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ABSTRACT

The reactions of tertiary butyl nitrite and isopropyl
nitrite in aqueous acid solution have been studied.
In the case of isopropyl nitrite the rates of reaction
with hydrazoic acid, sulphamic acid, thioglycolic acid
and N-methylaniline are markedly reduced by the addition
of propan-2-ol. This has been explained in terms of
a rapid hydrolysis of the alkyl nitrite to vyield an
equilibrium concentration of nitrous acid which then
effects nitrosation. Analysis of the results gives
values for the equilibrium constant for isopropyl nitrite
hydrolysis and for the rate constants for nitrous acid
nitrosation of the substrate, which are in good agreement
with the literature values obtained by direct measurement.
Forr terti_ary butyl nitrite the extent of hydrolysis
is so large and rapid that the kinetics are identical

to those obtained using nitrous acid.

The reactions of isopropyl nitrite in isopropanol
and tertiary butyl nitrite in tertiary butanol with
thiourea and thioglycolic acid have been studied. In
both cases the reactions are acid catalysed and the

results are consistent with a direct reaction between
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the protonated alkyl nitrite and the substrate. The
reactions with thioglycolic acid were subject to catalysis
by chloride and bromide salts and thiourea. The results
for chloride and bromide salts are best explained 1in
terms of formation of hydrochloric or hydrobromic acid
which can then act as a general acid catalyst. For
thiourea the catalysis 1is due to the formation of an

equilibrium concentration of s-nitrosothiourea.

In acetonitrile the reactions of tertiary butyl
.nitrite, isopropyl nitrite, isoamyl nitrite and nitrous
acid with alcohols and thioglycolic acid were found to
be kinetically zero order with respect to the substrate
concentration. The results have been interpreted in terms
of rate limiting formation of the nitrosonium ion. With
less reactive substrates, aniline, N-methylaniline,
p-toluidine, acetylacetone, 1,1,1,trifluoroacetylacetone
and 1,1,1,5,5,5, hexafluoroacetylacetone, the reactions
are kinetically first order with respect to the substrate
concentration and have been interpreted in terms of rate
limiting reaction of the nitrosonium ion with the free (at
low acidity) or protonated (at high acidity) form of
the amine. For the ketones reaction occurs, in a rate

limiting step with either the enols or enolate ions.
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1. INTRCOCDUCT TON

1.1 Nitrosating agents

Nitrosation reactions concern the introduction of
the nitroso group (-N=0) into a molecule. There are many
reagents that can bring about this transformation in a
wide variety of molecules, typically amines, amides, alco-
hols, thiols, ketones, phenols and alkenes. The products
of the nitrosation reactions are sometimes unstable but
frequently yield synthetically useful intermediates, for
example, diazonium ions (azo dye manufacture), oximes
and carbonium ions. There has also been much interest
in the formation and reactions of nitrosamines since the

discovery, in 1956 [1], that they are potent carcinogens.

1.1.1 - Nitrous acid

Nitrous acid is the most commonly used nitrosating
agent. Nitrous acid itself is unstable and is usually
prepared in solution by addition of a mineral acid to
an alkali metal nitrite salt. Nitrous acid is a weak
acid (pKa =3.148 at 25°C [2] ). In solution it is known
to exist in cis and trans forms [3], (equation 1.1), the

-4
trans form being more stable by about 2.1 kJ mol .




Cis | Trans

As well as acting as a nitrosating agent, nitrous
acid can also act as an oxidizing agent (equation 1.2)

and a reducing agent (equation 1.3).

1.0 v (1.2)

HNO, + H* &€ = NO + H,0 E°

NO, + 3H'+ 2¢ = HNO, + H,O E° = 0.94 v (1.3)

1.1.2 -Nitrosyl halides

Nitrosyl halides are frequently used nitrosating
agents, especially 1in non agqueous solvents such as
chloroform {4}, alcohol [5], dimethyl formamide [6] and
also in aqueous alkaline solution [7]. Nitrosyl flueride,
bromide and chloride are all well known compounds, usually
prepared by reacting the halogen with nitric oxide,

(equation 1.4). There is also evidence for the formation
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of nitrosyl iodide in solution [8,9]. The physical pro-

perties of the gases are given in Table (1.1).

2NO  + ¥, —————= 2XNO (1.4)

Table 1.1
Structural and physical properties of the nitrosyl halides

Cocsound  Colour Relting Boiling Boad lengths (A=) Bond

Point  Poimt N-X -0 Angle
(=C) {=C) (deg)
i) Colourless -133 -60 1.52 1.13 110

Cl:0  Orange-yellow  -62 -6 1.95 1.14 116

Br&0  Red -55 0 2.14 1.15 114

Nitrosyl halides have been shown to act as both elec-
trophilic and free radical nitrosating agents. The
mechanism of- the--electrophilic process will be discussed
later. The free radical reaction involves irradiation
of the nitrosyl halide with UV light. This reaction is
frequently used to produce C-nitroso compounds, as
typified by the reaction of cyclohexane [10] (equation
1.5), the product from which is an intermediate in the
production of nylon 6. These reactions are commonly

accompanied by chlorinated products.
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NG NOH

NOCI % HY |
hv
(1.5)
1.1.3 Nitrosyl thiocyanate

Nitrosyl thiocyanate (ONSCN) has not been isolated
as a pure compound, but has been shown to exist as an
unstable blood red species in solution at low temperature
[11]. It is thought that the nitroso group is bound to
the sulphur atom. This is to be expected from the
Hard-Acid-Soft-Base (HASB) theory [12] and is predicted
in an ab initio molecular orbital study [13]. Nitrosyl
thiocyanate has however been identified as an electro-
philic nitrosating agent in aqueous acid solutions of
nitrous acid containing thiocyanate ion  [14] by “the
observed thiocyanate ion catalysis and will be discussed

later.

1.1.4 Nitrosyl acetate

Nitrosyl acetate is thought to be the effective

nitrosating agent when sodium nitrite 1in glacial acetic
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acid is used as the nitrosating medium. Nitrosyl acetate
has been prepared from solid silver acetate and nitrosyl
chloride at low temperature [15], (equation 1.6). Nitrosyl
acetate is a pale brown liquid at room tCemperature, a

green liquid at -78°C and a green solid at -196°C.

CH; CCOAg + C1NO ———> CH,COONO + AgCl (1.6)

It has also been identified kinetically from the catalysis
by added acetate ion on the nitrosation of amines [16,
17] in the same way as nitrosyl halides and thiocyanate

have been identified.

1.1.5 Nitrosonium salts

The most common example of nitrosonium salts, NO*X~
are the tetrafluoroborate (BFy;), tetrachloroborate (BCl;),
hexafluorophosphate (PFy ), hydrogen sulphate (HSO4 ),
perchlorate (Cl0O;) and hexafluoroantimonate (SbFg ). The

salts are reasonably stable and are readily prepared from

dinitrogen tetroxide, dinitrogen trioxide or nitrosyl
chloride and a source of the anion [18] as exemplified
by equation (1.7) for the formation of nitrosonium
hydrogen sulphate, which is an important intermediate
in the lead-chamber process for production of sulphuric

acid.

5=



N,0, + H$0;— s NO"HSO; + HNO, (1.7)

The salts are usually used under anhydrous conditions
as they are readily hydrolysed to give nitrous acid.

The salts are very reactive nitrosating agents, and are
frequently used to bring about nitrosation of the less
reactive species, for example amides [19) and sulphona-

mides.

1.1.6 S-Nitroso-thioureas

S-Nitrosothioureas are readily produced by the action
of nitrous acid on the thiourea [20], the products are
frequently unstable and react further to give the

disulphide salts [21], (equation 1.8).

+
HNO, + H* + (NH,),CS —— (NH,),CS-NO
(1.8)

+ =
2(NH,),CS—NO0 —— 5  (NH,),cS-§-c(nH,),

S-Nitrosothioureas can themselves act as nitrosating
agents as 1is frequently shown by the marked catalysis
by thiourea on nitrosation kinetics [14] and will be

discussed further later.



1.1.7 Nitrogen Oxides

Dinitrogen trioxide (N,0; ) is commonly used as a
nitrosating agent in organic solvents [22)], and has also
been shown to be effective in agqueous alkaline solution
[23, 24]. It is also known to exist in equilibrium with
nitrous acid in aqueous acid [25] solution, as shown in
equation (1.9), and its reactions in these solutions will

be discussed further later.

2HNO, —— N,0, + H,O0 (1.9)

Dinitrogen trioxide exists as a blue solid or liquid
at low temperatures [18] and it exhibits in absorbtion
maximum at 625 nm in solution. Its nitrosation reactions
can be best explained in terms of an ionic structure of
the type NO*NOQ. Reaction with dinitrogen trioxide can
also yield nitro products. These probably arise from
a radical addition of nitrogen dioxide which exists in

equilibrium with dinitrogen trioxide (equation 1.10).
N.O je— NO + NOZ (1.10)

Dinitrogen tetroxide (N, O; ) can also bring about both
nitrosation and nitration reactions [26, 27, 28].
Dinitrogen tetroxide is known to be a pale yellow solid
and is a planar molecule with a centre of symmetry and

a long N-N bond [18]. In the liquid and gaseous state



dinitrogen tetroxide exists in equilibrium with nitrogen
dioxide, equation (1.11), and this can therefore explain
its activity as a nitrating agent. Its nitrosation
reactions are best explained in terms of an ionic

structure NOYNOj.

N,Op — 2NO; (1.11)

Dinitrogen tetroxide 1is a very useful synthetic
reagent as it can bring about the nitrosation of compounds
such as secondary amides [29], which are unreactive

towards some of the other nitrosating agents.

Another commonly used nitrogen oxide in nitrosation
reactions is nitric oxide (NO), [30,31]. It seems likely,
however, that the nitrosating species involved is either
dinitrogen trioxide or dinitrogen tetroxide, formed by

oxidation of nitric oxide to nitrogen dioxide.

1.1.8 Other reagents

A wide variety of other species have been shown to be
capable of acting as nitrosating agents, these include,
potassium nitrosodisulphenate (K, [(SOj; ), NO]) or Fremy's
salt [32], nitroalkanes [33], alkyl nitrates [34], nitroso
sulphinates [35] (RSO; NO), thionylchloronitrite (SOC10ONO)
and thionyl dinitrite SO(ONO), [36], nitrosothiosulphate
ion [37] (S, 03 NO”), nitrososulphonium ion [38]

+ _
((CH3), S NO), thionitrates (RSNOp) ([39], nitroprusside

8-



ion (Fe(CN);NO®7) [40] and alkyl nitrites (RONO). The
reactions of alkyl nitrites will be discussed in detail in

section 1.3.

1.2 Reactions of Nitrous acid

1.2.1 Acidic Solutions

A commonly encountered rate equation in nitrosation

Teactions is given in equation (1.12). Here the reaction

Rate = k [HNOz] [H307] [S] (1.12)

is first order in nitrous acid, substrate and hydrogen
ion concentration. This equation has been found for a
wide variety of substrates including thiols [41], alcohols
[42], Kketones [43], sulphamic acid [44]1, amines [45] and
amides [46]. There are, however two mechanistic inter-
pretations of such a scheme, both of which propose the
formation of an equiiiﬁi‘ium concenﬁt;,rat:ion of ';hitroé—ating
species which then undergoes reaction with the substrate
in the rate determining step. The first scheme (scheme
1.13) involves the formation of the nitrous acidium ion
(H, NO;¥ ) and the second involves the formation of the
nitrosonium ion (NOt), (scheme 1.14). It is known that
the nitrosonium ion exists in solutions of very high
acidities [47,48,49, 50], (60% H2S04 or HClO4), where it

can be detected spectroscopically, and it 1is analogous
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HNO, + H;0* ——— H,NOJ + H,0

(1.13)
HzNof + 8§ ~—~——>  Products
HNO, + H,0VY ——— H,NOJ + H,0
H:NO;7 —— NO¥ + H,O (1.14)

NO* + S — 3 Products

to the formation of the nitronium ion (NO,¥) in nitration
reactions [51,59]. The nitronium ion has been identified
kinetically as the nitrating agent with very reactive

substrates as the reaction Dbecomes Zero order in

substrate, indicating rate limiting formation of the
nitrating species. This has also been reported for two
cases 1in nitrosation reactions at low acidities. In the

nitrosation of hydrogen peroxide [52] a plot of the
observed first order rate constant against [H,0,] was
curved, but the concentration of hydrogen peroxide used
was very high and so the curvature could be attributed
to a medium effect. A similar effect was also found in
the nitrosation of alcochols ([53]. In this case the
limiting wvalue of the first order rate constant was
different for different alcohols and a similar curvature

could be brought about by the addition of an inert

solvent, clearly indicating a medium effect. In the

-10~



nitrosation of thioéulvphate idn [54] a zero order term
in [S,02] was found, but this could also be due to
rate-limiting dinitrogen trioxide formation, as is

sometimes found in the nitrosation of amines (see later).

The major argument against the involvement of the
nitrosonium ion as the reactive intermediate in dilute
acid solution comes from the ‘Y0 exchange reaction between
nitrous acid and water [55]. The exchange occurs according
to equation (1.15), where k = 230 1 mol's¥at 0°C. If the
reaction occurs via the nitrosonium ion, then this repre-

sents the fastest rate attainable in water. However for
Rate = k [HNO,][HY] (1.15)

a range of anions which obey equation (1.11) such as azide
and acetate nion a limiting wvalue of k is obtained of
~2 2500 12 mol "2 s-' also at 0°C. This implies that at
[N; 7] > 0.1 mol 17 the rate limiting step should become

the formation of the nitrosonium ion, which is not

observed experimentally_. ‘ ) T e

The alternative interpretation of equation (1.12)
is that the reactive species is the nitrous acidium ion
[58], but there 1s no spectrophotometric evidence for
its formation in dilute acid solution. ’I_‘h’is.problem has
also been probed théo‘r,:eltically. Using ab initi‘o. moleculai‘

orbital calcula@ﬁions [57] the most favourable co,_nforma"_tidn

=14~



of the nitrous acidium ion can be coﬁksidlere@ a complex
of the nitrosoniumr ion and water, with an unusually long
N-O bond between the twd. Anotﬁer study using ‘av ‘fron_tier
orbital treatment [58] predicts a nitrosonium i;eater com-

plex rather than the free nitrosonium cation.

The value of the third order rate constant, k,
defined by equation (1.12), tends towards a limiting value
for very reactive species such as amines and thioureas
[20] of ca 7000 .12 mol "2 s~' at 25°C. This wvalue does
not change very much on increasing the baSicity of 'the
éniine and is considered to be the diffusion controlled
limit for nitrosation reactions. For negatively chargéd
species such as thiocyanaté ion ([60], benzenesulphinate
ion [61] the limit is ca 12000 12 mol -2 s which is as

expected, higher than that for neutral species.

In the case of the nitrosation of basic species such
as anilines equation (1.12) takes a slightly different

form, as the amines are significantly protonated in these

weakly—acidic sdl—utions ~and—it—is-- the free base form_of

the amine that is the reactive species at low acidity

[45]. The rate equation therefore becom'es equation (1.16),

k Ka[Aminel, [HNO,1[H¥]

Rate - (1.16)

Ka + [HY]

where [Aminely 1is the total 's'toichiometxfic concentration

-12-



of amine, and Ka is the 'dfivsscéita{tibh constant of the pro-
tonated amjne. For weakly bdéic amines [62]_, Ka can
be greater or of the order of [H'] andvslo acid cé‘balysis
is expected. For the highly Ipaéic amimés [H' 13 Ka and
so no acid catalysis is bb%seifVecﬂ at low acidities' At
moderately high acidities another acid catalysed plathway
occurs for aromatic amines with pKa_>3 [63, 64]. Here
the rate is defined by equation (1.17), Qhere [Arf{'ll-l;]
is the concentration of protongg;@d amine and ho ‘is the

Hammett acidity function. These observations have been
Rate = Kk[ArNH, ) [HNO, ] ho (1.17)

explained in terms of a mechanism where a rapid and
reversiblg formation of a JT complex between the protona-
ted amine and nitrosonium ion occurs, the rate limiting

step being rearrangement of the nitroso group to the amino

-nitrogen—group; —as shown in scheme (1.18): - T T

NO* + ¢

=13=



In very acidic solutions (60% perchl@rib or sulphuric
acid), the rate of nitrosation of anilines dedfeases with
increasing acidity as shown in eqUatibn (1.19j. This
has been explained by the rapid and reversible formation
of the protonated primary nitrosamine, the rate limiting
‘step being proton transfer to the solvent [65] as shown

in scheme (1.20).

Rate = k [ArN Hy] [HNO, ] ho? (1.19)

¢ fast, ;
Ar-NHi + NOY* Ar—VWNH,NO + HY

slow :
+ .
Ar—NH;NO + S —— ArNHNO + SHY (1.20)

fast
ArNHNO ——  ArN,*

At low acidities and high total nitrous acid concen-
trations, where the concentration of free nitrite ion
- is-—significantly- -high,~ -another -mechanism -ocecurs -in- the-
nitrosation of amines, and for a wide range of substrates
generally. In this case a second ordéfj dependence on
the concentration of nitrous acid is observed. This has
been éxplained in terms of formation of an equ‘ilibrium
concentration of dinitrogeh trioxide from nitrous acid,
which can effect nitrosatibn [45]. This is shown in scheme

(1.21) and the derived rate equation is equation (1.22).

~14-



2HNO, —S— ,0, + H,
(1.21)
k +
N,0, +S§ ——— § - NO + NOT
Rate = k (N,0,1(S] - k K [HNO,}2. [S] (1.22)

The value of K for the formation of dinitrogen tri-
pxide is known [66] to be 3.0 x 10°% 1 mol™ and so the
value of the bimolecular rate constant k, for attack by
N, O, can be calculated. It;has been found [67] that for
very reactive species, such as amines with pK Y 5 the
values of k are in the range 10% - 109 1 mol™s™, which
is close to the calculated diffusion controlled limit of

7 x 10°1 mol”s"~ at 25°C.

For very reactive substrates the reaction with
dinitrogen trioxidé can be made to occur faster than the
___M_______hydrolysis_ofwdinitrogeﬂ:triGXide, thué,chahéing the rate
limiting step to one of formation of dinitrogen trioxide,

as shown in scheme (1.23).
2 HNo, —K_ §,0, + H,0
| (1.23)

Rate = k'[ HNO, ]2

=15=



This has been found for several species including aniline
[68], N-methylaniline [69] ascorbic acid [70} and azide
ion [71]. The wvalues of k' obtained are approximately

constant at ca. 91 1 mol's-'at 25°C.

1.2.2 Nucleophile cataly§éd reactions

Nitrosation reactions of nitrous acid are frequently
catalysed by the addition of non-basic nucleophiles,
commoniy chloride ion [45], bromide ion [45], iodide ion
_[45], thiocyanate ion [72], thiosulphate 1ion [37],
thiourea [72], alkyl thioureas [73] and dimethyl sulphide
[(38]. In all cases the reactions have been explained
by the equilibrium formation of a nitrosyl species XNO or
xﬁo (depending on the charge on X), which can then act

as a nitrosating species. This is shown in scheme (1.24).

HNO, + H® + X ————= XNO + H,O
(1.24)

k
XNO » § —+ Products

The rate equation obtained from this scheme is equation

(1.25)

Rate = k [{XNO]J[S] = k KXNO [HNOz][H+][X_][S]
(1.25)
Since the wvalues of KXNO are known, the value of the

bimolecular rate constant, k, can be obtained for attack

of the nitrosyl species on the substrate. The wvalues

-16-



of Kxwo are given in Table (1.2), and some selected

values of k are given in Table (1.3)

Table 1.2

Values of Kyve for the equilibrium

X + HNO, + HY —= XNO + H,0

X Ky 12 mol 2
at 25°C
Cl- 1.1 x 1073
Br~ 5.1 x 102
SCN- 30
Thiourea 5000
Thiosuiphate J.bb 107

ion

=17-



4

Substrate

Methanol

Values of k (1

Thioglycolic acid

4-Nitroaniline

4-Chloroaniline

Aniline

N-Methylaniline

4-Methylaniline

b)
c)
d)

.ethylaniline

from
from
from
from
from

reference
reference
reference
reference
reference

74
41
75
72
37

mol-* s~ )

C1NO |

X

X

X

i
i

loﬂ

10¥®

10%

109,

10°,
t
1
i
10%

10ﬁ

(a)
(b)
(c)
(c)
(c)

(c)

(c)

Table 1.3:

BrNO

10=

X 10<

X 107

X 10®

X 10°

X 10®

x 10%

X 10¥

(a)
(b)
(c)
(c)
(c)
(e)
(c)
(c)

CNSCN

107

i0®

10®

io=

10°

(d)
(d)
(e)
(d)

(d)

(NH=) =CSNO

1.3 x10%® (d)

the rate constant for nitrosation by XNO at 25=C

S=CxNO-

1.2 ¥ 10=° (e)



As is to be expected from electronegativity cohside—
rations, the order of reactivity 6f the XNO species is:
C1NO > BrNO > ONSCN > (NH, ), cs;\'!o> S, 0, NO; but due to the
size of the eqﬁilibri@m constants the observed order of
catalysis is Cl™~Br< SCN< (NH,),CS. The values of k in
table 1.3 also tend to the“diffusion controlled 1limit
of 7 x 10 1 mol""s’I with the very reéctive amines with
Cl” and Br; the values with SCN are usually an order of
magnitude below this value and that for thiourea is
usually several orders of magnitude beloQ this. 1t has,
however, been shown.  very recently that with a very re-
active species such as malononitrile [76] even these
species react at the diffusion controlled limit for the

reaction, as shown in scheme (1.26).

CH,(CN), S ~CHCN),

k (1.26)
NOX + CHCN), ——— ON - CHCN:. + X~
NOX . k1 molJ%J
NOBTr 1.1 x 10
NOSCN 4.2 x 10°
(NH, ) , CSNO 5.0 x 10%

1.3 O-Nitrosation

The reaction of nitrous acid with an alcohol results

in- the formation of an alkyl nitrite (equation 1.27).
. + K N <
ROH + HY + HNO — RONO + HY + H=20 (1.27)

The reaction is known to be reversible. The forward
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reaction [77]. ie. the nitrosation of tﬁe‘ alcohol, has
been shown to involve O-nitrosation of the alcohol by
reaction of an optically acti\}e alcohol witﬁ nitrous acid
which yielded the corresponding alkyl nitrite without
inversion of cohfiguration or racemisation. Similarly
the reverse reaction, the hydfolysis of the alkyl nitrite,
has been shown to involve nitrogen-oxygen bond fission
by the retention of configuration from an optically active
alkyl nitrite and also by the absence of 'GO incorporation
in the alcohol when the hydrolysis is carried out in

o] ,
0O enriched water.

The equilibrium constants for the formation of
several simple alkyl nitrites in aqueous acid solution
have been determined by three separate methods. One
method 1involved direct spectrophotometric measurements
[78] of the concentrations of nitrous acid and alkyl
‘nitrite at 265 nm. A second method was based on the
effect of varying amounts of alcohol on the nitrosation
kinetics of morpholine ({78]. A third method involved
the direct measurements of the forward and_ reverse reac-
tions by reacting a large excess of the alcohol with

nitrous acid_ [74]). The results are given in Table (1.4).

It can be seen that the equilibrium constants
decrease in the order primary » secondary > tertiary. This
indicates that steric effects must be more important than

electronic effects in the nitrosation of alcohols, as

-~920-



Table 1.4

Equilibrium constants for the formatjqnvof
alkyl nitrites defined by Keq = [RONO]/[ROH][HNO; ]

Alcohol K 1 mol-?

