4 - 2.5 x 107~ M I, in EtOH at 25°C. 1Initial [piperidine] =

0.01 M.

103[N_nitrosopiperidine]/M

5
s = 0%
. 1 3
4 |
n
3 1 A 10%
® PY 25%
2
A ‘ 50%
1

0 5 10 15 20 25 30

Time/min.

aq.

aq.

aq.

aq.



50

Figure 2.5.
The effect of added H,0 on the nitrosation of N-methylpiperazine

3

by saturated NO and 2.40 - 2.50 x 10~ M I, in EtOH at 25°C.

Initial [N-methylpiperazine] = 0.01 M.

. 103[Efmethylfﬁ-nitrosopiperazine]/M

A— 2.5% aq,
. g — . 25% aq.
o 0— 50% aq.
0 5 10 15 20 25 - 30

Time/min.
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In view of much recent interest in the formation of N-nitros-
amines under gastric conditions,120 the influence of added mineral
acid (HC?¢, HC/0,) was also examined for the reactions in 25% (v/v)
aqueéus—EtOH. For piperidine or morpholine, a severe inhibitory
effect was apparent! for example, reaction of 10—2 M amine with
2.5 x 10.‘3 M I, and 1.2 x 10—2 M NO (saturated) gave insignificant

amounts of the corresponding N-nitrosamine over 60 min.in the

presence of 0.02 M HC/, 0.024 M HC/0, and 0.014 M H,S0,, compared

to at least 257 reaction over 20 min.in their abgence. Under

acidic conditions, both morpholine and piperidine should be extensively
protonated and therefore <quantitative. In contrast, addition of

acid facilitated the nitrosation of §7methylpiperazine (e.g., 2.5 x

-3 2 2

10 M NO in the presence of 2.4 x 10 ° M HC/O,

MI, and 1.2 x 10

or 1.4 x 1072

M H,S0., 10_2 M N-methylpiperazine gave quantitative
- yields). The findings for HC/ additions are summarised in Table 2.7.
The data gave reasonably linear pseudo first order plots for additions

of greater than 5 x 10—3

M HC/. The ko (obsérved rate) are quoted for plots-
of 1og[(Z reaction)m—(Z reactioq)t] versus time, but arediscussed
in Chapter 3.

| The ko values show the optimum is ca. 0.01-0.02 M HC/ where
the experimental'le= 2.42-2,15 (pH measufed in 25%(v/v)aq§eous—Et0H
using electrodes calibrated in wholly aqueous standard buffers). Closer
scrutiny - of Table 2.7 showsthat HC/ has a dual.effectl it makes the
yield of N-methyl-N-nitrosopiperazine quantitative énd thefefore
independent of initial [I,], yet progressively reduces ko. Thué, the
reactions are relatively slow at high acidity, but proceed to comﬁletion

(1002 N-methyl-N-nitrosopiperazine) overnight. The kinetic effect is

clearly linked to the protonation of N-methyl piperazine. The
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Table 2.7
Effect of added HC/ on the nitrosation of N-methylpiperazine in
25% v/v aqueous EtOH at 25°C7 Initial [E;methylpiperazine] =

1072 m ; [NO] ca. 1.2 x 1072 ¥ ; [1.] 2.4 - 2.5 x_-lo’3 M.

| 10? x [HCZ]/M Experimental pHa Yield (‘Z)b 104 koc sec—l

0 8.10 46 (49)d -
0.25 - 46 . -
0.50 » 2.70 68 -
0.75 .- 70l : 5.0
1.0 242 75 (76)%F 5.37

2.0 2.15 76 (80)dE 7.95
2.0 2.15 ‘ 5¢ -
3.0 2.03 et 3.65
4.0 1.86 | 19f 1.8
5.0 1.77 5.5° 0.4
7.0 1.65 0.5 -

a pH measured in 25%(v/v)aqueous-EtOH, using electrodes calibrated in
wholly aqueous'standard buffers.

b After 25 min. reaction time based on initial [N-methylpiperazine].

€ 1st order plot of logio((% Reaction) - (% Reaction)t)

d Duplicate reactions in parenthesis.,

€ In absence of added I,.

f

100%Z overnight.
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quantitative yields, however, sHow that in the presence of HC/,
iodine is a catalyst, rather than a promoter, and therefore, implies
the.formation of NOI via additional pathways to those shown in
Scheme 2.3. These may be the reaction of HI with either HNO. (i.e.,

reversal of Equation 2.8) or NO (Equation 2.9)). Independent experiments.

2NO + MI =—== (NOH) + NOI 2.9

reported later (Chapter.3 ) show that NO is a powerful nitrosating
agent when used in conjunction with HI or metal iodides. Further,
the catalysis by HC/ cannot be explained simply in terms of either the
regular acid-catalysed nitrosation by HNO, itself, or by NOC/, because

much slower reactions prevail in the absence of iodine (v. Table 2.7).

2.2.4  Inhibition by NaN; and Thiourea.

Both thése compounds are known to inhibit conventional nitrosation
reaction by competing for the reagent and undergoing rapid deamination.
Results summarised in Table 2.8 show they have similar effect on the
nitrosation df piperidine by NO and I,. This supports the conclusion
that néither Efiodoémines nor amine/iodine charge transfer complexes

are involved in N-nitrosamine formation.

2.3 Conclusion.

Nitric oxide appears to be an ineffectual nitrosating agent in
the absence of catalysts. Its deamination of NHa, particularly at
elevated temperatures and pressures is well known,lz1 and of
hydroxylamine80 under alkaline conditions. Two other applications of
Nb to the diazotization of aromatic amines may be influenced by the

85,86

presence of oxygen. NO at atmospheric pressure under anaerobic conditions
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Table 2.8

Inhibition of N-nitrosopiperidine formation in EtOH from NO and iodine

at 25°C by added NaN, and thiourea. Initial [Piperidine] = 1072 M

[NO] ca. 2.2 x 1072 M.

10° [inhibitor]/M  10° [1,]/M  Limiting Yield® Time?
(%) ming.
Thiourea
0 " 2.46 44 20
1.06 2.44 30 20
2.50 2.40 6 80
NaN3
0° 3.10 48 23
2.50° 3.16 40 20
5.63°€ 3.23 22 20
od 2.45 26 25
; ,
3.23 2.55 8 80
a

Based on initial [Piperidine]
Time.to reach limiting yield.
In 2.5% aqueous-EtOH.

In 25% aqueous-EtOH.
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form Drago salts slowly with secondary amines.

Nitrosyl-iodide is a much more powerful nitrosating agent and
its reactions have previously been investigated in connection with
the diazotization of aromatic amines by HNO, uder acidic conditions
. e e 75 . ,
in the presence of iodide salts. Further, there is much evidence
to suggest that nitrosyl-iodide forms transiently in the gaseous

phase from NO and I, at:oms.70—73 It is therefore, surprising that

the combination of NO and I, has not previously been used to effect
nitrosation in solution.

All the experimental findings are consistent with the mechanism
for N-nitrosamine formation outlined in Scheme 2.3 . The conclusion
that the generation of NOI is rate-limiting is consistent with the
known propérties_of this entity. Thus, its reaction with aromatic
amines in acidicaquéous solutions 1s believed to occur on encounter,38
and the same conclusion should apply to the more basic (and therefore,
more reactive) aliphatic amines. Further, the formation of NOI from °
NO and I, is thermodynamically unfavourable. This is evident from
examination of the equilibrium concentration of alkyl nitrites in
the reaction solutions, studies of the formation of NOI in aqueous

,. 76 . ) . + —-b
media, and the standard redox potentials for both NO + e =2 NO+
. 0.,.122 - - _
[Eo = 1.46 eV in H,0 at 25 C] and I, + 2e === 2I [Eo = 0.621 eV
. 0., 122 . o} .
in H,0 at 25°C]. Further, in the gaseous phase AGzss is ca. 35.84
- 72
kJ mole 1 for the formation of NOI from NO and I, atoms.

Both the yield of N-nitrosamine and its rate of formation are
dependent on the solvent. Little reaction was evident in pure H:0,
because iodine is insoluble. Also, NO is less soluble in H,0 than

in EtOH, and, as noted previously, this contributes to the inhibitory

effect with mixed solvents. The faster rates in solvent MeCN compared
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to EtOH are more difficult to explain. It must relate, however,.to

the iodine, because the concentration of NO in MeCN is about half that
in EtOH (v. Experimental 2.4.VI). Tri-iodide ion formation (I + I == I3)
is bound to be less exgensive in the aprotic MeCN and the free iodine
concentration therefore larger. Further, iodine is known to interact

by charge transfer with both MeCN 123 and EtOH,124 which may further
influence the above equilibrium and also alter the oxidéfion potential
of iodine. The kinetic solvent effect is therefore consistent with

rate-limiting NOI formation, where either the free iodine concentration

is higher in MeCN, or iodine is more readily reduced by NO.

2.4 EXPERIMENTAL

2'471‘ Instrumenfation,

Uitra;violet spectra were recorded on Pye-Unicam SP1800 or SP800 A spectro
photometers, thermostatted at ZSOC, with i cm pathlength quartz cells.
Infra-red spectra were recorded on ferkin—Elmer 257 or 457 spectrophoto-
meter, using sodium chloride discs unléss otﬁerwise stated. Gas-liquid
chromatography apalyses were carried out on either Perkin-Elmér Fil
(fid) and Perkin-Elmer F33 (fid) instruments. High pressure liquid
chromatography assay were carried out using a Waters Associafes 600
pump attached to a Cecil CE212 spectrophotometer . pH determinations
were made on Radiometer type 26 pH meter fitted with a G202C glass
electrode and a calomel electrode. Calibration was ét 25%¢ using
standard phosphate buffers. Refractive indices were measured on

Hilger-Watts M46-M1L8 instrument. Microanalysis and mass spectra were
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carried out in the Department of Chemistry, Imperial College.
Weighings were carried out on Gallenkamp Mettler H20. Deionised
water was obtained by passing distilled water through an Eigastat

column.

2.4 1I. Reagent, Substrates and Products.

AnalaR MeOH (99.4%), EtOH (99.8%),iKI,sulphanilamide, N-l-naphthy -~
lethylene diamine dihydrochloride and volumetric standard HC/, H,SO,
wére used without further pprification. Deionised water was degassed
by boiling and cooling under N,. n;Butanol (b.p. 116°C/760 mm)
and cyclohexane (b.p. 80°C/760 mm) were dried over anhydrous K.,COs;
and sodium wire, respectively, and then fractionally distilled. WMeCN
(b.p.,‘82°C/760 mm) Qas heated under reflux with P,0s prior to fractional
distillation and storage over AA molecular sieves.

Nitric oxide (BoC 99%) was‘purified by passage through two wash
bottles containing 30% aqueous KOH and one containing a saturated
aqueous HC{ solution of sulphénilémide. The gas was then passed through
two drying fowers (30 cm) containing both NaOH pellets and anhydrous
CaC/,.

Todine (BDH, Sublimed) was recrystallised from benzene and then
sublimed. Reagent grade biperidine (p.b. 105°¢/760 mm) , morpholine
(b.p. 127.5%/760 mm) and E—methylﬁiperazine (b.p. 138°c/760 mm) were
dried and distilled over solid KOH.

n-Butyl nitrite was prépared from acidified nitriteé and‘ngQOH

and purified following a literature procedure.125

n-BuONO b.p., 77°c/760 mm, (1it125

(116120 n2o = 1 3762y: film
D m,

76.5/760 mm) ; ngz = 1.3760,

1608, 1650 cm L (o), 1it 2P (film
ax max
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1608, 1648 e~ (N0)). AP 357 am (log € = 1.90) (1it'?
ABUOH 359 am (log € = 1.90).

max

N-nitrosamines were prepared from the reaction of acidified
e \ . . 127
nitrite and amine as described in Vogel. The products were
purified by fractional distillation under reduced pressure.

28

N-nitrosopiperidine, yellow oil, b.p. 109°¢/20 mm, (lit1 109°¢/

20 mm). N-nitrosomorpholine, yellow-green solid m.p. 28% , b.p.,

b.p. 96 °c/ bmm) . N-methyl-N-
28

83°/2.5 m (1it™2° m.p., 29°C,

nitrosopiperazine, yellow oil, b.p., 74°C/1.5 mm (litl 76°C /1.5 mm).

2.4, II1 Reaction Methods.

2.4.111(a) N-nitrosamine Formation.

The nitrosation reactions (whiéh is referred to throughout this
Thesis for other catalysed reactions) were carried out in a 50 ml. three
necked flask, fitted with Subaseal stopper, a gas inlet and an aspirator.
The catalyst was weighed into the flask and the solvent (40 mlj added
via a 50 ml.burette. The solution was then carefully degassed by
either several freeze-;haw_cycles under vacuum or by passing purified
N, (white spot Nj, péssed through Feiser's solution,129 concentrated
H;0S., and finally, through a drying tower (100 ém) containing both
NaOH pellets and anhydrous CaC/,) for ca. 100 min. The latter procedure
did not cause any significant loss of solvent. The flask was then
placed in a water>bath thermostatted at 25°C j_O.SOC and the éontents
stirred magnetically; Purified NO was passed into the rea;tion vessel
for ca. 15 min. The reaction was initiated by injecting neat amine
into the reaction flask via the Subaseal stoppér with a microlitre
syringe. At timed intervals, 1-5ul aliquots of the reaction solution

were withdrawn via = the Subaseal stopper and analysed by g.l.c. immediately.
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2.4, III(b) Product Analysis.

The g.l.c. analysis for N-nitrosamines was carried out on a
Perkin-Elmer F11 (fid) or Perkin Elmer F33 (fid) (fitted with a
Nitrogen specific detegtor) instruments. The operating éonditions
and columns used, together with the retention times of the products

are showmbelow: -

Perkin-Elmer F11

" o5.d., stainless steel column packed

Column : 2 metre, —
with Antarox Co-990 on chromosorb W Dmcs (80-100

mesh). -

Conditions : Column temperature = 180°¢ ; injection temp. = 200°c.

N, = H, = Air = 30 p.s.i.

Compound Retention Time

(min)
N-nitrosopiperidine _ 3.0
N-nitrosomorpholine 3.5
N-methyl-N-nitrosopiperazine 4.0

Perkin-Elmer F33 (N- specific detector)

Column : 2 metre " o.d., stainless steel column packed

with 8% Carbowax 20 M + 2% KOH on Chromosorb
W (80-100 mesh)

Conditions : Column temperature = lSOOC, injection temp. = 225%¢.

N, = 41 p.s.i.} Air = 3 p.s.i., Hz = 18 p.s.i.
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Compound - ‘Retention Time
' (min)
N-nitrosopiperidine 3.6
N-nitrosomorpholine 4.3
N-methyl-N-nitrosopiperazine 4.7

The instruments were calibrated with stahdard solutions of
the N-nitrosamine dissolved in the appropriate solvent to show
that the concentrations were linearly related to the peak height
and reproducible for any given sample to bettér than i‘8%. Within
the choéen sensitiﬁify range, the concentration of gfnitrosaminés
are linearly related to the peak height, for éxample 1.42, 2.86, 4.31,
5.74 x 10_3 M N-methyl-N-nitrosopiperazine in EtOH gave peak heights
of 16(16), 29(32.5) 43.5(45) 65(66) for the Aﬁtarox column, and where
the peak heights in brackets correspond to duplicate analyses'one—week
later. The instruments were calibrated daily with 50% and 100% reaction

standards to allow for changes in the column performance. -

n-BuONO Standard, .

[n-BuONO] used as standard for h.p.l.c. determinations and other
reactions was estimated using the modified Shinn's method described
by Kershaw and Chamberlin.l30 The method involves the diazotization

of sulphanilamide in 5N HC¢ with n-BuONO, and: coupling with N~l-naphthyl-

20

ethylenediamine to produce an azo dye (Aiax

541 nm, log € = 4.73).
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The light absorbance is proﬁortional to [n-BuONO1 according to the
Beer-Lambert Law. Typically, 0.1-0.5 ml of n-BuONO standard was
added to 4 ml of acidic 0.5% sulﬁhanilamide in a 25 ml.volumetric
flask. After ca. 3 min , 4 ml.O;l% N-l-napthylethylenediamine in
H.0 was added. The solution was made up to standard volume ., and

Amax at 541 nm recorded on Pye-Unicam SP80OA.

2.4, IV. Equilibrium Between n-BuONO and HI.

The dissociation of n-BuONO was determined by adding equimolar
amounts df KI and HC/ to 10”4-M g—BuONO in solvent EtOH underlanaerobic
conditions in a glove box. This immediately produced-a highly coloured
solution indicative of the formation of I, (kmax(HzO) 288, 353 nm,
log ¢ 4.60, 4.42117). The solutions were transferred to a tightly
stoppered cuvette, and the absorption was measured at 290 nm using a
Pye;Unicam SP1800 spectrophotometer. Independent checks established

that the abéorptions at this wavelength of n—BuONO‘(log € 1.7) and
I, (log ¢ 1.98) were insignificant.v

The related equilibrium between I, and I, was examined similarly

by preparing solutions of I, in EtOH and adding equimolar concentrations

of KI and HC¢ in an anaerobic glove box. The concentration of I, was

determined spectrophotometrically as above.

2,4. V. Estimation of n-BuONO,

The formation of n-BuONO from saturated solutions of NO in
n-BuOH and I, was examined by a procedure analogous to that employed
for the formation of N-nitrosamines. The amount of n-BuONO Rr. 2 min.

was estimated by h.p.l.c. assay using a Waters Associates 600 pump
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fitted with a 70‘cm x 2.1 mm i.d. stainless steel column packed

with C,s porasil/microbondapack-CN attached to a Cecii CE212
spectrophotometer. The eluent was degassed 1% aqueous-MeOH,
analytical samples were injected directly on to the column via-a
septum, and the absorption of the eluent was monitored at 230 nm.

The instrument was calibrated with standard solutions of n-BuONO

in n~BuOH and peak heights gave concentrations reproducible to + 5%.
Anaiyses of NO in n-BuOH showed that n-BuONO was formed in the absence
of I,. This was attributedfto the oxidation of NO to NO, by
adventitous oxygen followed by rapid reaction with the solvent. NO.
has been shown to be a powerful nitrosating agent.l’0 The concentration
of n-BuONO produced in the absence of I, was substracted from the

reaction solutions.

For example:-

[Iz]/M 103[Bu0N0]/M 103[A BuoNO ] /M % Equilibriumb
0 5.0 |
0.01 6.45 1.45 14.5
0.01 ' 6.75 1.75 17.5
0.01 6.20 1.20 ' 12.0
0.02 8.10 3.10 15.5
0 " 7.59
0.01 9.18 1.60 16.0
a L .
A BuONO = [BuonoIz - BUONoslank]'
b A [BuONO]

x 100 = 7 equilibrium, but since

[1.]
BuOH o .
I, + 2NO === 2NOI s=—==> 2 BuONO + 2HI j % change in [1.] =

% equilibrium
2




63

2.4.VI Concentration of Dissolved NO.

These were ascertained by two methods for pure EtOH and MeCN
The first, based on the procedure of Walters and Taylor,131 involved
coupling'With alkéline_sulphite. Here, a small quantity (usually
2 pl) of the NO solution waé injected through a Subaseal stopper
into a degassed solution of 10—2 M Na,SOs; in 0.025% KOH contained in
a 10 mm cuvette. The absorbance at Amax 258 nm (log e 3.8l) was
read against a sulphite solution reference. The second procedure
involved direct méasurement of the u.v. absorption of the solution
containing NO at Amax 325 nm (log e 1.83). Only the second procedure
was used for the aqueous-EtOH solutions. The concentfations found
.are summarised below, where the figure in parenthesis refers to the

direct u.v. estimation.

Solvent 102[NO]/M
EtOH 2.1 (2.18)
10% aq.-EtOH (1.85)

25 v (1.2)

502 " " (0.92)

MeCN 1.4 (1.13)
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2.4. VII (i) Typical Reactions.

(1) Initial [I,] = 4.97 x 10"3 M, Initial [N-methylpiperazine] = 10

. o -
in EtOH at 25°C, initial saturated (ca. 2.2 x 1072 M) NO.

time Attenuation Peak Height - 103[§fmethyl~N—nitroso-
min. . - piperazine]/M

0.5 x 100 41 5.16

6 56 7.05

+12 72 9.07

20. 79 9.95

27 ‘ 79 9.95

© 79 9.95

Injection sample 3 ul.

3 ul 5.1 x 10_3 N-methyl-N-nitrosopiperazine gave peak heights

at attenuation x 100 of 43, 38, 40, 42, = av. = 40.5 on the

Antarox column under standard operating conditions.

(ii) 1Initial [I,] = 2.64 x 1073 M, initial [piperidine] = 10—%4in

EtOH at 2500, initial saturated NO (ca. 2.2 x lO_2 M)

-2

M,

time Attenuation ~ Peak Height 103[§fnitr050piperidine]/M
min. :
1 x 200 15 1.36
5 34 3.08
10 45 4.07
15 46 4.17
20 : 52 4.71
24 52 4.71
.28 : 53 4.8
34 54 4,89
4.8
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Injection sample = 3 yl

3 pl 4.8 x 10_3 M N-nitrosopiperidine at attenuation x 200 gave
peak heights 50, 53, 53 on Antarox column under standard operating
conditions.

(ii1) TInitial [I,] = 2.60 x 10> M. Initial [Morpholine] = 1072 o

in EtOH at 25°C. Initial saturated'(EE, 2.2 x 10_2 M) NO.

Time Attenuation Peak Height 10_3[§7nitrosomorpholine]/M
min. . , :

1 x 100 - 18 1.5
4t 3.67

11 : 53 4.42 .
16 54 4.5
22 ' | 62 5.17
27 66 5.5
32 ' 64 5.3
37 61 ~50.8
o 61 50.8
Injection sample = 3 pl

; -3
3wl 5.0 x 10 © M N-nitrosomorpholine at attenuation x 100 gave
peak height 60, 60, 60 on Antarox column under standard operating

conditions.
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CHAPTER 3

THE ForMATION OF N-NiTRosaMINES IN SoLuTIon FroM faseous NiTric Oxipe

IN THE Presence oF HI anp MetaL loDIDES.

3.1-Q4) Results and Discussion.

In Chapter 2, it was suggested that.the forﬁation of N-nitrosamines
by NO and iodine in neutral solutions involved reactioﬁ between nitrosyl-
iodide (NOI) and the unprotonated secondary amine (Scheme 2.3). In
ZSZ.(v/v) aqueous—ethanol, small amounts of added mine;al acid either
HC/ or H,S0,, were observed to severely inhibit the reactions with
piperidine (pKA 11;22115).and morpholine (pKA 8'33115){ This was
attributed to the extensive prOfonation of both amines. For N-methyl-

piperazine (pKA 9.8, 5.11115

}, however, the reaction rate increased

and»paséed through a maXimum in ca. 0.01-0.02 M HC/. At higher acidities,

the rate was slower, but the yields of N-methyl-N-nitrosopiperazine werequan_
titative irréspective of the initial iodine concentration. The kinetic
effect was related to protonatidn of the amine sﬁbstrate; but the quan—\
‘titative - yields implied that iodine acted as a catalyst rather than

as a promoter in the presence of HC/. The chaﬁge of mechanism with

acidity suggested that NOI may, in principle-, result from the inter-

action of NO and HI (Equation 3.1) in addition to that with I, (Scheme

2.3).

2NO + HI ——— (NOH) + NOI _ ceeve.. 3.1.
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Other explanations, such as additional reaction paths involving
. . . . . + . .
either the nitrous acidium ion (H>ONO) or nitrosyl chloride (NOC?), -
can be excluded because much slower reactions were apparént in the

absence of elemental iodine.
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3.1 (2) Reactions of N-methylpiperazine with NO in the presence of HI.

A direct test of the above explanation was to examine reactions
.using HI in place of I,. TFor practical reasons, these reactions were
carried out in 25% (v/v) aqueous~LEtOH with HI being generated
EE.EEEE' from KI and mineral acid. The reaction solutions were
carefully aegassed to avoid both the generation of I, and any

catalysis of N-nitrosamine formation by adventitious oxygen. On

passing NO, however, a brown colouration developed within ca. 10-15 mim.
with strong uv absorptions at Amax = 288 and 353 nm, characteristic

117 '
! This is not unexpected, because the equilibrium

of Tj.
HI + I, :;::i.Hig was obseryed previously with NO and I, in EtOH
(Chapter 2). Analysis of the gaseous products by infrared (v. Experi-
mentai 3.3) showed the presence pf N0 at concentrations of, ca.

20-30% of the initial KI. These findings are consistent with the

equilibrium described by Equation 3.2.

2NO + < HI&= N,O0 + H,0+ I, + HI,

1z 1E1 R T

2

Thus, passing NO into the reaction solution has a dual effect
of reducing its 5cidity by converting HI into H20 and generating I,
in equilibrium with HIs. Visual examination indicated that the.
oxidation of HI (Equation 3.2) Qas considerably faster than N-nitrosamine
formation. This was confirméd by observing similar rates of Efmgthyl-
N-nitrosopiperazine formation irrespective of Qhether the reaction
was initiated by adding amine to the solution of KI, HC/ and NO in

25% (v/v) aqueous EtOH or by adding HC/ to the solution of KI, amine

and NO, cited in Table 3.3 as reverse addition.
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Results summarised in Tables 3.1 - 3.3 and Figures 3.1 - 3.5 show
unequivocally thaf HI catalyses the formation of N-methyl-N-nitroso-
pipérazine. Very little reaction is evident (Table 3.3) in the absence
of either KI or HC/ compared to substantial amounts after short times
in their presence. It was not always possible to calculate accurate‘
rate coefficients from the experimental data. This stems from the

inability to control the concentration of NO and the complex inter-

related equilibria between the reagents. There is strong evidence
that the diffusion of NO into solution is réteflimiting for some of
the fastest reactionms.

. Sensible kinetic dependencies were obtained when NO was passed
continﬁéusly while the reaction proceeded. This applies to the
data in Table 3.1 some of which is plotted in'Figureé 3.1 - 3.5.
These reactions were carried out with similar concehtrations

(1073

to 10_'2 M) of KI and Efmethylﬁiperazine with low amounts of HC/
in 25% aqueous-EtOH at 25°¢. Significantly, plots of log,o, (N-methyl-
Efnitrosopiperaiine) versus time are reasonably linear (Figures 3.2 -
3.4), so the réaction must follow pseudo first order kinetics (Equation

s

3.3).

Rate = k, [N-methylpiperazine] | ceeess 3.3
This conclusion is confirmed in Table 3.1 by the constancy of ko
(=(0.54 + 0.06) x 10—3 sec-l) for reaction of different, initial [N-
methylpiperazine) with 10_'3 M HI in the presence of 10_2 M excess HCZ.

The data in Table 3.1 shows further, that ko has a first order dependence

on initial [KI] with no excess HC/.
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Table 3.1
Rate of formation of g;methyl—gfnitrosopiperazine from N-methyl-
pPiperazine (NMP), KI,in acidic media with a constant excess of NO

in 25%(v/v)aqueous—Et0H at 25°C.

10°[k1I/M 10°[N MP]/M  10°[HCZI/M 10°[aHCZ I/ 10“1_@,-b 107k,°
sec ' 1 mol™* sec™?
1.0 10 1 0 2.9 2.9
5.0 10 15 0 14.0 2.8
10.0 10 20 0 26.9 2.7
1.0 5 6 0 2.5 2.5
1.0 2.5 3.5 0 2.8 2.8
10.0 5 15 0 " 22.3 2.2
1.0 10 21 10 5.4 5.4
: (5.4)
1.0 5 16 10 5.95 6.0
1.0 2.5 13.5 10 4.9 4.9
5.0 10 20 ‘ 5 4.2 2.8
a

AHCZ = excess HCZ over [KI] + [N—MP]._
pseudo first‘order rate constant

E2= Eo

[K1]
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Table 3.2

Rate of formation of N-methyl-N-nitrosopiperazine from N-methyl-
piperazine (NMP), I, in acidic media, with constant excess of

NO in 25% (v/v)aqueous-EtOH at 25°%¢.

10°[1, /M 10°[N #p )/ 10°[HCs 1/ 10°[ aHC /M 10450 sec™? P
0.5 5.0 5.0 - 0 | 3.8
0.5 10 10 0 4.2
2.5 10 10 | 0 , 14.0

5.0 10 ‘10 0 o 26.9

a
See Table 3.1 (page 70 )

Pseudo first order rate constant.
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Table 3.3

Yields, reaction times and initial rates for N-methyl-N-nitroso-

piperazine formation from N-methylpiperazine (N-MP) NO and KI under

acidic conditions in 25% (v/v) aqueous-EtOH at 25°C.

[NO] ca. 1.2 x 1072 m.

102[N-MP]/M  10°[KI]/M 10°[HCZ]/M  Yield®

1

=

1.

S N -2 O
o © o wu

.0

1.0

1.

0

o

.50

2.56

5.30
(5.08)

5.30

(10.0)

0.79 -

0.86
0.84
0.80
5.0

(5.1)

5.1
(5.30)

5.0 °

5.0
5.2
5.4

20

20

20
20
20

20

20

20
20
20
20

10

20

30

40

50

60

Yield based on initial [N-MP]

Time to reach yield

Cad.

Duplicate reaction in parenthesis

%

5
(5)¢

3
12

50
(50)d’f

s50f

55f

£
50
s50f
ssfd

(82)

150
70
14
10

f

40

50

23

10
2.5

Pseudo first order plot, initial rates,
initial 10% reaction

(15)

min.

ioo

100
100
25

26
23
15

i5
24

40
42
30
105

i5 -

15

i5

15
‘15
15

Initial saturated

Time/b- 104 ko sec“1 ¢

5.4

5.4
5.8

11.9
(12.2)

i1.5
26.9

3.0
3.7
0.9

4.1
(3.7)

12.0
(11.9)

2.5
(2.3)

0.9
0.4

Reverse addition

1007 overnight
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Figure 3.1
The dependence on {KI] and [NO] on the nitrosation of 10_2 M N-methyl-

2

piperazine with 2 x 10 ° M HC/Z in 25% (V/V) aqueous-EtOH at 25°¢. Open

characters initial saturated [NO] ca. 1.2 x 10._2 M. Closed characters
[NO] excess.

-2

e o [KI]=10"M
A A [K1]=5x10'31~4
E O [KI]=lx10—3vM

103[Efmethyl—ﬂfnitrosopiperazine]/M

10J ' o —

0 10 20 30 40 50 . 60

Time/min.
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1.

.0

. 84
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Figure 3.2

Dependence on [NO] for the rate of gfﬁethyl—gfnitrosopiperazine»
formation. Initial [KI] = 1072 i [HC?] = 2 x 1072 M, [N-methyl-
piperazine] = 10—2 M in 25%>(v/v) aqueous-EtOH at 25°c. (@), (o)
duplicate run - [NO] bubbling through. (m) initial saturated [NO] =

12, x 10_2 M. (R = 10_2 M N-methyl-N-nitrosopiperazine, R_ = % reaction

. t .
log (ZR_ - %Rt) at time t.)..
Y

9.

o_on

6 1 ®

\

T

5 10 15 20 25 30 35 40

Time/min.
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Figure 3.3
Dependence on [NO] for the rate of Efmethyljﬁ—nitrosopiperazine formation.
Initial [KI} = 5 x 107> M, [HCZ] = 2 x 1072 M, [N-methylpiperazine] = 10“2M,

in 25% (v/v) aqueous-EtOH at 25°c. R = lOm2 M, N-methyl-N-nitrosopiperazine

o

Rt = 7 yield at time t.

log (ZRm-ZRt)

2.0

\
Ay
1.9,
: \\Q : A initial [NO] excess, bubbling through
k\ 2
®

® initial [NO] saturated, ca. 1.2 x 10~

0.8 4 N ' ' + . .
5 10 15 20 25 30 35 40 45 50

Time/min.

M
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- Figure 3.4

Dependence on [NO] for the rate of N-methyl-N-nitrosopiperazine

“3 M, HCL = 0.02 M, [N-methylpiperazine]

= 1‘0"2 M, in 25% (v/v) aqueous-EtOH at 25°c. R_= 10'_2 M gfmethyl-‘

formation. 1Initial [KI] = 10
N-nitrosopiperazine, R = % reaction at time t. min.

A Initial [NO] excess

e Initial [NO] saturated ca. 1.2 x 1072 M

: . 4 . = r i i
+ + 4

5 10 15 20 25 30 35 40 45 50 55

L L'

Time/min.
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Figure 3.5

The dependence on [KI], [I-.] on the nitrosation of N-methylpiperazine

(NMP) with no excess HC/ in 25% (v/v) aqueous-EtOH at 25°C. [NO] excess.

102[KI]/M lOz[NM‘P]'/M 102[ch]/M 103[12]/M
1.0 1.0 . 2.0 d
1.0 - 1.0 5 o
0.5 1.0 1.5 -
0.1 1.0 1.1 A
0.1 0.5 0.6 A
i 0 1.0 0.5 0

l03[Efmethyl—gfnitrOSOpipefazine]/M

107

—

eO

Time/min.
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Thus, under acidic conditions, the full rate expression is

probably given by Equation 3.4, which points to nitrosation

Rate = ks[N-methylpiperazine][HI][NO] heenee.s 3.4
by nitrosyl iodide (NOI) as found previously for catalysis by
elemental iodine, although proof of the kinetic order for NO

awaits experiments where the concentration of this reagent can be

varied.
The observation of & first-order dependence on HI and the
pseudo first-order kinetics for reaction with equimolar amounts
of N-methylpiperazine and HI show that HI is not consumed during
the reaction, i.e., its effect is catalytic.
A simplified mechanism, omitting equilibria between I, and HI;
(I + HI =—= Hig), between NOI and the solvent kEtONO + NOI —=
EtONO + HI) and the protonation of §fmethylpiperazine is given in
Scheme 3.1. [The existence of these equilibria and their effect on
the rates of ﬁfmethylfg-nitrosqpiperazine formation from NO in EtOH
were discussed previously (Chapter 2). EtONO formation is not
extensive (ca. 10%) and NOI appears to form predominantly from the
interaction of NO and I.. Also, the formation of §7methyl—§-nitroso;
piperazine is not inhibited (as in the present case) by up to 1 mole of
mineral acidand presumably because the reaction proceeds readily at
the unprotonated N-atom of the N-methylpiperazine cation (Equation 2.3 ).]
The overall stoichiometry shows that HI (or I,) is not consumed,
which accounts for the pseudo first-order kinetics (Figures 3.1 - 3.4),
when the concentration of dissolved NO is maintained by bubbling the

gas into solution throughout the reaction.
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fast

HI + NO —————3 (NOH) + + I,
ka
NO 4+ 3 I; —————> NOI
kb

RzNH + NO~I h—'—‘—"ﬁ R2NNO 4+ HI

RANH + 2N0 —1X 5 (NOH) + R,NNO

Scheme 3.1 . Mechanism and overall stoichiometry for N-nitrosamine
formation from NO and HI with secondary amines (e.g.,

N-methylpiperazine).

Thus, under neutral conditions] (Chapter 2), the formation of
NOT (Step k;ﬂ’is rate-limiting, whereas under acidic conditions‘
(cf. Equation 3.3) its interaction withlgémethylpiperaéine (Step k)
is slow. The change in rate limiting step rélates to the diminution
of unprotonated amine on raising the solvent acidity for which.a
good precedent exists in the diazotization of aniline by NOI in
dilute aqueous acid;75> This explanation was confirmed by examination
of the kinetic order in N-methylpiperazine for reaction in 25% v/v
aquecus~EtOH with 0.011 M KI and 0.006 M HC/ (i.e., under neutral
conditioﬁs, NO passed into solution before addition of amine) as shown
in Figure 3.6. The independence on [N-methylpiperazine] was previously
observed and coﬁfirmed here for NO and HI, to give H20, N20 and I,
(Equation 3.1), i.e., the rate~limiting formation of nitrosyl iodide.
Further evidence for the mechanism in Scheme 3.1 was obtained

by a direct comparison of reactions carried out using equivalent
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Figure 3.6

The formation of N-methyl-N-nitrosopiperazine from 0.011 M KI and
0.006 M HC? with excess NO (bubbling through) in 25% (v/v) aqueous-—
EtOH at 25°C. Initial [N-methyl-piperazine] = 0.02 M (W), 0.005 M (®)

0.0025 M (o), 0.001 M (A).

103[ﬁ—methyl—ﬂ—nitrosopiperazine]/M

g--———0
6/
- EA R A —_—
0 - - — ‘
5 10 15 20 25 30

Time /min.
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concentrations of I, in place of HI (Table 3.2). Comparison with
results in Table 3.1 shows similar ko, values apply to reactions of
either 5 x 107> ¥ I, or 1072 (KI + HC/) with 1072 M N-methylpiperazine
hydrochloride. This-agrees with neutralization of 10~2 M HI by

NO to give 5 x 10'_3 M N30 and 5 x 10—3>M I, (in equlibrium with I;f

“ M 1. or 1072 M (KI + HCE))

(Equati;n 3.1). With low (5 x 10~
catalyst concentratién, however, both the rate of formation of
gfméthyl—g—nitrosopiberazine and the shape of the respective plots
( % reaction versus time) (Figure 375} differ. The flattening of
the plot and lower rate of gfmethylfﬁ—nitrosopiperazine formation
probably arises from the incomplete conversion of HI to I, (which
is.only apparent for slow reactions) énd the subsequent inter-related
equilibrum with HIs.

Less coherent'kineticsvwere observed for rapid reactions when
the concentration of dissolved NO is not maintained, othér than by ,
diffusion from the gaseous phase above the reaction solution. The
effect is'best observed from the first order kinetic plots (Figures
3.2 - 3.4). Thése are linear for reactions. where the.[NO] is
maintained during reaction, but curved when only the initial
saturated solution (ca. 1.2 x 10—2 M) NO is used. For the sléwest
reaction (Figure 3.4) the difference is less marked. Nonetheless,
these reactions are of considerable interest because of their releyancé
to environmental situations where the concentration of dissolved NO
is likely to be low. It is evident from plots in Figure 3.1, that
variation in the yield of N-methyl-N-nitrosopiperazine with time is

initially curved, but it approaches linearity as the reaction proceeds.
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Further, the initial rate (i.e., when the solution is saturated with
NO) is comparable to that of the pseudo first order reactions and
the subsequent fall off is more noticable for rapid than for slow
reactions. Results obtained for these reactions are summarised in
Table 3.3. The Epvvalues are obtained from the initial part of the
reaction and yields with their time of formation are given. (In all

2 10-'3 M) and HC/, with 10--2 M yfmethylpipefazine,

reaction of KI (10_
quaﬁtitativg yield are obtained on standing overnight, however, for
reactions at high acidity with‘gg, 5 x 10-'3 M KI , tﬁe yield after
15 min. is quoted for comparison).
it is apparent that ko has a reduced, non-linear dependence
on initial [KI] and passes through a minimum as either the initial
 [N-methylpiperazine] or acidity increases. All the findings are
consistent with the mechanism outlined in Scheme 3.1, with the added
proviso that diffusion of NO into the solution becomes rate-limiting
for the faster reactions.
Previous measurements (v. Experimental 2.4.VI) showed the
concentration of NO in 25%(V/v)aqde0us-Et0H is'gg, 1.2 x 10_2 M.
Since 2 moles of NO are required to convert HI to NOI (Equation 3.1),
the maximum yieid of gfﬁethyl-ﬂfnitrosopiperazine would be ca. 6 x 10‘-3 M
without the diffusion of NO from the gaseous phase. Examination bf
the plots in Figure 3.1 after this concentration is reached, shows
that N-methyl-N-nitrosopiperazine continues to form at an approximately
constant rate (ca. 10-'6 moles sec_l) irrespective of the initial [KI].
The apparent decrease from first to zero qfder dependence on [KI] as

reaction proceeds when NO is not passed through continuously is good

evidence that the diffusion of NO into solution is kinetically
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significant and this is confirmed by the departure from the first
order'plots (Figﬁres 3.2 - 3.4).

‘vAs far as the results in Table 3.3 are concerned, the reduced
kinetic dependence on KI results from the deficiency of NO rather
than a change of mechanism. The inhibition by excess N-methylpiperazine
ghows dependence of acid for the reaction and probably arises from

its effect on the solvent acidity. A complicated acidity dependence

is expected for the reaction because several prototropic equilibria

are involved, (e.g.,.
Me

] N
* =G

S
pd

/ o -
)I:\::_\_ {: o,
N\

L . L

Me | +. 2+

(II) KI + HC/ == HI + KC/, (ITI) HI + I,==HIs7H + I,

(IV) HI + 2NO<F¥£LNOH + NO-I.). It is eclear, however, ffom

Table 3.1 and Table 3.3. that the fastest reactions with N-methyl-

piperazine in ZSZ(v/v)aqueous—EtOH is obtainéd with ca. 0.02 M HCZ

(pH 2.1)*. The appafent increased rate with increasing acidity up

to ca. 0.02 M HC/ for ca. 5 x 10‘_‘3 M KI and 10-2 M N-methylpiperazine
3

(Table 3.3), was also observed for similar reactions of ca. 2.5kx 10~ M

I, (Table 2.7).

*  Footnote:
This refers to pH measured in 25% v/v aqueous-EtOH using

electrodes calibrated in wholly aqueous buffers.
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The ko values across both sets of data are in fairly good
agreement with the conversion of 5 x 10“3 M HI to ca. 2.5 x 10'_3 M I,
by NO. The ko values show more clearly that the rate of reaction

3

with 2.5 x 10 ° M I, (iz itself and I, derived from HI) is maximum

with the addition of ca. 1.5 x 10_2 M HC? (after neutralisation of

KI) and 10'_2 M N-methylpiperazine . for example, with 2.5 x 10—3 M I,

2 2 4

and 10 “ M, 2 x 10 © M HC?, ko is ca. 5.4 x 10 sec™! and 7.95 x 107

sec © respectively, while with ca. 5.1 x 1072 KT and 2 x 1072 M Hce,
ko is ca. 12 x 10_4 s'ec_1 in the presence of 10_2 M.§7methy1piperazine.
The ko values also suggest that at high.acidity the rate falls more
sharply for HI reaction, but this probably relates to the accuracy
of the data.

Since the concentration pf free amineis higher at low acidity
the effect of increasing rate up to 0.02 M HC/ probably relates to
the concentration of the nitrosating agent i.e., NOI and hence,
increésing [HI]. The slower rate at low acidity mybe due to
prototropic‘equilibrkasﬁch as (i)vshown above. Further, at higher
acidity the concentration of the nitrosatiﬁg agent derived from HI
should bé higher,but the reduction in rate reflect extensive.protonation
of N-methylpiperazine ana hence reaction with NOI. |

Two additional observations which supports the mechanism of
Scheme 3.1 concerns inhibition by both.added NaNs and excess KI.
Thus, 0.012 M NaNs virtually blocks the reaction of'0.0l M N-methyl-
piperazine with saturated NO in the presence of 0.02 M HC/ and 7.7 x
10'_3 M KI. The yield of N-methyl-N-nitrosopiperazine in the pfesence

4

of NaN, is only 2.5 x 10 = M 2.5%) after 24 hours compared to
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7.1 x 10_3 M (71%) after ca. 40 min. in its absence. NalN; is

known to consume nitrosating agents (such as NOI) by undergoing

rapid deamination48 (Equation 3.5). Although inhibitiom by KI

Na + NOI —m8— N0 4+ No + I cueeenn. 3.5

is less;dramatic (Figure 3.7), it démonstrates the kinetic dependence
on [I,] required by Scheme 3.1. For example, 0.0l M N-methylpiperazine
and saturated NO in 5 x 10_3 M HCZ, yields of gfnitrosamiﬁe after

10 min, are 3.9 ﬁ 10_3 and 1.8 x 1Of3 M in the presénce of

5.09 x 10.-3 M and 87.7 x 10;3 M KI‘respectively. Thus excess KI
reduces the [I.] by displacing the equilibrium, I, + I = I,

to the right.



86

Figure 3.7

The effect of excess KI on the nitrosation of 10_2 M N-methylpiperazine
with 0.005 M HC/ from initial saturated (ca. 1.2 x 10‘-2 M) NO in

25% (v/v) aqueous-ethanol at ZSbC.

Initial [KI] = 5.09 x 10-3 M (0) " 87.7 % 10_3 M (m

103[ﬁfmethyl—Efnitrosopiperazine]/M

AN

{

5 10 15 20 25 30 35

Time/min.
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3.1 (%. Reaction of Piperidine and Morpholine with NO in the

Presence'of HI.

Previous experiments (Chapter 2), showed that the nitrosation of
both morpholine_and piperidine by NO in the presence of I, was
severely inhibited‘by the addition of mineral acid. This was
attributed to extensive protonation of these more basic amines
(pKA 8.33 and 11.22, respectively) under the reaction conditions.

A similar outcome applies to their reaction in the presence of KI

and HCZ, but only when HC?/ is in excess. For example, 0.01 M

morpholine with saturafed NO in 25% (v/v) aqueous-EtOH at 250C in

the presence of 0.02 M HC/ and 7.5 x 10_4 M KI produces only

2.2 x 10_3 M ﬁfnitrdsomorpholine (i.e., 22%) over 220 min . With

0.01 M piperidine, tﬁe extent of reaction is negligible (Table 3;4).

It is clear from Equation 3.1, however, that NO can reduce the

acidity of reaction solutions by converting HI to H.0. It follows

that faster N-nitrosation of strongly basic amines by NO should be
observed in the presence of equimolar HC/ and KI. This deduction

is confitmeé for morpholine and piperidine with saturated NO in‘

25% (v/v) aqueous-EtOH at 25°C in Figures 3.8 and 3.9, respectively.
Thus, both amines give substantial limiting amounts of the corfesponding
N-nitrosamines -after ca. 20 min. although N-nitrosomorpholine
continues to form slowly to give up to 85%yield over 24 hours (Table
3.4). The initial yields vary in relation to the amine bésicity and

the amount of HC/ and KI added, but their time of formation (ca. 20 minr)
is about the same for piperidine, morpholine and N-methylpiperazine

(Table 3.4). All of these results are similar to those found previously
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Table 3.4

Yields and reaction times of N-nitrosamine formation from NO in
25% (v/v) aqueous-EtOH at 25°C. Initial saturated [NO] ca.
1.2 x 1072 .

102[Piperidine 1/M 103[1(1 /M 103[ch 1/M Yield® Time/
Z min.
1.0 0.75 20.0 0 1200
1.0 - 5.27 5.0 17 19
1.0 10 10 27 b .25
10) B (10) (10) (27) (21)
2.0 | 20.2 20 : 27 ‘ 25
(20) , (19) ©(20) , 27) (25)
102[Morpholine]/M '
1.0 | 0.70 : 20 22€ 218
1.0 10.0 10.0 - 5pd 35
20 20.1 20 42 35
(20) (18.5) (20) (36)°°¢ (25)
102[§7Methylpipe§azine]/M '
1.0 - 0.75 20 75 50
1.0 5.09 5.0 45 30
(1.0) (5.0) (5.0) - (45) (34)
1.0 10.3 10.0 ’ 80 33
1.0 | 87.7 5.0 35t 32

Yield based on initial [Amine]
Duplicate reactions in parenthesisl
Increased to 427 after 1200 min .
Increaéed to 857 after 1200 min .
Increased to 507% after 1200 min .

Decreased rate for excess KI
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Figure 3.8
The nitrosation of piperidine from equimolar [KI], [HC?] in 25% (v/v)
aquéous—EtOH at 25°c. Initial [NO] saturated ca. 1.2 x lO'-2 M
A [K1], [HC?], [piperidine] = 2 x 10—‘2 M
0 [K1], [HC?], [piperidine] = 1072
O [KI], [HC], = 5 x 107> [piperidine] = 10~ 2M
3 . s e 1
10 [E—nltrosopl_perldlne]/M
6‘
. 4 A
A .
4 |
A
D—_.
O
$ + + + L 4 {
0 5 10 - 15 20 25 30 35

Time/min, .
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Figure 3.9

The nitrosation of morpholine from equimolar [KI], [HC/] in 25% (v/v)

aqueous-EtOH at 25°C. 1Initial [NO] saturated ca. 1.2 x ~0_2_M.

[k1], [HC?¢], [Morpholine] = 2 x 10-'2 M (0), 10—_2 M (A)

103L§~nitrosomorpholine]/M

7 7

Time/min.
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for comparable reaction by NO and I, in neutral 25% (v/v) aqueous-
EtOH (Chapter 2). They are consistent with the mechanism in Scheme
3.1, where formation of NOI_(StepBil) is rate-limiting as expected

for neutral conditions. Variations in the initial yields of
N-nitrosamine with amine basicity, [HC/] and [KI], however, imply that
a proportion gf the amine substrate is proténated. This probably
arises from concurrent hydrolysis of NOI to form HNO, (Equation 3.6),

which, unlike HI is not neutralised by the passage of NO.

NO + -i I, = NOI ;égééi HNO, + HI ....... 3.6
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3.1 .4). N-Nitrosamine Formation from NO in the Presence of

Metal Iodides and Related Compounds.

Passage of NO into clear, neutral solutions of Znl, in EtOH
also produces a brown solution characteristic of In=1I,+1
. : 117
with uv. absorptions at Amax = 288 and 353 nm. 1 Addition of

secondary amine to these‘solutions progressively discharges the
colour while the corresponding ﬁfnitrosamine forms concurrently.
Dafa summarised in Table 3.5, show that at 25°C these reactions
reach completion within gé, 25 min. of adding the amine,irrespectiVe
of its struéture (basicity) or concentration. Further, with excess
amine, the limiting yield of N-nitrosamine depends principally on
the initial [ZnI.]. From Table 3.5, approximately 0.43 moles of
ﬁ~nitrosopiperidine are obtained per mole of ZnI,. Analysis by
i.r. of the gaseous contents of the reaction vessel éﬁOWed tﬁe
preseﬁce of N,0 at concentrations of ca. ‘14 - 20% of the initial
[ZnI.]}. 1If, at this gfage, the colourless reaction solution is heated
to 6OOC, the brown coloumtion reapppears and fﬁrther N-nitrosamine
formation ensues.

Zinc nitrosyl salts are unknown, so these reactions probably
proceed by an initial solvolysis of ZnIl, to release HI (Equation 3.7),
which then promotes the formation of N-nitrosamines as described above.

) o
Znl, + EtOH :%2:5 Zn(OEt)I + HI ‘Eg_iffgﬁ, Zn(OEt), + HI ..... 3.7
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Table 3.5
Limiting yields and times of N-nitrosamine formation from secondary
amines, NO and ZnI; in EtOH at 25°%. Initial saturated [NO] ca.

2.2 x 1072 M.

102[Amine]/M 103[ZnIz]/M 103[§7nitrosamine]/Ma Time/min .b
1.0 Piperidine = ° 2.2 1.2 25

" 4.23 (2.2) 4.4° ©(25) 100

" ' 4.7 2.3 21

" _ - 9.2 4.0 22

" 4 9.4 | 3.8 _ 25

" ~10.5 4 .94 23
2.0 Piperidine 4.7 2.2 . 25

" A 9.9 3.5 25
4.0 Piperidine 10.1 4.0 25
1.0 Morpholine 4.9 2.1 25
1.0 N-methylpiperazine 4.8 2.0 24
2.0 Piperidine ©10.0 ; 6.8° 25

" | 9.7 | 5.0 42
1.0 Piperidine 10.0 0.5% 60

" 9.8 0.6" 60
a

Limiting yield

b Time to reach limiting yield

© After 25 min . 2.2 x 1075 M, heated at 60°C, 4.4 x 1073 after 100 min .
d Inverse addition

€ In 5% aqueous-EtOH

f In 25% aqueous-EtOH

& 1In ﬁeCN

h

In the presence of 0.011 M thiourea.
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The stoichiometry of the reaction suggest that solvolysis is
bincomplete at 25°C, but proceeds further at higher temperatures.
Froﬁ Equation 3.7,»53, 0.5 mole of N-nitrosamine is expected per
mole of ZnI, at 25°C, but in practice this limiting yield is rarely
observed (Figure 3.10). The deficiencf may arise because some HI .
is lost while passing NO through the reaction vessel. In one
experiment, (cited as inverse addition in Table 3.5) where ZnI, was
addéd after. satufation of the reaction solution with NO, the yield
of N-nitrosopiperidine at 25°C corresponded to 0.49 mole of ZnlI..
Support for these mechanistic conclusions comes from less
~ extensive experiments showing inhibition by added thiourea‘(Table-3.5)
and those employing either different solvents (Table 3.5) or other
zinc salts (Table 3.6). Thus, N-nitrosopiperidine formation is
insignificant in MeCN (ca. 1% reaction over 60 min at 25°C), but
more extensive in aqueous-EtOH. ZnI., is stable in MeCN, but

hydrolyses completely in H,0 to give 2 moles of HI (Equation 3.8).

Znl, + H,0=—=17n0 + 2HI veeese 3.8

Hence, more extenéive hydrolysis is expected for aqueous-EtOH than
EtOH, itself, and, significantly, thé limiting yield of N-nitroso-
piperidine at 25°C increases from ca. 3.9 x 10_3 M in pure EtOH to
ca. 6.8 x 107> M and 5.0 x 107> M in 5% (v/v) and 25% (v/v) -aqueous—

EtOH, respectively.* Further, N-nitrosopiperidine formation in pure

*Footnote: H,0 inecreases the amount of HI, but inhibits I.-promoted
N-nitrosamine formation (Chapter2). Thus, N-nitrosopiperidine yields

should optimise for an intermediate aqueous-EtOH as observed.
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Figure 3.10

The effect of [ZnI.] on the yield of N-nitrosopiperidine from
initial 0.01 M piperidine and initial saturated (ca. 2.2 x 10_2 M)

NO in EtoH at 25°C.

103[§7nitrosopiperidine]/M

5 1
4 t o —
[ ]

3

‘ [ ]
2

[ ]

1

0 2 4 6 8 10 12

X _10_3 M ZnI.
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Table 3.6

Formation of N-nitrosamines from secondary amines and NO in the

. . [e)
_presence of various metal salts or other catalysts in EtOH at 25 °C.

Initial saturated [NO] ca. 2.2 x 10~

102[Amine]/M

1.0 Piperidine

"
7"

n

1.0 N-Methylpiperazine

1"

"

"

]

.0 Piperidine

"
n
"

2.0 N-Methylpiperazine 15 PhCOC/ plus 4.7 KI
' 4.85 Me,8iCl, plus 4.7 KI

"

2

.103[Catalyst]/M

7.0 ZnBr,
8.0 ZnC/;
5.33 Zn(0Ac)
5.70 ZnS0,
0.64 Fel,
2.6 Fel,
5.1 Fel,
4,9 Fel,
0.46 SnI,
2.5 SnIl,
Snl,
SnI,
Bil,
PdI,
MnI,
CdI,
Cuzl,

© W W» w» WL
H O O H O o o

10.
10.

5.3 SnCly plus 4.7 KI

Time to reach yield shown
In 25% (v/Q) aqueous-EtOH
In 10% (v/v) aqueous-EtOH

In 5% (v/v) aqueous-EtOH.

M.

O O B LW NN = O O
« a2 e s e 2 e . e .

103[§fnitrosamine]/ Time®
M . min.
2.9 220
0 1440
2 40
.6. 30
9 22
1 30
8 20
.8 90P
3 20
4 38.
5 40
8 30P
5 - 25°¢
0 1440
14 60°
trace . 60
1.0 14409
7.4 30
5.6 30
5.3 254
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EtOH is much slower with ZnBr, in plac? of Znl, and proceeds to
only negligible extents in the presence of either ZnC/,, Zn(OAc)s-
or inSOh (Table 3.6). Thus release of HI is fundamental to the
rapid formation of N-nitrosamines.

The ability of other iodide salts to promote N-nitrosamine
from NO was therefore examined. These findings are also summarised
in Table 3.6. As expected, substantial reaction.applies only to
those compounds which readily solvolyse to produce HI. SnI.,
Fel,, and‘Bila all dissolved in EtOH to give brown solutions
(1ike ZnI,) on addition éf NO and all readily promote N-nitrosamine
formation: CdIz, MnI, and Cuy;I,, however, are either insoluble or
give no evidence of solvolysis and produce little Efnitrosamine.
One exception is PdI,; which promotes N~-nitrosamine formation without
appreciable solvolysis..

N-nitrosamine formation is also effected by both metal chlorides
(e.g., SnCZ,;) and acid chlorides in the presence -of KI (Tabie73.6).
Here, solvolysis of the acid chloride to producé HC/?, and'subseqhently

HI, is probably involved.
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3.2. Conclusions.

By confirming that NO is a good nitrosating agent in the presence
of ﬁI as well as I,, these new results explain the I.-catalysed
formation of N-methyl-N-nitrosopiperazine under acidic conditions
reported in Chapter 2. They further extend and define, the range of
conditions under which carcinogenic N-nitrosamines may form from
NO. |

It is clear that NO mybe. expected to react fapidly with
seécondary amines undef neutral conditions in the presence of a wide
range of iodide salts where solvolysis leads to the generation of HI
(i.e., in protic solVents). The reactions are inhibited by excess
acid to an extent dependent on the amine basicity, but HI itself,
is not an inhibitor because it is neutralised by NO. Thus, provided
excess iodide is present,‘the reaétion solutions remain neutral and
N-nitrosamine formation should broceed until all the amine is consumed.
The reactions are solvent dependent insofar as solvolysis of the iodide
salt is necessary. .Also, no reaction is observed in highly aqueous
aikaline medi; presumably because NOI is rapidly'converted to
innécuous NOE; Under aqﬁeous acidic conditions, however, diazotization
of anilines by NOIris well—known,75 SO0 Efnifrosamine formatioﬁ froﬁ
NO and iodide salts may also be expected. One other important observation
relevant to environmental circumstances is that diffusion of NQ into
solution may be rate-limiting under these conditionms.

The general mechanism (Scheme 3.1) is one where solvolysis of the
iodide salt to HI followed by its conversion by NO tovIz precedes
N-nitrosamine formation. The last step (i.e., the interaction of

secondary amines with NO in the presence of I;) has been demonstrated
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and discussed previously (Chapter 2). One aspect of the present
findinés that warrants further discussion is the apparent conversion
of HI to I, by NO. This reaction has been reported Qnder both
therma168 and photolytic69 conditions in the gas-phase, but not
hitherto, in solution. Aithough examination of the relevant standard
oxidation potentials suggest it is thermodynamically favourable

(for I, + 2e o 21 , E0 = 0.621 eV in H,0 at 2500, and for 2NO +

26 + 2¢T== N,0 + H.0, E_ = 1.59 eV in H:0 at 25°C), *% the

thermal gas phase reaction proceeds only slowly even at 900C.68

Further, NO is considered to inhibit the gas phase conversion of
HI to 12.68

 The conversion of HI to I, by NO under our conditions was checked by
passing NO into an anaerobic solution of 10_2 M KI plus 2 x 107 M HC/
and examining the solutions by uv. SpectrOphotometfy and by direct
titration of I;; - Strong absofption at Xmax = 288, 353 nm are characteristic
of those reported for I, itself (Kﬁax = 288, 353 nm, log = = 4.60, .
44217y, | \

Visual examination of the rate of appeérance of I, from HI and

NO in 25%}(\1/\7) aqueous-EtOH, H,0 and 25% aqueous MeCN, showed that the
reaction is solyent dependent and occurs over a period of several
minutes. In aqueous solution, no I, was evident over ca. 25 min , which
is consistent wiﬁh expectations that HI is predominantly dissociated

2 In 25% (v/v) aqueous-EtOH,

' o 13
(pKHI ca.-9.0 in water at 25C).
however, the reaction proceeds over ca. 10 min, and in 25%(v/v)

aqueous-MeCN over ca. 5 min. Clearly, the reaction of HI and NO shows

a solvent dependence where an increase in the [HI] is expécted.
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Comparison of the uv. absorption of these solutions (after NO
was removed), with that of I, itself, suggested that in both cases,
the reaction is virtually complete over these time periods. Thus, a

20 yl sample of 7.9 x 10—3

M I, in ZSZ(v/v)aqueous—MeCN (diluted in
3.0 ml solvent contained in a 1 em pathlength cuvette) gave absorbances
of 0.43, 0.24 at Xmax 288, 353 nm respectively, while the reaction

2

solution (10“2 M KI plus 2 x 10 ° M HC!) gave absorbances of 0.33,

0.206 under the same conditions and at lmax 288 and 353 nm respectively.
Assuming that e = 40,000 at Amax 288,1;7 and that the £ value is not
markedly solvent dependent, the [I;] = 1.61 x 10> M and 1.23 x 10> M
for the standard 7.9 k 10_3 M I, and the reaction solution respectively.
The increase in [I5] for the reaction of HI and NO, suggests that
neutraliz ation(Equation 3.1) maybe less than 100% and that residual
HI increases [I5] by shifting the equilibrium (I, + HI&—=HI,).
Similar results were obtained from the reaction of 10—2 M. KI
and 2 x 10“2 M HC/ and NO in 257 (v/v) aqueous-EtOH. Thus, 20 ul
8.33 x 10—3 M I, in 25% (v/v) aqueous-EtOH (diluted as above) gave
absorbances of 0.365, 0.214, while the reaction solution gave 0.51,
0.31, at Xmax 288,v353 nm respectively. Hence, the [I5] for the
reaction solution (é = 40,000) is ca. 1.9 x 1073 M. This value is
slightly higher than [I;] estimated from reaction in 257 aqueous
MeCN and probably relates to additional equilibria involving the
solvent EtOH.
The best evidence for the conversion of HI by NO to I, was
obtained by direct volumetric analysis. The reaction solutions were
titrated against standard sodium thiosulphate. The results confirm

the neutralization of HI by NO to I. according to Equation 3.1, that

the reaction is-virtually complete ca. 86 ~ 87 %. For example, 10.0 ml
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of both reaction solutions (25% (v/v) aqueous-EtOH, -MeCN) required
8.70, 8.60 ml 0.01 M sodium thiosulphate for complete loss of I,
colour, (equivalent fo 4.35 - 4.30 x 10—3 M I.). The results also
explain the increase of [I5] observed by uv. spectrophbtometry, which
probably arises from the reaction of unreacted HI and I. (Hi + I,
= HI,). Titration of 5 x 10_3 M I, in 25% (v/v) aqueous-EtOH
fequired 8.40 ml 0.01 M sodium thiosulphate, equivalent to ca.
4.5 x 1072 M I, in equilibrium with I,.

Independent experiments showed that the rate of appearance of
I; is catalysed by 1. and oxygen, but not light. The effect of
oxygenmay be the conversion of NO into N205(N:0,) which then reacts
directly with HI (or i—) to give I,. An added proviso . .therefore,

is that the reactions may be catalysed by adventitious oxygen leading

to small amounts of I,, which then acts as a promoter.
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3.3 EXPERIMENTAL

3.3 (a) Reagents, Substrates and Products.

The purification of solvents, amines, NO, the preparation and
purification of authentic N-nitrosamines have been described in
Chapter 2.4. Here AnalaR KI and standardised volumetric grade NHC/,

thiosulphate were used without further purification. Reagent grade

Znla, ZnBrs, InCls, In(OAc), ZnSO., SnCfs, Bils, Cdl., Snl., Mal,,
FeIl, were used without further purification other than vacumm drying
at ca. 80°C overnight. |

PdI, was prepared by thé reaction of KI with PdC/, following
a literature procedure.l33 " The black PdI, was washed with warm H,0
and then vacuumldried at 100°C. Cu,I, waé prepared from the reaction
of CuC/; and KI, purified as described in a_litefature procedure.l34

Reagent grade benzoyl chloride and dimethylsilylchloride were both

fractionally distilled and the middle cuts taken.

3.3 (b) I. Reaction Methods.

Procedures for carrying out the reactions,‘examining the equilibrium
-between IQ/I;, fhe metal salts in solution and measuring the concentration
of N-nitrosamine were discussed in Chapter‘2.4. For N-nitrosation
reactions involving Hi and NO, the following procedure was adopted
for the preparation of the catalyst. KI was dissolved in the calculated
volume of water and made up to 10.0 ml.by the appropriate addition
of N HC? using a graduated pipette. EtOH (30 ml) was added, and the

reaction solution degassed as described in Chapter 2.4. Purified NO
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was passed into solution for either 15-20 min. for saturated solutions
or continuously for excess (no attempt was made to standardise the
floﬁ of NO accurately). The reaction was initiated by the addition
of neat amine via a microlitre syringe and N-nitrosamine analysed

by g.l.c.

3.3 (b) II. Estimation of N.O.

The gaseoué reaction products were examined by i.r. spectroscopy
on a Perkin-Elmer 457 spectrophotometer. The reaction vessel was
coupled to a simple vacuum manifold bearing two low temperature traps
at 770K, and the i.r. cell (100 mm pathlength; KBr windéws, 110 mil.
volume, fitted with a stppcock) in sequence. When g.l.c. analysis
showed that N-nitrosamine formation was complete, the gaseous contents
of the reactién flask were swept into the manifold by nitrogen for
ca. 20 min. This reaction flask was then isolated:and the products
transferred by trap to trap distillgtioﬁ to thg i.r. cell. After
equilibration to atmospheric pressure, the i.r. absorption of the
content was recorded. WN,0 was collected over several fractions‘by
extraction of the gaseous products in the manifold’using the i.r. cell
under vacuum. (This muitiple'extraction was necessary becéuse of.the
large difference in the volume of‘the manifold and N,0 formed during
the reaction). The [N.0] was estimated from the absorption at 2240 cm“1 135
by comparing the peak height for known additions of authentic N:0
(B.0.C.) into the i.r. cell. (This was done placing the i.r. gell

under slight vacuum isolated by stopcock and sealing with a Subaseal

stopper. N.0 was added Qith a 1-5 ml air tight syringe via the Subaseal
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stopper into the i.r. cell by opening the stopcock, and the cell
allowed to attain atmospheric pressure by slowly leaking nitrogen
into the i.r. céll). Independent measurements showed that the peak'
height was proportional (i_lOZ) to the volume of N,O added to the
i.r. cell.

N,0 was also shown not to arise from NO,'N203 or N:0, contaminants.
When NO is passed into the reaction vessel containing the catalyst, some
N,O is expected to be lost and hence erratic recoveries were obtained.
Typically, with 0.01 M KI, 0.02 M HC/, and 0.0 M ﬁfmethylbiperazine,
1.2 - 1.85 ml1 N,0 was recoverea (z 13.6 - 22% N,0 based on 10—2 M
ﬁ;nitrosaminevfofmation). N.O was also recovered from.the reaction
of»NO, N-methylpiperazine in the presence of Znl. and benzoylchloride
plus KI. The volume N0 fecovered was ca. 1.2 - 1.5 ml in both cases. .
With 0.01 M ZnI., 0.01 ﬁ piperidine, initial saturated NO in EtQOH, the
.maiimum yield of yfnitrbsopiperidine obtained was 3.8 x 10—3 M, and
ca. 1.25 ml Nzo‘recovered. Thus, since 1 mole N-nitrosopiperidine is
equivalent to 0.5 mole N.0 (Equation 3.1) the 7 recovery N:0 based on

the final yield of Efnitrbsopiperidine isi-

% recovery = 2 x [N,0] 2x1
[N-nitrosopiperidine] 3.8

The volume of N,0 was not corrected to S.T.P.
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3.3.c.{(I) Typical Reactions.