Method 1 Method 2 Method 3

(25=C) (25=C) {0=C)

MeOH 3.5 ¢ 0.1 5.1 + 0.2 2.5 + 0.5
EtOH 1.20 + 0.06 1.39. » 0.04 0.81 + 0.02
~ProOH 1.3 ¢ 0.1 1.42 + 0.04 0.66 + 0.03
LPrOH 0.52 ¢+ 0.05 0.56 + 0.03 0.25 + 0.03
2-BuOH 0.46 ¢+ 0.03 0.32 + 0.02
2 BuOH 1.53 + 0.05 1.90 + 0.02

*BuOH 0.05

it is expected that incréésing alkyl substitution would
make the oxygen of the alcohol more nucleophilic and hence
more susceptible to electrophilic nitrosation. Also elec-
tron donating substituents should stabilize the nitrite
ester. These electronic effeéts have been seen in a

series of tfansnitrosation experiments in deuteriochloro-
form as sblvent, where para substituted benzyl alcohols

were reacted with an equimolar coggentyation_gf_ *ngyl_m

nitrite and the_equilibrium constants determined by N.M.R
[79]. The results given in Table 1.5 show that electron
donating substituents enhance the nitrosyl exchangé

process whereas electron withdrawing groups disfavour the

process.
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Table 1.5
Equilibrium constants for the equimoclar reaction of

benzyl alcohols with tButyl nitrite in deuteriocchloroform

Alcohol K
pMeO-CoHy-CH=-0OH 5.36°
pMe-CoHs-CHz-0H 5.19
CoHe-CH=-0H 3.64
pPCl-CsHy~CH=-OH 2.19
PO=N-CoHu~CH=-OH 1.11

Rate constants have been obtained for the forward
and reverse reactions for the formation of alkyl nitrites
from nitrous acid in agqueous solution [74] (equation 1.28)

Ky

H*'+ ROH + HNO, —————— RONO + H* + H,0
K-y

k, [ROH][HNO, 1{H "]

Rate of forward reaction

Rate of reverse reaction k_4[RONO][H*]

Keg = Kk, 7 ) T (1.28)
K_g

The results are given in Table (1.6) and show that
the decrease in the equilibrium constant on going from
a primary to secondary to tertiary alkylnitrite is due
to a decrease in the forward rate constant, the k, step,
since the rate constants for the hydrolysis of the alkyl

nitrite (k.ustep) are very similar down the series. The

=22=



order of the values of k, is as expected if steric factors
dominate over eléctronic factors in the forward feactioh,
The rate equation for the forward reaction is identical
with that found for a wide range of substrates (equation
1.12). As discussed in section 1.2.1, the value_of the
third order rate constant , k, tends towards a limiting
value of ca. 7000 12 mol-2 sat 25°C. For methanol the
corresponding value at 25°C is 700 12 x’nolv‘2 sg, so the
reaction of alcohols is an order of magnitude below this
limit. The rate equation for the reverse reactionﬁ the
denitrosation of alkyl nitrites, has been interpreted
és involving nucleophilic attack of the solvent on the

protonated alkyl nitrite.

Table 1.6
Values for the forward and reverse rate constants for

the nitrosation of alcohols at 0°C with nitrous acid

Alcohol Ky (12 mol =2 s' ) - k(1 mofq éﬂ)
MeOH 73 + 10 31 =+ 6
. EtOH 38 + 0.3 47 +0.2.____ . -
nPTOH 29 = 44 + 1
‘PrOH 11 =+ 44 + 2
¢BuOH ca 100
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Both the forward and reverse reactions have been
shown to be halide ion catalysed [76]). This is interpreted
as attack by the corresponding nitrosyl halide for the
forward direction and nucleophilic attack by the halide
ion for the reverse direction. The catalySis by chlor-ide
and bromide ion has been found to be less marked than
is found for many amines. This can be seen by comparison
of the second order rate constants for the reaction of

NOBr and NOCl with alcohols and amines (Table 1.7).

Table 1.7

Rate constants for reaction with nitrosyl halides at 25°C

L T - o
Substrate kwb@' *(1 mol s‘) km (1 mol s')
[y G
MeOH 2 x 10 2.1 x 10
Aniline 1.7 x 10 2.2 x 10

The values for aniline are close to the diffusion

“"controlled limit and the values for methanol are consi-
derably below this. This can be rationalized in terms
of the Hard and Soft Acid and Base (H.S.A.B.) theory as
NOHal is expected to be a softer electrophile than the
pos itively charged H,NO, (or NO* ) ion and so will react
more favourably with the softer amine species than with

the harder alcohol.



The formation of alkyl nitrites in agqueous solution

is summarized in scheme (1.29).

Scheme 1.29

Formation of alkyl nitrites in aqueocus acid sclution

H® + HNQ, = H N O3
. IROH] o,
H,NOp ———— RONO—— RONQ + HT
' +
\ .
H,0.

[Hal]

[ROHI H
NOH3l ———— RONG  +  Hal®

o

RONO  + H*

There have beén two kinetic studies on the formation
of alkyl nitrites from nitrosyl chloride in non aqueous
solvents. In glacial acetic acid [102], the equilibrium
was found to move further to the alkyl nitrite by increa-
sing the basicity of the alcohol. The mechanism involves

the attack of the alcohol on NOCl to form a six membered



adduct which includes a solvent molecule. This inter-
mediate then loses HCl to give the alkyl nitrite (Scheme
1.30). The other study was carried out in mixtures of
carbon tetrachloride and acetic acid [103]. In this case
the effect of varying the concentration of acetic acid
on the rate of nitrosation of n-butanocl was investigated.
In pure CClg the results were interpreted in terms of
a single step formation of an activated complex by simple
addition of reagents (Scheme 1.31). When acetic acid

was added the reaction was believed to proceed via a six

membered transition state, involving an acetic acid
molecule, similar to Scheme 1.30.

—— ¥
Scheme 1.30 ,,S\\

ROH + NOCI + SHE==

SH=acehic acid r\g’

> -

RONO +HCl == RON-0-H(l —= R—O-YI\J—OH + SH
C

Scheme 1.31
Bu—0—H Bu._ BuONO
N O----H , .
+ -— ' | <~ +
N—C| Ne--- -1 HC |




1.4 Reactions of Alkyl WNitrites

Alkyl nitrites are commonly used nitrosating agents,
usually in non-aqueous solution, and react with a wide
range of substrates such as amines [80], alcohols
[79, 81], thiols [81]. Typical solvents and conditions
include HCl-saturated diethyl ether, acidic alcoholic
solution, basic alcoholic solution, liquid SO, and many
aprotic solvents such as acetonitrile, chloroform, DHMF,

and THF without any added catalyst [107].

Many reactions involve the formation of diazonium
ions from aromatic amines, which can then undergo similar
reactions to those formed in aqueous solutions, often
in better yields with fewer side reactions. Thus when
the reaction is carried out in benzene solution [82] the
product is the biaryl pzedust (equation 1.32), probably
formed by radical decomposition of the diazonium ion.
When the reaction occurs 1in bromoform[g?’]) the radical
produced can abstract a bromine atom from the solvent
to form the aryl bromide (equation 1.33). In a hydrogen
radical donor solvent such as THF or DMF the main product
is the deamination product [84, 85], (equation 1.34).
If the reaction is carried out in acetonitrile in the
presence of copper (II) halide salts the product is the
aryl halide [86], (equation 1.35), and if an olefinic
compound is added the reaction results in the arylation

of the olefin [87] (equation 1.36).



boiling

Co H
RONO + ArMH, ———— ArN,——3 Ar- -——s ArCgHs
benzene
(1.32)
CHBr 5 CHBr
RONO + ArMH, —— ArN,"——> Ar- — ArBr
(1.33)
THF
RONO + ArNH, — > ArH (1.34)
or DHF '
Acetonitrile
2RONO + 2ArNH, — 2ArX + 2ROH + CuO + H_ 0 + N,
Cqu, 65° (1.35)
CuCl,
RONO + ArNH, + H,C=—=CHCN ———> ArCH,CHCN + N,
CH ,CN
(1.36)

Cl

The reaction with amines in aprotic solvent is appli-
cable to aromatic and heterocyclic amines [88, 89], but
aliphatic amines appear to be unreactive under similar

conditions.

Several other methods have been employed to facili-
tate the exchange of an amino group for a halide or thio

group, these include reacting the amine with an alkyl



nitrite in CHCls ([88] in the presence of bromine, iodine
or dimethyl sulphide, with antimony trichloride [89] in
dichloroethene and antimony tribromide [89] in dibromo-
methane. Alkyl nitrites have also been shown to effect
nitrosation of alcohols {79, 811 and thiols [81] in non-
aqueous solvents in the absence of any added catalyst.
Another common synthetic procedure involves the reaction
of the alkyl nitrite in diethyl ether containing HCl gas.
This has been used to bring about the nitrosation of

ketones [90] (equation 1.37).

i o
HCI/ ELO N
- OH
o
CH—C 1.37)
~
Cl

As well as undergoing acid catalysed reactions, alkyl
nitrites are also capable of affecting N, C and O nitrosa-
tion in basic media, typical procedures being sodium
ethoxide in ethanol or even in aqueous alkaline solution.

Examplésiare shown in equations (1.38 - 1.41).
NONa

ﬂ =

—cH, NaOGH, | (1.38)
0

4+ ( He >
o * £+,0/EtOH

O—M —T

N [ref. 91]

CH, | H (H,
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OH
RONO + R_NH > R_NNO (1.39)

[ref. 92]

RONO + R'OH RO Ma . groNo + ROH

[ref. 93] (1.40)

CHMe,
Thujone
Very few kinetic studies have been carried out on
the nitrosation reactions of alkyl nitrites. Due to the

rapid rate of denitrosation (hydrolysis)of the alkyl
nitrites [74] it seems likely that this will complicate
the reaction and it has never been shown whether the reac-
tion occurs via the nitrous acid formed or via the alkyl
nitrite itself. A study of the kinetics of the N-nitrosa-
tion of sulphanilamide by cyclohexyl nitrite and by

aqueous nitrous acid [95] indicated that a common

-30-



nitrosating species was present in both reactions. In
another study the influence of alcohols on the rate of
nitrosation of morpholine in aqueous acid solution was
explained in terms of an equilibrium formation of the
alkyl nitrite which was itself ineffective in the
nitrosation reaction [78]. The kinetics of the reaction
of n-propyl nitrite in acidic n-propanol with

several aromatic amines haveg been studied [96]. The
reaction was found to be extremely slow in the absence
of any nucleophilic catalyst. With added halide ion
the reaction proceeded readily and the results were
consistent with a mechanism involving a rapid equilibrium
formation of the corresponding nitrosyl halide which
attacks the free base form of the amine in the rate
determining step. The acid and base catalysed
transnitrosation of an alcohol has been studied in a
variety of solvent systems. The reaction of 1-methyl
heptyl nitrite in l-propanol was catalysed by added acid
and small amounts of water was found to inhibit strongly
the reaction [97]. It was found that the reaction did
not involve the asymmetric carbon centre and a mechanism
was proposed involving the protonated form of the alkyl

nitrite in a bimolecular reaction (scheme 1.42).

In the base catalysed reaction [93] the rate was
found to be proportional to both alkyl nitrite and
alkoxide ion concentration and that the asymmetric carbon

centre was again not involved in the reaction. A similar
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scheme (1.43) was proposed involving nucleophilic attack

of the alkoxide ion on the alkyl nitrite.

Scheme 1.42

Alcoholysis of alkyl nitrite in acidic alcohol solution

H
fast i
RONO + H* ———— RONO
¥
? slow “
R'OH + RONO*Y m——=——7— R'? ______ N-_.._-?R
fast i !
fastj [slow
fast
H* + R'ONO f::::::;‘ R'(I)NO+ + ROH
H

Scheme 1.43

Alcoholysis of alkyl nitrites in basic alcoholic solution

- ¥
slow N
R'0- + RONO 3 R'O-- --N----OR
fast
fast| | slow
R'ONO + “OR



A similar reaction scheme has been found for the
reactions of alkyl nitrites in basic aqueous solution
with amines and cysteine. In the case of the reactions
with secondary aliphatic amines to form nitrosamines [98]
the reaction was interpreted as involving nucleophilic
attack by the free base form of the amine on the nitrogen
centre of the alkyl nitrite (Scheme 1.44). As expected
the second order rate constant for attack of the amine
on the alkyl nitrite increases linearly with basicity
of the amine for a series of structurally similar isomers
[929], but a more complex dependence 1is found when
structural features become more important. This has been
explained [92, 99] in terms of the reaction being orbital
controlled, the energy of the HOMO of the amine being
important. This is also born out by the fact that alkyl
nitrites with B-electron withdrawing groups such as Cl,
F and OH react faster than those with electron
releasing groups [98, 100]. This can be explained in
terms of a lowering of the LUMO energy of the alkyl
nitrite by electron withdrawing substituents. A similar
trend 1in. the reactivity of alkyl- —nitrites with the —
S-nitrosation of cysteine in aqueous alkali solution has
been found {[101]. The reaction in this case occurs via

the S~ ion of cysteine.
The reactions in aqueous basic solution are less

likely to be complicated by the hydrolysis of the alkyl

nitrite than those in agqueous acid solution as the rate

-33~



of alkaline hydrolysis of the alkyl nitrite has been found
to be much slower than the rate of the acid catalysed

hydrolysis [104].

Schemz 1.44

Reaction of alkyl nitrites with amines in basic solution

+
RNH, ———— RNH + H°

)
k +
RzNH + RONO ——— = R + R'O~
RN——NO + R'OH

As well as being able to undergo heterolytic reac-
tions, alkyl nitrites can also undergo homolytic reactions.
This results from the weakness of the RO—NO bond. The
activation energies of the radical forming reactions are

given in Table 1.8.
The majority of the reactions are those of the

alkoxide radical and have been discussed in a review

article [105]}]. The most important of these reactions
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Table 1.8

Activation energy for RO—NO—— RO- ¢+ NO-

Alkyl nitrite Activation energy
. K J.mol
CH; ONO 152.9
C, Hs ONO 158.3
~ C3 H; ONO 155.4
n C, Ha ONO 155.4

is the Barton reaction, whereby a 1,5 rearangement of
the nitroso group in an alkyl nitrite occurs from oxygen
to carbon to yield a 4-nitrosc alcohol [106]. The
reaction has been shown to occur via homolysis of the
alkyl nitrite, photochemically, to give the alkoxry radical
which then effects an intramolecular hydrogen atom
abstraction to give the carbon radical. This then reacts
with nitric oxide to give the (-nitroso compound which

_can _then dimerize. or -isomerise--to -the--oxime:— This is— — —

outlined in Scheme (1.45);

Scheme 1.45: Mechanism of the Barton reaction

\ S hv ~ _
CH~(CH2)ZC<—ONO —_ /CH(CHZ)Z(‘@ + -NO

l

N CHz)zééH

N » 0 \.
’/CH(NO)(CH2)2Q< OH ¢——— /p(
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CHAPTER 2

NITROSATION OF ISOPROPANOL AND TERTIARY BUTANOL

IN AQUEOUS SOLUTION

The reaction of nitrous acid with various aliphatic
alcohols to form alkyl nitrites has been .studied
previously [1] at 0°C. There the reaction was found
to be reversible and both the forward and reverse reac-
tions were catalysed by acid and halide ions.- The
mechanism of the reaction was explained in terms of
attack of the nitrohs acidium 'ion (or nitrosonium ion)
on the oxygen centre of the alcohol in the forward reac-
tion and nucleophilic attack of solvent (water) on the
protonated alkyl nitrite in the reverse direction.
In the presence of halide ion the forward reaction also
involves a component due to the attack of the nitrosyl
halide on the alcohol and similarly the reverse reaction
includes a component due to nucleophilic attack of the
halide ion on the protonated alkyl nitrite. The mechanism

is summarised in Scheme (2.1).
In the previous study no information on the halide

ion catalysis or on the rate constants at 25°C was

obtained for the formation of isopropyl nitrite and
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tertiary butyl nitrite.

These reactions were therefore

studied using techniques developed previously [1].

Scheme 2.1

- Mechanism of formation of alkyl mnitrites

in aqueous acid solution

HNO, + H* ————

+ .
H,NO, + ROH ————
H
. +
R(BNO ——

(or NO*)

{1 +
RONO + H,O

RONO + H*
XNO + Hz0
H
|4

RONO + X~

RONO + H*

Nitrosation of tertiary butanol

2.1.1 Acid catalysis

The formation of tertiary butyl nitrite

from tertiary butyl alcohol ( *BuOH)

( *BuONO)

is known to be acid

catalysed [1] (equation 2.2) but the equilibrium is well
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over to the nitrous acid side and so it has not proved
possible to obtain values for the third order rate
constant for the nitrosation of the tertiary butanol
or its equilibrium constant for the formation of tértiary
butyl nitrite with anyfprecision by the kinetic technigue
employed. If the reaction is carried out under conditions
where [ “BuOH] > [HNO, 1, the reaction can be conveniently
followed by monitoring the formation of an equilibrium
concentration of the alkyl nitrite in the 280 nm region
by a stopped flow technigue. The derived rate equation
-is shown in equation (2.3). On integfation equation
(2.3) leads to eguation (2.4), hence a plot of
-1n ( [RONO] eq - [RONO), ) against time leads to the

observed first order rate constant, ko (equation 2.5).

H* + HNO2 + ‘BuOH —<L— ‘BuONO + H* + H,0 (2.2)
k-

Rate = d [ ©BuONO]

dt

= (k,;[ "BuOH] + k., )([*BuONOleq - [ “BuONOIL )[H*]

where [*BuONO] eq = equilibrium concentration
of alkyl nitrite
[ *BuONO]. = concentration of alkyl

nitrite at time t.

(2.3)
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{ *BuONOleq - [ “BuONOl,
f‘

1n = ket (2.4)

BuONOleq - [ “BuONO]e

ke = (k, [*BuOH] + k.;)[H*] (2.5)

The values of k; and k- can be obtained from experi-
ments where the value of ke is measured at different
concentrations of tertiary butanol and a plot of ko
against [ *BuOH] constructed. The slope vields the value
of k; and the intercept yields the values of k_ . Such
experiments were carried out at O0°C and 25°C and the
results are shown in Tables (2.1)-(2.4) and the results

at 0°C are shown graphically in figure (2.1)

Table 2.1:

Variation of ko with [*BuOH] at 0°C

[HNOy ] - 0.04 mol 1 [HClO;] - 0.06 mol 1°

[ *BuOH] mol 1°' ko s-!
0.493 5.62 + 0.20
0.740 5.58 + 0.16
0.987 5.94 + 0.04
1.480 6.53 + 0.19

Slope = 0.99‘1 0.21 1 mol”' s~/

Intercept = 4.99 + 0.21 s-'

=485



Table 2.2:

Variation of ke with [*BuOH] at 0°C

[HNO2] = 0.04 mol 17" [HC104] - 0.21 mol 1~

[ *BuOH] mol 1°' ko s~/
0.498 20.3 » 1.2
0.747 21.6 + 0.8
0.996 23.0 + 1.7
1.494 23.2 + 0.9

Slope - 2.78 + 0.99 1 mol~' s-!

Intercept = 19.4 + 1.0 s~

Table 2.3:

Variation of ko with [*BuOH] at 25°C

[HNOz ] = 0.02 mol 1°' [HClO4] = 0.02 mol 1~

[ *BuOH] mol 1~ ko s-!
0.254 17.9 + 0.7
0.508 18.0 + 0.5
0.762 17.6 + 0.3
i.016 17.0 + 0.5

Slope = -1.22 + 0.44 1 mol™' s~

Intercept = 18.4 + 0.3 s !

-46-



Table 2.4:

Variation of ko with [*BuOH] at 25°C

[HNO,] = 0.02 mol 1™  [HCIO;} - 0.107 mol 1°'

{ *BuOH] mol 1~ , Ko s~
0.569 93.5 + 4.2
0.758 92.1 + 3.9
0.948 90.3 + 1.9

Slope - -8.44 + 0.596 1 mol™' s~

Intercept - 98.4 + 0.5 s-!

The values of the slopes are subject to very large
errors. The main reason is the fact that the observed
change in ko on increasing [ tBuOH] is very small and
is well within the experimental error of the measurement
of the values of ko . The large error in the measurement
of ko, typically + 5%, is due to the very small absorbance
change occuring in the reaction and also the reactions
are very fast (especially at 25°C) and so are difficult
to measure. (The plots at 25°C in fact have negative
slopes but the values of ko are constant within the
experimental error ). It is therefore not possible
to obtain meaningful values of the rate constant for

nitrosation of [ ®*BuOH], k, , from this approach. The

47



Figure 2.1

Variat lon of ko
with [®BuOHl at 0%°c

ko s

0 4 1
T .

0.0 0.5 1.0
[*BuOH] mol/L

| = 0.06 mol/L [CLl-] = 0.5 mel /L
[HCL0. ] = .06 mol/L [Br-] = 0.5 wol/L
[HCLO4) = 0.21 mol/L
[HCLO4] = .06 mol/L

[HC L0, ]

> 1> 0
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value of kgs,‘thé rate constant for hydrolysis of [QBUONO],
however can be obtained fairly reliably frdm the inter-
cepts (or better still from the average values of ko).

The values of k- obtained are shown in Table (2.5).

Table 2.5:

Values of the second order rate constant, kg

Temperature [HC1041] Average ko ' 8 )
(°C) mol 1~ s-! 1 mol”' s~
0 0.06 5.91 + 0.38 98.5 + 6
0 0.21 22.0 =+ 1.2 105 + 6
25 0.02 17.6 + 0.4 880 + 20
25 0.107 92.0 + 1.3 860 + 12

The values obtained at 0°C agree well with those
previously found of ca 100 1 mol"'s“, and they confirm
the fact that the equilibrium constant for the formation

of [tBuONO] is indeed very small (1,2].

2.1.2 Halide ion catalysis

Halide ion catalysis of the nitrosation of alcohols
and denitrosation of alkyl nitrites has been studied

previously [1]. No data exist on the catalysis of the

;L



nitrosation of “BuoH . The reaction with *BuoH was
found to be first order in added bromide (Table 2.6),
but the effect is not very marked and there is a substan-

tial component due to the uncatalysedyreaction.