-2
2 M, [N-methylpiperazine] = 10 = M.

K1) = 1072 M, [HCZ] = 2 x 10°

in 25%(v/v)aqueous—Et0H at 25°C. NO excess, bubbled through.

Time Attenuation " Peak Height 103[§fmethy1—§fnitroso—]/M
min. piperazine
1. x 1600 18 2.9
39 6.2
45 7.1
13 52 8.3
17 56 8.9
21 ‘ . ' 58 9.2
25 60 9.5
© 50 x 1600 _ 63 10.0

Injection sample = 1 ul.
1l 10_2 M N-methyl-N-nitrosopiperazine gave peak heights at attenuation
X 1600 of 63, 63, 63 on 8% carbowax + 2% KOH column on F33 under standard

operating conditions (v. Experimental 2.4.III (b)).
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3.3.¢c.IT Typical Reactions.

[KI] = 8.6 % 107 M, [HCZ] = 2 x 1072 M, [N-methylpiperazine] =
10—2 M in 25Z(v/v)aqueoﬁs—Et0H at 25°C. Saturated NO gg.'l.Z x
107 u |
Time | Attenuation 4Peak Height 103[Efmethylfﬁfnitrosopipefazine]/M
min.

1 %3200 7 1

6 | 24 2.4

1 t 34 3.4

21 o 46 as

‘27 : 49 4.9

32 : 60 6.0

37 : 63 6.3

42 ' 70 v | 7.0
@ 1200, x 64 x 100 50 10.0

Injection sample 1 nl
1pl 5.0x 10“3 M N-methyl-N-nitrosopiperazine gave peak height at
attenuation x 3200 of 50, 50 on 8% carbowax + 27 KOH column on

F33 under standard operating conditions (v. Experimental 2.4.TIT'b).
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3.3.c.II1. Typical Reactions.

-2

-2 M, [N-methylpiperazine] = 10 = M

[KI. = 10 " M, [HC?] = 2 x 1072

in ZSZ(v/v)aqueous—EtOH at 25°¢. Saturated’NO ca. 1.2 x 10“2 M.

Time Attenuation Peak Height 103[Efmethyl—Efnitrosopiperazine]/M
min. .
1 x 1600 15 2.4
5 , 24 3.8
9 - 37 - 5.9
13 42 6.7
18 | 30
22 | 50 7.9
26 | 51 : 8.1
32 57 . 9.0
37 | 59 9.4
42 54
49 . 62 , _ | 9.8
L 63 10.0

Injection sample =1 pl
. 2 | ' . ' , }
14l 10 © N-methyl-N-nitrosopiperazine gave peak height at attenuation

x 1600 of 63, 63, 63 on 8% carbowax + 2% KOH column on.F33 under

standard operating conditions (v, Experimental 2.4.III (b)).
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3.3.c.IV. Typical Reactions.

' - -2
[ZnI,] = 4.66 x 10 3 M, [piperidine] = 2 x 10~ M in EtOH at 25°C.

~ -2
Initial saturated [NO] ca. 2.2 x 10 " M.

" Time Attenuation . Peak Height 103[gfnitrosopiperidine]/M
min.
1 x 64 8.5 ' 1.1
5 | 11 | 1.4
12 - 15 1.9
20 18 ' 2.3
27 ' : 18 2.3
60 | ' 18 2.3

Injection sample = 1 nl
1yl 5.0 x 10—3 M, gfnitrosopiperidine gave peak height at attenuation
x 64 of 39, 40 on 8% carbowax + 2% KOH column on F33 under standard

operating conditions (v. Experimental 2.4.IT1T (b)). .
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CHAPTER 4

THe FormaTION OF N-M1TRosaMINEs IN SoLuTion From Gaseous NiTRic

OXIDE IN THE PrReESENCE oF SILVER(I) SaLTs.

4.1 . Introduction.

Silver salts have found some application as oxidants in

organic chemistry and these reactions have been the subject of

136,137

several reviews. . - Only comparatively recently, however,

has it been realised that the active entity in these reactions

e o 11 I1I .

is either Ag "~ or Ag =, and much recent work has focussed on
this aspect of the reactions. The standard oxidation potentials

IT 138 IIT 139
a g

for the formation of Ag nd A (Equétion 4.1 and

4.2) are reasonably high, so the states are not readily attained.

agt oy ATt 4 e Eo = 1,98v (4MHCLOL) .... 4.1
II - ITI

Ag ————3 Ag T +e  Eo = 0.7-0.9 v (MeCN, HCZ0,)

i

4.2
IT . . : .

Ag “(picolinate);, however, is well known and it has found many
applications as an oxidant 140-143, AgII and AgIII would be expected

to oxidise NO to NO+; so their ability to catalyse N-nitrosamine
formation from NO might be expected. The interaction of AgI salts

with amino compounds -has been examined. Hydroxylamine, for examplé,

is known to react directly with AgI, by an autocatalytic pathway to

give Ag0 and N, (Equation 4.3).144 Many authorsll*s“147 have observed
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2Ag" + INH,OH ——y 2Ag" + N, + 28' + H,0 .. 4.3

a relationship between amine basicity and complex formation with
: ‘ I
AgI. The equilibrium constant for the formation of [Ag-(amine).]

(Equation 4.4) in 50% aqueous-EtOH increases with amine basicity
I . o I
Ag” + R-R'-NH ——— [(RR'NH).Ag] ... 4.4

for both primary and éecondary amines.146 Ansell showed, by
X~-ray crystallography, that both piperidine148 and morpholine149
react with AgI;to form Oﬁly 1.1 complexes, when the amine itself
was used as soivent.’ None of these reports, however, gave any
indication of the rate of complex formation or the precipitation of
Ago. |

It is evident that AgI ion has a much less tendency to dispropor-
tionate in aqueous solution than for example, CuI. The equilibrium

I

constant for CuI disproportionation (2Cu” —— Cuo + CuII) is ca.

106 at 2500, whereas for AgI, the'equilibrium has been estimated

20 150

as ca. 10 atxZSOC. Kestner and Allred150 reported the‘firstv

ligand induced dispropotionation of AgI and their observations were
later confirmed by Barefield and Mocella._139 The Kestner and Allred
complex (Structure 4.1) was prepared by the reaction of both AgNOs
and AgClOQ with the macrocyclic ligand, 5,5,7,12,12,14,- hexamethyl—

1,4,8,11-tetraazacyclotetradecane (L) in water and 507 (v/v)aqueous—

MeOH.
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2+

Me

Me

g . (Cr0u)2
N\\

Me

Structure 4.1

They observed the formation of a silver mirror on the surface
of the reaction vessel, and that the rate of formation of the complex
was dependent on concentration and temperature. The yellow crystalline

I (L) ](C£0.) , complex was isolated and its composition confirmed

[Ag
by e.s.r. (g = 2;124 + 0.005), magnetic moment.(2.14 BM) measurements
and microanalysis. The complex was shown to be four-coordinate in a
. square planar configuration. These findings concur Qith éarlier
observations by MacMillan,138 that AgII complexes are four doordinaté,_
with g (e.s.r.) = 2.13. Neither this reaction, nor a silver mirror
formed in dry MeCN, but a white precipitate was collected and confirmed
to be the AgI (L)-complex. This AgI (L) complex was found to

disproportionate in water and SOZ(v/v)aqueous—MeOH according to

Equation 4.5, and it was therefore concluded that the initial step



112

2AgIL _— Ago + L + AgIIL veer 4.5

in the ligand induced disproportionation was the formation of the

AgI—(L)-complex. Kestner and Allred150

also reported that the macro-
cyclic ligand underwént oxidation, but did not identify the products.
Barefield and Mocella,139 however, noticed that addition of.NO+C(OZ

to the AgII—L—complex reduced NO+ to NO with the formation of AgIII.

, 1 ' o, .
As noted above, the Ag I state can be prepared by the oxidation
.of AgI with strong oxidising - agents such as, K;S;05 or (ﬁHu)ZSZOB.
It is now known that the higher oxidation state can be stabilised

151,152 These products can be isolated if there is

by many N-bases.
an increase in the binding energy, (e.g., picolinate, bipyridyl,
1,10-phenanthroline), and where the ligand is sufficiently stable

I1 153. Po,;37

to withstand thé strong oxidising capability of Ag
has reviewed both the structural and e.s.r. properties of several
II IIT ; . ‘.
Ag™" and Ag complexes together with their reactivity.
1T :

Ag”" is one of the most powerful oxidising agents in organic
chemistry. Its power has been demonstrated for AgO and AgII (picolinate) .
in the conversion of hydrocarbons to aldohols,148(e.g., toluene to
benzylalcohol), of primary and secondary alcohols to aldehyde and

141,143 ( > 60% yields at 25°C), and of aldehydes to

ketones,
" . 141 ' .

carboxylic acids. 0f more direct relevance to the present work,

Hampson, et al.have observed that both primary154 and secondary

amines are oxidised electrochemically by AgO in alkali. For primary

amines, the products depend on the substitution at the a-carbon,

i.e., a-monosubstituted amines give nitriles and aldehydes whereas
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a-disubstituted analogues give ke‘tbnes.l54 Secondary amines, however,
are oxidised to alcphols, nitriles and alkenes, e.g., diethylamine
gives EtOH, MeCN, CH,=CH,, di-n-butylamine gives E}PrCHO, n-PrCN,
n-BuOH. The rate of reaction was found to depend on the branching
e.g., (n-butyl).NH reacted 2-3 x faster than E_—-butyl—NH—t—butyl.155
All these reactions are believed to involve initial oxidation of the

amino group to the radical cation (D or (II) which then undergoes

further reactions as shown in Scheme 4.1.

- '
f//EQ//”?R CHO

' -e | + —2H+ - :
R'CH,NH, —————3 R'CH,NH, €y R'CH = NH
: +
' -2 -2H
(1) €
R'CN
RCH, CHa__ o . RCH,=CH, ot N
/y-——u-—————} +.— R'CH,NH + RCH,CH,
NH
/CHz R' -CHz/ : O\I/
R’ , A -
11y RCH,CH,OH - RCH=CH,
Scheme 4.1

Subsequently, Ortiz 156 showed that either AgO or AgII
(picolinate), will oxidise aromatic amines to (free radical)
dimerisation products; e.g., aniline'gave 20% azobenzene within
30-120 min, depending on the solvent. Hampson, gg_gl.,lao also
reported that primary amines, such as benzylamine were oxidised
by AgII (picolinate) ; to benzonitriles and benzylaldehyde, the

maximum yield ( > 607%) was observed in ca. 5 min,in DMSO at 409C,
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while N-acetylbenzylamine gave the same yield of benzyladehyde, but
reqpired heating at 50°C for 20 min. |

Two trends that are apparent fromthe above results are, the
differencejin reactivity of AgII towards hydroxy and amino compounds,
and the dependence of the rate of reaction on substrate structure.
Thus, cyclohexylamine and D-glucosamine (2—amino—2—aeoxy—D—glucose)
react rapidly at room temperature with AgII (picolinate),, while
cyclohexanol and D-glucose require'-héating,143 (the ease of oxidation
is dependent on the donating ability of the group). Also, primary
amines are oxidised more easily than sécondary amines and the
more hindered analogues react slowér.141’14?

The AgII state has also been implicated in the oxidative
decarboxylation of aliphatic carboxyliclﬂ—159 and amino acids.160
When orange AgII‘(picolinate)z and aliphatic acids (formic, acetic, .
‘propionic) are heated together at 60—900C, white [AgI—picolinate],
CO,, the parent alcohol and side products such as alkenes areformed.158"159
‘The ratio of alcohol/alkene depends on the choice of solvent, and
the results indiéate that 1 mole of €O, is formed for 2 moles AgII—
(picolinate),. This suggests that the initial step is oxidation of
the carboxylate group -by AgII (Scheme 4.2), followed by oxidation
of the alkyl radical (R*) by a second AgII. The fate of R depends on
the solvent, ‘i.e., gives rise to alcohols by solvation -or amides in
MeCN.158 The RH product is formed albeit in low yields, but this
suggests that direct ﬁ—abstraction (from either the solvent or another

acid molecule)by an R -intermediate may be possible.158
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0

y o+

R:-—C/ + agtl—3 [R'] + O, + Agt + H
OH : '

[R'] + Ag'l ——3 [®*] + Agh
H,0 (MeCN)

where R = alkyl | ROH  (RCN)

Scheme 4.2

Amino acids are converted into aldehydes (i.e., DL-a-alanine is
converted. into acetaldehyde, (88% yield, ca. 26 min. at 70°C in
. T, . .. 160 ’
aqueous solution) by Ag (picolinate) .. The initial step appears
to involve complexation of the amino acid with AgII (picolinate).,

followed by decarboxylation of the bound amino acid to the imine -(III),

(Scheme 4.3}, which is then hydrolysed to the aldehyde.

' : ' 0
: R .
RFH—_CO’H II 70° -
NH + Ag (picolinate) , —> HzN’ 0 +
2 ‘ H,0 CO.H
'I}g N )
(picoiinate)
(picolinic
acid)
- H,0 o * 1
NHs + RCHO € z RCH=NH, + CO + Ag (picolinate)
(I11)

Scheme 4.3
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4.2.1. Results;
The reactions were carried out at 25°C in carefully degassed

ethanol (which contained the AgI salt) saturated with purified NO

and contained under gaseous NO at atmospheric pressure. The
equilibrium concentration of dissolved NO was foundvto be ca. 2.2

X lO_zM (Chapter 2.4.VI) which should be maintained during the
reaction by absorption from the gaseous phase. There was no

evidence that-NO reacted with AgI salts to give Ag0 on standing over
48 hours. The reactions were initiated by injecting neat amine

into the solution with a micfolitre syringé. After ca. 50 min.

the formation of Ago was apparent by the formation .of a silver
mirror on the walls of the reaction vessel. A typical plot of the

% reaction with time for reaction of 10—2 M piperidine in the

presence of 10-2 M AgNOs is shown in Figure 4.1. The data refers
‘to both .the reduction in unreacted piperidine (II) and the increase

in N-nitrosopiperidine product (I). Both plots show a sigmoidal

shape indicative of an induction period for the reaction. It is
during this induction period that thersilver mirror is deposited on
the walls of the reaction vessel. After this period, N-nitrosgpiperidine
formation increases. In the absence of satisfactory Rinetic data, the
variation with reagent concentration of both the limiting yield of
N-nitrosamine, and the time required to reach this limiting yield, was
. examined. Most of these measurements were carried out using piperidine
and AgNO3;. By and large, the results-fall into two categories.

Thus, with a 1grgér than 2 fold excess of piperidine over AgNOj,

the limitingAyield of N-nitrosopiperidine forms over a period éf ca.

' 1
200 min. and ca. 1 mole of N-nitrosopiperidine forms per mole of Ag
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Figure 4.1.

The formation of N-nitrosopiperidine and the loss of piperidine from

equimolar (10_2 M) AgNO; and piperidine with NO in anaerobic ethanol

at 25°C. 1Initial saturated [NO] = ca. 2.2 x 10—2 M

piperidine\

(@) (1) Normal reaction AgNO, + NO >

(a) (1ID) Loss of piperidine

m) (II1) Preformed AgII(piperidine)g then added NO.

(a) (IV) In the presence of 2.5 x 10_2 M NEt,

2

(o) (W) In the presence of 1.33 x 10 ~ M 2,2,6,6-tetramethylpiperidine

103[§—nitrosopiperidine]/M

10
1a—,
- ’,/£>/
\\\\\\A _,5“'“‘
~ - A
8 AL
_a
A A/o
A
6 A /
\
AL A ®-A ®—
4" ‘3.//////;
e
2
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Time/min.



Effect of initial [piperidine] for the AgNO; catalysed N-nitroso-
piperidine formation in anaerobic EtOH at 25°¢. Initial saturated

[NO] = ca. 2.2 x 10~

103 [ AgNOs 1/M

2

Table 4.1

118

/N TD

a1

9.73

10.0°

9.77

Time to reach maximum yield.

Time taken for Ago to be observed on flask

Duplicate reactions in parenthesis

Reaction with AgC/O,

Preformed Agl + RoNH, then add_NO

In the presence of 1.25 x 10:3
1.25 x 10

3

M N-nitrosopiperidine
M N-nitrosomorpholine

M.
3 3 3 . ' . A b
107 [piperidine]/M 10" [N-nitroso- Time/ Time/
piperidine]/M min. min.
10 0.4 2880
10 1.2 1200
(1.2)
20 2.9 “130 52
(3.2) (110) (58)
10 2.9 200 59
(2.7) (160)
10 3.2 160 60
5.0 2.15 350 59
(5.0) (2.0)
10 2.2 55
10 4.5 200 50
10 4.8 210 54
(5.1)
10 4.0 190 62
10 4.8 135
25 9.5 180 55
10 4.5 30
10 4.8 280 40



119

salt (Table 4.1). With an excess of amine greater than 2:1, thé
timé of formation is abouf the same (ca. 200 min.) irrespective of
[piperidine]}, but with 2:1 reagent concentration the reaction is
clearly slower and less extensive. Also, similar results apply to
reactions with AgCZ0, in thg place of AgNOs. Further, at the
conclusion of reaction, all the AgI salt had been converted to Ago.
This was established by observing no precipitation of-AgCl on
addition of HC/¢ to'the reactidn mixture. With equimolar AgN0;'and
pipéridine,.or with excess AgI salt (Table 4.2), only ca. 50% of the
amine reacted unless addition of base (e.g., NEts, or NaOEt) was made
as discussed below. Tﬁus, the extent of reaction under these conditions

appears to be limited by the availability of unprotonated amine.

Table 4.2

Effect of excess AgNOs on the yield of gfnitrosopiperidine in anaerobic

EtOH at 25°C. Initial saturated [No] = £i~ 2.2 x 10_2 M.

103[AgN03]/M 103[pipefidine]/M 103{§fnitrosopiperidine]/M Time
| 7 | (Maximum Yield) min.

2.57 2.5 _ 1.2 ' 1200 _
5.21 ' 5.0 3.0 - 300
9.77 | | 10.0 ' 4.8 260
10.0 10.0 4.8 - 260
15.2 10.0 4.8 | 260

17.7 10.0 4.8 260
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All the above reactions showed sigmoidal plots for 7% reaction
versus .time,typified by Figure 4.1. However, if the amine were
allowed to react first with AgNO; until a silvér mirror was apparent,
and then NO was added to the reaction mixture, the usual induction
period was not observed (Figure 4.1,1III), but inbother respects,
the reaction was similar to that carried out with the normal

procedure. This suggested that the induction period is associated

i " 11 . .
with the formation of Ag" . Independent checks were carried out to
establish that the reaction was not autocatalytic. Thus, reaction

3

of 0.01 M piperidine plus 5 .x 10° M AgNog'in,the presence of 1.25

X 10_3 M N-nitrosopiperidine.gave the same rate (Figure 4.1.I) as in
its absencé. Furfher, the reaction rate is unaffected by ﬁhe particle
size of the AgI salt (i.e., ground versus unground) and is the same
. with ‘homogeneous AngOu as with heterogeneous AgNO, in ethanol (Table
4.1).

As mentioned above, the extent of reaction could be increased for
equimolar concentrafions of AgNO, and piperidine‘if base were added
fo the reaction solution. Details of these experiments are given in
Table 4.3. Bases such as NEtj, (pKA 10.65115)'or 2,2,6,6—tetraﬁethy1—
piperidine (pKA 11.07115) did not disproportionate AgNOs. The addition
of 2.5 x 10-'2 M NEts or 1.3 x lO~2 M 2,2,6,6-tetramethylpiperidine to
avreaction of 10-2 M piperidine and 10-2 M AgNO; did not affect the-
rate of reaction but increased the yield to ca. 1007 (Figure 4.1.IV).
The increased yield presumably results from the removal of acid which
normally protonatés 50% piperidine and hence, inhibits the reaction.

Also, there was no evidence that these bases were nitrosated. Further,

the addition of ca. (5-16) x 10—3 M NaOEt increased not only tbe yield,
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but the rate of reaction (Figure 4.2). For example,.when 1.62 x 10'-2 M
NaQEt was added to 10_2 M piperidine and 1.05 x 10-_2 M AgNOs, a

silver mirror was observed on the surface of the reaction vessel

after ca. 15 min, and the 7 N-nitrosopiperidine versus time is

exactly the same as that reaction where AgNO; and piperidine are
allowed to react prior to the passage of NO (Figure 4.1), bgt the

yield increases to ca. 65% (Table 4.3).

-2 | |
A vast excess of NaOEt, (e.g., 2.56 x 10 M NaOEt) over an

equimolar reaction of 10—2 M AgNO, and piperidine, however, inhibited
gfnitrosopiperidinebformation‘(séf 0-5% maximum). The observation

suggested that only piperidine coordinated to the Ag salt is able to

form N-nitrosopiperidine.

4,2.2. Effect of Amine Structure.

The ability of AgNO, and AgC?0, to catalyse N-nitrosamine formafion»
from NO was examined in less detail than above, for severai other
secondary amines. Most of‘;hese rgactions were carried out using
gquimolar (0.01 M) AgNOs and secondary amine. The results in the form
of maximum yield of N~nitrosamine and its time 6f formation are given
ih Table 4.4. In the case of morpholine and N-methylpiperazine, the
influence of [AgNOs] on the maximum yield was also examined. As with
piperidine above, it is clear that the maximum yield of N-nitrosomorpholine
is dependent on the [AgNOs;] when the amine is in excess. N-methylpiperazine,
however, did not disproportionate AgI and very low yields of N-methyl- R
N-nitrosopiperazine were observed. With aromatic amines, (e.g., N-methyl,
gfetﬁy14aniline and diphenylamine)-disproportionation of AgI was observed to

. . . o .
give coloured solutions . in the absence of NO. The Ag mirror was formed



Figure 4.2,

The effect of added NaOEt on the formation of N-nitrosopiperidine

from equimolar (10—2 M) AgNO; and piperidine with NO in anaerobic

EtOH at 25°C. Initial saturated [NO] ca. 2.2 x 1072 o
(®) Normal reaction

() 1In the presence of 5 x 10 > M NaOEt

(0) 1In the presence of 5 x 10—3

M NaOEt, reverse addition, piperidine
added after EtO '

(a) 1In the presence of 6 x 10_3 M NaOEt
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Table 4.3

The Effect of added bases on the yield of N-nitrosamine formation

from AgNOs in anaerobic EtOH at 25°¢.

2.2 x 1072 M, [piperidine] = 1072

102[AgN03]/M A103[Base]/M
1.03 0
1.03 5.4 NaOEt
1.04 6.0 NaOEt
1.02 10.0 NaOEt
1.10 16.2 NaOEt

1.05 (1.02) 25.0 NaOEt
1.10° , 5.4 NaOEt
1.02° 16.2 NaOEt
1.010° 25.0 NaOEt
1.02% 4.6 NaOEt
1.02° 16.2 NaOEt
1.13 5.0 NaOEt

9.3 NEt,

1.0 (1.05) 25 (25) NEts
1.04 15 NEts
1.03 13.3 2,2,6,6-

M.

104[§—nitrosamine]/M

Yield

50
50
50
50

50
50

tetréMe—piperidine

In the presence of 10_2 M Morpholine

48
(60)
(60)?
(76)2
(65)°
(5%
(70)@
(66)°

a

33
70

100
100
5

75

Maximum yield after time in parenthesis

In the presence of 10_2 M N-methylpiperazine

1x 10—2 M N-nitrosopiperidine overnight.

Initial saturated [NO] = ca.

Time/min.

320
140 (1200)2
140 (270)%
120 (1200)2
120 (207)°
240 (1200)
(190) 3502
(180) 350%

225

205

1200

300

360
220

300
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Table 4.4

Maximum yield and time of N-nitrosamine formation from the reaction

of ApNO,; with secondary amines in anaerobic EtOH at 25°C. Initial

saturatedA[NO] = ca.

2.2 x lO—ZM, [Amine] = 0.01 M.

103[AgN03]/M Amine pKAa
10 Piperidine 11.22
10 Pyrrolidine 11.27
10 ~ Morpholine 8.33
5 Morpholine
2.5 Morpholine
10 N-methylpiperazine 9.8, 5.12
5 N-methylpiperazine
2.5 N-methylpiperazine
9.8 N-methylaniline 4.85
10 N-ethylaniline 5.11
10 Diphenylamine 0.79
a

% yield based on initial [Amine]

Time to reach maximum yield.

Taken from reference 115. For H,0 at ZSOC

Max. %b Time/min®
yield
48 300
45 240
45 400
55 270
25 1200
9 1200
8 1200
6 1200
58 150
62 lSOV
62 180



ca. 15 min.aftér addition of amine and there was no significant
induction periodvfor g;nitrosaminé formation. These reactions were
anélysed by u.v. spectroscopy, followihgrthe decrease in the absorbance
at xmax for the parent amine (v. Experimental, 4.6. III, d(I) ).

The reactions are slightly faster for'the aromatic amines than
piperidine or morpholine, and the maximum yields were obtained after
ca. 150-200 min. The rate of reaction seems to correlate with the
buli(iness of the amine. For example, equimolar (10_2 M) AgNOs and
‘N-methyl—-, N-ethyl-aniline react to give maxiﬁum yield ca. 607 ,
after ca. 150 min. while with diphenylamine, 607 yield was obtained

after 180 min. Also, the rate of reaction of 9 x 10_3 M diphenyl-

2y AgNO; was unaffected by the addition of 1072 M NaOEt.

lamine and 10~
Further, analysis of the coloured solutions by e.s.r., at 770 K,

[in the absence of NO {(v. Experimental 4.6.ITI d2)]-$howed the
presénce of diphenylamino, N-methyl-, N-ethyl-aniline radicals at

ca. g = 2.002-2.005 (Figures 4.3—4.5). The g~values agree reasonably
well with Nf”centerea free radicals.l6l The trapping of these
radicals witﬁ the spin trap, t-nitrosobutane proved unsuccessful, even
though the radicéls‘were clearly present. Analysis of the‘reaction
solution containing equimolar (10—2 M) piperidine and AgNO; in EtOH

by e.s.r., at 77° K in normal e.s.r. cells and at 298° K in e.s.r.
flét cells (v. Expefimental 4.6. 3¢) showed the presence of the AgII

138’162, but not of the piperidino

state g ca. 2.12 (Figure 4.6)
radical. This solution, however, at ZSOC did decolourise the violet 2,2-di-
phenyl—l-picryhydrazine (DPPH), which indicates the presence of free

radicals._163 The g—AgII (piperidine), was confirmed by the preparation

of AgII(picolinate)z where e.s.r. measurement showed g ca. 2.15.
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Figure 4.3

The e.s.r. spectra from the reaction of equimolar (10—2 M) AgNO,
and'diphenylamine in EtOH at 77° K. Resonant magnetic field
3256 G, electron resonant frequencies 9.15 MHz.

3250
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Figure 4.4
The e.s.r. spectra from the reaction of equimolar (10_2 M) AgNO,
and N-methylaniline in EtOH at 77° K. Resonant magnetic field

strength 3262 G, electron resonant frequency 9.15 MHz

/ g = 2.005
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Figure 4.5 and 4.6

4.5. E.s.r. spectra from the reaction of equimolar (10_2 M) AgNOs5

and N-ethylaniline in EtOH at 77°K.

Field = 3268.5
L microvave frequency = 9.160 MHz

g = 2.003

Figure 4.5

4.6. ‘E.s.r. spectra of AgII(piperidine)z from the reaction of equimolar

2

(10° M) AgNOs and piperidine in FtOR at 77°K

Frequency = 9.15 MHz

Figure 4.6
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One interesting aspect of these results is that neither the
yield nor time of N-nitrosamine formation is strongly dependent on
the amine basicity. This suggests that the reaction meéhanism does
notvsimply involve reaction of amine with an electrophilic nitfosating
agent. Also, the low yield obtained with N-methylpiperazine is
interesting, and aé discusséd below probably relates to the fact that

this amine is dibasic.

4.2.3. Amides.

Attempts were made to nitrosate amides wifh NO and AgNO;, but
no dispropoftionation was apparent and no N-nitrosamide could be
detected. From the reaction of 10"2 M AgNO; and 10‘_2 ﬁ N-methyl-
acetamide in the presence of NO, a precipitate was isolated that
was confirmed by authentic material to be the Agl—gfmethylacetamide
complex (IV). These complexes are believed to inyol&e O-coordination

164

I .
to Ag (Equation 4.6) and this was confirmed by observing the

4 0-.
/_ e 1

H + Ag-—) CHs C

4.6

4/90
CH3C\\\\\ //

N -
!

/.
B

e

decrease vmax (CO stretch) from 1640 cm 1 in N-methylacetamide to 1605 cm
in the complex (III). Aléo, Voo (N-H stretch) increased from 3250 (:m_l

- G |
to 3280 em 1 on coordination, with Voo (C=N-C stretch), ca. 1550 em .
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4.3,1. Discussion.
The above observations suggest that the overall stoichiometry

for AgI promoted reactions is given by Equation 4.7.

+ _
Agt + 2R,NH —&O—) Ag® + R.NNO + R,NH, R

Thus, AgI is consumed, and its concentration limitsrthe yield of

N-nitrosamine with excess amine. With excess AgI, however, protonation

of the amine substrate limits the yield. This explains why added base

(NEt,, or 2,2,6,6;tetramethylpiperidine)‘increases the yield of product.
Two mechanisms involving the disproportionation of Ag; and amine

to AgII (RzNH) 4 and Ag0 can be envisaged (Scheme 4.4). Pathway (I) involves

the oxidation of the amine by AgII to the amino radical and AgI,

followed by coupling of the amino radical with NO to give N-nitrosamine.

Pathway (II) involves the oxidation of NO by AgiI (R.NH) , to give AgI

~and NO+, which then reacts with the amine to give the product. In

both,an induc;ibn period associated with the formation of the Ag -

(R;NH), complex would be observed an& H+ released on forming thé product.
Ag-nitrosyl cbmplexes that involve NO+ formation are unknown so

it seemg unlikely that these are involved. AgII—amine compleéxes,

however, are known and their involvement is implied by the initial

disproportionation to form Ago. With fewbexceptions, the structures of

these AgII—amineshave not been characterised. The coordination of four

. ., 11 _ - ' . X . .
secondary amines with Ag~~ for the reactive intermediate in Scheme 4.4,

138,151-153,165

has not ‘-been established, but from previous work, this

seems likely. The dibasic N-methylpiperazine did not disproportionate

AgI and little N-nitrosamine formed from this amine (Table 4.4). The
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)

o
5 I
2ag’x o+ amgnn o—EEOHL 23 CX 0 l + Agtt(RNH) .X2

+ -
s .
Ag;X + R,NNO + R,NH,X + ZRQNH.é—;E;-- AgI(RzNH)(RgNH)gxg
(ID)
I EtOH, 25°C 0 II ’
2A¢g7X + 4R,NH ===  Ag + Ag (R NH) X,
NO
I
Ag X + NOX + 4R,NH
NOX + 2R,NH —> R2NNO + R,NH.X

Where X = NO5, C/O

ScHeme 4.4
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reason for this difference is not fully understood, but other tertiary
amines (EtsN) and hindered secondary amine (2,2,6,6-tetramethylpiperidine)
alsé failed to diéprbpor;ionate AgI so it may be a sterid efféct.
Significantly, addition of 1.62 x 10'-2 M NaOEt to equimolar (10'-2 M)
AgNO; plus Efmethyléiperazine resulted in reaction with 657 N-methyl-
N-nitrosopiperazine over ca. 350 min. 'Independent observations showed
that bases such as NaOEt effected the disproportionation of AgI in the
absence of these amines. With excess (2.5 x 10_2 M) NaOEt, however,
no yfmethyl—yfnitgosopiperaZine was obtainéd from the reaétion of
equimolar (10_2 M) AgNO; and N-methylpiperazine. Further, the same
results were obtained for the reactions of piperidine (Table 4.3).
Closer scrﬁtiny of the Table 4.3 shows that the time for 50%
N-nitrosopiperidine is approximately constant (Eg,>120—140'min) for

2 M NaOEt, but with eXcess, 2.5 x 10_2 M

additions of up to 1.62 x 10”
NaOEt, no EfnitrésOpiperidhuéwas formed. It seems likely that NaOEt
will bind .more strongly to AgII than these amines. If>so, this implies
that only complexed amines react to form gfnitrosamines.' An alternative
explaﬁation “that NaOEt traps out all the available nitrosating
agent is-disproved.by the observation that little 1 x 10_3 M EtONO
(estimated by Shinns ﬁrocedure; Chapter 2.4), was formed from the
reaction of équimplar (10_2 M) AgNOs; plus piperidine and 2.52 x 10_2 M
NaOEt with initial saturated‘(£§: 2.2 x 10_2 M) NO in EtOH at 25°¢
on standing overnight.

Several observationsbapart>from the above lead us to favour
Pathway I for the mechanism of these reactions. Thus, only 5 x 10_4 M
ethylnitrite (SZ) was detected during the course of a reaction of

10_2 M AgNOs; with 10'-2 M piperidine in EtOH at 2500 (v. Experimental

o+
4.6.11Ib), which suggests that oxidation of NO to NO does not occur.
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The[éth&lnitrité]was estimated by'h.p.l.c; as discussed in Chapter
2.4.V. A low concentration, ca. 4 x 1073 M ethylnitrite was formed
in the absence of'AgI, [which probably arises from the oxidation of
NO to NO, by advenfitious oxygén.(v. Chapter 2:4.V)],and the excess
in the presence 6f AgI was determined by difference. This usually
amounted to less than 5% of the AgI salt.

Other evidence in the favour of Pathway I is the observation of

aromatic free radicals by e.S.T.. Our inability to trap these radicals

may arise because the radicals are held in a solvent cage [Ag1¥,.RzNH

= AgI...RQ;h]; This conclusion is supported by the absence of
rearfanged or dimeric products expected for dialkylamino radicals.
As noted abqve, the induction period can be associated with
the formation of Ago and AgII (R;NH).. The rate-limiting step.of
the reaction, however, 1s unknown. Itlis clear that Ago is formed
prior to N-nitrosamine formation. The electron transfe; is unlikely
to be slow. Also, proton traﬁsfer is expected to be rapid énd this
is confirmed by observations that added base does-éot affect -the rate.
Danen166 has-r6ported.that»the dimephylamino radical cation has a
higher acidity (pK,, 7.05) than the parent gmine (pK, , 10.7), and
Chow167 states fhat thé combination of NO is more energetically
favourable for the amino radical (R,ﬁ) rather than the radical cation
(R;;ﬁ). It is, therefore, probable that proton transfer takes placg
prior to N-nitrosamine formation. By eliminatiﬁn, these considerations
imply that the interaction of NO with Rzﬁ is probably rate-limiting.
The rate of reaction shows some correlation with the basicity of

the amine. For example, the time taken to reach the limiting yiéld shows

that piperidine reacts faster than morpholine CTable'A.A). Aromatic
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amines react slightly faster but this probably relates to the ease

of formation and high stability of the aromatic radicals.
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+ -
4.3.2, Reactions of NO BF, in EtOH and n-BuOH.

To distinguish further between the alternative mechanismsin

Scheme 4.4 the reaction of NO+BF: with piperidine was examined in

EtOH and n-BuOH. Tt was considered that this would approximate to
reactions via pathway II of Scheme 4.4. The reactions were carried
out under nitrogen in a glove box and solid N0+BF; was added to the
solution of piperidine in alcohol. The total Nd+BF: added was assayed
by Shinns procedure and, in some cases, the alkylnitrite éstiﬁatedA
directly by h.p.l.c. analyses. The results are summarised in Table

4.5,

Table 4.5

. + - . . : q s . .
The reaction of NO BF, with piperidine in anaerobic alcohols at ZSOC.

102[NOBFL.]/Ma Solvent 102[piperidine]/M lOS[N—nitrdso— 102[RONO]

| piperidine]/Mb M

1.12 'Etonl | | 5.0 8.5 | 1.20

1.63 " 1.0 2.75

1.,70 " 3.75 | 8.5 -~ 1.70

4.66 " 1.0 3.0

1.14 © n-BuOH 5.0 0 C 133

1.35 " 6.25 0 1.40

Determined by Shinns procedure (v. Experimental 4.6.11Ib)

Estimated by h.p.l.c. (v. Experimental 4.6.IIIb)
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+ —_
It is evident that NO BF, gives almost quantitative yields of
alkylnitrite but very little N-nitrosopiperidine. This suggests
that NO+ is not the reagent in our reactions and therefore, supports

Pathway I of Scheme 4.4.

4.3.3. Reactions of AgII(picolinate)g.

Since AgII complexes appear to be involved in these reactions,
and it is possible that -AgII oxidises NO to NO+, the ability of AgII-
(picolinate). to catalyse N-nitrosamine formation was also examined.

When NQ was bubbled through an orange solution of 5.09 x 10..-3 M :
‘AgII(picolinate)z in ethanol at 25°C,'the solution becoﬁes turbid.

On addition of 10'-2 M piperidine the turbidity cleared and a white
precipitate settled. On examination by g.l.c., the yield of N-
nitrosopiperidine was only 8 x 10—4 M (i.e., 8% reaction based on
initial [piperidinep. Oﬂ standing this solution overnight, howéver,
a silver mirrér formed and the yield of ﬁfnitrosopiperidine increased
to 4 x 10—'3 M (i.e. 40% reaction). It was found that passage of NO
into AgII(picolinate)g in ethanoi gives high concentrations of ethyl-
nitfite. For example, 1.47 x 10"2 M AgII(picolinate)z in the absence
of pipefidine-géve ca. 1.6 x 10—2 M EtONO (as determined by Shinn's
procedure), on passage of NO. The white precipitate produced in
tﬁese reactions was characterised by i.r. spectroscopy as the AgI—
picolinate salt (vmax (CQ) = 1630 cm"1 143). Addition of HC/Z to the
solution resulted in the formation of AgC/, and free picolinic acid
" was identified in solution by i.r. (vmax (Co) = 1710 cmfl).143 Neither

acetaldehyde nor acetic acid from the oxidation of the solvent could

be detected by g.l.c. using a 157% polypropylene glycol solvent column.
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The results in Table 4.6 suggest that while AgII(picolinate)z
+ +
is capable of oxidising NO to NO , the NO is rapidly solvolysed to
alkylnitrite even in the presence of piperidine (prior to NO éddition),

and consequently little N-nitrosopiperidine is formed (Scheme 4.5).

. o _
2 1
AgI;(picolinate)z + NO EtOH, 2 C ) Ag picolinate + Bii:a\ + N0+‘
N v

N
H

[j;:] ) EtOH
H
v
+ . -+
. J EtONO + H
N S :
A i |
H- H N=0 .
2Ag -pi | _— 0 I1 ( ) L
g —-picolinate + 4 = Ag~ + Ag N (picolinate),
N | o
. . H |
' |
. { NO
o |
v
AgI(picolinate) + . + [:%:] »
L=O Hz‘picolinate-

ScHeme 4.5



Table 4.6

Reactions of AgII(picolinate)z with piperidine ahd saturated(ca. 2.2 x 10—2 M) NO.

103[AgII(picolinate)2/M 103[RONO]/Ma 102[piperidine]/M 103[§fnitrosopiperidine]/M ~ Time/ Solvent
. : . mMin.
5.7 - - 1.0 - 0.8 60 EtOH
' ' 4.0 1200
5.3 | 1.0 1.5 .15 CHCZ
5.09 5.7 2.5 0.14 . 100 EtOH
, - 3.8 1200°
6.83 8.0 | 8.75 ' 0.8 20 EtOH
| o | 7.0 1200°
7.0 6.5 ' EtOH .
14.7 16.3 - EtOH
13.5 7.6° 1.0 1.3 235 EtOH
7.39 2.0 3.2 1200 EtOH
10.3 3,7° 1.33  8.09 1 Dioxan

Estimated by Shinn's procedure

b NO> estimated by Shinn's procedure at end of reaction

‘Silver mirror formed overnight

8¢T
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Significantly, where the NO+ cannot react with the éolvent (e.g.,
in dioxan), the combination of AgII(picolinate)z and NO readily
produces N-nitrosopiperidine at 25°¢ (Table 4.6). This produc; was formed
-within " ca. 1 min; probably because dioxan does not compete with
piperidine for NO+. Although the full significance of these findings
has not been studied, AgII(picolinate)z and NO appears to be an
effeétive reagent for N-nitrosamine formation in non-nucleophilic

solvents,
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4.4 N-nitrosation and Decarboxylation of L-Proline by NO in the

Presence of AgNOs;.

We have shown that pyrroiidine (pKA,ll.27)disproportionates AgI
and forms N-nitrosopyrrolidine in the presence of NO (Table 4.4).
This N-nitrosamine is fouhd in cooked bacon,10 and is believed to
form from the thermal decarboxylation of N-nitrosoproline at elevated'

10

temperatures, ca. 180%¢. The decarboxylation of N-nitrosoproline

has been reported in alkali, and believed to be mediated by bacteria

and is catalysed by Pb(OAc)g (via.a free radical pathway) to ﬁltimately
giVe.g—acetoxy4§fnitrosopyrrolidine.168 Apart from these reports, little
is known about the decarboxylation of N-nitrosoproline. AgII, however,
»has been reported to decarboxylate both alipﬁatic carboxylic acidsls]flsg'
and amino acids.160 This suggests that proiine may be converted

directly to N-nitrosopyrrolidine by NO in the presence of AgI,sglts.

A solution of L-proline in EtOH did not disproportionate AgI

atIZSOC and no N-nitrosoproline was found on passage of NO (Table 4.7).
When treated with 1.1 equivalent of sodium hydroxide, however, both
disproportionation and N-nitrosoproline formation were evident.
Examination of the reaction solutién by h.p.l.c. revealed two products,
corresponding to N-nitrosoproline and Efnitrosopyrrolidine With
1072 M AgNO; and 2 x 10'3 M L-proline in/'EtOH at 25°C, the yields
were ca. 80%Z N-nitrosoproline and 20% N-nitrosopyrrolidine over
1200 min. The fact that both N-nitrosopyrrolidine and N-nitrosoproline
are found, suggests, but does not prove, that N-nitrosation precedes

decarboxylation. In the presence of NaOEt with excess AgI, the yield



Table 4.7

The formation and decarboxylation of N-nitrosoproline from L-proline, AgNOs; in the presence of NO under anaerobic

conditions in EtOH at 25°C. Initial saturated [NO] = 2.2 x 10“2 M.

102[AgN03]/M 102(L—Proline]/M 102[Added Base]/M %.ﬁf itrosoproline® % N-nitrosopyrrolidine Time/
: : T . min.

1.0 0.2 0o 0 © 0 1200

1.0 0.2 0.22  (NaOH) 88 (81)° 12 (19) .~ 1200
1.29 1.0 - © 1.25 (NaOH) 78 | | 22 1200
2.59 1.15 ©1.25 (NaOH) 59 41 1200
2.59°¢ 1.15 ‘ 1.25 (NaOH) 59 41 1200
2.0° 1.0 1.0 (NaOH) 62 - 38 1200

Yield based on initial [L-Proline].

Duplicate reactions in parenthesis

At 40% -

1520
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Efnitrosoproiine to N-nitrosopyrrolidine was ca. 1:1 (Table 4.7).
Heating to 40°C for 48 hours did mot increase the amount of N-nitroso-
pyrrolidine. These reactions require further study, but the observation
that N-nitrosoproline may undergo decarboxylation in the presence . of
metal salts at 25°C is éignificant to gfnifrosopyrrolidine formation

in food. A tentative mechanism for the formation and decarboxylation

of N-nitrosoproline is shown in Scheme 4.6.

-0
-+ : .
CO, Na . \ Q H
_ I = ‘ '
2Ag - 1T 0
2 NH . ﬁ—) N\\n‘fx_gu\un\N + Ag
’H :'0_‘
: \0
NO

. <C + )L- -
<1) 0.H | (Na cogNa”

H

—

l

N=0

, _ ‘[F.t B -
: 0 , :
. ( > s OCOZH.AgII
Ag + : C\-f‘ <———- 5\]
OH v N

@)

=0

-
l

( 5 : +
. + CO: + H
N .

lEtou
L X
. NO
I\l‘ H <+ Eto L EtONO
N==(0

ScHEME 14,6
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Independent measurements established that 10.-2 M N-nitrosoproline
does not catalyse the reaction and hence ‘decarboxylation isvunlikely.
to proceed via a radical chain process. The intermediate thitroso—
pyrrolidine a radical presumably abstracts ﬁ from the solvent which
then reacts with NO to form EtONO, to act as a chain terminator. It
is also possible that the intermediate radical (V) reacts directly

with NO to form N-nitroso-2-nitrosopyrrolidine.
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4.5 Summary.

The above results show that AgI.salts in combination with NO are
effective promoters for N-nitrosamine formation under neutral
anaerobic conditions. .The reactions are much faster than N-nitros-
amine formation from both dissolved NO (ty , ca. 8 daysSB) and for

2
' -2
the more basic amines, from aqueous HNO, (with [HNO,] = 2 x 10 M,

t, (piperidine) = ca. 34 days at pH 3-3.47).
2

Interestihgly, the silver promoted reaction also applies to
proline which can be nitrosated and decarboxyiated to Efﬁitroso—
pyrrolidine under very mild conditions at 25°C.

The most likely mechanism of the AgI promoted feaction (Scheme
4.4) involves initial ligand induced disproportionation of AgI
rinto Ag® and AgII(amine)g, followed by the oxidation of the amine
substrate, rather than NO, by the AgII—amine complex. The mechanism
is supported by results obtained from the reactions of AgC/0, and
‘AgNO3, where no dependence was found on counter anion, aﬁd also from
the reacfions of AgII(picolinate)z, NO+BF: in alcohol. The study
revealed that oxidation of NO to NO+ was possible with AgII, but in
the presence of alcohols, high concentfations of alkylnitrite and very
little N-nitrosamine were found. The inhibitory effect is related to
the rapid solvolysis of released N0+ which under our conditions does
not nitrosate further. Very little alkylnitrite was detected by both
h.p.l.c. and by Shinns procedure during the course of reaction of
equimoiar (10_2 M) AgNO; and piperidine with saturated (Ei' 2.2 x 10_2 M)

NO (v. Experimental 4.6.IIIb). The proposed mechanism is also supported

by the identification of free radicals by e.s.r. for aromatic amino substrates.
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4.6, EXPERIMENTAL

4.6.I. Reagents, Substrates and Products.

The purification gf amines, NO, the preparation and purification
of authentic n-butylnitrite, N-nitrosamines has been descfibed in
Chapter 2.4.11 . Reagent grade 1,4-dioxan was passed down a grade 1
alumina column to remove traces of peroxide and checked by adaing
acidic iodide to a‘small sample. In the absence of perdxides (no
purple colouration due to I,) the solvent was refluxed over Na metal
overnight and disfilled over Na metal. |

Purified 1,4~didxan‘was stored under nitrogen at 0°C. AnalaR
_EtOH, AgNO;, AéCth, t-nitrosobutane, 2,2-diphenyl-1l-picrylhydrazine,
chromatographically pure L-Proline were used without further purification.
Reagent grade NEt; (b.p. 890C/760 mm),‘2,2,6,6—tetramethy1piperidine
(b.p. 152°C/760 mm), pyrrolidine (b.p. 88°C/760 mm), N-methylaniline
(b.p., 196°C/760 mm), N-ethylaniline (b.p., 205°C/760 mm), N-methyl-
acetamide (b.ﬁ. 205°¢/760 mm) were dried over KOH and fractionally
distilled. Reagent grade diphenylamineé was recrystallised from ether.
Sodium ethoxide was prepared daily from godium metal in EtOH; its
concentration was estimated by titrating standard volumes of NaOEt
in water with volumetric standard HCZ. NO+BF:_(BDH 99%) was stored
under vacuum and handled in a glove box under nitrogen. The purity
> 85%)_was checked by dissolving pfe-dried NO+BFZ in water and

analysis by Shinns procedure (Chapter 2.4).
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16
Preparation of AgII(picolinate)g. 9

To a solution of AgNO, (l.7lg, 50 ml.H.0) was added picolinic
acid (3.7 g, 50 ml H;0). The white precipitate was diséolved.with
anhydrous sodium carbonate, followed by the addition of K.S5,0s
(2 g, 60 ml.H,0).  The orange precipitate was filtered, washed with
a 10 ml.H.0 then dried under vacuo over CaCl,. The purity of AgII—
(piéolinate)g (ca. 95%) was estimated by the volumetric titration of
I, with thiosulphate from the reaction of acidic potassium iodide and

AgII(picolinate)z.

164

Preparation of AgIéN-Methylacetamide.
Silver nitrate dissolved in excess N-methylacetamide was heated
at 350C for 60 min. Anhydrous diethylether (30 ml) was added to the
dark brown solution and an oil seéarated, which, on further washing;
gave pink crystals. The crystals were collected by vacuum filtrgtion'
and dried in ggggglover caC¢, at 25°C.
[Ag(N-methylacetamide) ] m,p,SSOC, i.r., (Nujol mull, cm-l),

3280 (N-H), 1605 (C=0), 1550 (C=N-C),

‘Preparation of N-nitrosoproline.

N-nitrosoproline was prepared by a modified literature procedure.l70

L-proline (1 g, 8.7 mM) was dissolved in c._HC[ (3 ml) and water (20 ml),
then chilled in an ice bath for ca. 30 min. Sodium nitrite (0.7 g, 9 mM)"
was slowly added to the solution ensuring that the femperature did not
rise above SOC, and left to stand for 120 min. The prpduct N-nitroso-
proline was extracted with CHC/s, dried over MgSO, and concentrated by

a stream of nitrogen. The pale yellow precipitate was collected and
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recrystallised from CH,C/;. The white crystals were collected, -and

dried under vacuum at ZSOC.

170

Yield, 0.8 g (74%), m.p., : 98-100°(d) (1it™'" m.p., 95-103°C);

i.r., viii’ﬂ,-1730 (CO), 3400 (~COzH), 1430 em © (NO).
Microanalysis:N-nitrosoproline CsHsN.0s; requires C 41.55%, H 5.55%,
N 19.45%. Obtained C 41.73%, H 5.63%, N 19.38%.

N-nitrosopyrrolidine was prepared by D.E.G. Shuker folloWing a

. 171 . . Y :
. literature procedure. N-nitrosopyrrolidine b.p., 69°C, 1.5 mm

171

(1it™"" b.p. 99°C/ 15 mm).

4.,6. II. Reaction Methods.

~The reaction apparatus and procedure has been described in Chapter
2.4, IfI- Here,iafter initiation of the reaction by neat amine, bases
such as NEts, 2,2,6,6~tetramethylpiperidine, NaOEt, NaOH were added
immediately to the reaction solution via a microlitre syringe, but tﬁere

was no apparent difference if this part of procedure was reversed.

4.6.1IT . Analysis of Products.

4.6.IIT.a(I). N-nitrosamines and Piperidiné.

The analysis of N-nitrosamines were carried out mainly on a
Perkin-Elmer F11 instrument, fitted with Anatarox column under standard

conditions described in‘Chapter 2.4, IIL The R N-nitrosopyrrolidine

F

was 3.4 min.

Piperidine was assayed on the same Fll instrument fitted with

a 2 metre, 3" o.d. stainless steel column packed with 15% polypropy lene

glycol (LB 550-X) on chromosorb W (80-100 mesh) (solvent column ) at
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column temperature 1200C, injection temperature ca. ZOOOC, nitrogen,
hydrogen, air at 30 p.s.i. The retention time under these conditions
was‘l.5 min. It was not possible using this procedire to distinguish
between complexedpiperidine (i.e., AgII-(piperidine);)and free amine in

solution, and hence only total loss of piperidine could be followed.

4.6.I1I.a(1I) Analysis of N-nitrosoproline and N-nitrosopyrrolidine

from the reaction of AgN0O;, proline and initial saturated

(ca. 2.2 x 1072 M) NO in EtOH at 25°c.

The reaction products were assayed by using h.p.l.c., using the
same instrument described in Chapter 2, fiﬁfed with 69 cm x 2.1 mm.
~i.d., stainless steel column packed with Bondapak.Cla/Porasil B and
eluting solvent; degassed 107 - aqueous-MeOH, and u.v. detection at
230 ﬁm. At a flow rate of 1.6 ml/min, RF N-nitrosoproline was 1.2 min,
and N-nitrosopyrrolidine 1.7 min. The column was calibrated and thé
peak heights were linearly felated to -concentration, however,calibration

was required daily due to fluctuationin pump efficiency.

4.6.III(b) Analysis of Alkylnitrite.

The concentration of alkylnitrife.was estimated mainly by

Shinn's procedure130 (described in Chapter 2.4.V ) and in some
cases confirmed by h.p.l.c. For the reactions of N0+BF: in alcohol
typical results were:-

N0+BFk added to 3.75 x 10_2 M piperidine in 40 ml.EtOH gave only
8.5 x 10_5 M N-nitrosopiperidine. 0.1 mi.of the reaction solution gave

an absorbance of Q.92 at Xmax 551 (e = 54,000). Hence [EfBUONO]ShinnS=

1.70 x 1072 m.
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Direct analysis of this reaction solution by h.p.l.c., under
the same conditions described above, gave peak heights of 43, 42, 43
on 0.1 scale. Standard 1.3 x 10_2 M n-BuONO was prepared by diluting
50 ul-BuONO in 40 ml n-BuOH. 0.1 ml. of this solution in 100 ml, after
following Shinn's procedure gave absorbance 0.70. Under the same
h.p.l.c. conditions, this standard gave peak heights of 30, 32, 33§ 32.
Therefore [EtONO] from NO+EFu is ca. 1.70 x 10—2 M, which is in good

agreément with the value by the Shinn's method.

4.6.11I(c) I Estimation of [EtONO] during the reaction of 1()—2 M AgNOs,

piperidine with initial saturated (ca. 2.2 x 10—2 M NO in

EtOH at 25°C.

Analysis of EtONO was carried out by h.p;l;c. method, using the
same column and conditions as described above for the analysis of
N-nitrosoproline. The [EtONO] was estimated using the normal procedure
adopted for analysis of N-nitrosamines by g.l.c., the direct injection
of 1-4 yl samples onto the column at time t. min. The problems
agsociated Qith the formation of EtONO in the absence of catalyst was
again aﬁparent (discussed in éhapter 2.4.V.); and also problems with
the pump performance, and hence data wés corrected for this.

Sample = 4 ul, eluting solvent, 10% aq-MeOH. U.v. detection 230 nm,

flow rate 1.6 ml/min, 0.1 scale, 25°C.
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Time/min. Peak Height
(a) ' (b) () 104[EtONO]/Md
0 19 50 (50)
67 - 62 26 3.9
79 - 63 26 3.8
109 - 58 26 5.5
118 - 58 26.5 8.2
185 - 55 18 : 4.0
196 B 55 24 6.95
205 - 55 TR 3.8
1200 - 55 20 4.5
a

Peak height of alkylnitrite before addition of 1'0_2 M piperidine

P peak height of 1.24 x 1072 M n-BuONO standard (estimated by Shinn's
procedure).

¢ peak height of EtONO during course of reaction.

d

[EtONO) fremthe reaction, calculated from:-

Peak height ¢ _  Peak height a
Peak height b ' Peak height b

x1.24 x 102 M

The corresponding yield of Efnitrosoﬁiperidine by g.l.c. showed

that 50% N-nitrosamine had formed after ca. 300 min.
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Employing the same technique, other analyses showed the presence
of ca. 3 x 10_4 M EtONO after 26 hours. For reactions with AgII(picolinate)2

and NO, the alkylnitrite was estimated by Shinn's procedure.130

4.6.I11.c(I1) Analysis of the Product from the Reaction of Aromatic

Amine and AgNO,.

The extent of reaction was estimated following the loss of

. . . EtOH
amine absorption at the corresponding A ArNHMe (A 245 nm,
- max ~max
log € = 40), ArNHEt,( Agg’f 247, 294 nm, log e = 4.12, 3.35), Ar,NH
EtOH ' . e
(A 285 nm log ¢ = 4.30). After the reaction was initiated by

max
the addition of amine to AgNO; with saturated (ca. 2.2 x_lO_2 M) NO
in EtOH at 25°C, 30-50 pl aliquots of the reaction solution were
withdrawn and quenched in degassed-EtOH (3.0 ml), (contained in a
1.0 em pathlength éuvette; fitted with a Subaseal stopper) and the
u.v. spectrum recorded, with Eth as reference.

The yield of N-nitrosamine using.this quenching procedure is

prone to errors, because NO reacts rapidly with 0, to form N,0,(N,0,),
and may account for greater émounts of product formation with respect

to the expected yield.

4.6.111.d(I). E.S.R. Measurements.

E.s.r. spectra were recorded on a Varian E9 X—band spectrophotometer
by Dr. J. Gibson (Department of Inorganic Chemistry, Imperial Collége).
Samples for e.s.r. measurements were prepared by transferring the
reaction solution of AgNO, plus amine (in the absence of NO, under
anaerobic conditions) to a Quartz e.s.r. cell (under vacuo) via a

stainless steel transfer needle, previously purged with argon. The



152

- spectrum recorded at 77° K. The reaction solution was transferred to

a flat e.s.r. cell161 using the same procedure for spectra at room
temperature.

For spin.trap expgriments, 0.1 ¢ t-nitrosobutane was placed in
the e.s.r. cell and degassed, and the reaction solution transferred’

as described above.

172
The g-value was estimated from the standard expression

(MHz)

Y = 0.71448 x Ve
H H

h
g:_
B (6

where h = Planck's constant, B = Bohr magneton, v, = elettron resonant
frequency: - absorbed electromagnetic radiation (MHz), H = the magnetic
field (G) |

There was no evidence of free radical‘forﬁation from parent
amine in the absence of AgNO;.

The g—ﬁalue of diphenylamino radical (Ar.N) is reported to be
ca. 2.003 and the diphenylamine nitroxide (Aer—é) gﬂ,,2.006.173 Our
value of_g = 2.002 is in good agreement with the N radical from the
reaction of AgNO,; and diphenylamine. The experimental g-values for

61 smaller g-values (ca. 2.003)

161

aryl nitroxides are ca. 2.006-—2.007,l

are normally consistent with N-centered radicals.
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4.7.1. Typical Reaction.

[AgNO,] = 2.81 x 10-3 M, [piperidine] = 10_2 M in EtOH at 25°C.

Initial saturated [NO] = ca. 2.2 x 1072 M.

Time/min. Attenuation Peak Height 103[Efnitrosopiperidine]/M
2 x 200 5 | 0.4
12 8 0.66
20 11 0.91
34 13 1.07
45 15 1.24
68° 18 1.49
78 31 2.56
85 o 29 2.4
90 36 . 3.0
98 42 o | 3.5
103 | 33 ©2.73
109 36 3.0
124 A 44 , 3.64
139 46 3.8
162 43 ‘ 3.5
© 1200 36, 36 3.0

Silver mirror formed on surface of reaction vessel
Iﬁjection sample = 3 ul.
Jul 4.8 x 10_3 M N-nitrosopiperidine gave, at attenuation x 200
57, 60, 58, on F11 fitted with Antarox column under normal operating

conditions (Chapter 2.4).
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4.7. 1I. Typical Reactions.

[AgNOs] = 10—2 M, [piperidine] =-1OT2 M in EtOH at 25°C. Initial

saturated [NO] = ca. 2.2 x 10—2 M.

Time/min, Attenuation Peak Height 103[§fnitrosopiperidine]/M
3 x 500 5 0.36
10 | 14 0.1
20 23 1.6
30 . 22 1.
50 14 1.0
©60° - 20 1.42
70 25 1.78
%0 ' - 31 2.2
100 | 33 2.35
130 : 37 2.64
165 60 4.28
200 65 4,64
250 . 69 4.93
316 x 1000 . 35 5.0
322 | | 35 5.0

327 x 500 68

Silver mirror formed on reaction vessel
Injection sample = 3 ul
3ul 5.0 % 10—3 M N-nitrosopiperidine gave at attenuation
500 of 70, 70, 69, 72 ; attenuation x 100 35, 35 on Fll fitted with

Antatox column under normal conditions (Chapter 2.4).
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4.7. I1I. Typical Reactions.
[AgNO,] = 1.04 x 10_2 M, [piperidine] = 10.—2 M in presence of
2.5 x 1075 M NEt, in EtOH at 25°C. Initial saturated [NO] = ca.

2.2 x 1072 M.

Time/min. Attenuation @ Peak Height 103[§7nitrosopiperidine]/M
19 x 200 7 0.28
26 18 . 0.72
30 26 1.04
36 , 21 ' 0.84
46 B 34 | 1.36
51 32 1.28
55 31 1.24
602 ’ 48 1.92
65 51 2.04
78 X 500 22 | 2.2
87 : 25 2.5
94 28 - 2.8
130 | | 34 - 3.4
142 39 3.9
160 _ 45 | 4.5
184 - 67 ' 6.7
200 72 ‘ 7.2
244 , 73 ' 7.3
280 76 ' 7.6
340 86 8.6
360 x 1000 44 8.8
Overnight x 1000 49, 48 10.0
a

Silver mirror formed on surface of reaction vessel.

Injection sample 3 ul

3l 4.8 x 10_3 M N-nitrosopiperidine gave at attenuation x 500

48, 49, 48 on F1l1 fitted with Antarox column under normal operating

conditions (Chapter 2.4).
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CHAPTER 5

FORMATION OF M-NITROSAMINES IN SOLUTION FRoM Gaseous NITRIC OXIDE

IN THE PRESENCE OF MeTAL SALTS.

5.1 Introduction.

5.1 (1) Catalysis by Copper Salts.

‘Early work by Drago énd his colleagues81 suggested that in the
absence of metal salts, ﬁfﬁitrosodiethylamine formed slowly in MeOH
from NO and diethylamine with the subsequent formation of the salt
[EtzNH2]+[Et2N—N202]—. Brackman. and Smit82 showed that this reaction
was catalysed by CuCf, and suggested a complex méchanism (Chapter 1.2)
to explain their kinetic observations. Subsequéntly, Challis, Edwards
and Humnal74 showed.that'similar réactions apply to heterocyclic
amines (e.g., piperidine, morpholine) and that both CuI an’d'CuII salts
have a catalytic effect. Also, the reaction of primary amines coordinated.
to CuIIClg with the copper nitrosyl [CUII(NO)]Clz has been examined by..
Doyle and his colleagueslo9 (discussed in Chapter 1.2). Otherwise,
relatively little is known about thé reacﬁivity of copper bound amine
ligands apart from the CuIIClz mediated oxidation of aromatic amines
via radical intermediates (Equation 5.1) |

+

lcr, — [Ph NH,]=> Ph-N=N-Ph + &4Cu'Cl +4HC, .... 5.1

2PhNH, + 4CuI

and the CuI catalysed oxidation of diazonium ions (Equation 5.2).175
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+ I ; 11,
PhN2 + Cu C{Q — Ph + Cu Clz + N2 veees 5.2

The interaction of NO with transition metal salts is well known
and has been reviewed -in Chapter 1.2. With cupric halides, NO is
believed to form an unstable complek in both EtOH and MeCN (Chapter

1.2).

5.1 (2) Catalysis by Iron Salts.

FeIII salts, such as FeIIIClg,jare known to combine with NO to

176

form nitrosyl complexes, where the Fe:NO ratié is less than unity.
These complexes (other than nitroprusside, e.g., [Fe(CN)sNO]?7), are
generally too unstable . to be isolated, buf vméx for the coordinated
NO is within the range 1775—1945,cm-1; They are therefore regarded
as [FeII—(NO+)] derivatives. The nitrosyl complexes from FeIII—
halides are decomposed by water.l76 Aqueous solutioﬁs of FeII salts,
such as FeSO., also react with NO to give nitrosyls where vmax(NO) lies
within the range 1730-1850 cm_l. “They are therefore regarded as
[FeI(NO+)] derivatives;176

‘There 1s good evidence that NO coordinated to iron is capable of
nucleophilic attack by amines and alcohols. Maltz,108 for example,
showed that the nitroprusside ion (vmaX(NO) 1945 cm—l) gave N-nitroso-—
diethylamine on reaction with diethylamine in alkaline media up to
pH 12,7, Also, it has been claimed that FeII and FeIILporphyrinS react
with NO tb give nitrosyls, which under suitable conditions will nitrosate
both diphenylamine177 and methanol.l78 Bonner177 prepared the octa-
ethyl-iron(II}-porphyrin—nitrosyl complex (A), (vmax(NO) 1670 cmbl)

from both NO and acidified nitrite. Magnetic susceptibility measurements
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indicated the presence of one unpaired electron and so the structure

I-NO+], although v (NO) is low for this
~max

was.formally regarded as [Fe
enfity. Complex'A reacted withrdiphenylamine to give N-nitrosodiphenyl-
amine in T.H.F. (tetrahydrofuran) on heating under reflux at 60°C over
60 min. Also, Wayiand and Olsonl7'8 showed that [FeIII(TPP)C(]2+

(where TPP = tetfaphenylporphyrin) reacted with NO in toluene at

25°C to give [FeII(TPP)Cl(NO)] (ymax(NO) 1880 cmfl). Addition of
methanol to the nitrosyl complex gave [FéII(TPP)] ", MeONO and HC?

(Equation 5.3). In the presence of excess NO, the [FeII(TPP)] complex

o . . ‘
_toluene, 25 C\ [FeII(TPP)Cl(NO)] MeOH ;

[FeIII(TPP)Cl] + NO

~

[FeII(TPP)] + MeONO + HC/ _ : eieea 5.3

reacted further with 2 moles of NO to give the dinitrosyl complex (I)

-(Equation 5.4), believed to contain both bent- (gmaX(NO) 1690'cm_l) and

. . . . L
[Fe’l(TPP)] + no Solueme, 25 C. [Fel (TPP) (N0) 1 —225 [Fe L(TPP) (NO) (NOT) ]
(1)
..... 5.4

linear- (gmax(NO) 1870 cm_l) coordinated NO.. The reaction of (I) with

nucleophiles were not investigated.
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5.2. Results and Discussion.

5.2.1. Catalysis by Copper Salts.

As mentioned above, N-nitrosamine formation from NO is very slow
in the absence of metal salts. This was demonstrated for the reaction
of 10_2 M piperidine, morpholine and y;méthylpiperazineAwith saturated
.solutions of NO in EtOH, dioxan and MeCN at 25°¢ whereyovernight,
6n1y 2.5-57% reaction was observed.A |

Preliminary experiments established that relatively' small amounts
of CuI and'CuII salts catalysed N-nitrosopiperidine formation in
dioxan at 25°C. The reactions-were truly catalytic with 8 x 10-4 M
CuC?; converting ca. 95% of 1072 M piperidine to N-nitrosopiperidine
in 55 min. Also; evidence below suggests that under certain circumstances,
diffusion of NO into solution may become‘rate—limiting. Further, the
reactions wefe much faster in dioxanthan nEtOHand faster than N-nitroso-
piperidine_formation from acidified nitrite.7 For eﬁamble, 10—2 M
piperidine with 4.75 x 10—3 M CuC/¢, gave 100% reaction over 9 min. in
dioxap, whereas with 10—2 M CuC/¢; in EtOH producgd 32% reaction over
100 min. The faster rate iﬁ dioxan could arise from‘q higher
concentration of the copper-nitrosyl complex (II) due to the fact that

in EtOH, the complex reacts with the solvent as well as with amine

(Equation 5.5). These preliminary measurements suggested that catalysis

. + ’ ] v .
CuIIxz + NO:==§[CuI(NO)]X2 EJEELE CuIX + RONO + HX cee. 5.5
(11)

by copper salts could be profitably examined in solvent dioxan.
When éupric salts are suspended in dioxan and NO bubbled through,

a violet solution is obtained. On addition of a secondary amine, the
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violet colour is lost immediately to give a pale green or colourless
solution. As the N-nitrosation proceeds, the violet colour returns

and by visual assessment, approaches its original intensity at the

end of reaction.