Table 2.6:

Variation of ko with [Br-~]

[HNO;] = 0.04 mol 1~ [HC104] = 0.06 mol 1~

[*BuOH] = 0.5 mol 1~

[Br-] mol 1~ ko s~
0 5.66 + 0.16
0.025 5.75 + 0.13
0.050 6.20 * 0.47
0.075 5.91 i70,41
0.100 6.12 » 0.71
0.150 7.03 + 0.22

 Slope = 8.15 + 2.10 1 mol”' s

Intercept = 5.57 + 0.17 sf‘

The catalysis can be interpreted in terms of electro-
philic attack of the nitrosyl halide on the alcohol for
the forward reaction and .nucleophilié “attack of the

halide ion on thé protonated -alkyl nitrite for the reverse

50~



reaction (Scheme 2.6). The derived rate equation also
contains a term from the non nucleophile catalysed,reac—

tion, and the measured observed first order rate consant,

k, is given in equation (2.7)

Kyt
HNO, + HY + X"&——= H,0 + XNO

(2.6)
& k"“‘ Y & .
XNO + %BuOH : > *guoN0 + H® + X
: Kex

ko= (K, [ “BUOH] + ke)[H®] + (KxKype [SBUOH] + ko) [HT1[X"]

(2.7)

The values of kx and k.; can be obtained from experi-
ments where ko is measured at different concentrations
of [®*BuOH] in the presence of added halide ion. Results
from such experiments at 0°C are shown in Tables (2.7)

and (2.8) and are displayed in figure (2.1)

Using the literature values for Kyyp of 2.2 x 10°2
12 mol 2 for NOBr [3] at 0°C and 5.5 x 10°* 12 mol -2
for NOCl [3] at 0°C allows the second order rate constant,
ky , for attack of the nitrosyl halide on *BUOH to be

determined. The results are shown in Table (2.9)
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Table 2.7:

Variation of ko with [tBUOH] in presence of bromide ion

[HNO,] = 0.04 mol 1~ [HC104] = 0.06 mol 1~

[NaBr} = 0.50 mol 1~/

[ *BuOH] mol 1~ ko s~
0.493 7.97 + 0.29
0.740 8.12 + 0.22
0.987 8.97 + 0.29
1.480 10.61 + 0.24

Slope - 2.82 + 0.41 1 mol's™

Intercept - 6.31 + 0.41 s-'

Table 2.8:
Variation of ke with [*BuOH] in the presence of

chloride ion at 0°C

[HNO,] - 0.04 mol 1~ [HC104] = 0.06 mol 1°'

[NaCl] = 0.50 mol 1~

{ *BuOH] mol 1~ ko s~
0.493 7.57 + 0.24
0.740 8.63 + 0.17
0.987 - 9.04 + 0.14
1.480 10.0 + 0.3

Slope = 2.33 + 0.36 1 mol’'s™ Intercept = 6.66 + 0.36 s~
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Table 2.9:
Rate constants for chloride and bromide ion catalysis on

the nitrosation of tertiary butanol at 0°C

Halide kg (1 mol”s™h k—x 12mol 2 s~
cr 8.72 x 10 + 2.42 x 10% 49.5 + 13.3
Br~ 2.74 x 10® + 6.77 x 102 40.5 » 14.9

Rate of forward reaction = k,[NOX][ ‘BuOH]

Rate of reverse reaction = k-g[tBUONO][H+J[X—]

The values of the rate constants for halide ion
catalysis are subject to large errors as they require
knowledge of the anataIySed rate constants for their
calculation. This will bé especially true for kyx as
this is obtained from a very small slope. The results
for both the'acid catalysis and halide catalysed reactidns

will be discussed further later.

2.2 Nitrosation of isopropanol

2.2.1 Acid Catalysis
A similar appfbach to that used for tertiary butanol

was used to Obtainvthe rate constants for the nitrosation

of isopropanol (LPrOH) and the hydrolysis of isdpropyl

=53~



nitrite ( QPTONO) at 25°C. The results are shown in
Tables (2.10) - (2.12) and graphically in Figure (2.2).
The values of k;, , the third brder rate constant for
nitrosatimn of LPrOlHl' and k.4 , the second order rate
constant for the hydrolysis of the'alkyl nitrite, together
with the equilibrium constant, K for the formation of

LPrONO are shown in Table (2.13).

Table 2.10:

Variation of ko with [“PrOH] at 25°C

[HNOz] = 0.02 mol 1~ [HC10,] = 0.02 mol 17
[ “ProH] mol 1~ ko s-!
0.246 12.2 + 0.1
0.394 12.4 + 0.2
0.591 12.9 + 0.4
0.739 13.3 + 0.6
0.985 13.2 + 0.1

Slope = 1.54 + 0.37 1 mol~ s-'

Intercept = 11.89 + 0.24 s-!

=54~



Table 2.11:

Variation of ke with [‘PrOH] at 25°C

[HNO; ] = 0.02 mol 1~ [HC1041 = 0.04 mol 1~
[ ‘ProH] mol 1~ ke s~
0.249 23.7 + 0.1
0.597 25.0 + 0.1
0.747 25.7 + 0.2
0.896 26.4 + 0.2
0.996 26.6 + 0.4

Slope = 4.02 + 0.17 1 mol~' s~/

Intercept = 22.68 + 0.12 s~

Table 2.12:

Variation of ke with [“PrOH] at 25°C

[HNO; ] = 0.02 mol 1° [HC104]1 = 0.107 mol 1~
[ “PrOH] mol 1~ ko s™

0.189 62.2 + 1.6

0.379 67.0 + 1.1

0.569 ! 69.4 + 0.9

0.758 71.3 + 0.8

0.948 73.0 + 0.9

Slope = 13.65 + 1.85 1 mol”'s™’ Intercept = 60.8 + 1.17 s
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Figure 2.2

Varla§loh of ko
with ‘PrOH at 25%

4

@
1]

S0 +
?m
(@]
¥4
25 -
0
0.0
O [He)
A [H:
vi [(H+]
A [Hel

0.5
['PrOH] mol/L

.02 mol/L [Br-1 = .5 mot\"
.107 mol/L
.04 mol/L
.02 mol/1

=56<
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Table 2.13
Values of k, and k., for reaction of HRIOz with “PrOH at 25°C

and values of the equilibrium. constant, K, for formation

of LPI‘ONO.

[HC10,] k, 12 mol-2 s~ k_ 1 mol-! s-° K 1 mol™’
0.02 79.3 + 18.2 594 + 12 0.13 + 0.03
0.04 100.6 + 4.3 567 + 3 0.18 + 0.01
0.107 128  + 17 568 + 11 0.23 + 0.03

The change in ko with [ll‘PrOH,] was again very small,
especially at the low acid concentrations so that the
values obtained at 0.1M, HC1l0s2 are probably the most

reliable values.

2.2.2 Halide ion catalysis

Experiments were carried out varying the concentra-
tion of LPrOH in the presence of added halide ion.
The results are shown in Tables (2.14) - (2.16) and
in Figure (2.2). The values of the rate constants for
attack of NOX on the alcohol and the halide ion catalysed
denitros‘ation -of the alkyl nitrite were obtained, using
the values of Ky [3., 47 of 5.1 x 10-2 12 mol-2 for NOBr

at 25°C and 1.136 x 10~ 12 mol "2 for NOCl1l at 25°C.

=57=



The results are shown in Table (2.17).

Table 2.14:
Variation of ko with [LPrOH] in the presence of

added bromide ion at 25°C

[HNO;1 = 0.02 mol 17 [HClOz] = 0.02 mol 1™

[Br=] = 0.50 mol 1~

[ “PrOH] mol 1~ ke s~

0.236 20.7

|+

©C © © © o ©
W NN W W

0.353 20.7 +
0.471 0 21.3 +
0.589 | 21.6 +
0.707 21.8 =+
0.825 22.2 +

-
Slope = 2.69 + 0.26 1 mol s

Intercept = 20.0 + 0.15 s

=58-



Table 2.16:

Variation.  of ko with [&PrOH] in the presence of added

chloride ion at 25 °C

{HNOz] = 0.02 mol 1 {HCl04] = 0.02 mol 1-'

{NaCl] = 0.5 mol 1~

[ “ProH] mol 1~

.236
.353
.471
.589

. 707

o o O © o ©o

.825

18.
18.
19.
20.
19.
19.

ko

O 0 B

S

e+ b+ 4+ 0+ 1+
©o © o o o ©

|+

-

Slope = 2.45.1 0.79 1 mol~' s-'

Intercept = 18.0 + 0.5 s-!

S DN

Table 2.15:
Variation of ko with ['‘'PrOM] in the presence of added

bromide ion at 25°C

[HNO,] = 0.02 mol 1-' [HC104) = 0.04 mol 1

[Br-] = 0.50 mol 1~

{ “ProH] mol 17 ko s~
0.236 ' 41.1 + 1.5
0.353 40.7 + 1.9
0.471 39.4 + 1.4
0.589 43.7 + 0.6
0.707 42.6 + 1.0
0.825 43.3 + 1.9

Slope = 4.73 + 2.89 1 mol’'s-'

Intercept = 39.3 + 1.6 s



Table 2.17:

Values of Kk, and k-, for nitrosation of isopropanol‘at 25°C

Halide ky 1 mol s ky 12 mol "2 s
eI 4.05 + 0.13 x 10 634 + 116
Br 1.72 » 0.02 x 103 836 » 63

1.13 + 0.07 x 10° 805 + 153

2.3 Discussion

The value of the equilibrium constant obtained
for the formation of “PrONO at 25°C (ca 0.23 1 mol )
is in reasonable agreement with the value obtained pre-
viously by.the same method at 0°C (K= 0.25 1 mof ) [1].
The values.obtained'at 25°C [2] previously are 0.52 1 mol
and 0.56 1 moi‘ . The discrepancy here probably arises
from the high concentration of LPTOH needed for this
kinetic method (typically up to 7% by volume for \PrOH'
(and 14% by vblume for ccBuOH). This means that in these

experiments the solvent composition is being changed

markedly. A solvent [5] effect has been noted
previously in the nitrosation of methanol, where
a curved plot of ko against [methanol]'was obtained.

Similar - curves could also be obtained on the
addition of a. non reactive solvent (tetrahydro-
furan). If a similar effect s occurring here

then the measured values of the slope of a plot of
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ko against [alcohol] probably represent a mininum value
and so the derived equilibrium constants therefore also

probably represent minimum values.

The values of the rate cOnstants for the denitrosa-
tion of the alkyl nitrite (kgn.) can be obtained with a
larger degree of certainty as they are derived from
a large intercept that can be measured fairly accurately.
It has been noted previously [1] that the values of
k-1 at 0°C for a series of aliphatic alcohols does not
alter much on changing the structure of the alcohol.
This trend is also found at 25°C (Table 2.18) fpr four
alkyl nitrites. The actual vatweas - for the bimole-
éular rate constants for the reaction of water with
the protonated alkyl nitrite gannot'be oebtained as the
pKa of the alkyl nitrite is not known. A possibl’_e
explanation for the consistency of the values of kJ
could be that the protonated alkyl nitrite reacts wi’th
water at the diffusion controlled limit. This would
require the pKa of each-alky1 nitrite to be approximately
equal. Further evidence for this explanation comes
from the halide ion catalysed reaction. Here the reaction
is assumed to occur via nucleophilic attack of the halide
ion on the nitrogen centre of the alkyl nitrite. It is:
known that bromide ion is significantly more nucleophilic
than chloride ion in agueous solution [6] and so the

rate of attabk of bromide ion would be expected to be
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Table 2.18:

Values of k- for hydrolysis of the alkyl nitrite at 25°C

Alkyl nitrite k. 1 mol’'s-!

MeONO 576 + 57 ref. [1]
ELtONO 282 + 10 ref. [1]
LPrONO 576 + 13
*BuONO 870 + 20
markedly greater than that of chloride ion. This is

found in the case of the denitrosation of both N-methyl
N—nitroso aniline (7] and N-nitroso diphenylamine (81,
where attack of the halide ion again occurs at the
nitrogen ,of thé nitroso grdup. The results for both
“BUONO and “PrONO show that there is little selectivity
of the prbtongted alkyl nitrite between the two ions.
This has been found previously for the reaction of methyl
nitrite [1] and is thought to represent a diffusion

controlled process.

The values of k,, for the nitrosation of the alcohol,
show a marked dependence on the structure of the alcohol.
The wvalue of k; for *BuOH is too small to be measured
by this method and the value of k; for i?rOH at 25°C
is ca 100 12 mol~? s-!, which is several orders of magni-

tude below that expected for a diffusion controlled
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process of ca. 7000 12 mol-2 s-' [9]. It appears that
steric factors are important in determining the size

Ofk| .

The commonly f@und order of halide ion catalysis of
Br~ > Cl1™ [10] is observed in the nitrosation of ‘PrOH and
*BuOH. In both cases the value for RQWJ is approximately
one order of magnitude greater than kwoa« . The wvalue
of Kyeq however ‘is typically five. orders of mégnitude

below the diffusion controlled limit of 7 x 10° 1 mol™'s-\

=63
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REACTIONS OF ALKYL NITRITES IN AQUEOUS ACID SOLUTION

Alkyl nitrites have long been known to effect nitro-
sation reactions in aqueous aéid'solutiqn. It has never
been shown concluSively whether the alkyl nitrite or
more likely its protonated erm is the reactive speqies
or whether reaction occurs via hydrolysis of the alkyl
nitrite to nitrous acid. Due to the rapid rate of hydro-
lysis [1, 2, 3] it appears likely that at least part
of the reaction will occur 'via the nitrous acid route

in agueous acid solution.

3.1 Reaction. of isopropyIAnitrite (LPrONO) with,various

nitrous acid traps

3.1.1 Hydrazoic acid

Hydrazoic acid is known to react rapidly with an
acidic solution of nitrous acid to give nitrous oxide and
nitrpgehl (equétion 3.1). The probable intefmediate is
nitrosyl azide [4], which has been isolated at low
témpgrature~'[5], ‘which forms in the rate determining
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step.

HNOy + HNy=——> NgNO ———> N, + Ny O (3.1)

It has been shown that a ‘nu:inber of reaction pathways
exist in the initial nitrosation reaction. At low acidity
{61, the reaction takes ;pll‘;’:i’é‘e via the azide ion with
either the nitrous acidium ion (or nitrosonium ioﬁ)i or
with dinitrogen trioxide. At vhigherrécidities, where
protonation of the azide ion oc'cu,rs,, reaction occurs via
hydrazoic acid [6,7] (Ka = 1.8 x 10°% mol i’ at 25°C).

As expected the azide ion is more reactive to electro-

philic nitrosétio‘n than hydrazoic acid, the former
reacting at the diffusion controlled limit. Catalysis
by acetate ion [8), chloride ion [6,9], bromide ion

[6,9] and thiocyanate ion [9] has also been observed.
At low acidity, where the azide idn is the reactive form
the rate l;imiting step is usually the formation of the
nitrosyl species NOX [6]. At higher acidities the
rate limiting step becomes the attack of NOX {9] on

hydrazoic acid,

In the present work-r reactions were carried out under
conditions where the azide ion is fully protonated, that
is the only reactive species is hydrazoic acid. The

reactions were carried out with [HNy] >> [ “PrONO]
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and good first order behaviour was observed in all cases
by measuring tﬁé kdecréasing conc@nt;atidn of “ProNo
'ét 370 nm. The obsefved first order rate éonstant was
found to be first.order in [HN3 ] but was found to decrease
on addition of isopfcpamol ( LPYOH). Results for fwo
perchloric acid concentrations are shown in Tables (3.1)

and (3.2) and the results for [HClOy] = 0.10 mol 1'

are shown graphically in Figure (3.1{).

There are two possibilities for the mechanism of
Athe reaction of LPrONO, namely the alkyl nitrite or
its protohated form reacts directly with hydrazoic acid
(equation 3.2) or that hydrolysis of the alkyl nitrite
occurs to release nitrous acid which can then effect

nitrosation (equation 3.3).

H
: +
H* + ‘Prov0 —E— pProwo

(3.2)
i + ' k ‘
PrONO + HNg—— N0 + N, + "PrOH
] _Kea i
PrONO —————"PrOH + HNOQ,
(3.3)

k
HNO, + H' + HNj—— N,0 + Ny + H40
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Toble 3.1

Variotion of n uith (k] ot 235°C

[*PreX0] = 1.2 % 10~ ool 1-° (KC10,] = 0.10 col 1-3 370 no

- o B2

[HNs) :

nol 1i-s a b c

0.020 0.346 & 0.017 0.354 2 0.011 0.287 + 0.005

0.040 0.731 2 0.019 0.650 = 0.023 0.539 + 0.010

0.060 1.16 + 0.03 - 0.992 & 0.031 0.857 + 0.040

0.080 1.53 2 0.03 1.37 « 0.03 1.21 + 0.04

0.100 1.9 ¢+ 0.04 1.76 + 0.09 1.56 + 0.07

a) [*Prou)

0.202 mol 1-%

b) [*ProHj

It

0.402 mol 1-%

c) [{SProH] = 0.607 mol 1-3

Table 3.2

Variation of ko with [HN3) at 25=C

[*PrONO] = 1.2 x 10-® mol 1-2 [HC104])

= 0.538 370 nm
o
kes~*
[HRg]

ool 1-3 at : b c d
0.020 3.07 » 0.09 2.78 + 0.11 2.38 + 0.09 2.08 + 0.06
0.040 6.13 » 0.11 5.22 + 0.17 4.95 + 0.06 4.22 + 0.04
0.060 9.31 + 0.12 8.57 + 0.74 7.85 + 0.06 6.98 + 0.11
0.080 14.3 + 1.4 11.6 =+ 0.08 10.2 + 0.03 9.16 + 0.11
0.100 16.6 + 1.0 15.1 + 0.01 13.2 + 0.20 11.5 + 0.14

a) [*PrOH] = 0 b) {*ProH] = 0.191 mol 1-*
c) [*ProH] = 0.402 mol 1-* d) [*ProH) = 0.607 mol 1-*

=68~
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Figure 3.2 Figure 3.1

Plot of ko' against [LPFOH] Varlation of ko
for nitrosation of HNy with [HN3l with
[H+] = 0.538 mol/L
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Since the rate of reaction is found to decrease on
édditibn of LffOH the direct :reaction mechanism; can
~bé ruled cut as [ﬁ?fOH] is ndt involved in any éf the
possible rate determining stepé; The indirect reaction
(equation 3.3), hdwever, would be e#pected to show a
dependence on [LPTOH] as thé ihitial equilibrium dépehds
oh [‘LfrOH]. The derived rate equation for equation

(3.3) is given below in equation (3.4).

Rate = k [HN;]1[HNO, 1[H"]

[ROH ] [HNO= )

but Keq =
[RONO]
and [total nitrite] = [RONO] + [HNO:]
_ [HNO2 J[ROH] + [HNO: ]
Keq'
[Total nitrite] Kegq
oo [HNO:1 = - — :

"[ROH] + Keg

Writing the rate in terms of ([Total nitrite] gives

equation (3.4).

: k. Keq [HN; 1[H*] . [Total nitrite)
Rate = -

[ROH] + Keq

(3.4)
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Since the reaction was carried out with [HN3]3>[Total
nitritel], the observed first order rate constant, ke,

is given by equation (3.5)

k Keq [HN; 1[H*)
” . (3.5)

[ROH] + Keq

Equation (3.5) predicts that the value of ke shOuld
decrease on addition‘of LPrOH, moréover the QaIUes of
k, the third order rate constant for reaction of nitrous
acid with HNa, and Keq, the equilibrium constant for
hydrolysis of theA'alkyl nitrite can be obtained since

equation (3.5) can be rearranged to give equation (3.6)

1 {ROH] 1

ko k Keq [HN; J[H"] K[HN3 1{H"]
(3.6)

A plot of ko ' against [ROH] should have a slope =
(k[HNs J[H* ]Keqi\ and an intercept = (k[HNs J[H* ];\
Therefore the value of k can be obtained from the inter-
cept and the value of Keq can be obtained from the value
of intercept/slope. Such plots were obtained from the
experimental results and the data for [HC10,] = 0.10 mol F

are shown graphically in Figure (3.2). The results

of such an analysis for both acid concentrations are
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shown in Tabkles (3.3) and (3.4).

The average values of Keq are 1.34 + 0.25 mol 1-'
(for [HC104)] = 0.10 mol 17') and 1.44 + 0.19 mol 17 (for
[HC10,41-0.538 mol 17). These values give 0.75 = 0:14 1 mol~!
and 0.69 =+ 0.09 1 mol~ for the egquilibrium constant for
the formation isopropyl nitrite which agree reasonably
well with values obtained by other methods of 0.56 [10],

e

0.52 [10] and 0.25 [3] 1 mol” at 25°C.

The value of k, the third order rate constant for
attack of nitrous acid on HNz; has also been determined
previously [9] as 160 12 mol "2 s-' at 25°C. This value
was the extrapolated value of k as [H*] — 0 since the
rate was found not to bve a linear function of [HY].
The corresponding values of k at 0.10 and 0.538 mol 1!
of HC10g4 can be interpolatéd from the variatiqn of ko
with [H?] and are 214 12 mol "2 s~ and 360 12 mol-2 s-*
The values obtained here are 220 :* 11 12 mol -2 s~' and

300 »+ 11 12 mol-? s~ which agree well with those obtained

from the reaction with nitrous aC‘id.

3.1.2 Sulphamic Acid

Sulphamic acid is a fairly strong acid (pKa = 1.1)
[9] and is commonly used as a trap for nitrous acid,

reacting a'ccordvin’g, to equation (3.7) [11].

iy >



“Yobla 3l 3 '

Yoluco of Rea ghd K Gt 25-C fren ploto: of Le® azuingt [*ProNi

[KC105) = 0.40 nol i-t

{HNo) Slope Intercept Keq k
nol 1-@ 1 ool-2g 8 nol 1-° 1Zpol-2g-»
0.020 1.485 &+ 1.023 2.467 4 0.646 1.66 2 1.18 203 + 37
0.040 1.205 + 0.200 1.101 2 0.087 1.49 ¢ 0.27 227 : 18
0.060 0.754 ¢ 0.128 0.708 + 6°% 10-® 0.939 + 0.16 . 235 ¢ 2
0.080 0.419 + 0.026 0.568 + 0.011 1.35 + 0.09 220 + 4
0.100 0.342 » 7 x 10°® 0.431 + 3 x 10-° 1.26 + 0.03 232 + 2
Table 3.4
Values of Reg and k at 25°C froo plots of ke~* against [*ProH]
[KClO.) = 0.538 pol 1-2
[HNs] Slope Intercept Keq Tk
nol 1-32 1 mol-2g 8 mol 1-® 1Zmol-=2g-2
0.020 0.261 + 0.019 : 0.318 ¢+ 7 x 10~ 1.22 » 0.09 292 + 7
0.040 0.114 + 0.017 0.164 + &6 'x 10-= 1.44 ¢+ 0.22 T 284 + 10
0.060 0.0596 ¢ 4.5 x 10~ 0.106 + 2 x 10~ 1.77 + 0.14 294 + 6
0.080 0.0520 + 1.5 x 10~® 0.0772 + 6 x 10-= 1.48 + 0.0S 299 + 3
+ 0.09 317 + 6

0.100 0.0450 + 2.9 x 10-= 0.0586 + 1.1 x 10—® 1.30°
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NH,SO;H + HNO,——V N, ¢ HSO~ + H,0 <+ H° (3.7)

The reaction is believed to occur via N=nitrosatidn.

At low acidity the reaction occurs via the Sulph&mate
ion [9,11], NH: SO; ,‘ shlpbamic acid being much less
reactive. At high-acidity (>0.25 mol 17'), where the
concentration of sulphamate ion is very low, there is
evidence for reaction of sulphamic acid itself [11].

Interestingly [9,11], the nitrosation of sulphamic acid
is not subject to catal?sis by halide ion or thioqyanate
ioﬁ. This is also found in the nitrosation of amides
(12,13,14,15] and_seems to apply generally to the nifrbéa—.
tion of amines with pouwerful electron withdrawing
groups next to them. The results have been explained i-n

terms of a rapid reversible N-nitrosation followed by

a rate limiting proton traﬁsfér.

_ . A + , '
NH,SOF + XNO ——————" NH;SO3 + X~
NO

slow

N, + HSO; ¢ NHSO3

NO

The reaction of ‘PrONO with sulphamic acid was

carried out in a similar way to that of hydrazoic acid.
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Results showing the dependence of ko on [sulphamic acid]
at various [ “PrOH] are given in Table (3.5) and Figure

€3.3).

The value: of ke agaﬂm_was.fouhd to decrease with
increasing lijrOH]. The reacfidn!is therefore similar
to that of HN; but in this.caSé as the sulphamate ion
is the likely reactive Spécies, the protonation of the
sulphamate ion must be taken into account. The reaction-

is shown in Scheme (3.8).