To gain insight into the reaction mechanism, the effect of
reagent concentrations on the feaction'rates were examined for
ca?alysis by CuCf; and CuC’/. For reactions carried out with a
saturated solution of NO in dioxan maintained under an atmosphere of
NO (v. Experimental 5.4.V), plots of % reaction versus time were
curved, but became linear and approximately parallel, irrespective
of the reagent concentrations as reaction proceeded. The plots
obtained are exemplified.by Figure 5.1, Similar kinetic behaviour was
observed for catalysis by HI in aqueous-EtOH (see Chapter 3), and ywas
related to rate-~limiting diffusion of NO into solution.

Since independent measﬁrements showed thatthe concentration of
dissolved NO was low (ca. 1.6 x 10“2 M), the same explanation may apply
to catalysis by copper salts. This.was confirmed by observing that
when NO was bubbled through the solution as reaction proceeds, no
‘t;iling off in the amount of N-nitrosamine was apparent (Figure 5.1).
The initial rate, however, is very similar to that obtained with the
initially saturated NO solutions.

For reactions where NO is bubbled continuously, the % reaction
versus time are in moét circumstances linear (Figure 5.2). Thus,
the reaction follows a pseudo zeroth order kinetic expression
(Rate = ko). Evidence summarised in Table 5.1 shows that for reaction

of 0.01 M piperidine, t, is virtually the same for both CuC/¢ aﬁd CuC?,.

1
2
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Figure 5.1

The dependence on NO on the nitrosation of 0.01 M piperidine in the
presence of CuC/, in anaerobic dioxan at 25°C.

4.75 x 107 M,initial saturated [NO] ca.l.6 x 1072 o
3

(0) [cuCl,]

(@) [CuCt,]) =5x10 " M , [NO] excess

() [cucta] = 2.5 x 10—3 M, initial saturated [NO] ca. 1.6 x 10-2 M
(m) [cucryl = 2.5 % 1073 M, [NO] excess.

103[§fnitrosopipéridine]/M~
10. ’ ;

-

Time/min.
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Figure 5.2

Dependence of the rate of N-nitrosopiperidine formation on [piperidine]

(5%x10° M (4), 1x10° M (m), 2x10°M (®) 4&x 102 M (0)) for
CuC/, catalysis in anaerobic dioxan at 25°c. [cuCt,] = 8 x 10_4 M,

[NO], excess.

103[§—nifrosopiperidine]/M

147

12|

& 'y 4 $ 4
+ +

10 20 30 ~ 40 50 60

Time/min,
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Table 5.1

Dependence-of N-nitrosopiperidine (NNP) formation on [CuC¢,] and

[CuC{] in anaerobic dioxan at 25°C.

[NO] = excess.

103[Metal salt]/M 10°[Piperidine/M % Yield® Time min.”

t; min.
!
CuCs,
0 1.0 5 1200
4.75 1.0 ' 100 - 12 4.6
2.50 1.0 100 20 8.5
0.9 ‘ 1.0 75 35 24,2
0.8 .05 100 38 16
0.8 ' 4.0 25 38 38€
0.8 2.0 50 - - 38 38
0.8 (0.8) 1.0 70 (80) 42 (46)  30.2 (26)
0.8° 1.0 50 52 52
0.8¢ 1.0 50 55 55
0.5 1.0 50 42 42
0.23 1.0 20 50 47%
0.23 2.0 25 50 50°
0.23 4.0 12.5 50 s0f
cucy 10 2.0 50 27 27
2.50 C1.08 70 34 23
2.50 (2.67) 1.0 100 25 (21) 9 (8.5)
1.87 ‘ 1.0 100 42 12.5
1.87 | 0.5 100 26 9
1.85 - 1.0 100 40 12
1.80 2.0 50 11 11
1.80 4.0 25 11 11°
1.70 1.0 90 40 14
1.0 1.0 85 34 21
0.5 1.0 57 52 46
Based on initial [Amine] 4 .01 M N-methylpiperazine
Time to reach yield : e t; min. ‘
¢ 0.01 M Morpholine £

t; min.

8
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The observation that t, vVaries with the copper salt concentration yet
2
the reaction follows pseudo zeroth order kinetics showsthat the
copper salts are true catalysts. Further, the catalytic efficiency.
I 1., | s ’
of Cu'C¢ and Cu "C/, is almost identical.
Other results summarised in Figure 5.3 show that the reaction

rate for 0.01 M piperidine is dependent on the nature of the catalyst

anion. The order of catalytic activity is CUII(OAC)Q b CuII(N03)2 >

CuIIBr2 > CuIIClz = CuICl b CuII::J, CuIISOA. All of these reactions

however, proceeded to completion.

The observation of linear 7% reacfionrversus time plots (Figure 5.2)
implies that the kinetic order in amine is zero or very close to
zero (i.e., Rate = k;[NO]tMXé]). Exaﬁination_of the effect of initial
[amine] on the reaction rate partially suppérts this deduction. The
results are reported for the reaction of piperidine With 8 x 10-4 M

CuC/, (Figure 5.2) and 1.8 x 10_3

M CuC/ in Table 5.1. For the CuC¢
catalysed reaction it can be seen that the reaction rate is nog
independent of the ini£ial [Amine] despite the above conclﬁsion. In

fact, t% suggests an approximate first order depehdence for [pipéridine]
< 2 x 10--2 ﬂ, but a zeroth order dependence for [piperidine] > 2 x lO_2 M.
For the CuC/, cafalysed,reactions, the rate for-[piperidine] £ 2x 10_2 M
also increases with [piperidine] but the kinetic order is much 1less

than one. Further, as with CuC/ catalysis, a zeroth order dependence

is clearly apparent for [piperidine] > 2 x 10--2 M. Thus, both CuI

and CuII—catalysed reactions have a complicated kinetic dependence on

[Amine]. This suggests that the amine is involved in pre-equilibrium

processes rather than a simple slow reaction with a nitrosating agent.
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Figure 5.3

The dependence of the copper saltanion on the rate of formation of

N-nitrosopiperidine from 0.01 M piperidine in anaerobic dioxan at

ZS?C. [NO] = excess. [Cu(OAc).] =1 x 1073 u (@), [Cu(NO3),] (m),
[CuBr,] (4) = 9.70 x 1074 M, [cuIl (o) = 2.5 x 1073 M, [CuS0,] (0O)
=1 }('10—3 M.
3 . : 1
107 [N-nitrosopiperidine]/M _ Cu (NO5) ,

° Cu(0Ac) 2 L ® A (CuBr,

107

2«

Time/min.
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The effect of amine basicity on the reaction rate was examined‘
for CuC/, catalysis and these results are included in Table 5.1.
Thé more basic piperidine reacts faster than morpholine or N-methyl-
piperazine but the difference is small.

Additional -experiments carried out to determine the nature

of the rate-limiting step, involved the effect of added azide and bromide

salts and tertiary amines. Unfortunately, inorganic salts were found
‘to be insoluble in dioxan and it was therefore,neceségry to use
tetra-n-butylammonium-azide and bromide . Results in Table 5.2 show
that both have an inhibiting effect. This outcome is expected for
the azide salt which ié known to react rapidly and irreversibly with

, . : 4 - -
nitrosating agents 8 (N3 4+ NOX —> N0 + N + X ). The same effect

Table 5.2
o+ +_
Effect of added (n-Bu),NN; , (n-Bu),NBr on the rate and maximum yield
of N-nitrosopiperidine (NNP) formation from piperidine in the presence
1T 1T
of Cu C[; and Cu "Br, in anaerobic dioxan at 25°C. 1Initial saturated
[¥0] ca. 1.6 x 1072 M.

3. II ' 3, N 2
107[Gu™"Csz]/M  107[(n-Bu) uNNs]/M. 107 [piperidine]/M Yield

Time/

10°[NNP]/M  win.

1.0 . 0 1.0 5.5 (10.0)2
1.0 7.5 1.0 0 (6.5)2
1.0 25.0 . ' 1.0 0 (0.6)2 200

103[CuIIBr2]/M 103[(n-Bu)aNBr-]/M

0 2.0 10 (20)2
1.0 1.0 2.0 2.5 (10)2

8 Maximum Yield after time t in parenthesis.,

(1200
(1200
(1200

(1200
(2400
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for bromide salts is more difficult to explain because nucleophilic
anions (such as Br_) usually catalyse nitrosation via NOX formation.
It Qas observed however, that (ngu)thr- -discharged the violet colourv
associated with Cu-nitrosyl complex (II), (Equation 5.3). One possible
explanation is that CuBr, and (EfBu)hN+Br_ themselves complex. The
addition of tertiary amines (e.g., triethylamine) had a complicated
effect on the reaction. For 2 x 10'_2 M piperidine, 10-3 M CuC/, and
constant excess of NO, the rate (ko = slope of zeroth  order plot.of %
reaction versus time) decreased for [NEts] < 2 x 1073 M, but thereafter,
increased (Table 5.3). Above lO'_2 M.NEta, the rate reached a limiting.
value. The changes are more readily seen fgom a plot of ke versus
[NEt3] in Figure 5.4. The significance of all these findings are
disséussed below.

Brackman and Smit82 reported that nitrous oxide (N.O)was a by-

product of the CuC/; catalysed N-nitrosamine formation in MeOH. TI.r.,
analysis of the gaseous reaction products (v. E#perimental 5.4. TIIT1)
confirmed its formation with solvent dioxan for both CuIIClz and CuICl
catalysis. The amount is substantial, our own semi-quantitative analyses
indicating a maximum‘Nzo ca. 55-60% of the initial [Amine]. One

factor contributing to the rate of reaction when NO is not continuously
bubbled through the solution, may bethé displacement of NO by N,O,

which preferentially dissolves in dioxan.

Frazer111 also reported that the violet tCuII(NO)]Clz nitrosyl
when prépared in EtOH dissociated to give eth&l nitrite and CuICl
(Chapter 1.2) and this was later confirmed by both Brackman and Smit
(for reaction in MebH to give MeONO) and by our own present studies. .
Further, the nitrosatibn of MeOH by [CoC¢,.NO] nitrosyl has been

105
reported.



168

Table 5.3

The effect of added NEts; on the rate of N-nitrosopiperidine (NNP)

formation from initial 2 x 10_2 M piperidine in the presence of

CuIIClz in anaerobic dioxan at 25°C. [NO] = excess

10°[cut e, im 10%[NEEs 1M 7 Yierd® rime®  10% ko mo1 ™l
. NNP min. lfl'minrl

1.1 0 50 (100)¢ 27 3.7
1.0 1.0 32 (75)4 27 2.4
1.0 2.0 18 (75)¢ 27 1.3
1.0 . : 5.0 27.5 (75)9 27 2.0
1.0 110.0 42.5 (100)9 27 3.0
1.0 17.0 - 42.5 (100)¢ 27 3.0
1.0° 0 50 (100)¢ 27 3.7
1.0% 2.0 12,5 (71)¢ 27 0.93

a

Baséd_on initial [piperidine]

b Time to reach 7 yield
¢ ko calculated from zeroth order plot d NNP = ko
dt
d Maximum yield on standing overnight, after % yield reached after
time t. NO flow stdpped, i.e., further reaction with saturated [NO]
e

With CulC’ in place of CuCl,
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Figure 5.4.

The effect of added NEts; on the rate (ko) of N-nitrosopiperidine
formation from 2 x 10—2 M piperidine, in the presence of 10—3 M

CuIIClz in anaerobic dioxan at 25°¢. [NO] = excess.

5
107 ko
- -1
mol. 1 min
-1 ._,/r~f“’“"__*—.
®
7] @
\
. / \
A Y
.
/ A Y
7 AR
7 ~
/ S .
\-
1 . L :‘—. 3 g Py ']

2 4 6 8 10 12 14 i6 18 20

103 [NEt,I/M
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5.2,2. Discussion.

Clearly, both CuI— and CuII—salts catalyse N-nitrosamine formation

from secondary amines and NO. Relatively small amounts of these salts

accelerate the reactions and produce quantitative yields of N-nitro-

samines. The kinetic results point to some well defined, albeit

unexpected dependencies. These salient features are:-

1)

2).

- 3)

4)

5)

6)

7)

8)

"First order dependence on [CuC/] and [CuC/.].

CuC? and CuC?, have a similar catalytic effet.

The degree of catalysis depends on the counter ion. The observed

order is AcO > NO; % Br > C/~ > I = S0, .

These ;eactions are trﬁly catalytic‘i.e;, 100% yield of N-nitrosamine
irrespectivebof iqitial metal salt concentration., This important
finding shows that overall, the reaction does not produce acid, since
this would lead ﬁo the formation of protdnated amine and hence less than

quantitative amounts of N-nitrosamine.

. The kinetic dependence on amine is low and under certain circumstances

is zeroth order.
The reaction rate for CuC/, and CuC/ catalysis is not strongly
dependent on amine basicity.
N,0 is formed as a co-product. This shows that a redox process is
involved.

+
The reactions are inhibited by (EfBU)LNBr—, (irreversibly) by

+ :
(n-Bu) ,NN5  and both inhibited and catalysed by tertiary amines,

depending on concentration.
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As noted previously, the interaction of NO with CuII salts is

. . . I1 110 ‘s
considered to give a violet complex [Cu " (NO) ]JX,. Addition of
amine discharges the violet colour immediately, presumably by forming

a different complex. [This entity cannot be isolated, so its structure

is conjectural, but three {III, IV, V} seem likely.

[CuII(amine)n]Xz [CuI(amine)n]X [CuII(amihe)nNO]Xz

(I1T) (IV) )]

Structure (III) and (IV) can probably be disregarded because -
lightly coloured khaki complexes are produced by adding either CuIIClz
or CuICl to piperidime in the absence of NO. Both, however, give a
colourless solution on passage of NO, similar to that produced by
adding piperidine to the violet [CuII(NO)]Clz. Further, structure (IV)
is inconsistent with other observations for transnitrosation by Ph.NNO
(v. below),vwhich show that the yield of N-nitrosopiperidine per mole
of Ph,NNO is higher for Cu lC¢, than Cu'C/. This implies that NO is
consumed in convertinnguICl to CuIIClg and, inter alia, that reaction
arises from CﬁClg; Thus, our findings will be rationalised in terms

of an initial formation of Structure (V), which may react by the release

of NOX (Scheme 5.1)* or bf nitrosation of the bound amine (Scheme 5.2).

*  Footnote.

INO ]X2 is

T L
Reaction by a very low steady-state concentration of [Cu
ruled out by the kinetic amine dependehce. Application of steady-state

kinetics show that the process would lead to an inverse amine

dependence.
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cullx, + vo = [coll(woy1x, —2R2M [CuII(RzNH)nNO]Xz

r Q%)

ki

2=y

R,NH

™

RoNNO + HX [NOX] + [CuI(RzNH)n]X

SCHEME 5.1

Scheme 5.1 accommodates the observed.amine dependence if k2 is
slow for [piperidine] € 0.02 M but k, is slow for [piperidine] > 0.02 M.
It would also explain the kinetic dépendenée‘on the anion of the CuII
saits, and inhibition by (ngu)aN+N;. It is not conéistent however,
with the effect of tertiary amines. The fact that these inhibit implies
that only amine bound to the CuII—salt is reactive, as in Scheme 5.2.

I1

Cu X, + NO = [CuII(NO)]Xz EEEfEi,

[CuII(‘RzNH)n(NO) 1X2

l V)
11

Cu' X2 + RNNO + (NOH)
SCHEME 5.2

The mechanism is therefore preferred, with the proviso that (V) must be
formed quantifatively in order to explain fhe low kinetic dependence
on amine. The inhibition by (ﬁfBu)a;ﬁ; and NEts relates to the
preferential formation of complexes other than (V), involving N, and

NEt;. It is more difficult to explain the kinetic dependence on the

anion of the CuII—salt, but this could be important in the conversion of
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(V) to products. Several redox mechanisms for this step can be

enQisaged (Scheme 5.3), but that involving formation of an amino_

[.CuII(RzNH)nNO]Xg
V)
fast fast
I, " | 1, *
[Cu™"(R.N) (R.NH__, JX, + NOH [Cu”(R.NH) (R.NH) _,NO]X,
(V1)
NO slow : - slow

I1 ' I, - -
[cu (R-NH) _, ]X» + R,NNO [Cu”(R-NH) _,]X + R.NNO + RoNH:X

ScHeMe 5.3

radical cation and the release of NOX is supported by the effect of

NEt;. The unusual shape of Figure 5.3 whereby the effect of added NEts
is discontinuous suggesté that Efnitrosamine.forms by two pathways.

Thus, in the absence of added NEt;, reaction proceeds by (VI). Addition
. of NEts reduces the concentration of (VD) in‘preference for the analogous
[CUI(ghta)(NEta)n&NO]X2. This explains inhibition by NEts;. This complex
may decompose in a similar fashion to (VI) to yield Et3§NO (or NO-X)
which nitrosates piperidine. Thus,vwith high [NEts] all the CuX, is
béund to NEts, the reaction of released Et2§N0 (or NOX from the reaction
of Etag NO + X ) with piperidine is the formation pathway. This
corresponds to the constant rate observed in Figure 5.3 at [NEt;] > 10_2 M.

&+
The internal oxidation of NEtas by CuIIClz to CuICl and NEt, has been

reported.l79
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The catalysis by CuI salts without apparent formation of cu®
implies reaction involving a CuI;== CuII redox process. This can
only be accomplished by concurrent reduction of NO or amine. We
favour the former because there is some evidence for this process
(see below) with iron salts, although in principle, this_involves
the formation of the very unstable NO  entity. However, evidence
for transnitrosation by PhoNNO (below) shows that 2 moles of NO
are required per mole of N-nitrosamine with CuIC( salts, and N.O
(via 2(NOH)——9.N20 + H:0) is a co;product of our reactions. A
mechanism embracing these requirements which proceeds through an
intermediate similar to (V) is shown in Scheme 5.4. Tentative
support for this type of process comes from a recent repoft showing

I

culXx + 280 — [cul(no) , Jx —DR=NH,

[CuII(NO)(RzNH)n]XNO—
1

Cu X + RzNNOV 4+ NOH
ScHEME 5.4

that CuI salts react with gaseous NO and NO derived from the reduction
of acidic nitrite by ascorbate to give CuII(NO;) identified by‘change
in e.s.r. spectra.180 Thus, the reaction pathways effectively amount
to redox cycles involving either CuII— or CuI (Equation 5.6 and 5.7).

CuIIxz + 2NO + R;NH— CuIIxz + R,NNO + (NOH) e.s. 5.6

CuIX + 2NO + RNH—> CuIX + R,NNO + (NOH) cees 5.7
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5.2.3. Transnitrosation.

5.2.3 (I) Introduction.

The transfer of the nitroso group from one N-nitrosamine to
another amine can proceed both directly or indirectly (v. Chapter
1.1.3.). Most of these reactiontrefer to acidic conditions and involve

+ .

the nitrosonium ion (N0+)’carriers such as Ph.NHNO or HNO,. Under

neutral conditions, N-nitrosodiphenyl amine (Ph,NNO) undergoes

homolysis to release NO (Equation 5.8). Challis and Osborneqs

briefly investigated this reaction in dioxan and suggested that reaction

thN—NOv.r--:—é—A— Ph,N + NO ee.. 5.8
under anaerobic conditions might proceed via a nitroxide intermediate
(VI) as shown in Scheme 5.5.

A

PhoN-NO == NO + Ph,N==}Ph,N-NPh,
R,NH + PhoN===2Ph,NH + RN —2%—> R,NNO
th"NNO
02
. : |1~
Ph,N + R,NNO «——— R,N-NINPh,

(V1)

ScHeMe 5.5

It was decided to investigate the copper catalysed reactions further .
using Ph,NNO as a source of NO. This allows control of reagent

concentrations, unlike the situation with gaseous NO.
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5.2.3.2. Results and Discussion.

5.2.3.2. (I) Reactions in the absence of metal catalysis.

The reactions were carried out in both anaerobic and aerobic
dioxan at 53°C. ﬁquimolar (ca. 0.05 M) Ph,NNO and piperidine under
anaerobic conditions gave 0.61 M and 0.014 M N-nitrosopiperidine

after 42 and 73 h., respectively (Table 5.4).

Table 5.4
The yield and reaction time of N-nitrosopiperidine (NNP) from
initial 0.05 M piperidine with N-nitrosodiphenylamine (N-DPA) in

. 0 ' . . .,
dioxan at 53 °C under anaerobic and aerobic conditions.

Anaerobic
| Yield - 103[xNp /M
) .

107 [N-DPA]/M 10?[§ NP]/M Time/h. Max. Yield Time/days
2.91 . 5.0 42 13.6 21
4.8 ' 8.0 ' 40 34.0 21
5.03 10.03 44 14.3 3
5.06 5.5 40 34.0 21

‘Oxygen saturated.
2.58  14.3 43 14.3 21
5.0 - 24.7 42 24,7 21
5.12 26.0 42 26.0 21

0 21

5.24 20.3 4t 26.

Thus, Efnitrosopiperidiﬁe forms slowly and after 21 days the yield is
only ca. 70% of the initial [Ph.NNO]. Under aerobic conditions (i.e.,
oxygen saturated dioxan) however, reaction is much faster. e.g., with

equimolar (0.05 M) Ph,NNO and piperidine, 0.025 M N-nitrosopiperidine
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forms after 42 h (Table 5.4). The yield of N-nitrosopiperidine, however,
appears to be limited to ca. 50% of the initial [Ph,NNO]. Atithe
conclusion of the experiment, no Ph.NNO could be detected by
qualitative T.L.C; analysis (1 mm SiQ,,benzene eluent, RF Ph.NNO =

0.50). Since no 1imiting yield is apparent for reactions under
anaerobic conditions, a different mechanism probably applies. The.
1imiting.50% yield in the presence of oxygen is not unexpected as
oxygen reacts rapidly with NO to form ﬁoz. Thus, transnitrosation

to piperidine via N:0s; (Scheme 5.6) is expected.  The intermediacy

. o] . T
Ph,NNO ‘\dloxan 53°Cy PH,N + NO

NO + 10, —> NO, ——519—} N2Oj

N,0, + RzNH ———3 R,NNO + HNO,
ScHeME 5.6

" of PhoN is confirmed by the identification of Ph,N-NPh. (qualitative

T.L.C. under the same conditions as above;R

P 0.71) at the end of

reaction. The reaction under anaerobic conditions may proceed via

the nitroxide intermediate (Scheme 5.5) suggested by Challis and Osborne. %

5.2.3.2 11 CuIIClg and CuICl Catalysed Transnitrosation in Anaerobic

EtOH at 60°C.

N-nitrosopiperidine formation is faster when Ph.NNO and piperidine
are heated in anaerobic EtOH at 60°C in the presence of either CuIIClz
I -
or Cu'C/ than in their absence. Typically, with equimolar (10 2 M)

Ph,NNO and piperidine only 4.5% N-nitrosopiperidine is found after
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1200 min.compared to 25% N-nitrosopiperidine after ca. 250 and 430 min,
in the presence of 10—2 M CuIIClg and CuICl, respectively. Most of
the work reported below was carried out by heating the metal salt

and Ph,NNO in anaerobic EtOH for 40 min, at 60°C and then initiating
reaction by the addition of neat amine.

Typical plots of % transnitrosatién versus time-for CuC/’,
catalysis are shoWn-in Figure 5.5 and 5.6. For both CuIIClz and
CuIC.h, linear plots were obtained when the dead space above the reaction
solution was large (ca. 25 ml). With smaller dead space (ca. 5 ml)
the plots wefe linear but curved as the reaction slowed towards
comﬁletion. Anvobvious explanation for the difference is that the
dead spacé volume influences the [NO] in solution. - Examination
of Figure 5.4 shows that the initial formation of N-nitrosopiperidine
is fast but subsequently slows down and becomeé independent of
[CuIIClz]. This conclusion is evident from the times for 252 reaction

given in Table 5.5 (For reaction with 2 x 10_2

equimolar (10“2 M) Ph,NNO and piperidine, the time is quoted for

M cullce,, and

"407% reaction whieh incorporates the initial fast formation of 15%
N~nitrosopiperidine). The initial rapid formation of N-nitrosopiperidine

2 M, 5 x 1070 M,

is dependent on [CuC/,]. Thus, with 2 x 10—2 M, 10
1 x 1072 M CuCs, and equimolar (10’2 M) Ph;NNO and piperidine, 15.5,

6, 4.5, 3% N-nitrosopiperidine is formed after only 10 miﬁ, respectively.
The most likely explanation is that NO released beforg injection |
of secondary amine combines with CuC/>. The violet colouration,
indicative of [CuII(NO)]C{z, is not apparent, however, presumably

because of masking by the dark brown-green solution of Ph,NNO and

cullce,.
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Figure 5.5.
The dependence of [CuCl.] on the transnitrosation reaction between initial
-equimolar (10-2 M) gfnitrosodiphenylamine_ and piperidine in anaerqbic
EtOH at 60°C. [CuCs) = 1 x 107> (A), 5 x 107> (@), 1 x 1072 (m),

2 x 107%M(A). '

103[§7nitrosopiperidine]/M

50 100 150 200 250 300 . 350

Time/min.
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Figure 5.6.

The dependénce on initfal [Ph.NNO] on the rate of transnitrosation to

10-2 M piperidine in the presence of 10_2 M CuC/, in anaerobic EtOH at

-2 2 2

60°C. TInitial [PhoNNOT =10 "M (M), 2 x 107" M (@), 4 x 10 " M ( A ).

2
10"[N-nitrosopiperidine]/M

10+
/IA
B AT : _
A/ . |
' 6? ' .
4 AA @ ' ‘
| ./ |
21 fa ° a—
/./ -/.
/
0 ' . _l
50 100 150 200 250 300

Time/min.
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Table 5.5
The yield and reaction times of N-nitrosopiperidine (NNP) formation
from the reaction of N-nitrosodiphenylamine (N-DPA) and piperidine

in the presence of CuC/, in anaerobic EtOH at 60°C.

10%[cuce, /M 102[N-DPA /M 10%[Piperidine]/M % Yield® Time
NN? min
0 1.0 1.0 | 4.5 © 1200
0.1 2.0 1.0 25 (95)°€ 300
0.1 1.0 1.0 25 (3)° 300
0.15 1.0 1.0 25 (45)°¢ 300
0.50 1.0 1.0 25 (50)€ 320
1.05 1.0 1.0 25 (51)°¢ 260
2.0 1.0 1.0 40 (50)° 360
1.0 1.0 1.0 22.5 (45)¢ 90
1.0% . 1.0 1.0 22.5 (45)°¢ 160
1.0 1.0 0.1 50 (100) € 300
1.0 1.0 0.25 50 (100)°¢ 1360
1.0 1.0 0.5 50 (100)¢ 220
1.0 2.0 1.0 11 (88)° 30
1.0 40 1.0 50 (on© 30
2.14 4.03 4.0 (608
1.0f 1.0 1.0 2.5 (27.5)¢ 200
& Yield based on initial [Amine] ' f In presence of [KNs] =
. . 5.40 x 10'3MH
Time to reach % yield
¢ Maximum yield on standing overnight g~ Maximum yield standing 7 days
d 0.01 M morpholine
e

0.01 M N-methylpiperazine
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Other data in Table 5.5 and Figure 5.6 show that the reaction
is dependent on [Ph,NNO]® but largely independent of [piperidine].
These observations suggest that the rate expression for CuC/»

catalysed transnitrosation is given by Equation 5.9. Results in

Rate = k [Ph.NNO]? cev.. 5.9

Table 5.5 also shows that the maximum yield of §fnitrosopiperidiﬂe
is dépendent only on [Ph,NNO].. ‘Thus, with equimolar ('10_2 M) Ph.NNO
and piperidine, 50% N-nitrosopiperidine forms, but with greater than

2 x 1072

M Ph,NNO, quantitative yie1d was obtained. Hence,'tﬁe
reaction in the presence of CuC/; are catalytic (as found fér gésebus
NO) which implies that acid is not produced and does not inhibit
. the reaction (Schgme 5.2). This was confirméd by observing no
Ph,NNO (by T.L.C.) at the conclusion of experiﬁents'with equimolar
(10f2 M) Ph,NNO and piperidine. Further, N,0 was identified as a
reéction product although the recovery was very low. Independent
experiments showed that authentié N0 escaped 215 the Subaseal stoppér
and inlet tubes on heating under reaction conditions oyernight (v.
Experimental 5.4.I1IT).

| Réaction of‘lO-2 M morpholine or N-methylpiperazine with 1()-'2 M
Ph,NNO and CuC/; showed that the reéction is sensitive to the structure
of the amine (Figure 5.7). The dependence on amine structure is
clearly not simple . as morpholine reacts much fastér than N-methyl-
piperazine or piperidine. Although maximum yield is similar for
piperidine and morpholine, it is not known why reaction of 10.2 M

N-methylpiperazine slows substantially after ca. 25% N-nitrosamine

formation.
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Figure 5.7.
Dependence of amine structure piperidine (v), morpholine (@), N-methyl-
piﬁerazine (®), on the rate of transnitrosation in the presence 6f
initial 1072 M PhaNNO and 1072 M CuC/; in anaerobic EtOH at 60°C.

Initial [Amine] = 10-2 M.

®

40 80 120 160 200 240 260 320

Time/min.
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Additional experiments showed that both the rate and limiting
yields of N-nitrosopiperidine are inhibited by azide. Thus, with

3 u KNs, 1072 M CuC/,, piperidine and Ph,NNO, only 5%

5.40 x 10
réaction was observed after 200vmin.compared with 20% in its absence.
The limiting yield drops from ca. 527 to 27;5% in the presence of KNa
(Table 5.5). Azide ion is known to react irreversibly with NOX

48 . . e as
reagents. The concurrent reduction of reaction rate may indicate

that KNgkpreferentially binds to CuC?Z, aﬁd hence, displaces piperidine.
Dafa‘in Table 5.6 show that CuICl also cétalyses transnitrosation
between equimolar (10_2 M) Ph.NNO and piperidine in anaerobic EtOH
at 60°C. The rate is almost half that for CuClé-catalyéis, but this\_
is not unekpected if the initial step is the oxidation of CuICl to
, CuIICl.NO_ by NO. The data in Table 5.6 also show that thé rate bears
a first order dependence on [CuC¢], but the kinetic dependence on
[Ph.NNO] and {Amine] is not straightforward. Thus, increasing
[Ph,NNO] from 10_2 to 2 x 10—'.2 and 4 x'10_.2 M increases the rate by
factors of_only 1.54 and (1.54 x 1.23), fespectively. Further, the
rate is indepéndent of [piperidine] < 10-2 M butincreases by a factor
of 1.8 frpm 10—2 to 2 x 10_2 M. The latter observation points to total
complexafion of the amine with copper salt at low [Amine]. As for
CuC/, catalysis, the maximum yields of N-nitrosamine are limited by

[Ph,NNO], the reactions are inhibited by KN; (Table 5.6) and traces

of N20 are found as co-products.

5.2.3.2. 1II CUIIClz and CuICl Catalysed Transnitrosation in Anaerobic

Dioxan at 5300.

-2 .
N-nitrosopiperidine formation from equimolar (10 ~ M) reagents is

faster in dioxan at 53°C than in EtOH at 60°C as found for gaseous
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Table 5.6
The yield and reaction time of N-nitrosopiperidine (NNP) formation
from the reaction of N-nitrosodiphenylamine (NDPA) and piperidine (P)

in the presence of CuC/ in anaerobic EtOH at 60°C.

102[CuCl]/M leZ[NDPA]/M 102[Amine]/M % Yield?® Timeb
NNP min.
0 1.0 1.0 4.5 1200
10.12 1.0 1.0 4 (36)€ 420
C
0.55 1.0 1.0 19 (38)". 420
1.03 1.0 1.0 25 (50)°¢ 430
2.0 1.0 1.0 25 (50)°€ 170
1.06% 1.0 1.0 22.5 (45)€ 160
1.05% 1.0 1.0 22.5 (45 300
1.0 1.0 0.25 50 (100)°€ 100
1.05 1.0 0.50 50 (100)¢ - 360
' 1.07 1.0 2.0 12.5 (25)°€ 160
1.05 2.0 1.0 36 (72)°€ - 240
1.0 4.0 1.0 46,(92)° 260
2.19 3.92 1.0 59 1200
1.0f 1.0 1.0 5 (30)€ 200
a 9 yield based on initial [Amine]
b Time taken to reach 7% yield
¢ Maximum yield on' standing overnight
d In the presence of 0.01 M morpholine in place of piperidine
€ In the presence of 0.01 M N-methylpiperazine in place of piperidine
f 3

In the presence of 4.80 x 10 M KN,
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NO. This applies to both CuIIClz and CuICl catalysis.

Data in Téble 5.7 show that the reaction is independent ofvv
[cuCz,], but dependent on [Ph.NNO] and [Amine]. TFor example, with
equimolar (‘10—2 M) CuC/; and piperidine for 10-2, 2 x 10._2 and
4 x 1072 M PhoNNO, respectively, t; = 250, 155 and 85 min. The
kinetic dependence on piperidine is not so straightforward being
appfoximately first order below lO“2 M; but zeroth order above 10-2 M.

(With equimolar (10-2 M) CuC/; and Ph,NNO, t, = 250, 150,.135 min, for

2
5 x 10—3, 1x 10-2, 2 x 10-2 M piperidine, respectively). A similar
dependence applied to reactions in EtOH.

The reaction rate shows no strong_dependence on [CuCr] with

ty = 215 and 135 min. for 10“3 and 10_2 M CuC/ in the presence of

1
4 - -
equimolar (10--2 M) Ph.NNO and piperidine. Also, the CuC/ catalysed

reactions were independent of [Ph,NNO] (t, = 240, 250 min) for\4 X 10-2

2
2 2

and 10 © M Ph,NNO with 10

M CuC/ and piperidine, but dependent on
[piperidine] (t% = 250, 120, 70 min, for 10—2, 2 x 10—2, 4 x 16-2 M
piperidine respectively, (Table 5.8)).

Since sensible. kinetic dependencies could not be obtained, the
extent of reaction with reagent concentration was examined. The results:
are summafised in Table 5.7 and 5.8 andvshow that as for reactions in
EtOH, the limiting yield depends principally on the Ph,NNO . amine
ratio. For CuC/,, theilimiting yield varies between 50-75% &f the
initial [Ph,NNO] with equimoler Ph,NNO and piﬁeridine, with higher
yields applying to the higher [CuC/,]. The results can be rationalised

by assuming that CuC/, produces only 50% §fnitrosaminedformatioh

because of concurrent amine protonation (Equation 5.10) and that further



The yield and time of N-nitrosopiperidine (NNP) formation from N-nitroso-

diphenylamine (NDPA) in the presence of CuC¢; in anaerobic dioxan at

53%.

103[CuClz]/M

5.4
6.7
6.97
6.97
7.62
8.2
8.6

10

10

10

10

10

10.9
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Table 5.7

10%[NDPA]/M 103[Piperidine]/M

10 10

10 10
6.48 6.6
10 10
6.4 3.3
6.4 6.6

25.6 6.6
8.11 8.33
8.99 8.33
9.0 1.0

10 10

20 10

20 10

10 10

10 40

10 10

% Yield based on initial [Amine]

Time taken to reach % yield

Maximum yield after 1200 min.

% Yield?

25

25

25

50

37

50

31

37.5 (75)°¢

(50) ¢
(50)°
(50)°
(100)
(75)°
(100)
(62)°
45

53

CcC .

50 (100)°€

90

50 (100)°€

6.25 (12.5)€

46

. b
Time
min.

1200
220
310
140
160
360
260
280

1200

“1200

250
155
1200
85
140

1200
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Table 5.8
The Yield and times of N-nitrosopiperidine formation from N-nitrosodt—

phenylamine in the presence of CuC/ in anaerobic dioxan at 53°%C.

10°[cuce )/ _ 10> [NDPA]/M 103[Piperidine144 % Yield® T%meb
* min
1 10 10 12.5 (500¢ 215
2.3 6.5 6.6 _ 45 1200
5.0 . 1o 10 12.5 (50)¢ 215
5.4 10.2 10 . 54 - 1200
6.8 6.5 6.6 52 1200
6.8 . 25.48 - 6.6 100. 1200
8.1 6.5 3.3 100 1200
8.5 _ 8.2 8.3 , 49 1200
10 10 10 25 (50)° 250
10 10 20 12.5 25¢ 120 (260
10 10 40 6.25 (12.5)d 70 (200
2 7 Yield based onvinitiai [Amine]
b Time taken to reach 7 yield
€ Maximum yield on standing overnight
d

Maximum yield after time in parenthesis
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-+

) .
537¢C, dloxan} R.NNO + R,NH,C¢  + CuC?/ + PhoN ... 5.10°

2R,NH

CuC/, + Ph,NNO

nitrosation requires neutralization by the CuC/ == CuC/: redox

process (Equation 5.11).

-+

o -
. I -
dz;T?:’ 53 C> Cu I(NO )X _§£§EEE£_5 cuHc(2 4+ R,NH 4+ NOH

CuICl + Ph;NNO

eee. 5,11

For low concentration of CuIIClz the catalysis approximates to |
the CuC? reaction, the redox cycle requiring 2 moles of NO per mole
of Efnitroéamine formation should be theoverriding impértancé.

For CuC/ cagalysis the maximum yield is 507 with equimolar Ph,NNO
and piperidine which is consistent with the disproportionation of 2NO into
NOf and NO+- With a 2 fold éxcess of Ph,NNO, quantitative yields of
" N-nitrosamine are obtained. The Nb_ would be evolved ‘as NOH and
significantly N,0 is identified as a co—éroduct of both CuCl; énd CuC/

reactions.

5.2;4’ Discussion,

The obscure kinetic dependencies observed for the transnitrosation
reactions in both anaerobic EtOH and dioxan suggest that either homolysis
of Ph,NNO to give NO or the diffusion of NO intq solution is partially
rate-limiting. The most important quantitative observatioms, however, are
that the maximum yield of transnitrosated product.ié dependent on
the initiai [Ph,NNO], and that CuC/. catalysis is faster than CuC/.

The mechanism of amine nitrosation is probably the same as that discussed

for gaseous NO in the preceding sections.
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‘5.2.5. Other Metal Salts.

5.2.5., T Results and Discussion.

The effect of several metal salts other than copper on the
formation of N-nitrosopiperidine from piperidine and saturated

2

(ca. 2.2 x 10 “ M) NO in anaerobic EtOH are given in Table 5.9.

For most reactions, the solutions were analysed over a period of

time and the émount of product steadily increased. In Table 5.9,
however, only the yield of gfnitrosopiperidinevat the time the
experiment was concluded vis cited. Usually, when this 'final'
yield was estimated; the reaction had virtually ceased and N-nitroso-
piperidine was increasing very slowly with time.
Formation of N-nitrosopiperidine at 25°C is significant only
in the presence of CoS0., PdC/¢, and PtC/,. No reaction occurred
wigh NiC¢,, CdC/,, HgC/: and Hg(OAc). unless the sﬁlution was
heated to.60°C. This heating may cause disproportionation of the
salts. With FeC/s and Fé(N03)5.9H20 very little reaction occurred
in EtOH even on heating over 48 hrs at 40-50°C. 'Much faster reactions
were observed in solvents othef than EtOH and these are diécussed
further below.
The reactions in the.presence of PaClz and PtC/, proceeded
more rapidly than the remainder so these were examined further.
Passage of NO through a brown suspension of PdC/,; in aﬁaerobic
EtOH at 25°C gave a red solution indicative of the formation of a
[PdNO]CZ, complex.87 The colour discharged instantaneously on the
addition of 0.01 M piperidine, but little N-nitrosopiperidine formed
over a period of Eé, 4 h . On standing overnight, however, the red

colour reappeared and substantial amounts of N-~nitrosopiperidine (as
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Table 5,9
The yield and reaction times of N-nitrosopiperidine (NNP) in the
presence of metal salts in anaerobic EtOH. Initial saturated [NO] =

ca. 2.2 x 1072 u, [piperidine] = 1072 m.

103[catalyst]/M Temp. °C % vield NNP? Time min.
5 CoSO0., 25 45 95
5 ' NiCls 60 32 360
5 cdC/. 60 15 260
5 HgC/l2 , 60 48 1300
10 Hg(OAC) » , 60 10 150
5.3  Fe(NO3)3.9H,0 45 . 3 1200
10 FeCls 45 1 1200
2.64 PACLs 25 22 1200
4.75 PdCe, | 25 50 1200
13.2° pace, | 25 62.5 1200
14.8  PdCl, 25 45 1200
5.95 PtC/la 25 31 30
10.70 PtC/, ~ 25 4 - 55
4.63 PdCC, 25 12 1200
5.349 pdce, 25 5 1200
a

% Yield based on initial [piperidine]
In the presence of 1.5 x 10—2 M piperidine
In the presence of 10_2 M gfmethylpiperazine in MeCN

In the presence of 10_2 M'Efmefhylpiperazine.
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cited in Table 5.9) were formed. These reactions show some similarities
with those in the presence of AgNO, (Chapter 4). Thus, the reaction
has an induction period, and the yields of N-nitrosopiperidine
appears to be dependent on the PdC¢,/piperidine ratio. With excess
piperidine, the yield is roughly proportional to [PdC/,] but with
equimolar piperidine the'yield is about 50%. Also, no reaction was
evident with N-methylpiperazine in place of piperidine. However,
precipitation of PdO was not apparent, so a simple redox analogue to
the AgI reaction is unlikely. Also, it seems Very unlikely that the
[PdANO]C/, complex is not involved.

| No reaction was evident on passing NO into solutions of PtC/.
in EtOH at‘250C. Addition of 0.01 M piperidine, however, resulted in
répid §fnitrosopiperidiné formatiqn and the concurrent formation of |
a yellow precipitate which remained‘throughout the reaction. The
:precipitate_was isolated and washed thoroughly with EtOH and dried
under vacuo. Elementél analysis (C, 23.35 ; H, 4.77 , N, 4.79%)
suggested theébmpositioh[Pt(piperidine)z]C!h but it is also possible
that the complex is Pt(piperidine.HC?),C/, (C, 23.35 s H, 4.77 ; N, 5.5%).
Its = significance to the reaction is not known. Variation in the amount
of N-nitrosopiperidine with time in Figure 5.8 gives a clear indication
of both the rapidity of these reactions and some of the kinetic
dependencies. 'In particular, the extent of reaction abpears to be
dependent on the PtC/, . piperidine ratio. Thus,_with equimolar
concentration of these reagents little N-nitrosopiperidine forms
over ca. 60 min, unless another base (e.g., NEts;) is added when N-nitroso-
piperidine is produced rapidly (t% ca. 2 min) and quantitatively. With

excess piperidine, however, ca. 25% of the amine reacts unless NEt; is -



Figure 5.8. The dependence of PtC/, . piperidine ratio.on the rate and’ maximum yield of N-nitrosopiperidine in

anaerobic EtOH at 25°C. TInitial saturated [NO] ca. 2.2 x 10_2'M.

103[§7nitrosopiperidine]/M

6 -
3 3 ..
10°[ptce. }/M 10 [piperidine ] /M
® -
5 13.5 | 2.0
4 2
w
3 A A a 5.95 1.0
. 3.08 ' 12.5
2
1
O ' - O— 12.2 ©10.0
O 3 N 1 -l - L - P 1 ) } -
10 20 30 40 50 60 70 - 80 90 100

Time/min.
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added when the yield again increases. Further, the rate of N-nitrosamine
foymation is dependent on the structure of the amine. For example,
piperidine (pKA 11.22)> morpholine (pKA 8.33)> N-methylpiperazine
(pKA 9.8, 5.11).

A crucial factor appears to be the formation of a PtIVjamiﬁe
complex which, in principle, could oxidise both NO or R.NH. Surprisingly,
the reaction is catalysed by added KNs;. For example, with 6 x 1073 o
PtC/l,, 4.x 10—3 M piperidine and saturated NO in EtOH, no E;nitroso;
piperidine formation was evident at 25°C,-but addition of 5.5 x 1075 M
KN, gaéé quantitative (92%) N-nitrosopiperidine, ég, 17 min. This can
be tentatively'fationalised byvformation of a PtIV—N; complex which

oxidises 1like the PtIV amine complex.

5.2.5.I1 Reactions with Iron Salts.

Anhydrous ferric chloride and hydrated ferric nitrate were
observed to form green and red nitrosyl complexes, respectively, on
contact with NO in EtOH at 25°C. Addition of 10._2 M piperidine to

2 FeC/s or 5.3 x 10'3 M

the complex, obtainedbfrom either 10~
Fe(NO3) 5.9H20 did not discharge the colour or prodpce N-nitrosopiperidine.
The nitrosyl complexes appeared to be very stable, with no apparent
change on heating to 40-50°C for 48 h.

Significant reaction was observed, however, using MeCN or
dioxan.in place of EtOH as solvent (Table 5.10) , For example, 5.24 x 10_3 M
Fe(N0s) 3.9H,0 and 10-'2 M piperidine gave 100%Z N-nitrosopiperidine at
25°C after ca. 8 min in either dioxan or MeCN coﬁpared to ca. 5% over

300 min.in the absence of Fe(NO3)3.9H;0. The results in Table 5.10) show

several characteristic features:-
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" Table 5.10

The yield and time of formation of gfhitrosopiperidine (NNP) from

piperidine -in the presence of Iron salts in anaerobic MeCN at 25°¢.

Initial saturated [NO] =.1.4 x 10—2 M.

103[Cata1yst]/M
0

5.24C (5.10) Fe(NOs) s.9H,0
'1.92 . "
0.74 (0.69)¢ "
0.67 (0.64) n
0.429 "
6.46_ FeBr3

5.45 FeCls
10.9 FE(ClOu)a
11.2 FeC/2

10.3 FeClz

3.3 FeC?,

10.4 FeSOb

27. 1ll FE(NO:-:) 3-9H§0
a

Time to reach yield

In anaerobic dioxan, 25°C

10°[Piperidine]/M % Yield® TimeP
. NNP min.
1.0 5 300
1.0 100 (1000d 8% (8)
1.0 100 100
1.0 459 (599 50
0.5 95 100
2.0 50° 1200
.0 50 (80)¢ 3

1. 50 (80)¢ 200
1. 4 1200
1.0 's0 70
1.0 100 1200
1.0 30 (7% . 80
1.0 37 (75)% 120
1.0f 5 300
1.0f 1100 90

% yield based on initial [Amine]

Duplicate reactions in parenthesis

Maximum yield on standing overnight

In the presence of 10_'2 M gfmethyipiperazine
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1) The reaction rate is enhanced by both FeII and FeIII sal;s.
2) The degree of enhancement is dependent on the counter ion,
e.g., FeBr; > Fe(NO3)s ~ FeCl; >> Fe(C/0,)s and FeCf, > FeSO,.
This suggests that the nucleophilic reactivity of the anion is
important.
3) The relationship between reaction rate and limiting yield is not
straightforward. The limiting yield is higher ﬁﬁan the initial
" salt concentration, which suggests that the salt écts as a
,Catalyst (as for CuI, CuII) ra#her than a promoter {(as in the
case of AgI salts).
4) Analysis of the gaseous products by i.r. showed N,0 a¥
concentrations ca. 20% relative to the final yiéld of N-nitroso-

piperidine.

5.2.5.I11. Discussion.

The iron catalysed N-nitrosamine formation_cahrbe accommodated withiﬁ
Athe reports of the oxidatién qf NO to NO+ and NO by FeIII and of the
disproportipnation of 2NO into NO+ and NO by FeII porphyrins. The
intermediacy of NOX (and infer alia NO+) seem fo bé required by the dependence
on the counter ion. This can be accommodated for FeIII'salts by formation

of an [FeI

I—NO+] complex. There is no apparent dependence on the structure
of the amine which may imply that the solvent MeCN (and possibly dioxan)
displaces NO+ to form the complex.and to give NOX which is stable in the non-
nucleophilic solvent (Equation 5.12). The ability of MeCN to displace arene

1 MeCN,. 25°C

FeIII

+ ' + :
Xs + NO— [Fel T-NO' JXaz (e’ (Mecmy 1%* + nox ... 5.12

diazonium intermediates has been reported in connectionyith Ru-nitrosyl

. . . 102
reactions with aromatic amines. .
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To account for 100% yields with both FeIII and FeII salts

and the evolution of N,0 as a co-product, both added FeII salts

and the FeII complex generated in equation 5.12, above, could
. + -

induce reductive digproportionation of NO into NO and NO

(Equation 5.13). Displacement of NO+ by MeCN would give NOX and

Fellx, + 280 —— [Fell(no) (NOT) JX2 vee. 5.13

NO, with‘yfnifrosamine and N20 formation arising from the reaction
6f NOX and NO—, respectively. Disproportionatién of NO by FeII
speéies rather than EeIII (Equation:5.14)‘is preferred because the
reaction of Fe(NOs)s.9H.0 and FeC¢, with piperidine gave a dark red

retTl 4+ 2n0 —> [Fe (o) 07y ] e 5.14

precipitate after passage of NO that did not oxidise KI to I., whereas
under the same test conditions, FeC/; and KI gave yellow FeI, and I,.
Thus, the preferred reaction pathways for the nitrosation of

secondary amines are those shown in Scheme 5.7.

F

o]
-+
eIIIX3 + NO MeCN, 25 C} [FeII(NO )]Xs-——Bzgg—é R,NNO + HX + FeX,

o _
FeX, + 2No —eCN, 25 Cs [FeII(NO+) (NO) X,

RoNH

[FeII(MeCN)n]Xz + R,NNO + NOH

ScHeME 5.7
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Both are analogousAto those prbposedvfor catalysis by CuI'and

CuII salts.
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5.3. Conclusion.
We have shown that CuI and CuII salts catalyse gfnitfosamine
formation from gaséou; NO and secondary_émines in anaerobic dioxan
at 25°¢. Thé reactions are fast, for example, 8 x 10—4 M CuC/.2
give quantitative yields of N-nitrosamine within ca. 60 min. The
reaction appears to involve the metal bound émine ligand and not the‘
. cop.per nitrosyl [CUII(NO) ]JX, but several mechanistic details are
unclear. Support for the reaction via the bound amine comes principally
from the inhibition by NEts, whichvappEArs to complex brgférenfiaily
with the metal salt. Furthér, the reactions appear to involve a
‘redox cycle CuI;;==-¥CuII which amounts to the reduction of NO to NO ,
“ which ultimately is evolved as N,0 (ZNOH——é-NZQ + Hgb), Transnitrosation‘
reactioné using Ph,NNO in place of NO in the presence of CuI and CuII
salts alsb 1eads:to'rapidrgfnitrosamine fOrmation. These sgudies
supported the conclusion that NO is reduced by CuI salts, but
- otherwise were of little help:because-either homolysis of Ph,NNO
(to give thﬁ and ﬁO) or diffusion of NO into solution is rate—liﬁiting.
Other metal salts also catalysed ﬁfnitrosamine fprmation uﬁder
suitable conditioﬁs. ‘For most the mechanism could not be deduced,
but much of the evidence points to nitrosation by NOX reagents.
FeII and FeIII.salts, however, appear to cafalyse gfnifrosamine

formation by similar mechanisms to those for CuI and CuII salts.

54, EXPERIMENTAL

5.4.1. Reagents, Substrates, and Products.

Amine substrates, MeCN, 1,4-dioxan, NO, the. preparation and

purification of authentic N-nitrosamine has beén described in Chapter
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2.4.1I. AnalaR tetra—ethylammonium bromide was used without further
pu;ificatién. Reagent grade CdC/,, CoSO,, CuBr., Cu(Nogiz, Cu(OAc) »,
CuSO,, FeBrs, FeCls, FeClz, Fe(Cl0,)s, Fe(NOs)s.9H,0, FeSO,, HgCla,
Hg(OAc) 2, NiCls, PdCl;, PtCl, were used without further purification.
AnalaR CuC/. was dried at llQOC and stored in_wvacuo. CuC’ was
prepared from anhydroustuClg'(Q g) by heating with glycerol (30 ml)

at 180-20000 for 10-15 min.134 The white crystals were filtered,

washed thoroughly with EtOH and vaéuﬁm dried. The purity was cheéked

Ey adding acidié KI to a solution of CuC/ in EtOH. There was no

evidence of Izbformation, indicative of CuC/,. Cul was prepared as

" described in Chapter 3.1. Tetra-pn-butylammonium azide was prepared

following a literature procedure.181 The white hyproscopic crystals

were handled in a glove box filled with argon.
N-nitrosodiphenylamine was prepared by the action of nitrous

acid on diphenylamine,127 and purified by recrystallisation from

127

MeOH. N-nitrosodiphenylamine, pale yellow solid, m.p., 67°C, lit

68°C.

5.4 (II) Reaction Methods.

The apparatus and reaction procédure for studying the metal
catalysed N-nitrosamine formation with gaseous NO was described in
‘Chapter 2.4.

Transnitrosation.

Efnitrosodiphénylamine and the catalyst was placed in either the
3-neck reaction flask or a 50 ml.conical flask, the appropriate solvent
added and solution degassed as previously described. For reactions

carried out in the conical flask, the system was sealed with a Subaseal
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.stopper and degassed with purified nitrogen using two 5" hypodermic
negdles as inlet and outlet.

The reaction vessel was then placed in a thermostapted bath
at 60°¢c or 53°%C (i_O.ZpC) and left to equilibrate for 40 min. After
this period, the reaction was initiated by injecting neat amine via
the Subaseal stopper and N-nitrosamine formation analysed by g.l,c.

The same procedure was adopted for reactions in the absence of metal

catalysts, the solutions were degésSed~as above or oxygenated by

bubbling oxygen (B.0.C,) for 30 min.

5.4. (III) Product Analysis.

5.4, TI1 a. N-nitrosamine Formation.

The yield of N-nitrosamine was assayed by g.l.c. on Perkin-~
Elmer F33 and Perkin Elmer Fll instruments. The columns, operating
conditions and the retention times of N-nitrosamines are listed in

Chapter 2.4.ITL.b .

5.4. 1III b. N,0 Formation.

: 11 I
The [N,0] released from the reaction of Cu Cl., Cu C/,
I11 11 . .
Fe (NO3)3.9H,0 and Fe "C/, was estimated using the same apparatus
following the procedure described in Chapter 3.3.3 .b .2. From the .
reaction of 2.5 x 10-_3 M CuC/, 10'_2 M N-methylpiperazine and saturated
NO in dioxan at ZSOC, 10_2 M N-methyl-N-nitrosopiperazine formed.
The gaseous product was.extracted into the i.r. cell and gave peak
heights of 122 at i.r. stretching frequency 2240 cm_l, characteristic
135

of N,O . The recovery of N,0 was estimated by comparison with

standard additions of authentic N,0 in the i.r. cell. Adﬂitions of
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1.0, 2.0'ml N,O gave peak heights 58, 58, 60 and 96, 98, 100,

3 M (= 4.46 ml) N,0O is expected for

respectively. Since 5 x 10
1072 N-nitrosamine formation under the reaction conditions,

(i.e., 40 ml), the % recovery was estimated as.-

122 x 2.0
4.46 x 98

100 = 55.8%

(N0 volume was not corrected to S.T.P.).
By the same procedure, 2.57 ml, N,O was recovered from the reaction

4

of 9 x 10 ' M CuG/,, 1072 o piperidine and saturated NO in dioxan at

25°c. After g.l.c., analysis showed that 10-'2 N—nitrbsopiperidine

had formed. The % recovery was estimated as ca. 57% based on 5 x lO_3 M

"N,0 maximum.
N,O (ca. 1.8 ml, 40% based on final yield of N-nitrosamine formation

3

was also recovered from the reactions of 5 x 10 ° M Fe(NOs)s.9H,0,

1072 M FeC/, and 1072 M piperidine with saturated Nolin MeCN at 25°¢.

N,0 was also identified from the transnitrosation reéctions involving
CuIICl; and CuIC{jn dioxanat 53°C. There was no evidence of N,0
forma;ion in the absence of the metal salts. However, the recovery was
very low, with peék height of N,0 at 2240 cm—1 of 3-6, which corresponds
to ca. 0.1 ml N;0. It was shown, however, that N,0 was loét from
tﬁe reaction vessel presumably via the Subaseal or inlet, outlet
joiﬁts. For example; 10 ml, N,O in dioxan at 25°C gave an off-scale
reading at i.r.‘sgretching frequency 2240 cm_l, whereas on heating
at 53°C overnight, gave peak height of 5. Attempts were made to seal the

joints using Teflon sleeves, but the recovery of N,0 did not increase

significantly.
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5.4.(1V) Analysis of Reaction Products from the Transnitfosation
ﬁeactions.

After g.l.c; analysis had shown that the yield of transnitrosated’
ﬁroduct had reached a maximum, the reaction solution was analysed by
T.L.C. on (1 mm silica plates, 20" x 20", developed with benzene)RF
Ph,NNO =‘0.5, Ph,NH = 0.6, Ph N-N-Ph; = 0.71 was determined with
authentic materials. |

In the absence of metal catalyst under anaerobic conditions,
three spots were identified fo be unreacted Ph,NNO, Ph,NH and PHQN—Nth;
The major products were Ph,NH, Ph;NNO and traces of Ph,N-NPh,. Analyses
of the reactiop solution after 21 days, carried‘out in aerobic
dioxan at 53°C showed only two spots corresponding to Ph,N-NPh, and
Ph,NH. Only PhQNH was identified from the reactions ihvolving
CuIIC{2 and CuIC{,lthere was no evidence of Ph,N-NPh, formation. It
has been reported, however, that on heating the colourless Ph,N-NPh, .
in toluene at 90°C a brown-green solution was'ébtained that QEQNEEE
give an e.s.r. signal for the diphenylamino radical (thﬁ), and it
- was concluded that thﬁ may have polymerised to 5,10—dipheny1—5,10—
dihydrophenazine and diphenylamine.182 There was no evidénce of this
polymeric material in fbe transnitrosation reactions, buf its formation

may explain the continual presence of Ph.NH in the analyses.

5.4. (V). Estimation of Saturated [NO] in Dioxan at 25°C.

The concentration of saturated NO in dioxan at 25°C was estimated
by a method described by Armor183 and by a more direct u.v. method (Chapter

2.4.V1).
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In the method by Armor, 1-5 ml.saturated NO in
injected into oxgyen-saturated water (80 ml) and
Nitric oxlde is oxidised rapidly and quantitatively

excess oxygen. The method of analysis involved the

with acidic sulphanilamide and Efl¥naphthy1ethy1ene_

130

dihydroéhlofide. The concentration of dissolved

dioxan was

stirred vigorouslyu
to NO, with
reaction of NOZ

diamine

NO by this method

gave [NO] ca. 1.85 x 107 M. This value agrees reasonably well with

2

the direct U.V. method which gave [NO] ca. 1.6 x 10 ~ M.
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5.4.VI a. Typical Reactions.

10_2 M, in anaerobic dioxan

at 25°C. TInitial saturated [NO] = ca. 1.6 x 10_2'M

[cucs.] = 2.50 x 1073 M, [piperidine]

Time Attenuation Peak Height 103 [N-nitrosopiperidine]/M
min. ,
1 x 128 x 10 8 1.33
6 21.5 3.6
9 32 5.3
i3 ' ' ' '39 71_6.5
20 ‘ 45 7.5
24 49 8.2
28 51.5 8.6
o 60 10.0

Injection sample =1 ul
1 pl 10“2 M N-nitrosopiperidine at attenuation x 128 x 10 gave peak
height 60, 60 on Perkin-Elmer F33 under standard operating conditions

(Experimental 2.4.1IV).
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5.4.VI. b Typical Reactions.

[cucs,] = 2.5 x 10_3 M, [piperidine] = 10—2 M, in anaerobic dioxan
p .

25°c. [NO] = excess.

Time Attenuation Peak Height 103 [N-nitrosopiperidine]/M
min. ' ’
1 x 128 x 10 8.5 1.4 .
5 . 20,5 ' 3.4
9 | .30 5.0
13 , 45 l 7.5
17 60 ©10.0
21 ' 60 | 10.0

Injectidn sample = l'ul.

14l 10_2 M N-nitrosopiperidine at attenuation x 128 x 10 gave peak
height 60, 60, 60 on Perkin-Elmer F33 under standard operafing conditions
(Experimental 2.4.1IV).

5.4.IV. ¢ Typical Reactions.

[cuc?] = 2.5 x_lO~3 M, [piperidine] = 10—2 M in anaerobic dioxan at ZSOC,

[NO]‘= excess.

Time | Attentjation Peak Height | 103 [E—nitrosopiperidine‘]/M
min. ) ' ' '
1 x 128 x 10 4 ' 0.7
5 20 3.3
9 - 30.5 5.1
14 , 47 7.8
18 54.5 9.1
21 60 10.0
26 | 60 10.0

Injection sample =.1 ul
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1wl 10--2 M N-nitrosopiperidine at attenuation x 128 x 10 gave peak
height 60, 60 on Perkin-Elmer F33 under standard operating conditions

(Ekperimental 2.4.1V).

5.4.IV. d Typical Reactionmns.

[Fe(NO3)3.9H,0] = 7.0 x 10_4 M, [piperidine] = 10_2 M in anaerobic

MeCN at 25°C. Initial saturated [NO] ca. 1.4 x 1072 m.

Time Attenuation Peak Height 103 [N-nitrosopiperidine J/M
_m-_
2 x 500 15 1.36 -
7 22 2.0
12 - | 28 2,54
16 27 | 24,5
20 28
25 27
29 28
42 | 35 3.2
52 39 3.5
57 R 40 3.6
75 45 4.1
96 : | - 59 5.36
137 ' o 67 , 6.
= (1200) x 1000 55 10.0

Injection sample = 3 pl
3l 4.5 x 1075

M N-nitrosopiperidine gave at attenuation x 500 ‘
50, 49, 50, 49 on Perkin-Elmer F1l under standard operating conditions

(Experimental 2.4. IV).
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CHAPTER 6

THE FoRMATION AND DECOMPOSITION OF N-NITROSAMINES BY -Y-RADIATION.

6.1. Introduction.

6.1:1 The Rédiolysis of Aqueous—Solutions.-

The passage of high energy, ionising radiation, such as
Y-rays from a °°Co source, through aqueous solutions gives

initially electrons, positively charged water ions and excited

-188 o ‘ '
water moleculeslsa 1 (Equation 6.1). The electrons lose energy

+

Y - . ;
Hzo ———:_% e , H20 N Hgo* ..... 6.1

in approximately 10_'11 seconds by further collisions and when

they reach a thermal energy of 4 x 10_'21 Joules at room temperature,

85 - O+. 13

. 1 ' ) -
become solvated eaq 3H2 is unstable and decomposes in 10

. + .
seconds to HO' and H . Excited water molecules (H,0*) decompose

y + 185 -, . .
to H and HO. The entities e (aq), H, HO are formed in proximity
I 185,188

so they react together giving the molecular products H;02, Ha,
shown in Scheme 6.1.

e > e (aq)
H,0 _l_____%

. D gn +
H,0" y HO + H H,0, H,0.,

o .

H, 0% —m8M8——> Hf) + H

ScHeMe 6.1
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The hydrated electron is the simplest nucleophilic reagént. It

is highly selective and reacts at diffusion controlled rates with
e | - 188-192

strong oxidising agents, NOs, unhydrated aldehydes and ketones.
Generally, it will add.to organic compounds bearing a partial
positive charge.lgg.

The main reaction of H is H-abstraction, although double bond
additions are known.lgg' H-abstraction occurs more readily a- to

-OH or -CO.H (Equation 6.2 and 6.3 respectively) groups and from

methine and methylene rather than methyl groups.189

RCH,-OH + H ———% ROH-OH + Hy - .sove. 6.2

RNH,-CH;-CO,H ~——3 RNH,-CH-COH + H, ..... 6.3

The oxidising species HO can undergo four types of reaction:

193

(I) charge transfer, e.g., X + HO — HO + X . with a

variety of anions, halides, thiocynate ; (II) H-abstraction, e.g.,

189

CHsOH + HO — CH,-OH + H,0;
190,193

(II1) addition, particularly

when m-electrons are present

and (IV) displacement, e.g.,
194 ' ‘

RI + HO —> ROH + I°.
The reaction of the radicéls-produced by the radiolysis of

water with organic compounds such as alcohols,190 émino—acids,l95

acids, aldehydes and ketone5190 has been reviewed and will not

be discussed here.  Both Hb and ﬁ are reported to react Qith.amines

in aqueoué solu-tion,lgﬁ'_198 but the chemiéal,yields are very low.

The initial step as shown for Et,NH in Scheme 6.2 is H-abstraction,

a- to the amino group to give (I), followed by rearraﬁgement to tﬁe

imine (II), and subsequent hydrolysis to aldehyde, and amino compounds.

(I) can undergo concurrent radical dimerisation.
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e e - H A . -H
Et,NH + HO(H)-—EézL—Q; CHsCH-NHEt —————> CH,CH=N-Et

(D - (ID
Et.NH ' H,0
L ,

Et.N + Et,NH *  CH,CH-NHEt CHsCHO + H,N-Et

CH;~-CH~-NHEt

ScHeme 6.2 |

A direct H-abstraction from the parent amine to give Etzﬁ
occurs only slightly but Etzﬁ is generated by a secondary reaction
of (1) with Et,NH (Scheme 6.2); The one exception to thié general
rule is that primary aromatic amines react with e;q and Hb to give

the amino radical_cation.199

6.1 (2). Radiolysis of Alkali Metal Nitrates and Nitrites.

The radiolysis of aqueous nitrate solutions has received much

186,189, 200~204

attention, but speculation remains about the finer

details of the mechanism. The products of the reaction of NO5 with

204,205

the reducing radicals, however, are well established, (Equation

6.4).

N0, ———> NO; + * 0, veee. 6.4

2

NO§-, NO, and NO; intermediates have been identified by

e.s.r.,186’201_202. The most popular mechanism involves attack by

H 205 (Equation 6.5) and e;é 206 (Equation 6.6) to give N;0.(T== 2NO.),
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NO; + H ———>0H + NO, =—— X N,0, ceee. 6.5
2
H,0

i, i, i, A |
- NOs  + ead——f——9 NO3T —2— N0, + 2 OH cew.. 6.6

1

which is then hydrolysed to NO2 86 (Equation 6.7). However, NO

+
N,0, + 3H,0 —> NO, + NO; + 2Hs0 .... 6.7

4

o . ~ ) 20
formation has also been attributed to the hydrolysis of N.0s

. (Equation 6.8).
. . 1.0 _ +
NO, + NO; = N,05 —=—% 2NO, -+ 2H0 + O, .... 6.8

The central theme of NO; reduction by y-radiation is the

formation of N’Qx intermediates which give NO, on hydrolysis. The

radiation chemical yieldlss (G, = the number of NO, molecules formed

per 100 eV) is dependent on the amount of radiation, the concentration

. 2
and the counter cation of the nitrate salt. 05

2 - 206
aq

(Equation 6.10) and oxidised206 by HO(Equation 6.11); this complicates:

Nitrite is also reduced by H 06 (Equation 6.9), e

the estimation of G(NO3) from NO;.