' » Ke ' T
' PrONO —=23  lprog . HNO2

k
HNO2 + H* + NH2S05 —————> Nz + HSOF7 + 2H,0 + 2H"

[H*] Ka

NH ,SO3;H

(3.8)

The observed first order rate constant derived
for such a scheme is given 1in equation (3.9). This
éah be rearranged to give equation (3.10) which predicts
t;ﬁat. plotting Ko agé‘iﬁst [LPrOH]‘ should be a straight
iiﬁe raritht‘s’}lope_A= (Ka =+ LH*D/k Keq Ka [sulphamic aéid][H*]

fdnd intercept = CKa + [H" 1)/ k Ka [sulphamic acid][H*].
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Thé_vaIUe of Keq can befréadily obtained from the ratio
of slope / intercept and the value of k, the third order
rate’conStant fOr'attackﬂof;hitfdﬁ§~dcidnoh theréulphamate
ion can be calCUlatéd assﬁming thd£ the pKa of éﬁlpﬁamic
acid is 1.1 at 2596_(9); The results of such an analysis

are shown in Table (3,6);

k - k Keq Ka [sulphamic acid]{H*]
] A (3.9)

(Ka + [H"1)(Keq + [ROHI)

Where [sulphamic acid] = total stoichiometric concen-

tration of sulphamic acid

. (Ka + [H*])[ROH] (Ka + [H*])

k Keq Ka[éulphémié,tH+] * K Ka |sulphamic| [H']
acid acid

(3.10)

The average value of Keq is 1.46 + 0.16 mol 1°!
which agrees well with the values found for the reaction
with HN; . The value of k, the third ordér rate- constant
for reaction of nitrous acid with sulphamate ion is
known to be 1.13 x 10° 12 mol-2 s-'at 25°C. The average
value obtained in this work is 2.55 x 10°® + 90 12 mol-2s~"
The small discrepancy could arise from the fact that
the analysis assumes that the reaction oéqurs‘ via the

sulphamate ion but the possibility remains that there

is a component of the reaction here via the acid form.
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{sulphanic acid]

nol

a
0.020 3.52 + 0.
0.030 5.29 + 0
0.040 6.94 + 0.
0.050 8.54 + 0.
0.060 11.0 + 0.
0.070
a) [*ProH} = ¢
c) [*ProH} = 0
{sulphamic acid] Slope
nol 1-2 1 mol-
0.020 0.161 +
0.030 0.128 +
0.040 0.109 »
0.050 0.082 +
0.060 0.059 +
0.070 0.060 +

1-

Table 3.5

Valuesgof.ko against (sulphanic acid] at 25°C

[*PrONO] = 1.

2 % 10-® pEl 1-2

= 0.522 pol 1-3

{HC104]
ko g=-¢2
b
04 3.03 + 0.14 2.87-
.06 4:64 + 0.05 4.14
20 6.34 + 0.05 5.52
13 7.55 & 0.12 6.52
3 9.56 +-0.15 8.63
11.0 + 0.4 9.85
.040 mol 1-1 b) [*ProH] =
.402 @mol 1-® d) (°*ProHj} =
Table 3.6:

(L L S A A 4

1+

.05
.23
.11
.16
15

.03

2.63

3.83

6.18
8.01

8.70

0.200 mol 1-®

0.602 mol 1-t

Values of Keq and k at 25°C from plots of ko~2 against (*ProOH]}

[HC10s1 = 0.522 mol 1-*

Intercept
s 8
0.025 0.286 + 9 x
9 x 10-= 0.187 + x
S x 10-® O.1§8 + X
0.010 0.116'1 X
6. x 10~ 0.091 » 3 x

4 % 10— 0.079

=T7=

i+

10-2 1
10-® 1.
10— 1
10-® 1
10-= 1.
10-® 1.

mol 1-°¢

.77

46

.27

.41

54

32

I+

I+

i+

i+

I+

[+

.28

.11

.06

.18

.16

.09

k

2534

2584

|+

2626

I+

2499 +

2655

1+

2383

1+

1+

I+

I+

I+

i+

|+

12 pol-= g-*

80
55
39
86
a8

60

.16
.12
.17
.14
.15

.18
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3.1.3 Thioglycolic acid

Thioglycolic acid ('TGA) is known to undergo S-

nitrosation [16] in acidic solution of nitrous acid,

as shown in equation (3.11). The product thionitrite
0 0
4 s-onic?
HSCH, + HNO2 ——> ON-S-=CH:C (3.11)
OH | OH

is unstable as are almost all thionitrites, decomposing
to the disulphide [17] (equation 3.12), but has been
identified in solution by the appearance of a broad

absor@tion band at 330 nm in the UV/visible spectrum.

0

4

20NSCH,C, —— 2NO + HOOCCH,S-SCH, COOH (3.12)
OH

The formation of thionitrites from thiols has been
shown to be effectively irreversible [18], which contrasts
markedly with the reactions of alcohols to form alkyl
nitrites [3]. This can be rationalized by considering
the effect .of changing ffdmv'an oXygen éfe.ntre to a sulphur
centre on the rates of the forward reaction (equation

3.13) and reverse reaction (3.14). The forward rate
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H

RSH + HZNOX——%7RSf —> RSMO + H7? (3.13)
NO
H.

- +/ : -

RSNO + H® — RS<\ ———— RSH + H,NO;Z (3.14)
NO

of reaction is expected to depend on the nucleophilicity
of the sulphur or oxygen centre, with the sulphur site
being the more nucleophilic. The reverse reaét-iorn depends
on the basicity of the oxyden or sulphur site, oxygen
being the ﬁlore basic site. Therefore an oxygen centre
(alkyl nitrite) favours the reverse reéctioh whereas
a sulphur centre (thionitrite) favours the forward

reaction.

The nitrosation of thicglycelic acid with nitrous
acid has been shown to fol lbw the commonly found rate
law ([16] (equation 3.15) in the absence of any added
nucleophilic catalyst and the value - o‘f "k", the third
order rate constant is known to be 2630 12 mél -2 g-!

at 25°cC. Under the conditions used in the study TGA

exists mainly as the free acid.

Rate - k [TGA][HNO; J[H"] (3.15)
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It is likely that the ionized form is also reactive,
but at pH< 2 any (_:on_‘tr‘ibution from this. form ‘Cam_ be
i‘gho‘re?d (pka of TGA [19] - 3.42 ). The reaction is
also known to be catalysed by added nucle@pﬁ‘ileé [161],
the reactivity sequence of the cgjﬁ*‘esppndin@ nitrosyl
species being the cOmﬁmbnly encountered one of nitrosyl
chloride> nitrosyl ’bromi&le ._> vm'_i-t‘rjos‘ylr thiocyanate. In
the presence of either brémide ion or thiocyanate 1ion
and with high [TGA] it has been possible to achieve
rate limiting formation 6f nitrosyl bromide or nitrosyl
thiocyanate and the rate constants obtained agree well

with values obtained by other methods.

The reaction of ‘PrONO with TGA were carried out
at 330 nm, fol low.ing the formation of the thionitrite.
Experiments were. ’qarri:eifi’ out with [TGAI=>I L ProNO] and
good first order behaviour was found in all cases.
Results were obtained showing the dependence of the
ob'ser'ved first order rate constant, | ko , on [TGR] at
various [ ‘LPrOH] . The results are showﬁ in Table (3.7)

and Flgure (3.4)

The reaction is first order in [TGA] and the kinetic
pattern is similar to that found for the reactiohs of
hydrazoic acid and sulphamic acid on the addition of
isopropanol. The reac‘fﬁion is therefore taking place
via hydrolysis of the alkyl nitrite, the nitrous acid

formed effecting nitrosation of TGA (Scheme 3.16)
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Table 3.7:

Variation of ko with [TGA] at 25°C

. - st ) -
[‘PrONO] = 1.2 % 10 mel | [HC10,1 = 0.203 mol 1'
330 nm

[TGA] ko S
mol 1" a b c
0.0297 13.2 + 0.3 12.0 + 0.2 10.7 + 0.2
0.0396 17.6 + 0.7 15.6 + 0.3 14.4 »+ 0.3
0.0494 21.4 + 0.3 18.6 + 0.1 17.0 + 0.2
0.0593 26.2 + 0.3 22.5 + 1.0 20.6 + 0.3
0.0692 28.7 + 0.2 27.2 + 0.7  24.0 » 0.2
0.0791 32.1 + 0.6 31.3 + 0.1 26.0 + 0.6

a) [‘PrOH] = 0.207 mol 1

b) [‘PrOH] - 0.415 mol I

c) [ ‘PrOH] = 0.592 mol I
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Figure 3.4

Plot of ko
agalnst [TGA]

ko

0 . |
0. 00 0. 04 - 0.08
[TGA] mol/l

A ['PeOH] = .59 mol/L
¥V LPrOHI = .42 mol/L
Z&V [*PrOH] = .21 mol/L
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L Keq. - A
PrON0O ——— HNO» + “PrOH

(3.16)
. . 0
HNO, + H* -+ HSCHg{——K-moNascwgc<:

OH - OH

The observed first Qﬁder rate constant for such
a scheme is given in equation (3.17) which <can Dbe

rearranged as before to give equation (3.18)

k Keq [TGA][H*)

ke = e ' (3.17)
[ "PTOH] + Keq
- [ *ProH] ' 1
ke = _ N e
k Keq [TGA][H"'] K[TGAJ[H"]
(3.18)
-1 R )
A plot of ko against [ "PrOH] should have a
- , <1
slope = (k [TGA]D-&’JKﬁeq)h and intercept = (k [TGANWD .

from which the values of k, the third order rate constant
for attack of nitrous acid on thioglycolic acid can
‘be obtained. The results of such an anéilysis are shown

in Table (3.8)
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Table 3.8:

Values of Req.and-kfat.ZSéC from plots of ko~? against [®ProOH]

[HC1lOs] = 0.203 mol 1-2

{TGA] Slope Intercept KReq k
mol 1-2 1 mol-2 s s mol 1-2 12 pol-= g-2
0.0297 0.445 + 5.9 x 10~  0.066l+ 2.6 x 10~ '1.4§Ai 0.21 2512 % 99
0.0396  0.0336 + 1.4 % 10~ 0.0498 + 6 x 10-< 1.48 2 0.06 2500 + 30
0.0494  0.0318 + 1.5 x 10~ 0.0403 + 7 x 10-2 1.26 + 0.07 2476 + 43
0.0593 0.0273 + 2.2 x 10~> 0.0327 » 1.0 x 10~ 1.20 = 0.11 2543 s 78
0.0692 0.0175 + 5.3 x 10-= 0.0306 + 2.3 x 10~ 1.75 + 0.55 2329 & 175

0.0791 0.0186 + 9.4 x 10~ 0.0263 + 4.1 x $0~® 1.41 + 0.39 2371 + 370



The average value of Keq obtained - 1.43 : 0.18 mol 1=t
which agrees well with the earlier values. The value
of k, 2455 + 78 12 mol~? s°' agrees well with the value

measured directly [16] (2630 12 mol=? s-'at 25°C).

3.1.4 N-Methylaniline

Nitrosation of N—methylanili'ne (NMA) is an example

of nitrosamine f‘bfmation (eqiuat-iéh 3.19).

HNQ, + H* +

(3.19)

At low and moderate acidities [20] thé free base form
of the amine is the reactive species, reacting at ér
near to the diffusion cdntro»lled limit ([21] with the
nitrous _ acidium ion (or. 'nitro:s,onium"’* ion), dinitrogen
t_xti.,_qxi:de, nitrosyl chloride and nitrosyl bromide. At
hiéﬁer aI,Cidities [22] reaction can also occur via the
protonated form of ﬁhe amine, po's‘sib-iy by a W complex

intermediate (equation 3.20)
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(3.20)

The reaction of LPrONQ with NMA was stﬁdied - at
280 nm, following the abpearance of the nitrosamihe
The reaction was carried out wi th [NMA] >> [ PrONO ] .and
good first order behav1our was found in each -case.
Experiments were carrled out to investigate the: effect
of acidity on the observed first order rate constant
ke, (Table 3.9) and also the effect of [NMA] at various .

[lPrOH] on ke , (Table 3.10).

Table 3.9:

Effect of acidity on the nltrosatlon of NMA at 25 C

[‘PrONO] - 1 x 16° mol 1-! [MMA] = 5.34 x 10-3mall
['PrOH] - 0.20 mol 1°' 280 nm
[HC104] mol 1 10* ko s~
0.067 6.40
0.083 6.24
0.100 6.29
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The wvalue of ko is independent of the acidity,
is first order in [NMA] and is decreased on the addition
of lPrOHl. These observations are consistent with reaction
occurring by denitrosation (or hydrolysis) of the alkyl
nitrite to give nitrous acid which can then react with

the free base form of the amine, as is shown in Scheme

(3.21).
. Keg :
PrONO ————— ‘PrOoH + HNO,
. /H' ; Me A
H* + HNQz2 + ArN\ —_— Ar—N\ + H*
Me NO (3.21)
[H*1] |Ka
+
ATNH: Me

Since the pKa of protonated NMA is known to be
4785 1231, at the acidities used” in theése experiments
the total stoichiometric concentration of the amine
is effectively equal to the concentration of the proto-
nated form, i.e., [NMA]TZ [.Argmzt"]e]} The derived value
of ke for this scheme is therefore eqﬁation (3.22).
A plot of ko' against [.‘PrOH] can therefore be used to
obtain values for Keq and k, the third order rate constant

for attack of nitrous acid on the free base form of
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Table 3.10:

Variation of ko with [NMA] at 25<C

[*Proyy = 1fx 1090\ |’ [HC1O04] = 0.0667 mol 1-° 280 nm

[NMA) i0°¢ ko s-2

mol 1-2 a? b c

.22 x 10-® 1.99 + 0.07 1.92 + 0.26 1.88 + 0.06
.45 x 10~ 3.88 + 0.38 3.43 + 0.23 2.84 + 0.05
.67 % 10~¥® 5.20 1;0.17 .70 + 0.06 3.81 + 0.01
.89 x 10-= 6.19 5.77 5.42

.72 x 10—> 8.53 + 0.18 7.79 » 0.14 7.05 + 0.32
.15 % 10-® 9.80 + 0.09 8.82 + 0.20 8.56 + 0.04

a) [{*PrOH] = 0.200 mol 1-° b) [2PrOH] = 0.337 mol 1-2

c) [*ProH] = 0.596 mol 1-2



the amine. The results of such an analysis are shown

in Table (3.11)

k Keqg [NMA] Ka
K= (3.22)

[ PrOH] + Keq

The wvalues of Keq obtained in this case are much
more scattered than those previously found. This arises
from the large errors in the reproducibility of the
values of k and the small size of the decrease in k
on addition of iPrOH. The average vélue*of k, the third
order rate constant for attack of nitrous acid on ‘the
free amine is 11513 + 1379 12 mol-? s-'. This is somewhat
ol

larger than the literature value of 4600 12 mol ‘? s

[21], but is of the right order of magnitude.

3.1.5 Conclusion

All the results obtained for nitrosation of hydrazoic
acid, sulphamic acid, thioglycolic acid and N-methyl-
aniline with isopropyl nitrite are consistent with a
mechanism involving a fast hydrolysis of the alkyl
nitrite to give an equilibrium concentration of nitrous
acid which then effects nitrosation of the substrate.
There is no evidence for a direct reaction between the

alkyl nitrite and any of these substrates.
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Table 3.11:

Values of Keq and k at 25=C from plots of ko~?* against [*ProH]

[NMAl~+

mol

3.67

4 .89

¥ 10-=

slope

|
1l mol™2 s

702

2377

1791

|+

j+

560 +

608

346

|4

i+

1230

‘33

)
I

108

108

175

151

intercept
8

4919 + 95
2107 + 14
1548 + 45
1519 2 45
1062 + 31
974 + 62

Keq

mol

.01
.89
.87
.71
.75

.81

LS P S 13

|+

2.30

0.02

0.16

0.53

0.22

0.54

12 mol-

11723
13680
12408

9531

11611

10122

=

|+

I+

¢

|<

226
91

361
282
339
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3.2 Reaction of tertiary butyl nitrite with various

nitrous acid traps

3.2.1 Reaction with sulphamic acid

The reaction of tertiary butyl nitrite (QBﬁONO)
with sulphamic acid was carried out in a similar way
to the same reaction with i’PrONO._ Thus under conditions
where [?Bu0N0]<_< [sulphamic acid], good first order
behaviour was obtained, following the disappearance
of the alkyl nitrite at 370 nm. The effect of added
tertiary butyl alcohol ({BuOH) on the wvalue of :ko, the
observed first order rate constant, was determined and

the results are shown in Table (3.12).

The results show that under these conditions the
reaction is first order in [sulphamic acid] and the
values of ke are independent of the concentration of
added ¢BuOH within the expérimental error. A possible
explanation of this effect is due to the fact that the
equilibrium __constant . for— the hydrolysis - of- —the alkyl
nitrite is much larger for ‘BuONO than i'PrONO [3, 10].
Assuming that the reaction occurs by a similar route
to that of ;'PrONO a similar rate equation should
apply in the case of YBuONO (equation 3.23). The value
of the equilibrium constémt for formation of ¢BuoNO
from nitrous acid has been estimated [3] to be

< 0.05 1 mol at 0°C. This means that Keq, the
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Table 3.12:

Effect of [tBuOH] and [sulphamic acid] on ko at 25°C

[*BuONO] = 1.2 x 107 mol 1 [HC1O, ] = 0.522 mol 1
370 nm
Sulphamic acid » ko s

mol f' a b

70,020 3<51 + 0.06 3.51 + 0.14
0.030 5.45 + 0.29 5.53 + 0.13
0.040 6.94 + 0.18 6.81 + 0.24
0.050 8.61 + 0.13 8.81 + 0.36
0.060 10.5 + 0.35 9.97 + 0.11
0.070 12.0 + 0.2 11.6 + 0.51

-\

a) [*BuOH] = 0.201 mol 1

-1 .
slope - 169 + 3 1 mol s

=}

b) [*BuOH] = 0.603 mol 1

=1 -

slope = 159 + 6 1 mol s

=-03-



k Keq Ka [sulphamic acid] [H?]
ke = : , (3.23)

(Ka + [H*]) (Keq =+ [ °BuOH])

equilibrium constant for hydrolvsis of the alkyl pitrite
will be > 20 mol 1% . This means that under the
conditions used Keq S>> [ ©BuOH] and so equation (3.23)

reduces to equation (3.24), which predicts that the

k Ka [sulphamic acid] [H*]
| - (3,24)

(Ka + [H?*])

reaction should be first order in [sulphamic aci‘d]
and independent of [*BuOH]. In the case of iPrONO,
the equilibrium constant for formation of iPrONO
is ca 0.56 1 mol [10], which corresponds to a Keq

of ca 1.8 mol 1°' , therefore under the conditions

used ([‘.-PrOH] = 0.2 - 0.6 mol 1°') the value of Keg

is comparable in sikze wirth [“PrOH]— and é(r)w;ir:.here
is a measurable decrease in rate on addition of
':PrOH. Equat'ion (3.24) predicts tha.t the value
of k, the third order rate cohstant for nitrosation
of the sulphamate anion can be obtained from a plot
of ke against [sﬁlphamic acid], assuming that
pKa = 1.1 . f‘rom the data in Table 3.12 the value

of k is 2379 + 73 12 mol~? s°' which is in good
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agreement with those obtained from analysis of the data

for the reaction of 'ProONO.

Experiments were carried out to investigate the
effect of [sulphamic acid] at different acidities on
the reaction rate. The results at four different

acidities are shown in Tables (3.13) - (3.16).

Table 3.13:

BEffect of [sulphamic acid] on ke at 25°C

[*BuONO] = 1.2 % 10°? mol 1 [YBuOH] = 0.1 mol 1°'

[HC10,] = 7.74 x 10°® mol 1° 370 nm
[sulphamic acidjmol 1-' ke s-!
0.025 0.34 + 0.01
0.050 0.72 + 0.02
0.100 1.12 + 0.05
0.150 T 71760+ 0.02 SR
0.301 3.20 + 0.20
0.677 6.05 + 0.22
0.803 5.98 + 0.33
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Table 3.14:

Tab . 15:
able 3 }5 Effect of [sulphamic acid] on ko at 25°C

|
Effect of [sulphamic acid] on ko at 25°C

t [*BuONO] = 1.2 x 10-® mol 1-' {*Bu OH] = 0.1 mo)l 1~
BuONO] = 1.2 x 10-? mol 1-* | ¢ ] =01 - : '
t ] x mo : {*BuOH] mol 1 [HC104] - 0.050 mol 1** 370 nm
[HC1O41 = 0.19 mol 1 370 nm
{sulphamic acidlmol 1~ ko s-!
[sulphamic acid] mol 1~ f ko s-!
0.025 1.68 + 0.07
0.050 3.36 + 0.15
0.025 2.82 + 0.09 -
. 0.150 9.47 + 0.6]
0.050 6.69 + 0.24 -
B 0.301 16.2 + 0.5
0.075 9.57 + 0.45 =
0.462 23.1 + 1.4
0.150 . 18.3 + 0.5 -
] 0.679 31.7 + 2.1
0.300 32.6 + 1.2 =
| 0.803 33.3 + 1.6
0.450 . 46.6 + 4.0 =
0.600 78.4 + 4.6
0.803 ' 93.0 + 9.0



Table 3.16:

Effect of [sulphamic ac.id] on ke at 25°C

[ *BuONO] = 1.2 x 10°2 mol 1-' [EBuOH] - 0.1 mol 1~
[HC104] - 0.50 mol 1~ 370nm
[sulphamic acid] mol 1~ ko s-!
0.025 4.32 + 0.05
0.050 8.65 + 0.28
0.075 12.2 + 0.3
0.100 16.4 + 0.4
0.150 , 23.9 + 0.8
0.300 54.8 + 3.7
0.525 90.4 + 3.2

The results for the four acidities are shown in
Figure (3.5). It can be seen that in each case, ko
is first order in [sulphamic acid] at 1low [sulphamic
acid], but the plots. curve at_high [sulphamic acid],
tending to a limit value of ko . The effect is much
more marked at the lower acidities, where the concentra-
tion of the sulphamate anibn is the . greatest. Since
the reaction order changes from a first order to a zero
order dependence on ([sulphamic acid], this means that
the rate determining step must have_ changed from being

attack of the nitrous acidium (or nitrosonium ion) on
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the sulphamate anion to an earlier step, ie. hydrolysis
of the alkyl nitrite. The reaction scheme is shown

in equation (3.25).

Ky

———3

K-y

“BuONO + H* + H,0

BuOH + HNO, » H*
(3.25)
HNO, + H* + NH,SO7 —K— N, + H,S0; ¢ H®

[H*]J [Ka

NH.SO; H

Frém‘ the reaction scheme it can be seen that if
kK [H* 1[NH,SO3] 3> k., [ *BuOH] then the slow step will
become the hydrolysis of the alkyl nitrite, the k, step.
The derived rate‘eQuation for scheme (3.25) 1is equation

(3.26)

k k, [sulphamic-acid}{H*]Ka - -~ . __.

k.1 [EBuOH](Ka + [H*]) *+ K Ka[sulphamic acid]

(3.26)

Equation (3.26) predicts that at high [sulphamic
acid], if

k Ka [sulphamic acid] :3> k_, [*BuOH]

(Ka + [H*]1)

then the equation reduces to equation (3.27), ie. the
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value of ko should be zero order in [sulphamic acid],
and the 1limiting value of ko should yield the value of
ky , the second order rate constant for hydrolysis of

the alkyl nitrite. Estimating the limiting values of

ko = k, [H*] (3.27)

ko from the data at'; [HCAlO@]:‘ S 7.74 x 10 (}Qa"—i 6 s*">)‘
and 0.05 mol 17 (ko = 35 s-') yielé -val.ues of

ca 780 12 mol "2 s-' and" 700 12 mol "2 s-' for the values:
of k,, which are in reas.onable agreement with the values

measured directly of 880 and 890 12 mol-2 s-.

A more detailed kinetic analysis of the data show
that plots of kcg‘ against [.s_ﬁlphamic acid]"give reasonable
straight lines with v's’lopes and i‘ntercepts that are
o [H*]"' (Table 3.17 and Figure 3.6).

Equation (3.26) predicts that a plot of ko against

[sulphamic aéidi“ should be }i"@sgﬁfi_gﬁt 'line with slope =
k-\ [ROH](Ka + [H*])/k,k Ka [H*] and i’n‘tercept = (k, [H*D".
The average value of Kk,; obtained from the intercept
= 1492 + 290 12 mol”'s-!, which is in fair agreement with
thése previously found. Also, by 'pvl(')'jc;ting the slope
against [HY]-', the value of Ka for sulphamic acid can
be obtained from the ratio of slope /intercept of this

graph. The value obtained = 0.0997 mol 1! , which
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Figure 3.6

Plot of ko' ‘ |
against [sulphamic acid]

[sulphamic acld]-‘ L/mol

[H*] = .5 mol/L

[H*) = .19 mol/L
[H*} = .05 mol/L
H*] = 7. 74x10> mol/L

ko

B0

Figure 3.5

.Plot of ko against
[sulphamic actd] at
different acidities

0 0.3 0.6
[sulphamic acid] mol/L

H*] = .5 mol/L
H] = .19 mol/t
[H*) = .05 mol/L
(HY =

7.74x10 mol/L
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Table 3.17:
Values of slope and intercept from plots of ké‘ against

[sulphamic acid]"
[H*] mol 17 slope mpl 1”'s intercept s

7.74 x 10°3 0.0704 + 2.2 x 10°3 0.0951 + 0.0383

0.050 0.0145 + 7.6 x 10™>  0.0107 *+ 1.29x10-3
0.19 7.43 x 10°-3 3.23 x 10°?
0.50 5.76x10-3 + 7.7x10° 1.79%x10-% + 1.4x107"

corresponds to a pKa of 1.0 which is in good agreement
with the literature wvalues of 1.1 [9] at 25°C and 0.98

[11] at O°C.

All the data obtained are cpnsistent with a reaction
mechanism where the alkyl -nitrité undergoes hydrolysis
- _to_nitrous acid which is then responsible_for nitrosation.
It is possible for the hydrolysis step or the subsequent
reaction -of nitrous acid to be the rate limiting step

under the appropriate conditions.

Further cgnf i'r'mation of this mechanism comes from
the effect of added nucleophiles. It is known that
the nitrosation of sulphamic acid by nitrous .acid is

not subject to catalysis by added nucleophiles [9, 11].




Results showing the effect of added chlioride ion on
ko are shown 1in Table (3.18). Clearly no catalysis
is observed, indicating that the reaction behaves

kinetically similarly to that using nitrous acid itself.

Table 3.18:

Effect of added chleride ion on ko at 25°C

S

[sulphamic acid] = 0.017 mol 17° [HC10,] = 0.507 mol 1~
[ *BuOH] = 0.096 mol 1°' [*BuONO] = 1.2 x 103 mol 1°
[NaCl] mol 1°' ko s-!
0 2.83 + 0.02
0.041 2.89 + 0.02
0.082 2.86 + 0.03
0.123 2.83 + 0.04
0.204 2.87 » 0.03

At high concentrations of sulphamic acid and at
low acidity, under conditions where hydrolysis of the
alkyl nitrite is rate limiting, catalysis by added nucleo-
philes would be expected as the hydrolysis of the alkyl
nitrite is known to be catalysed by added nucleophiles
[1,2,3]. Results under these conditions are shown in
Tables (3.19) and (3.20) for both chloride and bromide

ions.
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Tzble 3.19:

Effect of chloride ion at high [sulphamic acid] at 25°C

[BUONOC] = 1.2 = 10°% wol 1"' [HCLOp) = 7.74 x 1077 wel 17
[sulshamic acid, - 0.80 mol 3! 370 o
[NaCl] wol 17 ko s-!
0.050 6.63 + 0.19
0.100 5.15 + 0.26
0.150 5.52 + 0.15
0.200 5.65 + 0.14
Table 3.20:

Effect of bromide ion at high [sulphamic acid] at 25°C

[*BuONO] = 1.2 x 10°3 mol 1°' [HClO4] = 7.74 x 10°* mol 17

[sulphamic acidj = 0.80 mol 1°'

[NaBr] mol 1-' ko s=!
0.050 6.20 + 0.24
0.100 5.55 + 0.32
0.150 5.40 + 0.22
0.200 5.27 + 0.25
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For wotn anions, o fecresses siternbly op aocition
of the anion. This fis possible due Lo a salt affeclt
The effect of added nvcleophiles on the denitrosation
rate of allkyl nitrites 1o known o be cmall [21, omuch
Less than thet found in he denitrosation of nibrossnines
(24,25}, bubt it is a cataivtic effect. Catalysis by

added chloride and bromide salts in this case may possibly
not be observed due to the large errors invelved in
the values of ko (due to gas formation) and also due to

a salt effect that causes a reduction in the rate.

w
[\
)

Reaction with hvdrazoic_acid

The reaction of “BuONC with hydrazoic acid (HNjz)
was studied at 370 nm, following the disappearance of
the alkyl nitrite. The reactions were carried out under
conditions where [“BuONO]J<&[HN; ] and good first order
behaviour was observed in each case. The value of the
observed first order rate constant, ke , was found to
decrease slightly on the addition of ®BuOH (Table 3.21),
but the effect is within the experimental error. These
results are again consistent with the fact that the
equilibrium constant for formation of ¢ BuoNO is

considerably smaller than it is for “PrONO.

The reaction was also found to be first order in

[HNy; 1, as shown by the dependence of ke on [HNg ] at
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two different acidities (Tables 3.22 and 3.23). The

results for [HCl0;]1 = 0.10 mol 17" are shown in Figure (3.7)

Table 3.21:

Effect of ®*BuOH on the rate of nitrosation of HN, at 25°C

[*BuONO] = 1.2 x 10°* mol 1~ [HC104]1 = 0.477 mol 17
[HN,] = 0.025 mol 1~ 370 nm
[*BuOH] mol 1°' ko s-!
0 3.07 + 0.05
0.0238 3.04 + 0.05
0.0477 3.01 + 0.04
0.0953 2.91 + 0.05
0.238 2.88 + 0.04

--— The -first--order—dependence—on {HN, ]-means--that the
rate lim'it;ing step must be reaction of nitrous acid with
HN; , although at high [HN,;] there is a slight curvature
on the plots of ke against ' [HN; 1, indicating that the
hydrolysis of the alkyl nitrite has become partly rate-
limiting. By comparison wi,t;'h the reaction of ;'PrONO
with HN, the rate equation (equation 3.28) can be written

for this reaction. Again, since the equilibrium constant
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Table 3.22

Dependence of ko on [HN3] at 25°C

{ *BUONO] = 1.2 % 10°® mol 1°°

[HN )

© © © o ©

370 nm

mol 1-

.020
. 040
. 060
.080
.100

[HC104]1 = 0.10 mol 1~

ko s°!
0.411 + 0.021
+ 0.025

0.822
1.22 + 0.06
1.68 + 0.05
2.05 + 0.08

Slope = 20.68 + 0.34 1 mol's"'

Intercept = 4 x 103 » 2 x 10-2 s~

Table 3.23:

Dependence of o on [HN3] at 25°C

[¥BuONO] = 1.2 x 10-? moll"

[HN3 ]

370 nm

mol 1°'

0.0125

0.
0.
0.
0.

025
050
075 .
125

=106~

(HC10,7 - 0.50 mol 1°'

ko s-!

1.77 + 0.04
3.26 + 0.08
6.19 + 0.23
8.62 + 0.15
13.2 + 0.6



k Keq [HN;J[HT]

ko = (3.28)

(Keq + [*BuOHD)

for the formation of the alkyl nitrite is very small
( £ 0.05), the equilibrium constant for hydrolysis of
the alkyl nitrite, Keq, will be large so that the
inequality Keq >>[*BuOH] 'will v‘hold. Therefore equation

(3.28) can be simplified to equation (3.29). This predicts

ko = k [HN3;1[H*) (3.29)

that a plot of ke against [HN;] will have slope = k[H*]
an'd' so k, the third order rate constant for attack of
nitrous acid on hydrazoic acid can be obté-ined. The
values obtained for k from these results are 205 12 mol~2s-'
at  [HC1Og] - 0.10motl’and 250 12 mol-2 s~ at
{HC104 1 = 0.50 mol 1= . These are in good agreement
with the wvalues found from analysis of the data from
the reaction of LPrONb with HNs (k = 220 12 mol-? s~'at
[HC1041 = 0.10 mol 1 and 300 12 mol -2 s-' at
[HCiO4] - 0.538 mol 1°' ). Equation (3.29) also predicts
that ko should be linear in [H*]. Results showing the
dependence of ko on [H* ] are shown 1in Tabie (3.24).

The results are shown graphically in Figure (3.8).
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Table 3.24:

Effect of [HC10;] on the rate of nitrosation of HNj at 25°C

[¥BuONO] = 1.2 x 10°? mol 1° [HN3] = 0.025 mol 1°
370 nm
[HC10,] mol 1-' ko s~
0.025 0.133 + 0.004
0.075 0.359 + 0.009.
0.125 0.648 + 0.013
0.225 1.25 + 0.05
0.475 3.21 + 0.08

The dependence of ko on [H?] is not linear, a plot of
ko against [H¥] shows an upward curve. This is exactly
the same acid dependence as is found in the nitrosation

of HN3 with nitrous acid [9]. Further, when these results

éfe Vcémpared-—ﬁith tﬁbéé> ASéaiBéa"%Ebm 7the reaction of
nitrous acid with HN3 (Figure 3.8) there is no difference
between them. This 1is predicted by equation (3.29),
which 1is identicél to the. rate equation for nitrous
acid nitrosation of HNj3 . In other words, this means
that *BuONO is virtually completely hydrelysed to nitrous
acid and ‘BuOH before any significant reaction 6f nitrous

acid with the substrate occurs. Indeed, if K, the
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equilibrium constant for formation of alkyl nitrite is
taken to be 0.05 1 mol” and [*BuOH] is typically 0.2 mol 1~

the calculated extent of hydrolysis is 95%.

The reaction of tBuONO»with HN; (contrasting with the
reaction of NHy; SO3H) was found to be markedly catalysed by

added bromide ions. The results are shown in Table (3.25)

Table 3.25:

Catalysis by bromide ions at 25°C

{ EBuONO] = 1.2 x 102 mol 1 [HNs] = 0.025 mol 1°
[HC10,] - 0.50 mol 1° 370 nm
[NaBr] mol 1°° ko s-!
0 | 3.26 + 0.08
0.025 16.9 + 0.6
0.050 31.2 + 1.3
0.075 44.5 + 10
0.125 78.9 + 4.35

Catalysis by halide ions has also been observed
in the nitrosation of HNz; by nitrous acid [9]. If the
reaction is assumed to be occurring via attack of nitrosyl
bromide on ** Wthand that the alkyl nitrite is almost

completely hydrolysed before any reaction with HNg occurs

-110-



then the value of the second order rate constant for
attack of NOBr on HN3 can be obtained as

9.5 x 10° + 3 x 10° 1 mol™s~” . This value compares
reasonably well with the two published wvalues [9] of

1.3 x 10° and 2.0 x 10%° 1 mol='s~!

At very low acidity, where there is a substantial

concentration of the azide ion (Ng ), present in solution

(pKa of HNy = 5), the reaction is zero order in [Ngz].
The results at pH = 6.(_)2 are shown in Ta‘]b.le (3.26).
Table 3.26:"

Nitrosation of HNg in dihydrogen orthophosphate buffer

at pH = 6.02 and_2$°c

[ *BuONO] = 2 x 10°3 mol 1~ [*BuOH] - 0.084 mol 1~

[KHzPO,] = 0.104 mol 1°' 370 nm

W31 . _kes™t
0 2.45 x 107 + 4.9 x 107°
0.0191 2.46 x 10-* » 1.8 x 10°*
0.0381 3.45 x 10-?
0.0572 3.39 x 10-3

0.0762 2.82 x 10 -
0

. 0953 2.63 x 10 -
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The value of ko at [N3] = 0 represents the rate of
hydrolysis of the ajlkyl nitrite in tﬁe bﬂu.)lf.fer to give
the nitrite ion. The values of ko quotéd are subject
to dguite large errors (typically =+ 5-10%) due to the
fact that there waS>exceSSive bubble formation occurring
during the reaction which caused difficulties in obtaining
accurate absorbance values, but even so the wvalue of
ko can be seen to ‘be independent of [N5]. This means
that the rate of réactidn under these conditions is
governed by the hydrolysis of the alkyl nitrite. There
was also an effect on the rate due tq the buffer as

shown in Table (3.27). The effect is relatively small

Table 3.27
Effect of buffer concentration on the rate of nitrosation

of N3y at 25°C

]
[ *BuONO] - 2 x 10-2 mo} { [N3 1 - 0.0191 mol 1~
—— . [KHgPO4)} mol-1=' — ko sil__ S
0.0518 1.93 x 10 -?
0.0647 1.99 x 103
0.0776 2.65 x 10 -3
0.0906 2.16 x 10°-?
0.104 2.46 x 10-3
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and probably arises due to a salt effect. The limiting
value of ko at [KH?PQ4] - 0.104 mol 1"' of ca 2.5 x 10-3 s~
can be extrapolated to zero buffer concentration to
give a value of ca T2 10°3 s-! . This corresponds
to a value of Kk, , the second order rate constant for
the acid catalysed demitfosation of the alkyl nitrite
of ca 1000 1 mol”'s-! which agrees quite well with values
previously obtained. There is no evidence for a direct
reaction between the alkyl nitrite or its protonated

form and the azide ion.

3.3 Discussion

All the data obtained for the reactions of PFONO
and ‘BuONO with a variety of substrates in aqueous acid
solution are consistent with reactions proceeding via
the hydrdlysis df the alkyl nitrite to give nitrous
acid wﬁ@ch can then effect ﬁitrosation of the substrate.
In both cases the hydrolysis is rapid. 1In the case
of LPrONO the rate of reaction is decreased on addition
of iP_rOH, which can be intefprétédmin terms of an increase
in the concentration of k lPrbNOQ which is ineffective
as a nitrosating é’g;ent. In 'th‘é ‘case of “BuONO, at low

substrate concentrations hydfolysis'of the alkyl nitrite

occurs almost completely before any reaction with the
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substrate occurs but at high substrate concentrations
the rate depends only on the rate of denitrosation of
the alkyl nitrite. There is no evl';:dence for a direct
reaction of the alkyl nitrite with any of the substrates
used, but the protonated alkyl nitrite must react directly
with the solvent (water) and also chloride and Dbromide
ion, which are known to catalyse the hydrolysis ([2,3]
reaction. This 1is analogous to the situation found
for the reaction of aromatic nitrosamines as nitrosating
agents. These have been shown to occur by hydrolysis
of the nitrosamine to nitrous acid [24], which can then
react with a nitrous acid trap, eg. sulphamic acid.
The equilibrium for the denitrosation in this case lies
well over to the side of the nitrosamine and the rate
of reaction is markedly reduced on addition of the amine.
At low concentrations of sulphamic acid the rate of
reaction is first order in [sulphamic acid] but at higher
concentrations it becomes zero order in [sulphamic acid]}
indicating that rate limiting denitrosation is oc¢curring.
Tﬁe major difference between the reaction of alkyl
nitr:i*tﬁe’sr V;Enr'nd that ofv Vr;iit;os_ax;i_;nés ih adueous aérid éoldtig}l
is that the reaction of nitrosamines is markedly catalysed
by added nucleophiles [24,25] whereas the reaction of
alkyl nitritesA is only slightly catalysed by added nucleo-
p-hileﬂs; [3] (chloride and bromide). Indeed nitrosamines
hgve also been shown to react directly with nucleophilic
species such as thiols. The difference between the

two systems can be explained if the denitrosation of
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alkyl nitrites by water is a diffusion controlled pProcess.
The concentration of water in these>solutions is:aiways
far in excess of the concentration of thé added substrate
and so in agueous soluti@n,hydrolysis of the alkyl nitrite
would be much faster tﬁam the reactioh of the alkyl

nitrite with the substrate.
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CHAPTER 4

REACTIONS OF ALKYL NITRITES IN ACIDIC ALCOHOL SOLUTION

Alkyl nitrites afé freqﬁently used nitrosating agents
in both acidic and=basic 31COh01 solutions. The. advan-
tages of these procedures over the normal aqueous nitrous
acid procedure for nitrosation becomes apparént when
the nitrosation of' substrates of limited solubility in

aqueous solution is required.

In a previous study [1], the alcoholysis of (+)
and (-) l-methylheptyl nitrite was studied in l—propahol,
l-pentanol and tertiary butanol wusing various strong
acids as catalysts. It was found that perchloric, hydro-

chloric and methanesulphonic acids were all equally

éf;f‘»i»ci'évhft':" as catalysts at very low concentrations (10°° -
10° mol 1I' ), suggesting that all three acids are vir-
tually completely dissociated and that the hydrogen ion is
the only significant catalyst. The rate constant for
reaction with tertiary bﬁtanol was found to be about
twice that of the two primary~aicohols. This was explained

in terms of their beinga highef concentration of the

protonated alkyl nitrite in the tertiary alcohol than
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in the primary alcohols, as the.mucleophilic power of the
alcohols is in the order l-prbpanOINQl-pentan01%>tertiary
butanol. Catalysis by addédvchloride and bromide salts
was also observed. In *bbtﬁ cases the dependence of
the rate constant on [Halide] was not linear but tended
to a maximum value. = This was explained in terms of
a salt effect and a depression of the H¥ concentration

due to association of H¥ with halide ion.

In another study [2] the reaction of l-propyl nitrite
in acidic 1-propanol was | studied with aniiine,
N-methylaniline and p-nitroaniline. In the absence
of any added nucleophile the reaction was very slow,
indicating that the protonated dlk?l nitrite was not
an effective nitrosating agént of aniline derivatives
under the conditions'used. In the presence of chloride
ion, bromide ion and thiourea the reaction proceeded
readily. Here ‘the rate constant was again found to

tend towards a limiting wvalue at high concentrations

of chloride 1ion, bromide ion and thiourea and was
explained in terms of an equilibrium formation of the
nitrosyl halide or nitrosyl thiourea which reacts
reversibly with the amine to form the nitrosamine
intermediate which then undergoes various reactions
involving proton transfer and water loss (for primary

nitrosamines) to give the diazonium ion, or in the case
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of N-methylaniline, proﬁon loss to give the nitrosamine
(Scheme 4.1). This has also been found in the
diazotization of aniline in meth@nol [3,4] solutions

of HCl and HBr and for diaébtizations involving nitrosyl
halides in water solvent Qhen electron withdrawing groups

are present in the aromatic ring [5].

RONO <+ H* + X-T———ROH -+ XNO

Kk,
XNO + CgHsNHy ———=—— C4HgNH,NO + X~

[H¥) j [Ka K l‘kg

4 A
C¢ Hs NH3 C¢HsNz¥ (L 1)

The aim of the present work is to ascertain whether
or not an alkyl nitrite doeé react directly in acid
solution as a nitrosating agent. Two alkyl nitrites
were chosen for the study, tertiary butyl nitrite
(*BuONO), an example of a tertiary nitrite and isopropyl
nitritg, an"examplg of a secondary nitrite. The reaction
of each alkyl nitrite was étudied in its parent alcohol

as solvent with both thiourea and thioglycolic acid.
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4.1 Reaction of tertiary.rbugxl nitrite_ in _tertiary

butanol
4.1.1 Nitrosation of thiourea

Thiourea [6], and indeed alkyl thioureas in general,
are known to undergo a rapid and reversible S-nitrosation
reaction in aqueous acidic solutions of nitrous  acid

as shown in equation (4.2).
K
K, :
H* + (NH,),C=S + HNOavf_(NHZ)ZC=S—NO + H,0

kel
(4.2)

The values of k , the third order rate constant for
attack of nitrous acid, and k- ., thé first order rate
constant for hydrolysis of S-nitfosothioureé..and K.
the equilibrium constant fbr " formation of S-nitroso-

thiourea are known and are shown in table (4.1)

Table 4.1:
Values of k,;, k.jand K at 25°C

k, = 6960 12 mol-2? s-!
k. = 1.39 s
K = 5000 1% mol -2
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The product S-nitrosothiourea is unstable,

decomposing according to eguation (4.3) [7].

2(NH, ), C-5-NO ——> (NH,), C-S-8-C(NH,), + 2NO
(4.3)

S-nitrosothiourea can also act as a nitrosating
agent with many substrates ihcludixjg amines, thiols
and kétones._' This is usually s'_}.'io‘;rn““"k;yva:mai‘ké& catalytic
effect of the addition of thiourea [8 9, 10] in the
reaé_t-_i_om using nitrous acid. fI,;"he‘v'S—nitl'rosothiourea
ion 1s markedly less reactive than ’thé:ni‘trosyl halides,
-But'_'t‘he catalytic effect of thiourea is'vm}‘ach more pro-
nounced than the effect of chloride and bromide ion,

due to the large equilibrium constant for its formation.

Thiourea has also been shown to catalyse the denitro-
sation of nitrosamines in acid solution [11, 12]. Here

the reaction is believed to occur via nucleophilic attack

of thiourea on the protonated nitrosamine (Scheme 4.4).
The catalytic effect of thiourea is much more marked
than that of Br~ and Cl° , and there is a direct
correlation between the rate of reaction with the nitro-
samine and the nucleophilicity of the attacking species
as defined by n, the Pearson nucleophilicity factor.

This reaction is of course the reverse of that of the
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nitrosation of amines using thiourea as catalyst.

“H
NO | .
H* . Ari\< — Arl\lJ—NO
Me ' Me
H H
|, - +
ArN—/NO ATN ¢+ (NHJ),(=S—NO
|
Me Me |
R ? trap
(NH,),(=S.

Sctheme ( 4.4)

The reaction of tertiary butyl nitrite ( tBuONO)
with thioﬂrea>IWas followed at 420 nm, where only the
S-nitrosothiourea absorbs. All reactions were carried
out at 30°C.  Under the conditions used with
[thiourea] 33> [® BuONO], good first order behaviour was

observed in all cases.

The wvariation of the observed first order rate
constant, ko , with the concentration of thiourea was
studied ét two different _cbncentrations of sulphuric
acid. The results are shown in Table (4.2) and graphi-

cally in Figure (4.1).
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Table 4.2:

Variation of ke with [thioureal] at 30°C

[&BUONO] = 1= 10°3.mol 1!

[thiourea] ko s
mol 17 a b
0.012 0.156 + 6 x 10" 0.209 + 5 x 10°?
0.024 0.203 + 2 x 10°* 0.319 + 6 x 10°3
0.036 0.301 + 0.013° 0.406 *+ 3 x 10°?
0.048 0.296 + 0.014  0.467 + 6 x 10-3
0.060 0.314 + 0.021  0.530 + 9 x 10 -3
a) [HySOs] = 0.033 mol 1°'
b) [H;S04]1 = 0.066 mol 1°'

The plots of-.ko against [thiourea)] 'give curves with
~-common fposftive‘ intercepts. ‘The"“COmﬁoﬁ“”iﬁtercept‘“at
the two different acidities can  be explained if there
is a simple equilibrium reactidh between the protonated
alkyl nitrite ahd’.thiourea. ‘This is analogous to the
reaction found in aéueous solution _between thiourea

and nitrous acid and is shown in Scheme (4.5)
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Figure &. 1

Variatlon of ko with
[thioureal

0.6 ¢

0.0 - i } —+
0..00 0,02 : 0. 0& 0. 06

[thioureal mol /L

. 066 mol /L
. 033 mol /L

UV [H.S04)
A [HyS0,)
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H.