- . - +
NO, + H ——> NO2 + H ve.. 6.9
' H,0
NO; + e — N2~ —22 5 o+ 270H ... 6.10

aq

N0, + HO ——> NO, + OH ee.. 6.11
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Nitric oxide produced by (Equatiqn 6.9, 6.10) is also oxidised

by-Hb to NO, 207 (Equation 6.12).
NO + HO ——) NO; + HT cees 6,12

The bimolecular rate constant5208 for the attacking radicals

on nitrite and nitrate- are summarised in Table 6.1

Table 6.1
. . -1 -1
Attacking Species. k. 1. mol = sec .
NOZ NO5
e” | 4.6 x 10° 0.8 - 1.1 x 10°
aq
' 6. x 10° 2.4 % 10°
: 9
HO 2.5 x 10

Eberhwilt'209 élaims chemical evidence for the formation of ﬁOz
from the radiolysis of NaNO,, by observing the nitration of benzene.
The rates of recombination of NO, (Equation 6.13) and the

NO. + NO,= N0, , Kk =4.5x10° 1 mol ™™ sect ... 6.13

reaction of &02 and NO (Equation 6.14) in water at 20°C has been

NOs + NO = N,0, 1 -1

,  k=1.1%10" 1moll sec ... 6.14

' 207,2 ‘
measured by Gratzell, et al., 07,210 in the pulse radiolysis of aqueous

nitrite and NO respectively. The relevant dissociation constants are
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-1 207

K = 7.5 x 10" mol 1 3 -1 210
205 ,

and ENzok =1.53 x 10 ~ mol 1
under the same conditions. They also found that the formation of

N20, in equilibrium with N;0s (Equation 6.15) lies well over to the
207

left in water at 20°C.

2N,05 = N,0, + NO, K= 3.5x 100 %m1 17 ... 6.15

There are many other forms of ionising radiation, e.g., Hg-

211,212

photolysis, X—rays,213 radioactive isotopes214 that reduce

nitrate to nitrite, and in each case the presence of NO, has been
shown by e.s.r. Enzymatic denitrificants also reduce nitrate to
’ nitrite,33 only NO has been observed by e.s.r., but NO, - formation

215 4 : .
is suspected. 15 The electrochemical reduction of nitrate via NO,

in dimethylfofmamide has also recently been reported.216

6.1 (3). Concluding Remarks.

Since both N;0; and N0, are known to form yfnittosamines,ao it

follows that y-radiation of aqueous nitrate may also produce N-nitro-

217

samines. This deduction required verification however, because X-rays

and Hg—photolysis,167’218“220

also decompose N-nitrosamines. Gowenloék
and his colleagyes220 have recently reported that Ejhitrosamines are
decomposed under neutral conditions by photolysis. The extent of
decomposition, the quantum yield was estimated by the evolution of
NO,although the origin of NO was not discussed. Earlier, Chow78
reviewed the photochemistry of N-nitrosamines and reported that
N-nitrosopiperidine could only decompose photolytically in acidic

media. Acid was thought to weaken the N-N bond of yfnitrosopiperidineA

by complexation (Scheme 6.3). The products obtained by Hg-photolysis
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4

of N-nitrosopiperidine in 0.24 N HC/ at 24°C were isotripiperidien (IV)

and 2-piperidinoxime (V). To account for these products Chow

assumed that the initial step involved photoelimination of NOH with

the formation of the alkyldieneimine(IIIi,which then polymerised to

give (IV) or underwent nucleophilic attack at the 2-position by

released NOH, to give (V).

hv 24°C ~N
H aq. HC/ )
\\‘N H Z .

(1I1)
<L=£§57¥-H-ITEZ

+ NOH
+ HC?¢

H N-OH

)

ScHEME

6.3

(

HN

(1IV)
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6.2 Results and Discussion.

The experiments were carried out by passing y-radiation from
a 6“’Co source (1.173 and 1.33 MeV, 1 M rad/h ) through aqueous
anaerobic solutions at.25°C. - Preliminary results showed that
N-nitrosamines formed from secondary amines and NaNO,, and both
N-nitrosamines and N-nitroamines from secondary amines and NaNOs.
For example, with 0.1 M NaNO, and 2 x 10—3 M morpholine, 100% N-
nitrosomofpholine‘was obtained after 60 min. y-irradiation, whereas
with 0.1 M NaNO; and 2 x 10_3 M morpholine, ca. 20% N-nitroso- and
7.5% N-nitromorpholine were formed over the same period. However,
because y-radiation is 1ikely to décomﬁose N-nitrosamines, it was

desirable to briefly examine these reactions first.

6.2 (I) Decomposition of N-nitrosamines and N-nitroamines by

Y-Radiation.

Results listed in Table 6.2, show the‘extent of decomposition of
'gfnitfosopiperidine in aqueous anaerobic solution at ambient temperature
as a function of time of y-irradiation. A salient feature is that the.
~extent of decomposition is independent of the initial [N-nitrosopiperi-
dine] and depends only on the y-dose. The corresponding plot of the
extent of decomposition versus dose (Figure 6.1) is reasonably linear.
Its slope gives a value of G( -N-nitrosopiperidine) = 6.18 (for dilute
solutions, 1 M rad changes G by 1.03 x millimoles prodﬁct,lgs_henCe
6 x 1.03 = 6.18). The G value is consistent 'with the attack by Hé
and e;q on N-nitrosopiperidine and short chain radical process (G values

> 10 are normally indicative of radical chain proCesslSS).
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Table 6.2
The decomposition of N-nitrosopiperidine (NNP) with respect to dose
absorbed lfradiation (1 M rad/hr) in aqueous anaerobic solution at

ambient temperature.

Initial Time/min.  L0Z[NNP]/M Additives
lOz[NNP]/M . Decomposeda
1.0 2 0.05
1.0 6 0.07
1.0 15 0.16
1.0 30 0.275
1.0 45 0.55
1.0 60 0.61
1.0 120 0.83
0.2 6 0.048
0.5 6 | 0.07
0.5 .15 0.12
0.4 : 60 0.30
2.5 120 . 0.834
2.0 240 - 0.76
2.0 990 1.32
1.0 30 0 0.1 M NaNO,
1.0 30 0.09 0.1 M NaNOs
1.0 ‘ 30 0.105 - 0.05 M NaNO,
1.0 ' 30 0.19 0.025 M NaNO,
1.0 30 0.26 0.010 M NaNO,
1.0 30 0.32 0.001 M NaNO,
1.0 30 0.26 0.05 M NaNO,
1.0 30 0.29 0.025 M NaNO,
1.0 30 0.32 0.01 M NaNO,
1.0 30 0.32 ‘ 0.001 M NaNOs
1.0 30 ©0.18 0.1 M piperidine
1.0 30 0.19 0.02 M piperidine
1.0 30 0.26 0.01 M piperidine
1.0 30 0.28 ~0.01 M HC/
1.0 30 0.33 0.10 M HC/
1.0 30 0.33 : 0.50 M HC/

1.0 30 0.27 0.10 M NaOH
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Table 6.2 (cont.)

Initial Time/min. lOZ[NNP]/M Additives
lOZ[NNP]/M ) ‘ Decomposed?
30 0.15 pH 5.11
30 0.29 pH 6.99
30 0.29 pH 9.20

Estimated from difference between initial [NNP] and final [NNP].
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Figure 6.1.
The decomposition of N-nitrosopiperidine (NNP) by y-radiation in

aqueous anaerobic solution at ambient temperature. y-dose 1 M rad/h ,

Initial [NNP] = 1072 .

Decomposition

10° [P ] M
7 1

10 20 30 40 50 60

Time of y-irradiation/ min.
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Other data in Table 6.2 shows that neither acid nor base haé any
substantial effect on the amount of N-nitrosopiperidine decomposed.
Significantly, however, the decomposition is inhibited by both 0.02 M
pipéridine and 0.1 M NaNO; and totally prevented by 0.1 M NaNO,. Furthér,
the inhibitjon is related to the concentration of addevaaNO; or NaNOj;,
and at low ca. 10_3 M NaNO,, no protection was evident (Table 6.2).
Protectidn is probably due to competiti&n for the radiolytic radicals>by
the added salt and N-nitrosamine.

The decompoéition of N-nitroso-, N-nitro-morpholine, N-methyl-

"~ N-nitroso-, anﬁ Efmethyl—yfnifro»piperazine ﬁas briefly examined, and these
results are‘éummarised in'Tgble 6.3. For N-nitrosamines, it is evident

- that the substrate has only a small effect on the extent of decompositién,
and that_the decomposition is inhibited, as found for Hfﬁitrosopiperidine
by'additidns of excess NaNO, and NéNOz. The decomposition of E;nitroamine,
however, does show dependence on the structure and for ﬁfmefﬁyljgfhitro—
piperazine,on the cpncentration usedf The inhibition by added NaNO; for
Ejnitrosamines is not as pronounced as the corresponding reactions with

N-nitrosamines, and this is discussed further below.

6.2.2. (a). Reaction Products from the Decomposition of N-nitrosopiperidine,

Analysis of the products from the y-irradiation of N-nitrosopiperidine
was made on both the aqueous solution by g.l.c. and on an organic fraction

by T.L.C. after extraction wjith CH,C/, (v. Experimental 6.4.VI).

6.6.2. (b). Analysis of Aqueous Solution.

G.l.c; analyses showed the presence of four peaks, confirmed with
authentic maﬁerials to be acetone, isopropanol, methanol, and ethanoi.
The yield of these compounds,‘hoﬁevef, did not beér‘any relation to the
extent of decomposition! typically, when 2.5 x 10_2 M yfnitrosopiperidine'
was irfadiéted for 120 min, 1.52 x 10—3 M acetone, 9.5 x 10_.4 M EtOH,

traces of MeOH i-ProH and 1.66 x 10-2 M unreacted N-nitrosopiperidine
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Table 6.3

The decomposition of N-nitrosamines and N-nitro-amines with respect

to dose y-irradiation (1 M rad/h ) in aqueous anaerobic solution at

ambient temperature. N-nitrosomorpholine (N-NM) , Efnitropiperaiine

-(N-NO,-M), N-methyl-N-nitrosopiperazine (N-NMP), N-methyl-N-nitro-

piperazine.

Initial Time/min,
2

10°[NNM]/M
1.0 30
1.0 120
1.0 990
1.0 30
1.0 30
1.0 30
1.0 30

102 [ N-N0,-M]/M

0.5 30

1.20 . 30
1.20 30
1.20 ’ 30
1.36 30
1.36 ' 30
1.36 30
2.38 30

10% [N-Wp /M
0.75 - 30
0.75 30
0.75 30
0.75 30

0.75 30

102[Amount Additives
Decomgosed]/Ma
0.25 (0.30)°
0.58 '
1.
0.1 M NaNoO,
.1 0.05 M NaNO, -
.1 0.1 M NaNOs
0.17 0.05 M NaNOs
0.25
0.36 (0.40)%
0.27 0.1 M NaNOs
0.27 0.05 M NaNO;
0.40
0.38 0.05 M NaNOs;
0 0.1 M NaNoO,
0.40
0.2
0 0.1 M NaNQ,
0.09 0.5 M NaNO,
0.1 0.1 M NaNOs
.0.16 0.05 M NaNO,
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Table 6.3 (cont.)

Initial Time/min. 102[Amount Additives
102[N—N02—MP] : Decompdsed]/Ma
1.30 30 - 0.27 (0.3)b
1.30 30 0.24 0.1 M NaNOs
1.30 30 0.24 0.05 M NaNO0j;
2.46 - 30 0.88 (0.9)°

a. .. e . ’ .
" Difference between initial and final concentration.

Duplicate reactions in parenthesis. -
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were found, irradiation of 10-.2 M gfnitrosopiperidine'for the same

4 M EtOH were obtained along

period, 5.15 x 107% M acetone, 2.4 x 10~
with 1.66 x 10.—3 M unreacted starting material.

Acetone.was further characterised by its DNP-derivative (m.p.,
123.5° 156221 126° ; M+'238), Nitrite was not detected by Shinn's
test130 and hence it is unlikely that ﬁé attaéked the nitroso group
of N-nitrosopiperidine as shown in Equation 6.16. fheré was no

evidence of other carbonyl products associated with a- hydroxylation

or the hydrolysis of the imine formed (Equation 6.16).
©+ BO—— | —_ ( o BN () c... 6.16
H .
| ' N N7

Acetone could form, however, from an initial 4-hydroxylation
followed by oxidation by e;q (Scheme 6.4). Enolisation and base-
catalysed rupture of the C-N bond of N-nitrosopiperidone would lead to

the dieneone IV, which would be expected to hydrolyse to acetone and

formaldehyde.
o—B
0—H 4B 0
- e.— K
+ HO (aq) B: (Ton \t;
| , ~
N=0 N=0 =0 N=50" —0
| 0 | K-?w§ B: ( OH)
/K + )\ H,0 ’/h\’ 3 5
o7 Cu . cuy oy —— [ | *N2 208 7 L
(IV) ' ﬂ )
o 2
N— 0~ 1<oH

SCHEME 6.4
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Formaldehyde was not detected by g.l.c., however, but its

decomposition to €O, on y-irradiation has been previously repofted.lgg’190
Methanol was identified, and this could arise from the.reduction of
formaldehyde.l95 Isopropanol formation.is probably due to attack.

of the hydrated'electron on acetone for which there is much evidence.186

The formation of ethanol is not clear.

6.2.2 (c) Analyses of Organic Fraction.
An organic extract of the N-nitrosopiperidine xfifradiated

solutions on T.L.C. (2 mm silica) showed three bands with R_ = 0.80,

F
0.40; 0.05 on development with 80/20 (v/v) pet-ether (40-60) /acetone.
The major band at RF = 0.80 was collected and confirmed to.be unreacted
N-nitrosopiperidine. The band at RF = 0.40 showed i.r. absorbances
(CHCfs) at 1710  (C=0), 1465, 1430 and 1360 cm | (N-NO stretéh).

This product on sﬁblimation gave 0%3 mg pale yellow crystals. Mass
spectra indicated a molecular weight of'326. ‘The compound may contain
the carbdﬁ fragment of three §fnitrosamine’moleculés, as identified by

Chow.78 The band at RF = 0.05 gave strong i.r. bands (CHC/3) at 1710,

1675 and 1360 cm * and a weak absorption at 1430 cm_l.

6;2.2 (d)- Coﬁcluding Remarks.

| Clearly, N-nitrosopiperidine is destroyed by xfradiatioﬁ into
essentially harmless products at a rate of ca. 10—4 M N-nitrosopiperidine/
min. The extent of decomposition is independent of the initial [N-
nitrosopiperidine] so the reéction is not bimolecular, and the products

~ do not destroy N-nitrosopiperidine. Also, the rate of decomposition
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is independent of pH. Not all the products have been identified, but
their yields cannot be increased by increasing the dose so alternative

methodsare required to characterise them.
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6.2.3 (a) Formation of Efnitrosamines,from Secondary Amines and

NaNO, on y~Irradiation.

4 3

With reagent concentrations (ca. 8 x,10 ' M NaNO, and 2 x 10" M

piperidine), the yield .of N-nitrosopiperidine increased to a maximum
of ca. 6 x 10--5 M after 6 min.y-irradiation (= 105 rad.) and then
decreased. Afterd45 min. (= 7.5 x 105 rad), no Efnitrosopiperidine

could be detected. The variation in the yield of N-nitrosopiperidine

with respect to time of y-irradiation is shown in Table 6.4.

Table 6.4

The decomposition of NaNO, and the formation of N-nitrosopiperidine
(NNP) with respect to dose y~radiation in the absence and presence

of 2 x 10'-3 M piperidine. y-dose 1 M rad/h. ‘Initial [NaNO,] =

8 x 107 M. .
- Time/min. Residual 104 [NaNO, 1/M : 105 [NNP]/M
NO Piperdine 2 x 107> M Piperidine
2 7.95 795 | 0.5
6 6.6 6.30 - 6.25
15 6.12 5.93 A 1.5
30 5.5 3.25 ' Trace
45 3.3 _ 1.10 _ 0

60 3.65 0 0



226

Analysis of the reaction solution by Shinn's test130 after 30 min.
shqwed that NaNO» had been decomposed by y-radiation. This was
checked by following the decrease in [NaNO,] (By Shinn's test) on
XY~-irradiation of 8 x 10—4 M NaNO:; in both the presence and absence
of 2 x 10--3 M piperidine. The results in Table 6.4 show that NaNOz'
loss during Ifirradiation is greater in the presence of piperidine

than in its absence, The fact that the differeme in not accounted

for by formation of N-nitrosopiperidine is consistent with previous
observations that N-nitrosopiperidine itself decomposes on y-irradiation.
It,waslshown préviously (Table 6.1, 6.2) that the decomposition
6f 0.75—1.0'x 10—2 M N-nitrosamine does not dccur in the presénce of
- 0.1 M NaNO,. This suggesfed that significant yields of N-nitrosamine
may be obtained by y-irradiation of aqueous NaNO, and secondary amine
where the NaNO, is in excess. " Data in Table 6f5 and Figure 6.2
for reaction of 0.1 M NaNO, with 2 x 10~3.M amine shows the yield -
of N-nitrosamine has a linear depeﬁdency with the radiétion dose.
After 60 min. lﬁirradiation, quantitative yields of N-nitrosamine
were obtained for N-methylpiperazine and morpholine compared to only
40% for piperidine (Table 6.5). With the same reagent concentrations
in phosphate buffer (pH 6.99) 30 min. y-irradiation gave 79 x 10-;5 M
ﬁfmethy1~§fnitrosépiperazine and 27 x 10_5 M N-nitrosomorpholine but
virtually no N-nitrosopiperidine (Table 6.6). The apparent dependence
of the product yields on the basicity of the amine suggests that only

unprotonated amine reacts.
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Table 6.5

Yields of N-nitrosamines with respect to absorbed y-radiation

(1 M rad/h ) for reaction of 0.1 M NaNO, with: initial 2 x 10_3'M
morpholine, piperidine and N-methylpiperazine in aqueous anaerobic
solution at ambient temperature. (N-nitrosomorpholine - N-NM,

N-nitrosopiperidine - NNP, N-methyl-N-nitrosopiperazine N-NMP).

Time/min. 105'[§7nitrosaminej/M
N-NM NNP N-NMP
6 a6 14 41

15 79 28 80

30 | 170'(173)3 6l 130

45 _ 70 153

60 200 (200)2 88 200 (200)°
a

Duplicate reactions in parenthesis.

Since quantitative ylelds can be obtained in fhe-absence of buffer,
it is probable that HO generated by the radiolysis makes the
reaction solutions alkaline. Addition of 0.01 M HC/ inhibited both
N-nitrosomorpholine and N-nitrosopiperidine formation'bpt catalysed
N-methyl-N-nitrosopiperazine formatién from 7.8 x 10—4 M NaN0; after
6 min. y-irradiation in the presence of 10—3 M amine (Table 6.7).

The result for'Efmethyl-gfnifrosopiperazine is not cdntradictory
because independent measurements show this refers to the nofmal acid
catalysed reaction by.HN02. Addition of 0.4 M NaOH also . severely

inhibited N-nitrosomorpholine and N-nitrosopiperidine formation from
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Figure 6.2.
The dependence of dose y—-irradiation (1 M rad/h’) on the yield of
N-nitrosamines in aqueous anaerobic solution at ambient temperature.

Initial 2 x lO—3 M piperidine (4 ), morpholine (m ), N-methylpiperazine

(@), [NaNO,] = 0.1 M~

104[§fnitrosamine]/M

——t T

0 10 20 30 - 40 50 . 60

Time y-irradiation/min.
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Effect of pH on the formation of N-nitros- and N-nitro-amines. Initial
2 x 10-3 M piperidine,-morpholine, gfmefhylpiperazine;‘lfdose (1 M rad/
h ) for 30 min., in aqueous anaerobic solution at ambient temperature.
(N-nitrosopiperidine, NNP, - N-nitrosomorpholine, NNM, N-methyl-N-

nitrosopiperazine, N-NMP).

0.1 M NaNO, 105 [N-nitrosamine]/M
NNP NNM N-NMP

pH

9.2 ‘ 17.6 153 132

6.99 0.8 27 79
0.1 M NaNOQ, . 105 [Product ]/M
Product pH 9.2 pH 6.99
NNP ’ 3.6 ‘trace
N-nitropiperidine : 7.5 trace
NNM ‘ 22 trace
Efnitromorpholine 13.2 trace
N-NMP© R 6 | 6

Efmethyl—ﬁ;nitropiperazine‘ 7.2 " 7.2



Effect of added HC/ on N-nitrosamine formation. Initial 2 x 10
piperidine, morpholine, and N-methylpiperazine; y-dose (1 M rad/h )
for 6 min. in aqueous anaerobic solution at ambient temperature.

(N-nitrosopiperidine, NNP, N-nitrosomorpholine, NNM, N-methyl-N-nitroso-

230

Table 6.7

piperazine, N-NMP).

10" [NaNO, 1/M

10% [HCZ]/M

7.82
7.82
7.82
4
10" [NaNOs]/M
9.0
9,0

9.0

10

10

10S [N-nitrosamine]/M

NNP

2.16

0.72

0.49

NNM

3.0

0.86

2.39

Same yield apparent with no y-irradiation.

3,13

N-NMP
5.75
10.252

42,02

1.75
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Table 6.8
Effect of added NaOH on yiel&s of N-nitroso- and N-nitro-amines.
Y-Dose 1 M rad/h for 30 min. in aqueous anaerobic solution ét
ambient temperature. -Initial [Morpholine], [Piperidine] =.2 x 10-—3 M

Initial [NaNO.] = 0.1 M.

Amine 103 [NaOH1/M 105 [N-nitrosamine]/M 105 [N-nitroamine]/M
Morpholine 0 172

Morpholine 2 | . 128

Morpholine 400 , ' 17.8

Piperidine 0 | 62.5 (64.5)°%

Piperidine. _ 2 _ 50

Piperidine 400 20

Initial [NaNOs;] = 0.1 M

Morpholine 0 24 (20)2 21 (15)
Morpholine _ 2 | 10 v 7
Morpholine - 400 | 4.8 | 12
Piperidine 0 _ 7 (6.7)2 37 (40)?
Piperidine o 2 6.7 40
Piperidine 400 | 5.5 | 5.3

a

Reactions in duplicate.
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0.01 M NaNO, after 30 min. y-irradiation (Table 6.8) for reasons
that are not entirely clear. It is possiBle that either the
hydrolysis of N,Os or generation of radicals from NaNO, become
significént. |

Other results show that the yield of N-nitrosamine is dependent
on the extent of ifradiation. The effect of both amine concenfration
and dose of radiation is shown in Figure 6.3 for morpholine. This
shows that the initial rate of.Efnitrosomorpholine formation is
independent of the [morpholine] and that quantitative yields of
"gfnitrosoﬁorpholine are obtained for 10'?3 M and 2 x 10_3 M morpholine
aftef 30 and 60 min., respectively. An obvious ekplanation of the
amine indépendeqce is that formation of the nitrosating agent is
rate-limiting. (The non-linear dependence atrhigher concentrations
.of morpholine pfobably relates to the relative protective ability of the
diminished [NaN0.], and also that the rate of formation of the nitrosating
agent is dependent on [NaNO.]). Other data on Table 6.9 show that
yields of both N-nitrosomorpholine and N-nitrosopiperidine depend on

Table 6.9

Variation in N-nitrosamine yield with [NaNO,]. Initial 2 # 107 M
morpholine, piperidine; y dose (1 M rad/h ) for 30 min. aqueoﬁs

anaerobic solution at ambient temperature.

103 [NaNO, J/M 105 [N-nitrosamine]/M.
ﬁfnifrosomorpholine gfnitrosopipéridiné
1 3 3
5 40 | 30
10 | 94 ' 43
50 | 145 62

100 174 | 62
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Figure 6.3.

Variation in yield of N-nitrosomorpholine with time of y-irradiation

for varying initial [Morpholine] = 1 x 103 4 (m ), 2x 10> M (@),

5 x 10-—3 2

M (o), 1x10°M(a). Initial [NaNO,] = 0.1 M, aqueous

anaerobic solution at ambient  temperature. y-dose 1 M rad/h .

103[§7nitrosomorpholine]/M

0]

10 20 30 40 50 60

Time of irradiation/min.



234

the initial [NaNO,]. The dependence here is not straightforﬁard
and the yield of N-nitrosamine per mole of NaNO, passes through

a maximum. Thus, for high [NaNO,] the amount of Efnitrosaminé

tends to level off to a maximum value dependent on both the basicity

and dose of radiation. For example 2 x 10_3 M morpholine gave

1.72 x 1072y 2x10°n N-nitrosomorpholine while 2 x 1_0'3 M

4

piperidine gave only 6.2 x 10 ', 8.8 x 10'—4 M N-nitrosopiperidine

after 30 and 60 min. irradiation, respectively (Table 6.9 and

Figure 6.2). The limiting yields at high [NaNO,] suggests trapping -
of the nitrosating agent by the amine is subject to saturation.
"Analysis of these data gives a clear indication that the yield of

N-nitrosomorpholine is dependent on the total dose of Yy-irradiation.

For example, 0.1 M NaNO. and 2 x 10—3 M morpholine irradiation for

30 min. at 1 M rad/h (_'0.5 M rad) gave similar yields of N-nitroso-
morpholine to exposure for 118 hours at 72 rad min:-1 (= 0.51 M rad),
"(Table 6.10). The yield of gfnitrosomorpholiﬁe bears an aﬁproximately
linear relationship t6 the dose, with'gg,.3.5 x 1077 M anitrosdmorpﬁoline
produced ber rad (Figure 6.4). At low doses, however, the yield of -
N-nitrosomorpholine/rad is lower compared to ylelds at high ddses,
band this is probably due to the error (+ 10-15%) for the estimation of "
low doses (v. Experimental 6.4.ITI).

Other results summarised in Table 6.11 show unequivocally that-
added KNs inhibits.the formation of §—nitrosamine. Fpr example, with
2 x 10_3 M -morpholine and 0.1 M NaNO,, 30 min. irradiation usually

gives 1.53 x 10_3M Efnitrosomorpholine(pﬂ 9.2)but3this decreased to 1 x 10-'5

M N-nitrosomorpholine in the presence of 4 x 10_3 M KN,. It is clear

that the nitrosating agent preferentially reacts with KN; rather than

morpholine.
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Table 6.10
Variation of N-nitrosomorpholine yield with y-dose. Initial 0.1 M
NaNO, with 2 x 10"3 M Morpholine in aqueous anaerobic solution at

ambient temperature.

Dose Time Irradiation Total Dose 105 [ﬁfnitrosoﬁorpholind/M
rad/h /h 10t rad. ' '

120 3 .216 1.19

180 17 ;306 1.41

106 0.1 10 43

10° 0.25 25 78

106 0.50 50 158
4320 118 . 51 | 145

10° 1.0 100 200
4320 118 51 8.15°

105 [N-nitrosopiperidine]/M

4320 118 51 s2.7°
4320 118 51 3.28¢

2 1In the presence of 0.1 M NaNOs instead of 0.1 M NaNO,

piperidine.

In the presence of 0.1 M NaNO., 2 x 10“3 M piperidine

In the presence of 0.1 M NaNO; instead of 0.1 M NaNOz, 2 x 10—3 M
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Figure 6.4.

The yield of gfnitrosomorphoiine from 2 x 10_3 M morpholine with'
respect to dose of y-irradiation in. aqueous anaerobic solution at
ambient teﬁperéture. Initial [NaNO.] = 0.1 M.

(w) 1Mrad/h dose for 0.1, 0.25, 0.50, 1.0 he  (4) 12 rad min. L

for 3 h. (o) 3 rad/min, for 17 h. (0) 72 rad/min for 118 h.

103[E7nitrosomorpholine]/M

2.0

1.8

1.6

. 1-4
1.21

1.0

/ .
v
,/‘O |
I3 [l [{
0.2 0.4 0.6 0.8 1.0

M rad. absorbed y-radiation



Table 6.11
Inhibition by KNi3. y-Radiation (1 M rad/h ) for 6 min. in aqueous anaerobic solution at ambient temperature for

NaNQ, and NaNOj;.

Yield
lO3 [NaNO, ]/M 103 [kN,]/M Amine . 103>[Amine]/M lO5 [E—nitrosaminej/M lO5 [N-nitroamine /M
0.9 0 " Morpholine 1 6.25
0.9 1.0 Morpholine 1 7 1.02
lOQ* 0 Morpholine 2 153
1o0* 4.0 . Morpholine 2 1.0
0.9 0 Piperidine 1 3.08
0.9 | 1.0 Piperidine 1 0.95
10° [NaN0,1/M
0.9 0 Morpholine 1 2.4
0.9 1.0 Morpholine 1 0.5
100* 0 Morpholine 2 22 13.2
100 - 2.0 - Morpholine 2 2.0 : 23.4
0.9 _ 0 - Piperidine 1 1.1
0.9 1.0 Piperidine 1 0.5

* Reaction at pH 9.2 y-dose (1 M rad/h ) for 30 min.

IANA
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6.2.3 (b) Formation of N-nitrosamines and N-nitroamines from

Secondary Amines and NaNOs on y-radiation.

As for the reactions using NaNO. with low concentrations, (e.g.,
8 = 10—4 M NaNO, and 2 x 10-'3 M piperidine), formation of N-nitroso-
piperidine reached a low maximumAafter 6 min. irradiation (1.95 x
10"5 M N-nitrosopiperidine) and subsequently decreased‘with longer
exposures (Table 6.12). Also, independent experimentsrshowed that
lfifradiatiOn of NaNO; leads to the formation of NaNO, in agreement
with previous reports.‘zoo‘zo5 ‘The amount of NaNO, appears to reach
a maximum which is clearly higher in the presence of piperidine

(Table 6.12). These results show that there is no simple correlation

between the yields'of NaNO. and ﬁfnitrosopiperidine.

Table 6.12

The formation of NaNO, and N-nitrosopiperidine with respect to dose

Y-radiation of initial 8 x 10»4 M NaNO, in absence and presence of
: -3
2 x 10 ™ M piperidine, in aqueous anaerobic solution at ambient

‘temperature. y-dose 1 M rad/h.

Time/min, 105 [NaNO, ]/M 105 [N-nitrosopiperidine]/M

~NO piperidine 2 x 10—3 M piperidine

2 5 7.5 < 0

6 7.5 21 1.95
15 8.0 26 0.95
30 11.5 31 ' : Traées
45 7.5 2 0

60 3.5 22.5 o 0
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It was shown previously (see Table 6.2, 6.3) that decomposition
of ca. .75~1.0 x 1072 u N-nitrosamine by y-radiation was reduced in
the presence of 0.1 M NaNO,. It follows that N-nitrosamine formation
may be significant in the presence of relatively high [NaNOs], as
with NaNO,. Radiolysi; of the éppréprigte solutions of NaNOs, however,
resulted in the formation of both N-nitrosaminesand N-nitroamines.
Independent checks established that the N-nitroamine does not result
from the oxidation of N-nitrosamine by H,0, or radical oxidants.

Variation in the‘yields.of N-nitroso- and N-nitroamines with time
oflirradiation are suminarised in Table 6.13 and the §7nitrosamihe

data are plotted in Figure 6.5.

Table 6.13

Dependence of N-nitroso- and N-nitroamine formation on the y-dose
(1 M rad/h ). Initial 2 x 10--3 M piperidine (P), morpholine (M) and
gfmethylpiperazine (NMP),O.l M NaNOs, in aqueous‘anaerobic solution

at ambient temperature.

Time/min. - 105 [N-nitrosamine]/M | 105 [§fnitfogmihe]/ﬂ
P M NMP P M NMP
6 2 4 3. 2 18 2 (1.17)
15 3 11 65 16 10 1
30 10 21.5 7.5 30 11.7 5
45 10 33 9 49 13 6
60 - 10 42 4% 10 53 16 (A7) 8

Reactions in duplicate
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Figure 6.5

Dependence of N-nitrosamine formation with respect to dose y-irradiatien.
(1M rad/h ). Initial 2 x 10—3 M piperidine (®), morpholine (m),
N-methylpiperazine (4 ), [NaNO5] = 0.1 M, aqueous anaerobic solution

at ambient temperature.

104[§fnitrosamine]/M

3 o

2 ]

1] L ° ° : ) -
’//——-A

,~/”;’ﬂrﬂ’/ *

(| i é

" A
/.

P
10 20 30 40 50 60

Time of y-irradiation/min,
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Generally, N-nitrosamine yields are lower than comparable
experiments with NaNdz, but other differences are apparent; Thus,
the amount of N-nitrosomorpholine is much higher than N-methyl-N-
nitrosopiperazine and Efnitrosopiperidine,'and does not appear to
reach a limiting value after 30-60 min. and the amines appear to
exhibit selectivity towards the nitrosating agent, which is not
only Hepéndent on the basicity. The yields of N-nitroamines,
hqwéver,‘inprease linearly with time of irradiatiom for all three
substrates and are dependent on the basicity of the amine (Table‘
6.13), i.e., piperidine (53 x 107 M), > morpholine (16 x 107 M) >
Efméthylpiperazine (8 # 10_5 M) after 60 tin. y-irradiation. As for
NaNO, product formation for piperidine and morpholine iS'severely
inhibited by acid (Table 6.7). The yields of N-nitroso- and N-
nitroamines in buffered media are shown in Table 6.6 : atva 6.99,
only gfmethylpiﬁerazine reacted. Added NaOH also decreased the amount
of both N-nitroso- ;nd Efnitfoamine (Table 6.8);

The effect of both [NaNOs;] and [morpholine] on fhe product yields 
was also examined and these data are given in Table 6.14 and ‘Figures
6.6 and 6.7, respéctivel?. Figures 6.6 and 6.7 sﬁggest that, as with
NaNO,, the rate of Efnitrosomorpholiﬁe and N-nitromorpholine, formation
is virtualiy independent of [morpholine]. This 'would be expected if
formation of the nitrosating agent is rate-limiting. The influence
of [NaNOs;] is to increase product yields (Table 6.14) but a saturation
effect is‘apparent above 10_2 M NaNO; for gfnitrosomorphoiine formation .

while N-nitromorpholine increases.