{
*BuONO + H® ——>"BuONO*
H (4.5)
k %
*BudNo® + (NHp ), C=S T——— (NH,),C-S—NO + ‘BuOH
A o :

The observed first order rate constant for such

a scheme is equation (4.6)

ke = Kk, [H"]J[(NH2)2CS] + k. (4.6)

Equation (4.6')"pre'dicts that a plot of ke against
[thiourea] should give a straight line with slope = k, [H*]
and intercept = k., . This means that the slopes of
such .plots should increase with increasing acidity,
but the intercepts should be independent df acidity.
Equation '(4.6)» also predicts that the plots should be
linear, whereas the experimental results show a substan-

tial curvature, tending towards a 1limiting value of

ko . A similar curvature is also found in the variation

of ko with [H,SO4 1. The results are shown in Table (4.3),
and graphically in Figure (4.2). Equation (4.6) also
predicts that a plot of ke against [K*] shou‘ld be linear
with a positive intercept corresponding to k., . The
data in Table (4.3) show marked curvature in a plot of
ko against [HZSO4 1, reaching a limiting value of ko

B . can 5
at high [H,SO04]. This @y ~- be explained if there is a
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[ *BuONO] =

[H, SO, ]

mol 1

. 0264

. 0396

o o ©o O

.1056
0.1584
0.2111
0.2639

.0528

Table 4.3:

Variation of ko with [H,SO, ] at 30°C

1 2 10°° mol

o O o O O o ©

ko

. 156
.186
.222
.279
.305
.328
.341

|+

©C O © O© © © ©O

| +

|+

|+

-4
s

=1

1

.003
. 007
.015
. 005
.005
.005
. 006

-12%~

[thioureal

-1
[H,SO, ]

-t
1 mol

37.9
25.3
8.9
9:47
6.31
4.74
3.79

- 0.015 mol 1

-\
(ko-0.06)

s

10. 36
7.88
6.11
4.51
4.02
3.67

3.50
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1sighifi¢ant degree of protonation of thiourea under
these conditions which would lower the effective concen-
tration of Dboth HqeSO, and thiourea. In water the
pKa of protonated thiourea is known to be -1.19 and
protonation is ]belie'ved to occur ion sulphur [13,14,15].
The pKa wvalues for meta and':para sﬁbstituted phenyl
thioureas have been found to be larger in ﬁethanol_[16]
than those found in water by about 4 pKa units. If
a similar trend occurs in this case then the pka of
thiourea in *BuOH will be arou;ndﬁ 3 and so a substantial
amount of protonation would be expected in theSe solutions.
The modified reaction scheme (Scheme 4.7), allowing
for protonation of thiourea, allows"the equation- for

ke to be derived (equation 4.8).

‘H .
e + K _ -+
BuONO + H ———= BuONO
H K
]
tBuONd * (NHi)lcs —_— (NHl)lcgNO + °BuOH
k-
“[HY) Ka =
4
(RH, ), CSH 4.7)

ko= k) [(NH), CSI[H*] + k-

. [(NH,), CS][H*]
but Ka = '

[(NH,), CSH ]
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and the total thiourea concentration,

. - s
[(NH,),CSly= [(NH,),CS] =+ [(NHZ)zCSH ]

{(NHL,); €S}y Ka

so [(NH,),CS 1 = ,
Ka + [H*]

kiKa [(NH,), CS)¢ [H*]
so ko = .

ko (4.8)
Ka + [H¥]

Equation (4.8) pfedicts that at high [H®] a plot
of 'ko  against [H*] should be independent of [H*] if
[H* 1))Ka, the limiting \)alue of ke = k,Ka[(NH,), CS]}, + k..
From the plots of ko against [thiocurea] (Figure 4.1)
a value of k:, of ca 0.06 S can be estimated. Equation
(4.8) predicts that a plot of (ke - 0.06) against [H*]-‘
should give a straight line with slope - (Ky [(NH,), CS})
- —‘—‘“"and“”interéept = (ks "“Ka""['(l\!;Hf')i‘CS"']7 S“ .- -The--actual-
hydrogen ion concentration is unknown for sulphuric
acid in‘BuOH, but a plot of (ke - 0.06) against [H,SO,]'
gave a reasonable stréight line (Figure 4.3) with
slope - 0.201 + 0.006 mol I s and intercept = 2.61 + 0.12s
The ratio of slope / intercept gives Ka for thiourea.
The value of Ka obtained - 0‘.07'5 + 0.004 mol 1', therefore

pRa = 1.12 . This value can only be considered a very
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approximate one as it was obtained from an estimate of
the value of k.5 and of the hydrogen ion concentration.
The value of Ka can now . be uséd_ to correct the data

in Table (4.2) for pr:otonation of thiourea.

Let A - total concentration of thiourea added
B = total concentration of acid added (assumed
to be equal to the total hydrogen ion

concentration)

S : . +
and at equilibrium we have x mol 1"of (NH, )2 CSH

(A - x) (B - x)
then Ka - -

X

or x2 - (A + B + Ka) x + AB = 0

(4.9)

-~ -—--=-The- v"a-hze’-“of-—A, ‘B--and Ka are known;,—so —equation
(4.9) can be solved for X, which is also equivalent to
the amount of acid that is effectively removed from
the solution. Equation (4.8) predicts that at a gi_\}e'n
acid concentration the values of ko at two different

thiourea concentrations are related by equation (4.10).

Also, from the variation of ko with [Hy SO 1, the value
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of ko for [(NH;),CS} = 0.015 mol l"l at any acid c‘oncef}mit:];‘.am-=

tion can be calculated from equation (4.11).

(ko' ~ 0.06) [(NH2)2CS].
- | (4.10)

(ko - 0.06) [ (NH2)2CSI;
(ko - 0.06) =  0.201 [H,S04] =+ 2.61 (4.11)
writing (ko - 0.06) as the rate constant, corrected

for a reduction in acidity at the experimen-

tal thiourea concentration.

(ko - 0.06) as the observed rate constant
ie. the rate constant at the actual acidity

of the solution

(ko -~ 0.06) as the rate constant at the
apparent _acid___concentration (0.066 or
0.033 mol 1"') as calculated from equation

(4.11) for thiourea = 0.015 mol 1°'

(ko - 0.06) as the rate constant at the
actual acidity of the solution calculated
fromxeqﬁatibn (4.11) for

thiourea - 0.015 mol 1°".
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-From equation (4.10), i = _E_ , so that the value

C d
of a, hence the corrected Ko can be calculated. The

results of such analysis are shown in Table (4.4) and

(4.5).

Both sets of data now give linear plots of ko (correc-
ted) against ([thiourealys (figure 4.4). The slopes of
the plots clearly depend on the [stog] but the intercepts
are independent of [H,SOz] within the experimental error.
The intercept corresponds to the value of k., the rate
constant for téhe alcoholysis of S-nitrosothiourea.
The average valué of k. is 0.107 + 0.016 s?.  Equation
(4.8) predicts that the slope - k,Ka[H*}/(Ka + [H*]).
The value of k, can be estimated from the slope, assuming
[H*] 2 [H.SO41 and Ka - 0.075 mol 1°'. For [H,SOs] -

0.033 mol 17", k = 245 12 mol -2 s-' and for [H,SOz] -=

0.066 mol 1°', X 259 12 mol-2 s~ The value of Kk,
can also be obtained from the limiting value of ko from

the variation of ke with [H,S04], since ko (limiting) =

i( ,Kai [ENH—Z jVZNC‘_VST' 7]{- +_ 7k_\ Using ko(li~mitin;;) = 0.34 ds'Al
and k-1 = 0.107 s-, the value of k, obtained is

207 12 mol-? s-', which is in reasonable agreement with
the two values obtained before. The average value of
k; is therefore 237 + 22 12 mol-2 s-. Using these values
of k, and k. the equilibrium constant for fortﬁétion

of S=nitrosothiourea can be calculated since K = k;/k. =

2215 =+ 390 12 mol *2. This appears to be a reasonable
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[thiourea]

mol 1-*

0.012
0.024
0.036
0.048

0.060

[thioureal

mol 1-12

0.012

© 0.024
0.036
0.048

0.060

Table 4.4:

Corrected values of ko for [H=S50s) 0.033 mol 1-2

X [H=S0s)actual b c d a ko corrected
mol 1-% mol 1-2 s s~ 5=2 s-2 s
3.4 x 10~%® 0.0296 0.096'. 0.115 0.106 0.105 0.164
6.3 x 10-= 0.0267 0.143 0.115 0.0986 0.167 0.227
8.8 x 10~ 0.0242 0.241 0.115 0..0916 0.303 0.363
0.0109 Q.0221 0.236 0.115 0.0854 0.318 0.378
0.0128 0.0202 0.254 0.115 0.0796 0.327 0.427
slope = 5.62 + 0.26 1 mol~? g-*
intercept = 0.0956 %+ 0.0105 s~?
Table 4.5:
Corrected values of ko for [H=S04] = 0.066 mol 1-2
X [H=2S0s]actual b c d a ko corrected
ﬁol 1-2 mol 1-12 a-1 g1 s-1 s-1 g-1
5.4 x 10°® 0.0606 0.149 0.177 0.;69 0.156 0.216
0.0102 ~ 0.0558 = 0.259  0.177  0.161  0.285  0.345
0.0146 0.0514 0.346 0.177 0.153 0.400 0.460
0.0186 0.0474 0.407 0.177 0.146 0.493 0.553
0.0439 0.470 0.177 0.139 0.598 0.658

0.0221

slope = 9.10 + 0.32 1 mol~% g-12

intercept = 0.118 + o0 §°
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ko s™

Figure &.&

Plot of corrected ko
agalnst [thioureal

0
[thioureal] wmol/L
¥V [H,50,] = .066 mol /L
A [H;S0,] = .033 mol/L
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value as »the cbrrespbnding value in -aqueous sclution
between nitrous acid and fhiourea is 5000 12 mol-2 [6].
This means that the approxi‘mt;im used of [H*]12Z [H,S0a]
must be wvalid sinCe the equilibrium involves the acid
concentration téfm. The dissociation constants of
hydrochloric and hydrobromic aéid, in tertiary butanol
have been measured previously [17]. The overall acid-base
equilibrium in tBuQH, and in&eed in non-aqueous solvents
in general, is complicated by iom-pairing and ion
association. This arises due to the poor sdlvation
6f certain ions by solvents of low polarity. Séme' of
the im;pértant species found in dilute solution of HC1
or HBr in ‘BuOH are shown in Scheme (4.12), and the

various equilibrium constants are shown in Table (4.6).
Ké _
HX ———— H* + X~

£
K-
(HX7)L

—— HX3

HX + X~

Kmxy ’ (4.12)

HX + H* T———H,X*

danxd

3HX—__ H,X* + HX}

It can be seen that the minor species in these solutions

is going to be the H* ion or more correctly the H+ ion
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Table 4.6:
Values of equil_ibr'ium constants of hydrogen halides in

BuOH at 25°C

HC1

* PrOH pKd = 3.10 K (HE;) O

* BuOH pKd - 5.5 K (HXZ) = 7 K (H,%%) - 8
HBr

* ProH pKd = 2.0

* BuOH pkd = 5.0 K (HX;)-2.0 k' (Hx*)-1.6

solvated by *BuOH, in fact the major species will be
the free u’nd:is’s,ociated acid. By analogy with results

in other solvents [18], it can be expected that HZ’SO,;

will -behave -similarly-—in L BuoH- to-t he--hydrogen—halides— -

and so the major species present will be undissociate’d
H, S04 . The acid catalysis could be explained if general
acid catalysis is occuring, ie. H,S0O; is the actual
acid catalyst rather than the solvated proton. This

point will be discussed further in section 4.5.
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4.1.2 Nitrosation of thioglycolic acid by tertiary

butyl nitrite in tertiary butanol at 30°C

The nitrosation of thioglycolic acid is known to
occur on sulphur in aqueous acid solution to form S-
nitfosothioglycolic acid [19]. The sulphur atom of
thioglycolic acid, and of thiols generally, is expected
to be much less nucleophilic than the sulphur atom of
thiourea [20], and so it is of interest to see if a
direct reaction between the thiol and alkyl nitrite

occurs in tertiary butanol.

The reactions were carried out at 30°C. Under
the cohditions used, with [TGA] >>[ *BuONO] good first
order behaviour was obtained in all cases by follow»ing
the appearance of the thionitrite at 330 nm. The observed
first order rate constant, ko, was found to be first
order in [TGA] (Table 4.7) and also was strictly first
order in [Hz SO4 ] over the acid range studied (Table

4.8 and Figure 4.5). L

The results are consistent with a direct reaction
between the protonated alkyl nitrite and the sulphur
atom of TGA (Scheme 4.13). The derived rate equation
is given in equation (4.14). The strict first order
beha_vibur of ko wupon [H; SO, 1 indicates that there is
no significant protonation of the sulphur atom occuring

in these solutions.
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Table 4.7:

Variation of ko with [TGA] at 30°C

[*BuONO] = 2.5 x 10"*mol 1~ [HySO41 = 0.1014 mol 1~
330 nm
{TGA] mol 1-' - ko s-!
0.010 | 8.02x10-3 + 3.3x10°¢
0.020 ~ 0.0153 + 9 x 107¢
0.030 0.0209 + 9 x 107¢
0.040 0.0283 + 1.0 x 10°3
0.050 0.0367 + 9 x 107¢
0 + 3 x 107

. 060 0.0434

slope - 0.710 + 0.018 1 mol's"

intercept - 6 x 10°%+ 7 x 107*s"'

Table—4.8:

Variation of ko with [H;S04]1 at 30°C

[$BUONO) = 2.5 % 107 mol 17 [TGAT = 07020 mol I~ 330 nm—

[H;S04] mol 1~ ko s
0.0203 3.43 x 107 + 7 x 107°
0.0406 6.41 x 10°* + 2.4 x 10°*
0.0608 0.0100 + 3.9 x 10 3
0.0811 0.0136 + 1 x 10°%
0.1014 0.0153 + 9 x 1077
0.1217 0.0201 + 9 x 10°%
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(Table 4.8 cont.)
slope = 0.160 + 8 x 10-2 1 mol's~!

intercept = 1 x»l'O"%i 6 = 10%-"

‘H
K

*BuONO ¢+ H* ————————= *BuONO®

k| e :
N ,
| fast
RSNO + H+*
Ko = Kk, [TGA]J[H"] (4.14)

Equation (4.14) predicts that a plot of ko against [_H"']

should have slope ="k. [RSH] and a plot of ko against

[RSH] should have slope = k, [H*]. Assuming that
[H*] ~ [H,S04 ] then the values of kg can be obtained
- ———o0f-7-and -8.-12_mol~" s -respectively. These._values of k.

are considerably Sma~l_ler than the value found for thiourea,
as expected from the relative nucleophilicities of the

two substrates.
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Figure &. 5

Plot of ko agalnst
[H;S0,] for nitrosation

of TGA

0.025 +

0.020 +

0. 00 0.05 0. 10 0.15
[(H,S50,] mol/L
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4.2 Reactions of isopropyl nitrite in isopropanol

4.2.1 NitrdSétidniOf,thiOUEea

The reaction of ‘isopropyl nitrite ( iPrONO) with
thiourea was followed at 420 nm, where only the S-nitroso-
thiourea absorbs. All reactions were carried out at 30°C.
Under the conditions used with [thiourea] S>[ “PrONO],
good first order behaviour wQS observed in all cases.
Results showing thé' variation of the observed first
-order :rate constant, ko , with [thioureal are shown in

Table (4.9) and Figure (4.6). The plot of ko against

Table 4.9:

Variationfof ko with [thiourea] at 30°C

[ 'PrONO] = 1.2 x 10-2 mol 1°° [H,S0;]1 = 0.117 mol 1"
[thiourea] mol 1°' ko s-!
0.0162 0.249 + 7 x 103
0.0323 0.368 + 6 x 10-3
0.0485 0.484 + 0.012
0.0647 0.585 + 0.012
0.0809 0.653 s+ 0.026
0.0970 0.723 + 0.011
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[thiourea] was slightly cuﬁVéﬂ with a positive inte:éept.
The value of ke was also found to be independent of
[VH'Z,SQ[}] at high [H,SO4 ] (Table 4.10 and Figure 4.7),
indicating that under these conditions a significant
amount of protonation of thiourea is occuring. From
the plot of ko against [thioureal (Figure 4.6), the
value of k.;, the rate constant for the reaction of

S-nitrosothiourea with the solvent, can be estimated

as ca. 0.13 s' . The value of pKa of protonated thiourea

Table 4.10:

Variation of ko with [H,SO;]1 at 30°C

[thiourea] = 0.0186 mol 1 [LPPONO] = 1.2 x 10°2 mol 1°
[H,SO4Imol 1-' ko s-! [H,S0,1" (k -0.13)"'s
1 mol-!

0.0140 0.192 + 0.017 71.4 16.1
~0.0234 . 0.228 _* 0.019_. 42.7 . . _10.2_
0.0468 0.274 + 6x10°? 21.4 6.9
0.0936 0.330 + 5x10-? 10.7 5.0
0.1404 0.317 + 3x10°3 7.12 5.4
0.1872 0.330 » 5x10 -3 5.34 5.0
0.2340 0.323 + 0.012 4.27 5.2
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in this solvent can then be calculated from a plot of
(k - 0.13) against [H,SO0s 1°'. The plot has slope =
0.164 + 0.010 mol 1-'s and intercept - 3.88 » 0.33 s.
The value of Ka can be calculated as 0.0422 + 0.0044 mol 1!
(PKa = 1.38). The value of Ka. can then be used to

‘correct' the wvalues of ke in a 's_iEMilalr way to before.

The corrected values of ke are shown in Table (4.11).

A plot of ko corrected agéinst [thiduxjea] (Figure
4.6) gave a good stfaiqh‘t line Qi—th Vs:l‘o:]pé =
7.69 & 0.18 1 mol™'s™' and intercept - 0.13 + 0.011 s-.
The value of k obtained from the slope = 248 12 mol~2 s-.
The value of k._;= 0.130 + 9 x 102 $°, so the equilibrium
constant for formation of S—nithsoth-io&rea = 1823 12 mol-Z2.
All these v'ah_lies are reasonab'ly s/imiliar to those found

for the reaction with *BuONO in “BuOH.

4.2.2 Nitrosation of thioglycolic acid

Tge 7 reac;tiféns 7wekre agaih' éérrriedi sﬁt" at ~30°7C.k | In
all cases good first order behavi"o‘ur was observed under
the conditions used ([TGA] 33> [ 'ProN0]), by following
the appearance of S—nitros,othioglyciolic acid at 350 nm.
.The reaction was found to be first order in [TGA] (Table
4.12), with slope = 1.42 + 0.07 1 mol ~'s-' and zero

intercept. Assuming that the reaction 1is analogous to
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' Table 4.11:
|

Corrected values of ko for [HzS0,] = 0:117 mol 1-2
: )

[thiourealv X ‘[ﬁ2504]actUal b c d a ko corrected
mol 1-2 mol 1-% mol 1-2 s~ s~3 s-3 s—3 5”3
0.0162 0.0116 0.1054 0.119 0.189 0.184 0.122 0.252
0.0323 0.0223 j 0.0947 0.238“ - 0.189 0.178 . 0.253 0.382
0.0485 0.0323 i 0.0847 0.354 0.189 0.172 0.389 0.519
0.0647 0.0421 l» 0.0749 ,0.455 0.189 | 0.165 0.521 0.651
0.0809  0.0498 s 10.0672 0.523 0.189  0.158 0.626 0.756

0.0970 0.0570 ~ 0.0600 0.593 -~ 0.189 0.151 0.742 0.872



Table 4.12:

Variation of ko with [TGA] at 30°C

[“PrONO]1 - 2.5 x 10 mol 1°' [H,S0,] - 0.234 mol 1~
[TGA] mol 17 ko s—!
0.0143 0.0226 + 9 x 10”¢
0.0199 - 0.0307 + 1.9 x 10 -3
0.0257 0.0411 + 1.6 x 10-3
0.0314 0.0502 + 2.5 x 10-2
0.0371 0.0564 + 5 x 10°%
0.0428 0.0630 + 3 x 107%

slope = 1.42 + 0.07 1 mol-'s~!

intercept = 3 x 10°* + 2 x 10°3 s~/

that found for 4"BuxONO,' then slope = Kk, [H+], SO
ky= 6.1 » 0.3 12 mol~-? s-!. This wvalue is very similar
i:o that .fou;ld ii’gyxﬁ"”i:é‘e;ction ”of ¥TGI; w.»ithw?B?ﬁ;Oflio. 7 'i‘he

value of ko was also found to decrease markedly on
addition of small am‘ounts ‘of water (Table 4.13 and Figure
4.8). The value of ke drops off steeply at first but
as more water is added the value of ko l-everls of f.

This has bée_;eh found previouis"ly for the reaction of alkyl
nitrites with alcohols [1] as solvent and was interpreted

in terms of water being a stronger base than the alcohol
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and so-lowers the effective acidity of the solution.
Table 4.13:
Effect of water on Ko at 30°C

[TGA] = 0.0517 mol 1~ [H,S0,1 - 0.0594 mol 17

[*PrONO] - 1.5 x 10°3 mol 1-'

Volume % H, O ko s°!
0 0.0177 + 1.0 x 10-3
0.5 8.85 x 10°* » 4.3 x 107¢
1 6.38 x 10 + 2.65x10°%
1.5 4.69 x 103 + 4 x 10°°

2 3.64 x 103 + 7.3 x 10°*
2.5 3.44 x 10 + 1.1 x 107
5 2.74 x 10 + 3.5 x 10°°

4.3 Nucleophilic catalysis of the nitrosation of

thioglycolic acid by tertiarx_butyl.nitrite in

tertiary butanol at 30°C

4.3.1 Catalysis by chloride and bromide salts

The reaction was carried out in a similar way as

described in section 4.1.2, but tetraethylammonium
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vchlo:ridle (EthCl) or br@idle (Et 4 NBr) was used as a
SOiirée of ha'l:ide ions. The effect of [EtszNCl] on the
obs‘ervéd first order rate cOnstant;, ko, at two different
acidities was investigated (V,Tab_les 4.14 and 4.15) and
the effect of acidity (Table 4.16)- and [TGA] (Table 4.17)

on ko in the presence of EtgNCl was also investigated.

Table 4.14:

Effect of EtsNCl on.k  at 30°C

[H SO;1 - 0.0811 mol 1°' [¥BuONO] - 2.5 x 10™*mol 1™
[TGA] = 0.0144 mol 1~ 330 nm
[EtgNC1] mol 1" ko s~
0 0.0136 + 1 x 10°*
5.66 x 10-3 0.0633 » 2.7 x 1073
0.0113 0.1005 + 1.45 x 10°3
. 0.0169 0.1325 + 3.7 x 1073
0.0226 , 0.1547 + 1.7 x 103

The data in Table (4.14) show that the reaction is
catalysed by added EtsNCl. A plot of ko against [EtgNCl]
(Figure 4.9) is curved, tending towards a maximum value

of ke , with a positive intercept. The intercept
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Table 4.15:

Effect1of»EthCl at low acidity at 30°C

={

[HySO, ] = 6.59 x 10 " mol I [£BUONO] = 2.5 x 16%mol 1
[TGA] = 0.0144 mol i 330 nm
[Et,NC1] mol I k s

7.08 x 103 5.15 x 10-% + 1.1 x 107"

9.44 x 10 5.13 x 10~! + 2 x 10~
0.0189 4.64 x 10-3 + 1.6 x 10°°
0.0283 5.10 x 10-* + 3 x 10°°
0.0472 5.31 x 10-* + 6 x 10°°

Table 4.16:

Effect of [HySO,] on ko in presence of EQNCl

[$BuONO] = 2.5 x 10%mol I [TGA] - 0.0144 mol I'
[Et NC1] = 9.44 x 10~ mol I' 330 nm
[HySO, 1 mol I' - ko ™

5.28 x 10 -3 0.0271 + 1.0 x 10 -3
0.0106 0.0475 + 1.2 x 10-3
0.01581 0.0501 + 7 x 109
0.0211 0.0585 + 9 x 107"
0.0264 0.0585 + 2.6 x 10°3
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Table 4.17:

Effect of [TGA] oni'k@ in presence of Et NCl

[¥BuONO] - 2.5 x 10" mol 1 [H,SO,1 - 0.0496 mol 1'
[Et,NC1] - 8.26 x 1072 mol 1 330 nm
[TGA] mol I kK s

0.0259 - 0.0433 + 7 x 10°°

0.0518 | 0.0885 + 7 x 10™°

0.0777 0.124 + 2 x 1073

0.103 0.138 + 1 x 103

0.129 0.141 + 3 x 10-3

0.156 0.147 + 2 x 10-3
corresponds to the uncatalysed rate of reaction. Under

conditions where [EtyNC1]1») [H, SO, ] (Table 4.15) the

~ reaction rate was found to be independent of the concen-

tration of E_t_:.:la_NCI, even at concentrations of Etbf_Néi‘lﬁ tf)at '
produced an increase in rate under the conditions used

in Table (4.14).

The leveling off of ke at high concentrations of
added chloride ion has been found for the reaction of
n-propyl nitrite_ in n-propanol [2] with three aromatic

amines. It was explained in terms of a reversible
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niitr_osation of the amine by nitrosyl chloride followed
by a slbw proton transfer step. If a similar explanation
eﬁists in the present case then reaction scheme (4.15)

will apply.

Ky : ,
*BuONO + H* + X"———— ROH + NOX

K, +/.NO
NOX + RSH ———— RS + X=
k. \ -
: H
K. ' - (4.15)
RSNO + H*

Applying a steady state treatment to [RSHNO* ]
equation (4.16) can be derived. This predicts that
at high [X~] the value of ko should become independent

of [X71 ie. kq[X~12>k,, but this should not depend on

~ k, kKx[H* ]'[ff(ha‘ﬁ“]t[_‘)i -1 ' R
ke = - : (4.16)
kalX~"] + ke

the acidity. This scheme also assumes that the initial

ni—,trosation step 1s reversible and can compete with
' + - NO

the loss of a proton from the RST__ species. The
H

relative Valués of kz /k. can be found from a plot of
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ke against [X~ 1. This has slope = 1/(Kk,Kyg[H*I[TGA])
and intercept - k. / (k, kaKx[H¥] [TGA]) and so
slope / intercept = Ky /7 ko . Such a plot was carried
out in this case, making an allogance for the uncatalysed
rate and gave a reasonable straight line with slope =
0.070 + 2 =z 10 ** mol 1"'s and intercept = 3.47 » 0.23 s.
The value of k, / k. =0T020 +» 0.002 mol 1. The values
reported for the reaction of n-propyl nitrite in
n-propanol [2] with three aromatic amines are shown

in Table (4.18).

Table 4.18:
values of k; /k.; (mol 1”') for the reaction of

n-propyl nitrite with aromatic amines at 30°C

Nucleophile aniline N-methylaniline p-nitro aniline
c1” 0.037 0.025 0.037
—Br=—- 0033 ----—0:-021 S - 0.032 —
thiourea 0.013 0.010 /

The value obtained in this work is 1in reasonable
agreement with those shown in Table (4.18), but it seems
unlikely that the value should be the same since one

set of data is concerned with S-nitrosation and the
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other with N-npitrosation. This point will be diécuSSed
in Section 4.5 . Evidence against this mechanism comes
from the fact that the reaction is no longer first order
with respect to both [Hy SO, } dﬁd [TGA] in the presence of
EtyNCl (Figures 4.10 and 4.11). This is also found in
the wvariation of ko with [H; S04 1 in the presence of

Et4;NBr (Table 4.19).
Table 4.19:
Variation of ko with [H2964] in the presence of EtyNBr

[*BuONO] = 2.5 x 10°¢ mol 1 [TGA] = 0.0259 mol 1~

[Et4NBr] = 4.34 x 103 mol 1

[H;SO; 1 mol 1-' ko s-!

9.14 x 107 0.0140 + 4 x 10°?
1.98 x 10°3 0.0209 + 3 x 107°
2.97 x 10-? 0.0276 + 1.0 x 10-3
39710 -0:0314 + 1.2-x 10-3
4.96 x 10-3 0.0361 + 6 x 10°*
9.22 x 10 -3 0.0494 + 9 x 1074
0.0149 0.0598 + 1.2 x 1073
0.0198 0.0704 + 1.6 x 103
0.0248 0.0792 + 1.5 x 10-?
0.0496 0.1004 + 3 x 10°%
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The problem with the analysis of Scheme ((4.15%)
is that it assumes a knowledge of both [H' ] and [Cl™].
From the earlier results is seems that the approximation
of [H* 1=[H, S0, 1 is valid, but the analysis assumes that
Etg NC1 is fully dissobiéted in ‘the alcohol solvent.
Values of the dissociation consitants of several hali‘de
salts in alcohol solutions 'h_ai've been determined [24)

previously and are shown in Table (4.20).

Table 4.20:
Dissociation constants of several chloride and bromide

salts in alcohol so6lution at 25°C

“ProH * BuOH o-BuOH
T

Kd (mol 1)
HCl 7.94 x 1074 3.16 x 10°®
HBr 1 =x 107 1 x 10°
Ets NBr 9 x 107° 7.5 x 107°
Me;NCI  — 0 44 x 107 1 x-10%%  ——
Mes NBr 5.5 x 107°
BusNBr 1.1 x 107° 5.3 x 10°°

'I‘;h_fe dii'ssoc;iation constants of the salts in alcohols
are very small and so there will not be a significant

_ainmount of free chloride ion present in these solutions.
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An alternative explanation of the levelling off of
ko with added chloride and bromide ion 1is that the
formation of the nitrosyl halide bQCQmes almost quantita-
tive at high chloride ion concentrations. This requires
that the value of thé eqUilibrimm cbnStant, K;U be in
the order of 10° - 10* 12 mol °2. This is known not
to be the case for chloride and bromide ion with nitrous
acid in methanol sOlution [3] and is unlikely to apply

in this case.

A further exblénatiOnvis'that at high EtgﬁCl édann-
trations there is a significant amount of aSSbciétion
of the chloride ion with any cations present in Jthe
solution, most iﬁportantly the proton. A similar
explanation was pﬁt forward fof the chloride and bromide
ion catalysis of the reactions of l-methyl heptyl nitiite
in various alcohols [1]. The cataiysis observed on
addition of chloridé to the solution could -fhérefore
~be due to the-formation of HC1l which can act as a’géneral
WaCid;cétalyst_in_tﬁe_same”way,as‘H¢SO4L ~This is repre-

sented in Schemes (4.17) and (4.18).

H
K

. L
RONO + H,SQ; =—— RONO*HSO;

H (4.17)

K,
fast
RSH + RONO'HSO; —> RSNO*HSO; ——>RSNO + H,SO,
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K 'ﬁ
RONO + HCl ———> RONO+Cl-

(4.18)

H x, H
_ | fast }
RSH + RONQ*CI"—> RSNO+Cl- —— RSNO + HCIl

Catalysis could arise from an increase in K or
in k, on the addition of Etg4NBr and Et4NCl. The results
in Table (4.21) éhgw t}-x‘a,t' HC1 also acii’s_ as a catalyst
for these réaétidné ahd the reaction ~iS fjrst order
in HCl. The derived value of k, from this data is
810 12 mol "2 s- which is over 100 times larger than

the corresponding value using H,SOg.

Table 4.21:

Variation of ke with [HCl]) in the nitrosation of TGA

[BuONO] - 5 x 10% mol 17" [TGA] - 7.234 % 10~°* mol 1~

[HC1] mol 1°' ko s-!
2.18 x 10 -3 0.0135
4.35 x 10-3 0.0274
8.70 x 10-3 0.0523

0.0131 0.0778

slope = 5.85 + 0.07 1 mol-' s-'
intercept = 1.3 x 10°?* + 6 x 10" s-!
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This type of mecha’niém .cfah also account for the lack
of catalysis by Etéa.,i\!(f:l when [EtgNCl] 3> [H, SO4 1 as HC1
could be expected to ‘be formed qﬂantitativély and so its
concentration would remain cphstai_nt even though [EtgNCl]
is increased. The non linear dependence of ko on [H,S04]
in the presence of Efi:.g. NCl is also explj‘i“qable in these
terms, as other eq}iiiibr'ia (eg. Edhétiom 4.19) have

to be taken into account.

H,S0; + EtQ&cvf"¢L~f101 + HSOFEtzN* (4.19)

4.3.2 Thiourea catalysis

The effect on the rate of nitrosation of TGA was
investigated. Table (4.22) .shows the effect of [thiourea])
on the obsérved first order rate constant, ko . A plot

of ko against [thiourea)l gave a curve, tending towards

a_limiting value of ko , with a positive Aintercept (Figure

4.12). The intercdept corresponds to the uncatalysed

rate. On analysing_ the fesults in terms of an initial
revérsible nitrosation and subsequent proton transfer
to the solvent (Scheme 4.15), a plot of (ko -intercept)’
against [thioureal] gave a straight 1line with slope =
0.304 + 3 x 10°3 mol 1 s and intercept - 10.9 + 0.3 s

This gives a value of k; /k.; of 0.028 mol 1~ which is
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Table 4.22:

Variation of ke with [thiourea] at 30°C

[*BuoNO] - 2.5 x 109 mol 17 . [H,S041 - 0.0660 mol 1~
[TGA] = 0.0144 mol 17"

-1

{thiourea] mol 1~ ke s
0 6.4 x 10- + 2 x 107°
0.006 0.0226 + 9 x 107
0:012 0.0341 + 1.6 x 103
0.018 0.0420 + 6 x 104
0.024 0.0495 + 7 x 10°%
0 + 4 x 107°

.030 0.0531

again in good agreement with the values fqupd fdr-chloride
ion and also the Xk, /k. values ‘ﬁound~ for nitrosation
of the aniline derivatives in nfprépanol '[2],_ This
fwapppoachr-howeVenrn&oes_not,takeéihtq;gggéuﬂP;§QEMPEQEQZ,,
nation of thiourea. Also with thiourea, since the equili-
brium constant is large, curvature of a plot of ko

against [thiourea] could be expected if -at high [thiourea]l,
S-nitrosothiourea is formed rapidly and almost quantita-
tively before reaction with TGA occurs. This is taken

into account in reaction Scheme (4.20).
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X
| | K .
*BUONC + H® + (NH2)20S T——— (WNH,),CS-NO
(L.20)

k
(NH,), CS-NO° + RSH — > (NH,),CS + RSNG + H®

Rate = ky [RSH]1{ (NH,) 2CS~-NO+]

but [ ¥BuONOlo

[(NH,),CS=NO+]1 + [*BuONO]

) o 1
[*BuONOlo = [(MHz),CS-NO<*] {1 + _~
K [H+1[ (NH2)2CS)
kK, K[H*1[ (NH, ), CSI{TGA1[* BUONOJo
Rate = :

1 + K[(NH,),CS1[H+]

K kyK [H*][(NH2)2CS][TGA]
o= : —

1 + [(NH2)2CST[H*IK (4.21)

' Equation (4.21) predicts that if K.[(NH2).CSI[H*I1>1
then the value of ke should be independent of [thiourea].
The aci;ua.l concentrations of [H* ], assumed to be equal
to [HzéO4] and free thiourea, [ (NH; ), CS] can be calculated,
using the Ka value of 0.075 mol 1°' and so" a plotkof
ko against K [‘H"’][(NHZ)Z €S1/(1 + K[ (NH; ), cs.j[H'+]) can
be obtained (Figure 4.13), using K = 2215 12 mol -2.

The results are shqwn in Table (4.23).
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Table 4.23:

[HzSOsl+ = 0.0660 mol 1-2 [TGA] = 0.0141 mol 1-2
|
[thiourealy  [(NHz)ach-n !‘1 (NH=)= (5] [HzS0s]actual K [H*][(NH=)=CS] ko

mol 1-* mol 1-* mol 1-3  mol 1-3 (1 + RO(NH=)=CS][H*1) s-2

| |
0 0 ‘ 0 0.0660 ' 0 6.4 ® 107
0.006 2.75 x 10-= 3.25 x 10~ 0.0628 0.315 0.0226
0.012 5.36 x 10-® 6.64 x 10~ 0.0594 0.470 0.034%1
0.018 7.86 x 10-° - . 0.0101 0.0559 | 0.560 0.0420
0.024 0.0102 0.0138 . 0.0522 0.618 ‘0.0495
0.030 0.0125 0.0175 . 0.0485 0.656 0.0531

slope = 0.0713 + 5.7 x 10~=.s

intercept = 3.4 x 10=® 2.8 x 10-2

!
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Figure 4.13
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The plot (Figure 4.13) gives a reasonable straight line
with a _fair amQunt -of scatter. The wvalue of I , the
second ‘ordervrat’e constant for attack of S-nitrosothiourea
on thioglycolic acid can be calculated as 5.0 1 mbf s
The results are c](:)rni?s;isgtgnt with .the' formation of an
eéluilibrium concentration of S-nitrosothiourea which
then reacts with TGA in thé rate deterwﬁirjiiff@ step.

The curvature found on _plots of ke against t'hi,éurea
can be expldined by th-is 'mechanism .and »by a"llowing- for

protonation equilibria.

4. 4. NuCl'eo)ghi lic catalysis -of the. ni‘&rbsationa of

thioglycolic acid-by isoprﬂioj_gyl nitrite in

isbpro’panol at 30° C

4.4.1 Chloride idn _catalysis

The variation of ko with added Et,NCl was studied
. in;,t,h;eﬁn:Ltr_osat,i;_on_o.f:_flféﬂi__by f_PrONOA.at,., 30°C.__The results_ .
are shown in Table (4.24) and in Figure (4.14). The
plot of ko against [Et, NC1) shows a marked curvature,
tending toéards a limiting value of ko . A plot of
(ko —interceptf‘ against [E-terCli‘ gave a good straight
line with slope = 0.482 » 6 x 1073 m_ol i' s and
in’tercept = 13.9 + 2.1 s . This corresponds to a value

=
of ky; /k-, of 3.5 x 1072 mol 1, which is again consistent
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Variation of ko

Table 4.24:

[TGA] = 9.2 % 10-3 mol 1°°

[ “ProONO}

- 2.5 % 100% mol 1

[EtgNCl]} mol 17

3.19 x 10-?
6.38 x 10-2

9.58 x 10-?
0.0128
0.0159
0.0177
0.0266
0.0443

with those previously found,

7.01

[H3504 ]

9.13 x 10

o

.0136
.0185
.0214
.0219
.0272

© O o0 O ©o ©o o

. 0485

.0289
.0298
.0356“

x 10-3

-3

4

<+

|+

|+

|+

® N 0w W N & N ® W

with [EtyNCl1] at 30°C

0.119 mol 1~

2.1 x 10°°
2.3 x 1077
x 10°°
x 107°
x 10°°
x 107
x 107°
X 10'4

x 107%

x 10°°
x 1074

but again assumes that

the initial S-nitrosation of TGA is reversible.
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4.4.2 Thiourea catalysis

The wvalue of ko was obtained at various [thioureal]
and the results are shown in Table 4,.-25. The plot of
ko against [thiourea) gives a curve with a positive

intercept that corresponds to the wuncatalysed rate.

Table 4.25:
Variation of ko with [thiourea] at 30°C
[H,S04] = 0.119 mol 1 - [TGA] = 9.2 x 10 3mol |

[‘PrONO] = 2.5 x 10%mol 1~

[thiourea]l mol 1°' ko s
2.45 x 10 -3 0.0155
7.35 x . 10-3 - 0.0288
0.0147 0.0401
- 0.0220 T 00556 0
0.0294 0.0609
0.0367 ‘ 0.0605
‘ ; _ B
A plot of (ko -intercept)™' against [thiourea] gives

a good straight line with slope = 0.263 mol 1" s and

intercept - 10.44 s. This corresponds to a k,/k., value
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Table 4.26:

(H=SOs]}+ = 0.0119 mol 1-° [TGA] = 9.2 x 10~ mol 1-2
|
[thioureal~r [ (NHz)=CS~H ) {(NH=)=(S} {H=50s]actual Rx[H*1[ (NHz) =CS] ko
mol 1-% mol 1-2 mol 1-2 mol 1-2 (1 + &i&Nﬂg)zcsj[Hég) g-a
2.45 x 10~= 1.80 x 10-° 6.5 x 10-° 0.1170 , ~ 0.122 0:0155
7.35 x 10>  5.35'x 107 2.00 x 10~ 0.1135 0.293 - 0.0288
0.0147 0.0106 4.10 x 10-® 0.1082 0.447 0.0401 -
0.0220 0.0156 | 6.4 % 10~ 0.1032 . 0:546 0.0556
0.0294 . 0.0206 8.8 x 10-= 0.0982 - 0.612 0.0609
0.0367 0.0253 0.0114 © 0.0935 ’ 0.660 0.0605

slope = 0.0899 + 6.4 x 10~® g
1 .

intercept = 3.37 x 10~® & 3.12 x 10-® §



of 2.% n 10-2 mol l“‘, which_ is again similar to those
previqusly found, but again this approach- does not take
into account the protonation of thiocurea. Assuming
the value of 0.0422 mol 17! for Ka of thiourea and
1823 12 mol -2 for Ky for the formation of S--ﬁitroso—
thiourea, the data can be analysed allowing for the
protonation of thiourea in a s;imilgr way to the results
in “BuOH. The results are shown in Table 4 26. A plot
of ko against K,I[H® 1{ (MH2 )2 C’?_S'.}/.('l + Kg [v(sNH'z'.)z CS1{H*1)
gave a reasonable straight l‘ihe with sl-io'pfe- - 0.899 *
6.4 x 10-3 S and intercept = 3.37 x 10-% » 3.12 x 103 s\
From the slope the value of k, the second order. rate
constant for attack of S-nitrosothiourea on TGA can

be calculated as 9.8 1 mol~ s-\.

4.5 Discussion

Bqth iPrONO and tBuO‘l\SO in their respective alcohol
as _solvent appear ,At,of_r,e,ac,t_by_ _a._ similar .mechanism. with
both thiourea and thioglycolic acid. In the absence
of ény added nuc_leoph’ilic c,at’alys't tﬁé reaction appears
to proceed by nucleophilic. attack of the sulphur atom

of the substrate on the nitrogen centre of the protonated

alkyl nitrite. The mechanism is shown in Scheme (4.22).

Acid catalysis occurs but it is not clear whether

the solvated proton, H?Y, or sulphuric acid itself acts
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H
I |
RONO + H,SO, ———_ RONO* + HSOj

0 0 *
V . : I
RO - ¥ + HSR —m s |- v(f--nN.---srR
| — v i
H H H
fast * ,
RSNO + H,S0p coo- _ RSNO  + ROH (————‘
H
(4.22)

as the catalyst. The data obtained analysed well if
the acidity of the solution is,fébresehted'by [(H, SOz 1.
The main argucment for this beiﬁg ﬁrué comes from the
fact that the dissociation constants of several strong
at:idé ére known to be ca. 100 times smaller in “BuOH
than 2'I”'.Jt-‘OH [17,21], therefore, assuming a_similar trend
for sulphuric acid, the rate of reactibn'in QBUQH would
‘be égﬁected to be significantly smaller than that in
‘ProH if H* was the cataiyst. This can be seen not
to bé the case by comparing the values of“the.rate and
equilibrium constants obtained (Table 4;27). It is
--— —not—possible to deduce .the reactiviﬁymordet;of_ﬁhe;ptg:“
tonated alkyl nitrites as the pKaAvalues are not known.
It can be seen though that both alkyl nitrites appear
to have a very similar reactivity, and that the reaction
with TGA is siénificantly slower than that with thiourea,
indicating that the reaction with TGA does not approach
the encounter controlled 1limit [22], as 1is observed
in the reaction of TGA [19] and thiourea [6] with nitrous

acid in water.
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Table 4.27:

Values of rate and equilibrium constants obtained at 30°C

Thiourea TGA
Alcohol K (mol? it Ky 12 mol “2g" Koy s k 12mol “2s”!
® BuOH 2215 237 0.107 7.8
‘ProH 1823 248 0.136 6.1

If H, SO, acts as the acid catalyst, then any
protonation equilibrium must depend on l[;HSO;‘ ], which

would lead to non-first order kinetics (scheme 4.23).

H
Ko 7, ]
RONO + H,_SOQ r—i RONO » HSO,+
H . H
- k L .
RONO + RSH —> RSNO + ROH

fast [HSOj ]

RSNO » H.SO,_ _ .  (4.23)

k [RSHIK[H,SO, ]

ko = -
K[H,SO, ] + [HSO, ] (4.24)
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Equatlon (4. 2@) predlcts that the reaction should
not be first order since [Hsog] is not constant throughout
the reaction. It also predicts a non first order depen-
dence upon [H,SO,]. Another possible explanation is if
there is enxtensive ion pairing in these solutions (Scheme
4.25) . This would then lead to a strict first order

dependence upon [H, SO,].

H
K 1
RONO + H,S0, === RONC HSO;
; NO
e - k / - .
RSH + RONO HSOy —— RSy =~ HSG + ROH
lfast

RSNO + H,SO, (4.25)

Catalysis by added halide and thiourea also occurs.
The curvature of plots of ko against [thiourea] can

be accounted for by allowing for protonation of thiourea

" ‘and—assuming thatfthe—reaction—obcuf3wviaAthe«formabion———ﬂm

of an equilibrium concentration of S-nitrosothiourea,

which can effect nitrosation of TGA.

o]
The curvature s the plots of ko against [halide
ion ] can also be explained in a similar way if the
halide ion is being extensively protonated. Evidence

against the halide ion being the effective catalyst
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in theSe S@l@tibns comes from the fact thaﬁvthé.&issociae
tion constants for the type of salts used are all very
small in these solvents and - further, they' are ca 100
times smaller in @BuOH’ tlfxam Jin_ FLP]I‘OH. There‘fore a much
larger effect on the rate in LETOH:than,@BudH would be
expected, but as can be seén,by the déta inaTables (4.14)
and (4.24) a similar caﬁalytic effect is 6bsérved in
each case. The results are best éﬁplained> in terms
of formation of HCl and HBr in these solutions which

¢an then act as a general acid catalyst.
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CHAPTER 5

REACTIONS OF ALKYL NITRITES IN ACETOMITRILE ARD CHLOROFORM

Chloroform and acetonitrile are examples of dipolar
aprotic solvents. Sbme"physical='pfoperties of these

'solvents are given in Table (5.1).

Table 5.1:

Physical properties

Djelectfic pipéle Free;ing Boiling
Constant Moment - Point Point
(at 25°C) D °c °C
~ Acetonitrile = 36.0 3.37  -45.72  81.60
Chloroform 4.81 1.01 -63.5 61.7
Water 78.54 1.85 o 100

Acetonitrile 1is not strictly speaking an aprotic
solvent as in its pure ligquid state it is known to undergo

autoprotolysis [1] as shown in equation (5.1), the
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S _ : ) , -8 ,
autoprotoly,s‘eis; coristant being ca. 3 x 10 N The value

of the constant is so small that acetonitrile can be

ébns"idéred to ije eSsﬁen,tially an apfo’tié solvent.