Variation in the yield of N-nitrosomorpholine with time of y-irradiation

for varying initial [morpholine] = 1 x 10

5 x 10

anaerobic solution at ambient temperature.

3

Figure 6.6.
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3

M (A), 2 x 10

3

M (o),

M (o), 1x 10”2 M (a). Initial,[NgNOa] = 0.1 M, aqueous

105[§fnitrosomorpholine]/M
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Figure 6.7.

Variation in the yield of N-nitromorpholine with time of y-irradiation

for varying initial [morphol.inr-:]’= 1 x 10-3 MA{v), 2x 10_3 M (0),

5 x 1073

M (o), 1x1072M (a). Initial [NaNOs] = 0.1 M,aqueous

anaerobic solution at ambient temperature. y-dose 1 M rad/h..

los[ﬂfnitromorpholine]/M

20 1

A_—-—
15 1 9
10 |
5 |
0 10 20 30 ;o 50 60

Time y-irradiation/min,
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Table 6.14

Effect of [NaNOs] on the formation of N-nitroso- and N-nitro-amines;
Initial 2 x 10—3 M piperidine (P), morpholine (M), y-dose (1 M rad/h )

for 30 min. in aqueous- anaerobic solution at ambient temperature.

103 [NaNOs ]/M 105 [Efnitrosamine]/M 105 [Efnitroamine]/M
M P M P
1 1.25 .Aé 4 10.5
5 .12, 4.5 6.5 15
10 i9 10 10 . 26
50 19.5 .10 S - 29
100 . 21.5 | - 10 . 11.7 30

Other results in Table 6.li show unequivocally that added KN3'
inhibits Efnitrosamine formétion from the radiolysis of NaNOs. For
-example, at pH 9.2 with 2 x 1073 n morpholine and 0.1 M NaNOs, 30 min.
lfirradiation usually givés ca. 22 x 10—5 M N-nitrosomorpholine but
this is decreased to 2 x 10“5 M N-nitrosomorpholine in the presence of

3

2 x 10 ° M KN;. It is not clear, however, why thereis an apparent

increase in the yield of N-nitromorpholine in the presence of KNs.

6.2.4. N-nitrosamine formafion from morpholine and NaNQg, NaNOs

on Hg-photolysis.-

The Hg-photolysis of aqueous anaerobic solutions of NalNO,, NaNOs,
in the presence of 2 x 10_3 M morpholine at ambient tempefature was
studied briefly. The results (summarised in Table 6;15, and 6.16)

show trends similar to those observed from the y-radiolysis of these .
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solutions. Thus, the yield of N-nitrosomorpholine is dependent on

the [NéNOz] . .the length of photolysis, but largely independent
on ?he [morpholine]. Generally, higher yields of N-nitrosomorpholine
was observed from the photolysis of NaNO, than NaNO,; and fhe reactions
of NaNOs; were not examined further. Also, there was no detectable

N-nitromorpholine from the photolysis of NaNO; as found during the

‘y-radiolysis reactions.

Table 6.15

N-nitrosomorpholine formation from the Hg-photolysis of NaNO» and
morpholine in aqueous anaerobic solution at ambient temperature,

time Hg-photolysis, 60 and 120 min.

lO3 [NaNO0, 1/M lO3 [Morpholine]/M lO‘5 [N-nitrosomorpholine }/M
- 60 min. 120 min.
1.0 2 4.76
1.0 5 1.25 5.35
10.0 2 28.9 22.5
10.0 5 29.8 30
20 2 56 - 63.2
20 5 56.5 93.5
50 2 59 . 81.5
50 5 88 114 |
80 2 100 146
80 5 99.5 ‘ 146
100 2 174
100 5 176
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Table 6.16

N-nitrosomorpholine formation from the Hg-photolysis of NaNOs and
morpholine in aqueous anaerobic conditions at ambient temperature.

Photolysis time 120 min.

.103‘[NaN03]/M 103 [Morpholine]/M 105 [N-nitrosomorpholine ]/M
1 : 2 : 1.16
1 | B  1.16
10 2 ] 1.16
10 5 -1.74
100 | 2 | 2.33

100 : 5 ' 2.9
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6.3 Discussion and Conclusion. L

Present results show that N-nitrosamines form when aqueous
neutral solutions of NaNO, and NaNOs; are exposed to y-radiation

3M)

in the presence of secondary amines. With low (ca. 10~
concentration of salt and 2 x 10._3 M piperidine, small amounts of
N-nitrosopiperidine were detected after ca. 6 min, but this disappears on
further irradiation. With excess salt, however, substantial amounts
(sometimes quantitatﬁkbof N-nitrosamines are obtained over ca. 60 min.
Generally, higher concentrations of N-nitrosamines are obtained from
NaNO, than NaNOa, but Efnitroamines form concurrently only from
NaNOs.

There is gocd evidence . in the literature, confifmed by these
results, that N-nitrosamines are decompdsed by ionising radiation.78’217_220
It is also knowﬁ that aqueous nitrite and nitrate sdlutions form N,0,

and N,0,, respectively on l—irradiatioﬁ201’204 211,212

and Hg-photolysis.
Most of the results can be accommodated within the context of these
facts, provided that the decomposition df N-nitrosamine and‘Efnitroamine
is inhibited by both nitrite and nitrate. Evidence cited in Table 6.2
and 6.3 shows that this inhibition occurs for N-nitrosamines and to

a lesser extent for N-nitroamines, and that nitrite is a better
inhibitor than nitrate.

It is also known that gaseous N;03; and N0, react with secondary
amines in neutral and alkaline aqueous solution to form Efnitrosaminés
and _Ii—nitroamiﬁes,zz2 respectively. Thus, the observation that N-
nitrosamines form only from y-irradiation of aqueous nitrite and both

N-nitroso~ and N-nitroamines from aqueous nitrate concur with

conclusions about the generation of N205 and N:0..
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Several other observations provide information about the‘
detailed mechanism of N-nitroso- and Efnitro;amine formation. Reaqtibn
by both aqueous nitrite and niprate is inhibited by decreasing pH.

_This suggests that the.free (unprotonated) amine is reactive. The
reaction is also inhibited by added HO  which may reflect an

increased rate of hydrolysis of N,0; and N;0. (Equation 6.17 and 6.18)

N203 + 2H0- % QNO; + Hzo ees e 6.17

N.0. + 2H0O ———3F NOs3 + NO, + H,0 veee. 6,18

Alternatively, the generétion of the nitrosating agent itself,
ma& be inhibited by added HO . Further, the rate of formation of
‘N-nitrosamine from aqueous nitrite is dependent on the dose of
xfradiation, and the [NaNOz], but is virtually independent of
[amine]. This suggests that reaction is not a result of the usual
acid catalysed nitrosatién pathway, that activation ofvthe amino
substrate by radical intermediates (e.g., Equation 6.19) is not involved,

and that radical initiated formation of N,0; is the rate-limiting step.

. » N
R,NH + HO —> H,0 + RN -————9-—%> R,NNO ee.. 6.19

The inhibiting effect of added NaN; supports the conclusion of N:0;
formation and shows further, that N-nitrosamine formation occurs in -
solution and not in the dead space (gaseous-region) above the reaction
solution. There is good evidence to show that NaN; reacts rapidly with

' 8
N.0; to give a mixture of N,0 and N24 (Equation 6.20).
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N,0s + N3 —— N,0 + N, + NO; Ceee. 6.20.

.On the basis of these observations, the proposed fprmation of
the N-nitrosamine of piperidine, morpholine and §fmethy1pipérazine follow

the mechanism outlined in Scheme 6.5,

- . ¢ -
2N0; + H,0 —X 3 NOo. + NO + 2HO
N203
. HO | R,NH

R,NNO + NO, + H,0

SCHEME 6.5

‘Similar conclusions apply to N-nitrosamine formation from aqueous
nitrate, although these reactions show additional complexities. Like
those with aqueousnitrite, they are inhibited by acid, alkali and
added KNs. Further, the rate of N-nitroso- and N-nitro-amine formation
is dependent on the dose of y-radiation and [NaNO3], but is largely
independent of the [Amine]. This suggests that reaction folléws
a similar mechanism to that of Scheme 6.5, except the intermediate

formation of N20, is involved (Scheme 6.6).
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INOT + 2H,0 — YL y No, + NO, <+ 2HO  + 20H

' N.O.
“oH \ OH, R,NH
R,NH ,

H,0 + NO, + R,N-NO,  R,NNO + NO; + H.0

ScHeME 6.6

It is more difficult to explain variation in the yields of
N-nitrosamine and N-nitroamine products with amine structure. With.
morpholine and N-methylpiperazine yields of §fnitrosamine were 1argef
than the corresponding gfnitroémine but this dependencvaas‘reversedv
for piperidinef Fufoher, under similar reaction conditions, yields
of g}nitrosomorphoiine are larger than those of N-nitrosopiperidine or
N-methyl-N-nitrosopiperazine. Also, the yield of N-nitropiperidine is

larger than N-nitromorpholine or gfmethyl-gfnitropiperaéine. Thus, the

amine basicity does not seem to be an important factor. The simplest
explanation is that tho stability of the various products towards Y-
irradiatioo\varies markedly. Evidence cited in Table 6.3 shows that ﬁ;nitro—
samine decomposition is independent of structure and that nitrate inhibits
decomposition. Further, the extent of decomposition of N-nitromorpholine

and E—methyl—ﬂ—nitropiﬁeraiineY(Table 6.3) is not extensibely inhibited by

added 0.1 M NaNO,,rardd there is a siight dependeﬁce on the structure of the
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N-nitroamine towards decomposition. Signi%icantly, N-methyl-N-nitro=~
piperazine decomposition is dependent on concentration. The product '
of this N-nitroamine may catalyse the breakdown.

Alternatively, foymation of g;ﬁitropiperidine may.stem from
the reaction of ﬁOg rather than N,0,. This explanation is unsatisfactory
since no N-nitropiperidine formation was observed after lfirradiation

of aqueous NaNO, solutions. The formation of N-nitrosamines, however,

reqﬁires reaction via NgQa.

ﬁ;nitrosdmorpholine‘was found after the Hg phoﬁolysis of aqueous
NaNO, and NaNQOj; sélutions in the presence of morpholine."Thetrate of
N-nitrosomorpholine is dependent on the length of exposure of Hg—photolysis;
tNaNOz] and [NaNO5], but largely independent of [morpholinel. It is
likely therefore, that_formation of'thelgfnitrosaminetfollows a similat
vscheme as proposed for Ifradiation; No attempt was made to determine

the energy required for the reduction of aqueous NaNO, and NaNOs, but

clearly, this pfocéss is not restricted to high energy y-rays.
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6.4 EXPERIMENTAL

6.4 (I). Reagents, Substrates and Products.

The purifiqation of amines, the preparation and purification of
N-nitrosamines has been described in Chapter 2.4. Here AnalaR grade
NaNO,, NaNOi;, KNj3, sulphanilamide, gfnaphthylethylene diamine dihydro-
chloride and voluﬁetric standard N-HC/, NaOH were used without further |
pur.ification. All reaction s’olutions were made up with deionised,
degassed water unde; a nitrogen atmosphere. Phosphate (pH 6.99) and
_séturated borax (pH 9.2)‘buffer solutions were prepared with degasséd,

deionised water.

6.4. (II). Preparation of N-nitroamines.

N-nitromorpholine was prepared by Mr.B.Li by the oxidation of

ﬁfnitrosomorpholine with trifluoracetic anhydride and purified following

a literature procedure.223 (N-nitromorpholine, white solid m.p., 52°¢

11t2%3 52°0)).
ﬁfnitropiperidine was prepared by Dr. S. Krytopoulos by oxidation of N-

nitrosopiperidine with trifluoracetic anhydride.

N-nitropiperidine, pale yellow oil, b.p., 116-117°c/17 mm.2 4
N-methyl-N-nitropiperazine was prepared by Mr. D.E.G. Shuker following

a literature procedure.225

N-methyl-N-nitropiperazine, pale orange crystals, m.p., 46—48°C,

11t2%° 48-50°C.
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6.4. (III) Reaction Methods,

For the decomposition of N-nitrosamines and Efnitroamines,
5 ml of the appropriate sqlution was pipetted into a pyrex Quickfit
test-tube (previously purged with nitrégen) and then sealed under
nitrogen. For reactions involving the formation of N-nitroso-~ and
N-nitroamines, 4.5 ml.of freshly prepared stock solutions of NaNQ,,
or SaNOa was pipéfted into the Quickfit tube and the final volume‘
adjusted to 5.0 ml.by appropriate addition of water, amine or additive.
The tube was finally purged with nitrogen and sealed.

l~irradiation éf these samples were carried out in the'centre
of a °°Co source ofvdqsé rate 1 M rad/h for the given time. TFor low
dose rate irradiations the sampies were placed at fixed distantes from
the centre of the source, and the dose estimated using the inverse
square relationship. The dose rate (+ 10%Z) at fixed distéﬁceé from the
¢°Co source was previously calibrated by Dr. P. Clay, Department‘of
Chemical Engineéring, Imperial College and gave fairly good agreement
with the inverse square relatibnship. The total dose absorbed, howeﬁer,
has a larger experimental error (+ 10-15%) due ‘to the scatteringldf
y~rays by the walls of the °°Co chamber and also the diminishéd energy
of the y-rays on travelling lafge distances. After y-irradiation, the
solutions were assayed by g.l.c., after sténding for ca. 60 min,
although the temperature of these solutions (even onAionger than 60 min.
exposures) did not exceed 30°C. The déad space above the reacéion

solution was ca. 5 ml.

6.4. (IV) Hg photolysis was performed on samples prepared as above and

photolysed using a 125 W Osram high pressure bulb, at a fixed distance
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of 13 cm from each sample. No attempt was made to restrict the
wavelength of light. The temperature of these solutions was maintained

at room temperature by using a fan to circulate cool air.

6.4. (V) Analysis of Products.

N-nitrosamines and N-nitroamines were assayed by g.l.c. on Perkin-
Elmgr F33 instrument fitted with 8% Carbowax plus ZZVKOH column under
standard conditions described in Chapter 2.4.1TT.b, with the exception
that column temperature was 19000. The retention time of these producﬁs

are shown below:.- '

Compound Retention time/min.
N-nitrosopiperidine. ‘ ' 2.0
N-nitropiperidine | 2.7
N-nitrosomorpholine 2.4
N-nitromorpholine _ 3.2
lﬁfmethylfgfnitrosopiperazine 2.6
N-methyl-N-nitropiperazine ‘ 3.5

The extent of decomposition was estimated by comparing peak heights
on g.l.c., of the standard solution of gfnitroso; and gfnitro—aminé with
those after y-irradiation. The yields of N-nitrosamine and gfnitroamiﬁes
formation were obtained and confirmed by direct comparison and spiking
with standard solution of authentic material as described in Chaptér

2.4.111.
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6.4. (VI). Product Analysis from the Decomposition of N-nitroso-

piperidine.

After irradiation of N-nitrosopiperidine solution, alcoholic
2,4-dinitrophenylhydrazine (DNP) was added. The only product to
form a DNP~derivative was collected and recrystallised from methyl-
ated spirit.  DNP-acetone, m.p., 123.5°C, 11622 mp., = 126°C ;
the mass spectra gave molecular ion at 238, | |

The organic fraction was extracted with CH:C!Q (3 x 25 ml),
washed with H,0, dried over MgSO, and concentrated under reduced pressure.

The aqueous solution was analysed by g.l.c; on a Perkin-Elmer
Fl1 instfument fittéd with 15% polypropylene glycol column, the operating
conditions and retentioﬁ times for the identified organic products are

.given below.  .

Perkin~Elmer F11

Column - 2 metre, %“{ i.d., stainless steel column, packed with
15% polypropylene glycol (LB~-550-X) on Chromosorb W (80-
100 mesh). |
Conditions: Column temp. 60°C
Injection temp. 240°C

Ng = Hz = Air = 30 p-FS‘-i.

Compound Retention time/min.
CH>COCH, 2.1
MeOH . 3.0
EtOH A 3.6

i-PrOH ' 4.4
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The major product RF‘= 2.1 min.was identified as acetone by
spiking technique.. The preseqce of isopropanol RF = 4,4 miﬁ,was
further characterised by oxidation with dichromate/H2:S0, followed by
distillation of acetone (b.p., 56°C/760 mm) and derivatisation by
DNP-derivative. Methanol and ethanol were confirmed‘by spiking
with authentic materials. |

The organic fraction was. analysed on t.l.c. plates (60" x 20",
2 mm thick silica, developed with 4:1 or 2:1 v/v pet-ether (40-60)/
écetone);v The developed bands were located w;th a u.v. lamp, the products
extracted with CHC/; and conceﬂtxated under reduced pressure. The
i.r., spectré (CHCZ5) for bands at RF 0.80 compared with authentic
.gfnitrQSOpiperidine. |

i.r., CHCZs 1460, 1430, 1360 cm ' (N-NO st).

The bands at RF 0.4 and 0.65 are listed below although the
préducts could not be further characterised.

Band Ry 0.04

i.r., CHCZs 1710 (CO), 1465, 1430;‘1365 cm"l (N-NO str).

Band Ry 0.05

i.r., CHC¢; 1710 (co0), 1675, 1450, 1370, 1265, 1125, 1075, 985.

6.4, (VII) Nitrite Estimation.

Nitrite was estimated following the modified Shinn's procedure
as described in Chapter 2.4.III (b). Typically, 1.0 ml of reaction
solution was added to acidic 0.57% sulphanilamide (6 ml1) in a 25 ml
flask and after 3 ﬁin, tbe coupling agént added. Ihe‘éoncentration

of nitrite was estimated as described previously.
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6.5. (1) Typical Réaction.

The effect of y-radiation (1 M rad/hr) on the yield of
N-nitrosomorpholine (NNM) in aqueous anaerobic solution at ambient
temperature. Initial {NaNO,] = 0.1 M, [morpholine] = 2 x 10-—3 M.

Analyses by g.l.c., F33 under standard conditions (v. Experimental

6.4.(V)). Injection sample = 1 .ul.

Time (y-radiation) Attenuation Peak Height 105 [NNM] /M
/min. ' : .
6 x 16 38, 38 . 46.2

1 pl 10-_3 M N-NM at attenuation x 16 gave peak heights 41, 41‘

15 . x6h 56, 56 79
1l 10_3 M NNM at attenuation x 64 gave peak heights 71, 71.

30 -  x 64 39, 39 173

-3

1wl 10 © M NNM at attenuation x 64 gave peak heights 45, 45.

60 ' x 128 - 47, 47 200

1l 10_3 M NNM at attenuation x 64 gave peak heights 47, 47.



6.5.(II). The effect of y-radiation (1 M rad/hr) on the yield of N-nitrosomorpholine (NNM) and N-nitromorpholine
(N-NO,M) in aqueous anaerobic solution at ambient temperature. Initial [NaNOa] = 0.1 M, [Morpholine] = 2 x lO--3 M.

Analyses as described (6.5.(I)).

Time (y-radiation)/ Attenuation . Peak Height Co10° [N~NM]/ﬁ 100 [N—NO@-M]/ﬁ

min . NNM N-NO,-M
6 . x 16 3,3 3,3 3.7 1.2

1l 10-3_M NNM at attenuatioﬁ x 32 gave peak heights 41, 41. ro

1pl 1.76 x 10-3’M N-NO,~-M at attenuation x 32 gave peak heights 22, 22, %
30 x 16 . 19, 20 >4,4 21.5 11,7

1l lO_3 M N-NM at attenuation x 32 gave peak heights 4.5, 45.

1 ul 1.76 x lO_3 M N-NO,-M at attenuation x 32 gave peak'heights 31, 31.

| 60 x 16 76,76 9,9 - 40.4 17.4

1yl 16_3 M NNM at attenuatioﬁ X 64 gave peak heights 47, 47.

1pl 1.76 x lO_3 M N-NO,-M at attenuation x 32 gave peak heights 45, 46,
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CHAPTEﬁ /

SUMMARY
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7.1 Reactions of Nitric Oxide.

Nitric oxide is a common pollutant associated with combustion
56,58 1 . -
processes, making its ability to convert amino compounds into
carcinogenic N-nitrosamine relevant to the aetiology of human cancer.

82,83,87 and our own studies have

Several previous invéstigations
shown that N-nitrosamine formation from dissolved NO and secondary
amines is slow (t, ca. 8 day383) unless certain metal catalysts
2
or promoters are present. The best promoter appears to be air
(or oxygen) which oxidises NO to ﬁoz. This leads to the formation
of N,0, and.Nzok,‘both of which react rapidly>with secohdavy amines
at ambient temperature in both ofganic41 or neutral and alkalinel
media.40’83 |
We have shown that NO in the presence of iodine leads to rapid
.Efnitrosamine formation (ty ca. 3 min)'in anaerobic EtOH at 25°C and .
2

for the more basic‘amihes, these reactions are faster than thg.

maximum rates of N-nitrosamine formation in aqueous HNO. (at pH 3-3.4
with [HNO,] = 2 x 10_2 M, t; (piperidine) gg, 34 days, and t%

2

(morpholine) ca. 67»min;7). The reaction mechanismﬁinvolves essentially
the oxidation of NO to NO+ (via nitrosyl iodide formation) and
nitrosation by nucleophilic attack of unprotonated amine substrates

on this entity.' In neutral conditions, iodine acts as a promoter

and the yield of Efnitrosamine is dependent on the [Iz].- However,

in acidic media its effect is catalytic. These reactions also involve
nitrosation by nitrosyl iodide but where I. is probably derived from

the neutralisation of the strong acid HI by NO yielding NOH (evolved

as N,O0 and H,0 ) and NOI. This hypothesis was supported by independentv

studies with HT itself and HI derived from the solvolysis of metal
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iodides. These reactions are fast, and for N-methylpiperazine the
rate maximiumis at pH ca. 2.2 which approximateé to gastric pH.

Less effective catalysis was observed»from the reaction of Ag
salts and dissolved NQ in neutral conditions. These reactiéns are
still considerably faster than reactions in the absence of AgI'and
with nitrous acid. Silver(I) salts act as promoteré, and in conditions
of excess amine the maximum yield is strictly controlled by [AgI].
Thése reactions appear to involve disproporﬁionation of AgI by the
amine to an AgII—amine complex followed by o#idation to the amino
radical (Rzﬁ) which reacts directly with NO in a rate-limiting radical
coupling step.

Silver (II) picoiinate oxidises NO to NO+ and N-nitrosamine
formation.résulfé from reaction of the released NO+ specieé and
the unprotonatéd amine in .anucleophilic solvents. Other metals such

1as CuI, CuII; FeII,.FeIII, also form nitrbsyl complexes but nitrosation
appear to involve metal-bound amine ligands, and not diréct release .
of,N0+—X species.

The above results can.be accommodated . 'within the context of the
reported reactivity of NO. Thus, NO itself can lead to N-nitrosamine
formation by reaction with dialkylamino radicals or as NO+ with
unprotonated amines. From our own studies of these'reactions, two
important observations regarding the maximum yield and the choice of
mechanims have become apparent. The maximum yields fall into two
categories, either. (I) stoichiometric with respect to [catalyst] (i.e.,
where the catalyst acts as a promoter),.or (II) where the yields are
quantitative (where the catalysis is truly catlytic). Both oxidation

4

: . +
of amine (to R,NH) or NO, (to NO') lead to N-nitrosamine formation with

the concurrent réleasg of acid (Equation 7.1 and 7.2, respectively).
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+.
RoNH + NO ——3 R,NNO + H' veen 7.1
NOX + R,NH —> R,NNO + HX ceer 7.2

Hence the observed yields for the'more basic amines (i.e.,
piperidine, morpholine) under neutral conditions are either 50%
(based on initial [Amine]) in conditions of excess catalyét or
stoichiometric with respect to [promotef].- For these reactions the
limiting yield is controlled by both the concentration of unprotonated
amine and the [promoter]. When the maximum yields are'greafer than
50% or étoichiometric, the .reaction scheme must include the removal
of liberated agid;.'we have no evidence that protonated piperidine
or morpholine react rapidly with NO. Removal of liberated acid
requires the géneration of base during the reaction, this maybe tﬁe
reduction of NO to NO- (éVolVed as'sz) or by direct ﬁfabstréction\
by NO on a metal-bound amine complex. This latter réaction presumably
proceeds if there is an increase in the acidity of N-H Bond by complex
formation. ﬁoth'theée pathways, however, lead to N,0 formation, and

80 quantitative yields imply that N,O be formed as a co—product;

7.2 Human Exposure.

It has been demonstrated that many metal salts, iodine, and HI
catalyse N-nitrosamine formation from NO under extremely mild conditions.
Both copper and iron salts are dietary additives and are major inorganic

226 . . 227, ..
minerals (at concentrations ca. 0.08-0.15 mg/litre ~~ ') required
for many metabolic functions in humans. Iodine, and iodide salts are

. . . 227
present in saliva and gastric mucosa.
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These findings.are relevant to recent observations that ascorbic
acid may inhibit N-nitrosamine formation where the inhibitory effect
is related fo the reduction of nitrite to NO.7 Clearly assuﬁptions
that NO does not form Farcinogenic N-nitrosamines are incorrect,
whenever, metal -salts,iodine and iodide salts are present and_tﬁe results
presented here are relevant to the bossibility of in vivo N-nitrosamine

formation.

7.3 foadiation Studies.

Y- Radiation decomposes N-nitrosamine in aqueous anaerobic solution.
.The preliminary study -showed that the extent qf decomposition is
independent of the structure of Efnitrosémine and pH, but dependent
on Ifdosé. The décomposition is inhibited by excess‘NéNOZ and NaNOa;
probably by preférential reastidn with Hé and-ezaq) produced from
the radiolysis of aqueous solutioms.
The lfirradiatibn of aqueous nitrate and nitrite solutions leads to
the generation of N,0, and N;0s intermediates, respectively, and in
" the preseﬁce,of secondary amines, ﬁfnifroso— and N-nitro-amines form

from the y-irradiation of aquéous NaNO; solutions, while N-nitrosamines
only form from aqueéﬁs NaNO, solutions. |
Although high doses were used in our experiments, it seems unlikely
that y-induced N-nitrosamine formation contributesbto 5umén.eXposure,
except where y-radiation is used to sterilise food: for example, shell
fish and cured meats are sterilised by y-radiation where the reported
185 '

dosage is ca. 0.2 M rad. N-nitrosamine formation might be expected

since most meat and fish contain amines and nitrate/nitrite preservatives.
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Rapid Formation of N-Nitrosamines from Nitric Oxide in the Presence of
Silver(1) Salts

By Briawn C. CHaLLis* and JERRY R. OUTRAM
(Department of Chemistry, Imperial College, London SW7T 2AY)

Summary N-Nitrosamines form rapidly from NO and
secondary amines in the presence of Ag! salts via amino
radical cation intermediates derived from Ag!-amine
complexes.

WE have shown! that NO is an ineffectual reagent for the
N-nitrosation of amines in the absence of either oxygen or
iodides including iodine itself. Activation by oxygen
results from the formation of either N,0, or N,O,* and by
iodides from the formation of NOIL1!P Other work has
shown that the N-nitrosation of amines by NO may also be
catalysed by Culf and Felll salts.2 These reactions, which

102 [¥-Nitrosopiperidine] /

10

1 2 J
100 200 300
Time / min

FIGURE. Formation of N-nitrosopiperidine from 2 x 10-2m
NO and 10-% M piperidine in EtOH at 25 °C in the presence of
10~2 m AgNO,. O, Variation in residual [piperidine]; @, vari-
ation in [N-nitrosopiperidine]; A, variation in [N-nitrosopiperi-
dine] in the presence of 1-5 X 10-*M E{;N; W, variationin [N-
nitrosopiperidine] where piperidine and AgNO, reacted prior to
addition of NO.

have been the subject of several patents,® are generally
considered to involve oxidation of NO to NO*, which then
reacts with unprotonated amine to give products. We
report some new Agt promoted nitrosations by NO where
strong evidence suggests that oxidation of the amine rather
than NO is the activating process.

These reactions were carried out at 25 °C in carefully
degassed EtOH containing the Ag! salt saturated with
purified NO and contained under gaseous NO at atmos-
pheric pressure. The equilibrium concentration of dis-
solved NO was ca. 2 X 1072 m which should be maintained
during reaction by absorption from the gaseous phase.
Usually, reactions were initiated by injecting the amine into
the flask through a Subaseal stopper with a syringe.
Aliquots were removed similarly at timed intervals for
prompt g.l.c. assay of N-nitrosamine content.

TABLE 1. Formation of N-nitrosopiperidine from ca. 2 X 10~ M
NO in EtOH at 25 °C in the presence of AgNO,.

102[N-Nitroso-

10%[Piperidine]/m 102[AgNOz]/™M piperidine] /m
1-0 010 0-12
1-0 0-25 0-27
1-0 0-50 0-48
" 10 1-0 0-48
0-25 0-25 010
0-50 0-52 0-30

Variation of %, reaction with time for equimolar (10~ M)
piperidine and AgNO, under various experimental con-
ditions is shown in the Figure." The usual experimental
procedure (vide supra) gave sigmoid shaped plots for both
loss of piperidine and formation of N-nitrosopiperidine.
During the well defined induction period (ca. 60 min) a
silver mirror was progressively deposited on the walls of the
reaction vessel. With a larger than 2 fold excess of piperi-
dine, the maximum yield of N-nitrosamine (apparent after
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TABLE 2. Maximum yields and formation times for N-nitrosamines from 2 X 10~2 M NO in EtOH at 25 °C in the presence of AgNO,.

Amine (0-01 M) 102[AgNO,]/M
Piperidine 5
Pyrrolidine
Morpholine 0

N-Methylpiperazine

cCoCOoOROLY

N-Methylaniline
Diphenylamine

'10[N-Nitrosamine] /M

Reaction fime/ min

0-27 130
0-45 150
0-50 1300
0-09 300
0-66# 150
0:756 100
0-65 1300

a In the presence of 5-4 X 10~* M NaOEt

ca. 200 min) was governed by the AgT salt concentration in
an approximate 1:1 relationship. (Table 1). With
equimolar concentrations of AgIsalt and piperidine, how-
ever, N-nitrosamine formation was slower and only ca. 50%,
of the amine reacted (Table 1). These observations
suggest the overall stoicheiometry is defined by equation
(1). Significantly, with equimolar concentration of Ag!

NO
Agl + 2 R,NH —— Ag® + R,NNO + R,NH,*+ (1)

salt and piperidine, the yield of N-nitrosopiperidine was
increased to 1009, by the addition of base such as Et,N or
2,2’,6,6'-tetramethylpiperidine (Figure). One other im-
portant observation was that the induction period noted
above was not apparent when the Ag! salt and piperidine
were allowed to react in EtOH (to give a silver mirror) and
then NO was passed into the solution (Figure).

AL Ve

AgT 40 NH=ag’+ Agn{H'{ N
) 4

- (I

{ NH; + 2¢ NH . “
+’ \
NG .t
\AgI N YHEN )
( NNO + agf J 3

(1D
The results are consistent with a mechanism (Scheme)
involving relatively slow initial disproportionation of the
Ag? salt to give an AgMl-amine complex (I). Related

SCHEME

Agl.complexes are known to be powerful oxidants capable
of generating radical cations (R,NTH) from amines? and,
presumably, of oxidising NO to NO+, Thus formation of
N-nitrosopiperidine could arise from the interaction of
either NO with the radical cation (II) or NO+ with the
neutral piperidine. We prefer the former pathway (as in
the Scheme) for the following reasons. Reaction of
NO+BF,~ with 10-2 M piperidine in EtOH at 25 °C gives
high yields of ethyl nitrite (EtONO) but only 0-25%, of
N-nitrosopiperidine, whereas the reaction with Ag’ salt and
NO gives quantitative yields of N-nitrosopiperidine and
very little EtONO. Further, when disproportionation of
the Ag! salt is effected by excess of NaOEt, the maximum
yield of N-nitrosopiperidine decreases to ca. 5%,. Finally,
the addition of NO+ClO,~ to macrocyclic tetra-aza-Agl’
complexes gives NO plus the corresponding AgliI-complex.?

The reactions involving NO and AgI salts are not specific
to piperidine and maximum yields of N-nitrosamine with
formation times for other secondary amines are summarised
in Table 2. Any correlation between reactivity and amine
basicity (pK,) is not apparent. The dibasic N-methyl-
piperazine gave no reaction without the addition of NaOEt.
Most of these reactions were carried out with AgNO,, but
similar results were obtained with AgClO,. -

These reactions are very much faster than N-nitrosamine
formation from both dissolved NO alone (#, ca. 8 days)!and,
for the more basic amines, from aqueous HNO, {with
[HNO,] = 2 x 1072 M, ¢, (piperidine} = ca. 34 days at pH
3—3-4}.% The results are, therefore, relevant to assess-
ments of human exposure to carcinogenic N-nitrosamines.
In particular, they suggest that metal amine solutions may
produce N-nitrosamines on exposure to NO as has been
observed specifically for cutting oils.”

We thank the Cancer Research Campaign for their
support and a Studentship to J.R.O.
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