K . y
2CH,C=N =———= [CH,C=N]" + [CH,C=NH]* (5.1)

Chloroform, acetonitrile and dipolar aprotic solvents
generally, have been used to some extent in nitrosation
‘reactions of alkyl nitrites.  In " one: previous study
[2] the reactlon of varlous alkyl nltrltes wlth acetamlde
1n various solvents was explalned in terms of nucleophlllc
attack of the amino gx;’qn_lp of. the amide on »‘the nitrogen
centre of the alkyl nitrite in an Sw2 type process.
The rate of reaction was foundto i’ncreése asthe polarity
and dielectric constant of the sdl{‘vem;‘i‘hcreééed. Other
studies [3,4] have inygs"_tiga‘t;ed the trahsﬁ,itrosa'tion

reaction of alkyl nitrites with alcohols by a NMR

__technique _ (equation 5.2).  _In_all cases tihe_;r_eaqtio;n,, _

proceeded readily in the absence of any acid catalyst.

K
RONO + R'OH T———ROH + R'ONO (5.2)

Using tertiary butyl nitrite as the nitrosating agent

- in chloroform [3]1, primary alkyl nitrites were formed
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with K~ 10 and secondary~nitritgs were formed’with K=4,
indicating that steric effe¢t§A are again imboftant in
phese reactions. No meché@istic .work"waSK carriéd out
on this reaction which was aSsQ@ed to occur wvia a six
membéred transition Stfa_tgé (scheme 5.3), involving two
alcohol molecules E31 or via a simple nitrosyl exchange

reaction [4] (scheme 5.4).

i R 1%

BuONO 4 2RCH e .

(5.3)
[ ,_[}\\ %
R“O\N‘/ \\‘H R_O\ /OH
0. 0 _
BY e L Bu-0
L *H- |

RONO + BuOH + ROH
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, fast o
RONO + H® Z———— [RONOHJ’

0

slow 1l _ fast
R'OH + [RONOHF ———— [R'O----N----ORJ* 77— [R'ONCHJ" + ROH
fast | L slow
fast N o
[R'ONOH]* —————> R'ONO + H* (5.4)

5.1 Equilibriumr‘constants__for Vthe formation of alkyl

nitrites in acetonitrile and chloroform

The equilibrium constants for the reactions of
alkyl nitrites with wvarious aicohols, equation (5.5),
have now been determined spectrophotometrically in the
330-420 nm region. The TrTesults are QiVen';ih‘ Tables

(5.2) and (5.3)

K
RONO + R'OH —/——R'ONO + ROH (5.5)

In each case equilibrium was obtained rapidly,
without the addition of any external source of acid.
The results show the trend that the egquilibrium constant

increases as the alcohol changes from a tertiary to
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-Table 5.2:

Equilibrium constants in acetonitrile at 25°C

R R? K
* Butyl Methyl 13.0
‘ Propyl Methyl 3.8
0 Amy1 Methyl 2.5
Table 5.3:

Equilibrium constants in chloroform at 25°C

R R' K
‘Butyl * Propyl 3.97 + 0.14 4.24
' Propyl *Butyl 0.301
T “Butyl "7 "Ethyl T 10.1°% 0.9 10.6
¢Butyl | Methyl 20.5

a) from reference [3]

secondary to primary, ie a primary alkyl nitrite is
A . . . .
prefeggd over a secondary and tertiary one, indicating

that steric effectsAare important. The values obtained
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in chloroform aré in good agreement with those found

previously by NMR methods [3].

5.2 Kinetics and;.m@chanjsmw of‘\the- transnitrOSation

reaction

5.2.1 Chloroform,as,solvent

The reaction of tertiary butyl nitrite (Jt§u0ﬁ0)
‘and isopropyl nitrite ( ‘PrONO) with methanol (MeOH)
was studied in ch_]_or'c_;ffam‘ (CHCl, ) as éo,lﬁyep:t. Tp"e‘
reaction was foliéwedhat 400 nm, where only ‘BuONO and
LPFONO‘ absorb significantly. In fhe absence of any
acid catalyst the reaCtion proceéded réadily to form
methyl nitrite (MeONO). Good first ~order behaviour
was obtained by following‘the'diSappearance of the alkyl
nitrite when the [alkyl.nitritelzgi[MeOH]. HoueVef the
observed -first order ratg cohstqnt, ko, was found to

increase markedly with the age of . the stoqgh_go{ggigpk

of the alkyl nitrite as shown in Tables (5.4) and (5.5).

This effect can be explained if the alkyl nitrite
is decomposing to produce an acid, possibly nitrous
acid which can act as an acid catalyst or effect nitrosa-
tion itself (equation 5.6). A similar explanation has
been given to acgount for the reactions of alkyl nitrites

[5] in neutral solution.
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Table 5.4:

Effect of time on the value of ko for cE‘Bwul()E\’JO

= ol
[MeOH] = 0.067 mol 1 [*BucRO] - 0.010 mol 1
25°C ‘400 nm
time min : ko s
0 0.114
5 0.157
15 0.170
ca 30 0.225
ca 60 0.278
ca 120 0.475
Table 5.5:

Effect of time on the value of ko for ' PrONO

[MeOH] = 0.251 mol I [ “PrONO] - 0.018 mol 1
25°C 400 nm

time min ko s
15 8.89 x 10°3
22 0.0129
29 0.0100
43 0.0138
58 0.0144
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“BUONO + M0 == BuOH + HNO, (5.6)

5.2.2 Acetonitrile as solvent

The reactions of %BuONO, “PrONO and isoamyl nitrite
(  “°AmONO) with methéﬂ&l were studied in aéétonitrile
(CH3CN) as solvent. fIn»thefabééh§é>of*aﬁYjacidicat&lySt
the réaction ,procgedé@  reaaii§ to form »Mébﬁo. V GQod
first order behaﬁidéfivwas Obﬁéined by following the
d‘isfappeafanc_,_e of the alkyl nitrite at 400 nm " The
observed first'dfééf raté conétaht, kd; was again foUhd
to increése’markedly.with theiége of the'Stockrsolutioh
of the alkyl nitrite. The reSdits for LPrONO are shown

in Table (5.6)

Table 5.6;:-

Effect of time on the value of ko for ‘ProNo

[MeOH] - 0.356 mol 1 [ ‘PrONO] - 9.8 x 10°® mol 1’
25°C 400 nm
time min ko s
8 . 0.0240
16 0.0469
27 0.0496
34 0.0501
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This effect can be explained again by decomposition
of the alkyl nitrite. to vprodufcer an acid cgta‘l__yét. Further

evidence for this comes from rt;rhe ,féct;. that the reactions

‘are catalysed by the @dlditizoh of H, SO, - With fresh

solutions of H,S0, in" CH',; CN ‘reﬁfodﬂc‘ible values of
ko could be obtained Ql_r_z].,yifréf‘f:ér the .acid é'o]lution had
stood for ca 10-15 minutes. ThlS | 'time-effect’ will
be discussed in detail in section 5.5. Thé reaction
of all three alkyl nitri"teé_;:};qith MeOH was found to be
approximately first order w1th "rés;];iéct to 'E..['Hz,é()b] ‘(Taﬁbles

5.7 - 5.9)

Table 5.7 (a):

Variation of ko with [HZSO@U]- for reaction of “BuONO

[ *BuONO] = 0.010 mol 1. | [MeOH] - 0.118 mol 1
25°C 400 nm
[H,S0,] mol 1 ko s’

2.18 x 103  33.3+0.5

4.36 x 103 79.8 + 2.8

6.53 x 10-3 137 + 4

8.71 x 10 -3 193 + 6
0.0109 217 + 9
0.0131 273 + 7
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Table 5.7 (b):

Variation of ko with [H,S0,] for reaction of “BuCNO

[*BuONO] = 0.010 mol I’ [MeOH] = 0.109 mol 1
25°C 400 nm
[H,SO, ] mol 1 ko s
1.97 x 103 39.4 + 1.5
3.94 x 10°-3 98.4 + 1.7
5.92 x 10-3 150 + 3
7.89 x 10-? 193 + 4
9.86 x 10-? 234 + 8

Table 5.7 (c):

Variation of ko with [H,SO,] for reaction of * BUONO

- P
[ *BuONO] - 0.010 mol 1 [MeOH] = 0.110 mol 1
) . 25°C___ _____ 400 nm .
. -1 -
[H2S0, 1 mol 1 ko s
1.16 x 1073 16.2 + 0.4
2.33 x 10-3 38.4 + 1.9
3.49 x 10 -3 56.9 + 2.4
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Table 5.8:

Effect of [H,SO,] on ko for reaction of “ProNO

[ *PrONO] = 0.010 mol I [MeOH] = 0.117 mol 1
25°¢C 400 nm
[H,S0,] mol I ko s

3.28 x 10-2 24.4 + 0.4

6.56 x 10-3 59.3 + 1.0

9.84 x 10-° 89.6 + 2.8
0.0131 131 + 9
0.0164 165 + 4
0.0197 210 + 4

Table 5.9:

Effect of [H,SO,] on ko for reaction of '**AmONO

[ '*°AmONO] - 0.015 mol 1 [MeOH] - 0.113 mol 1
25°C 400 nm
[H250, ] mol f‘ ko sﬂ

3.28 x 103 17.0 + 0.7

6.56 x 10-? 42.8 + 1.0

9.84 x 10-3 59.7 + 1.3
0.0131 90.6 + 2.6
0.0164 118 + 5
0.0197 148 + 3
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The data for ¢ BuONO (iﬁbles 5.7 (a) =~ (¢} ) are
shown in Figure (5.1). The graph shows that there is
only reasonable agreement between the three sets of
data. When the experiment was repeated 1 week later
using the same acid stock soiution, the values of ko
obtained were markedly smaller than those obtained pre-
viously. The results are shown in Table (5.10) and
Figure (5.1). This shows that there is a substantial

ageing effect occurring in the sulphuric acid solutions.

Table 5.10:

Effect of [H,SO,] after 1 week

- -1
[*BuONO] = 0.010 mol 1 [MeOH] - 0.118 mol 1
400nm 25°C
[H,SO,] mol 1 ko s
3.42 x 1073 8.92 + 0.13
1.03 x 10-2 15.66 + 0.07
1.71 x 10-2 19.74 + 0.16

The rate constant was found to decrease markedly over
several days even though the total stoichiometric concen-
tration of sulphuric acid remained constant over that

period, as shown by titration with standard sodium
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hydroxide solution. This effect will be discussed in
section 5.5, but indicates that the reaction is probably
subject to caltalysis by hycﬁrogen ions rather than by
H,80, molecules. The data in all the other tables were
cbtained with freshly prepared solutions of sulphuric
acid and were used within 6-8 hours of preparation,
where this ‘'ageing effect' is not significant. This
is shown by the reasonable agreement between the three
sets of data in Figure (5.1). o

When the data for the three different alkyl nitrites
are plotted (Figure 5.2) it can be seen that the reacti-
vity order towards formation of MeONO is hBuONO>iPrONO
}%ONO, the relative reactiQity order being approxi‘ﬁtately
3 :1.5:1

Strikingly the reactions of QBuONO and LPrONO were
found to be completely zero order with respect to [MeOH].
Results are shown in Tablés (5.11) and (5.12).

The zero order dependence of the rate upon [MeOH]
suggests that the rate limiting step occurs before the
attack of the nitrosating species on HMeOH. Two possible
explanations exist. The first explanation is that thev
protonated alkyl nitrite is the reactive species and
that the rate limiting step is protonation of the alkyl

nitrite (Scheme 5.7)
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Table 5.11:

Variation of ko with [MeOH) for reaction of * BUONO

= =t
[*BuONO] - 0.010 mol I [H,S0,] = 2.18 % 10°% mol 1
400 nm 25°C
=l R
[(MeOH] mol 1 ko s‘
0.0233 ~ 31.7 » 0.7
0.0466 35.8 + 1.2
0.0699 31.5 + 1.4
0.0933 32.2 + 0.5
0.117 33.3 + 0.5
Table 5.12:

Variation of ko with [MeOH] for reaction of ‘PronNo

['PrONO] - 5 x 10-° mol 1 [HzSO, ] = 1.43 x 10~ mol 1
. 400 nm . 25°C .. _. L
[MeOH] mol 1' ko s

0.0434 11.9 + 0.3

0.0651 12.9 + 0.3

0.0996 11.5 + 0.2

0.199 9.3 + 0.4

0.299 7.5 + 0.1
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ke N
RONO + H* Z > 3 RONO

(5.7)
] :
RONO  + MeOH —>— ROH + MeONO+ H*

Since the equilibrium constants for the formation of

MeONO are large, under the conditions used the reaction

can be considered to be effectively irreversible. If
the value of k.3 [MeOH]>> k- then the rate determining
step will become protonation of alkyl nitrite. If this

is the case then a primary kinetic isotope effect

(kH /Ky = 1) would be expected. Experiments were carried
out using D.SO, in acetonitrile as catalyst in the reac-
tions of ®BuONO ahd ."P'rONO with HMeOD. The results are

shown in Tables (5.13) - (5.14).

The results are displayed in Figure (5.3), along

with the results obtained using H, SO, . It is clear

that the reaction is slightly faster in D,SO, than H,SQO,
indicating that proton transfer is not involved in the
rate détermining step. These results therefore rule
out the mechanism in Scheme (5.7). Again in these experi-
ments there 1is a conside‘rable‘ 'ageing effect' of the
acid solution such that when the experiments were repeated

after 6 days the value of ke had dropped by a factor of
ca 10 (Table 5.13 (c) ).
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Table 5.13 (a):
Effect of D,SO, on ko for reaction of “BuCNO

= =4
[ *BuONO] - 0.010 mol I [MeOD] = 0.114 mol 1

400 nm 25°C

[D,SO0,] mol 1 ko s
2.65 % 1073 54.4 + 3.0
5.30 x 103 129 + 2
7.96 x 103 201 + 6

0.0106 284 + 12
0.0133 369 + 25

Table 5.13 (b):
Effect of D,SQ, on ko for reaction with *BuONO

- -
[ ®BuONO] - 0.010 mol I' [MeOD] = 0.130 mol 1

400 om - 25°C

[D,SO, ] mol 1' ko S
1.82 x 10-? 36.8 + 1.1
38.1 + 1.8%
3.65 x 10-3 76.8 + 2.4
5.27 x 10-? 124 + 4
% [MeOD] - 0.0652 mol 1
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Table 5.13 (c¢):

Effect of D,SQO, after 6 days for reaction with ® BuONO

[¢BuONO] = 0.010 mol 1 : [MeOD] - 0.114 mol 1.
400 nm 25°C
[D2S0, ] mol I' ko s
5.30 x 103 15.8
0.0106 - 24.8
0.0133 32.0
Table 5.14:

Effect of D,S0O, on ko for reaction with “PrONO

. -t =t
[ *“PrONO] = 0.010 mol 1 [MeOD] = 0.114 mol 1
400 nm 25°C
L .

[D,SO,] mol 1 ko s

4.86 x 10-3 61.6 + 3.2

9.72 x 10=3 142 + 8
0.0146 188 + 7
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An alternative explanation is that the rate limiting
step is the formation of a nitrosating agent from the

protonated alkyl nitrite (Scheme 5.8)

RONO + K+ S2Stf ;ENO*

RONO+ —/————— ROH + 'NO*' (5.8)

ke

k
'NO*' + MeOH————> MeONO + H*

The nitrosating species is written here as NO+* ,
but other possibilities exist, namely nitrous acid or
the nitrous acidium ion, which ‘could be formed if there
are traces of water in the solvent. The derived rate

equation for Scheme (5.8) is given in equation (5.9).

k, k2K [H*][MeOH]

ko (5.9

K[ *BuOH] + k2 [MeOH]

This predicts that if kz[MeOH])?k_,[tBuOH] then ko= k,K[H*]

and so the rate constant would be independent of [MeOH].
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The reaction rate constant was found to decrease

markedly on the addition of the parent alcohol. The

results for the three alkyl nitrites are shown in Tables

(5.15) - (5.17) and Figure (5.4).

Table 5.15:

Effect of ®°BuOH on the rate of nitrosation by t BUONO

[ *BuONO] -

[H, SO0 ]

0.010 mol 1'

- 6.84 x 10-* mol I

-

[*BuOH] mol 1

©C O O © O © o o ©o o©

.0108
.0323
.0539
.0755
108
.216
.323
.431
.539
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[MeOH] =

400 nm

.ko s

143 + 2
88.9 + 2.1
67.2 + 1.
51.2 » 1.
39.1

16.0 »

© O © ©

9.8
6.3 + 0.1
4.5 + 0.1

N-&QU‘ION

0.113 mol 1'
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Table 5.16:

Effect of i‘PI‘OH on the rate of nitrosation by ' ProNO

[“ProNO] = 0.010 mol I
[H,SO,] - 6.84 x 10°® mol I'
[*ProH] mol I'
0
0.0887
0.178
0.266
0.355
0.444
0.532
Table 5.17:
Effect of
" “*AmOH] = 0.0I0 mol I
[H,S0,] = 6.84 x 10~ mol 1

[

¢30

. o]
AmOH] mol 1

0.0909
0.182
0.278
0.364
0.455
-198-

“*AmOH on the rate of nitrosation by

[MeOH] = 0.113 mol I

400 nm 25°C

46.6 + 1.0

20.6 * 0.4
10.3 + 0.2
7.0 »+ 0.1

5.22 0.12

| +

3.41 + 0.03

2.99 0.04

| +

“AmONO

“[MeOH] = 0.128 mol 1'

400 nm 25°C

ko s

28.5 + 0.2

15.8 + 0.1
8.59 + 0.10
7.81 + 0.04
4,27 + 0.10
3.72 + 0.15

I+ 1+ |+ |



Further in the presence of high concentrations of ®BuoH
or ‘PrOH the reaction was found to be no longer zero

order with respect to [MeOH)] (Tables 5.18 and 5.19),

Table 5.18:

Effect of [MeOH] in the presence of ®BuOH

=1

[¢BuOH] = 5 x 10°* mol I' [H,SO,] = 1.43 x 1072 mol 1
[*BuOH] - 0.414 mol I 400 nm - 25°¢
[MeOH] mol T ko s

0.0417 0.788 + 6 x 103

0.0626 0.944 + 0.017

0.0958 1.07 + 0.05

0.192 1.33 + 0.01

0.287 1.52 + 0.04

Table 5.19:

Effect of [MeOH] in the presence of ‘ProOH

“1*ProNO] - 5 x 1073 mol 1. [*PrOH] - 0.444 mol I'
[H2S0,1 = 1.43 x 10°2 mol T' 400 nm 25°C
[MeOH] mol 1 ko s™
0.0434 0.704 + 0.050
0.0651 0.789 + 0.055
0.0996 0.969 + 0.047
0.199 1.18 » 0.04
0.299 . 1.26 + 0.02
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This is to be expected as equation (5.9) predicts that
the rate constant should decrease on addition of ROH
and should become first order in [MeOH], ie k<[ Q'B'\AOH]
can be made to compete with ki [MeOH]. This means that
the reaction under these conditions must be considered
to be reversible (Scheme 5.10). The derived rate egquation

for such a scheme is given in equation (5.11).

k,
RONO + H' __— ROH + 'NO*'
k“l
N (5.10)
b8
"NO*' + MeOH T——— MeONO + H*
k"l
k, k,[H*][MeOH] Koy K.,[H*]1[ROH]
ko = . 4+ (5.11)
k-,[ROH] + k,[MeOH] k-y [ROH] + k, [MeOH]

The first term in equati_on (5.11) corres_ponds to the

rate of nitrosation of HMeOH by the alkyl nitrite and
the second term corresponds to the rate of nitrosation
of ROH by methyl nitrite. If the first term is much
larger than the second term, as it must be due to the
size of the equilibrium constant, it can be seen to
a first approximation that if k. A[ROH]::', k ., [MeOH] the

rate constant should decrease on addition of ROH and
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should increase on addition on MeOH.

The observed first order rate constant was also
found to decrease on addition of water. The results

are shown in Table (5.20). The effect possibly results

Table 5.20:

Effect of water on ko for reaction with °“BuONO

' - =}
[ ¥BuONO] - 0.010 mol 1' [MeOH] - 0.110 mol 1
[H,SO,] = 1.08 x 10-*me\ |’ 400 nm 25°C

[HzO] mo‘ ‘.‘ ko S."

0 13.4 +01

0.0520 9.44 +0.|

0.104 6.71 + 0.13

0.156 4.38 +0.10
04300~ o 2.55 ity o

from the basicity of water in this solvent, ie. water
reduces the hydrogen ion activity in this solvent.

This explanation has also been given to explain a similar
effect in the reactions of alkyl nitrites in alcohol

solvent [5,6]. The decrease in ko on addition of ROH
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could therefore be explained in a similar way and this

possibility is discussed further in Section 5.5.

All the data obtained for the reactions of the
three alkyl nitrites are consistent with a mechanism
involving rate limiting formation of a nitrosating agent,
possibly NO*, followed by a rapid-.nitr(’)sation«of methahol.

The reactivity order is *BuONO>> ‘PrONO > i%ONO.

5.3 Kinetics and mechanism of the nitrosation of

thioglycolic acid in_acetonitrile

In view of the zero order dependence upon [Substrate)
in the nitrosation of MeOH it was thought to be of
interest to see if a similar effect was observed with
other sﬁbstrates. Thioglycolic acid [7] (TGA) was chosen
as this had proved to be a suitable substfate in both
aqueous and alcohol solution.‘ Reactions were carried
out in acetonitrile at 25°C. Good first order behaviour
was obtained under the conditions used ([RONO]J<<<[TGA]),
by following the appearance of the thionitrite at 330 nm.
The value of ko was found to be independent of [TGA] at
high [TGA] for ali three alkyl nitrites studied (&’BuONO,
LPI’ONO, i”A‘\mONO). The results are given in Tables
(5.21) - (5.23). The slight upward trend in ko as [TGA])

is increased is probably due to the fact that TGA will
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Table 5.21 (a):

Effect of [TGA] on kq for reaction with ‘BuONO

[*BuONO] = 2 x 10° mol I' [H2S0,] = 2.33 x 10~ mol I
[TGAT mol | ko §"'
4.73 x 10-3 27.9 + 1.4
9.46 x 107 38.7 + 0.4
0.0142 37.1 + 1.0

Table 5.21 (b):

Effect of [TGA] on ko for reaction with *BuONO

[*BuONO] - 1 x 10 mol T [H,S0,1% - 6.84 x 10-* mol 1’
330 nm 25°C
[TGA] mol 1' ko s
1.14 x 10-3 15.6 + 0.9
2.29 x 10°-3 18.0 + 0.5
4.58 x 10-3 20.2 + 1.1
9.15 x 10-3 21.0 + 0.4
0.0137 22.2 + 0.9
0.0183 23.8 + 0.5
0.0229 23.1 + 0.8

% Acid solution was three days old
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Table 5.22:

Effect of [TGA] on ko for reaction with “PrONO

[‘ProNO] - 2 x 10° mol I' [H,S0,] = 5.61 x 16 mol 1
330 nm 25°C
-1 -
[TGA] mol 1 ko s
5.85 x 1073 3.08 + 0.12
0.0117 2.97 + 0.087
0.0176 2.99 + 0.06
Table 5.23:

Effect of [TGA] on ko for reaction with  **°AmOH

[H,S0.]1 = 3.07 x 10" e\ | [ “°AmONO] = 1 % 10 moll'
330 nm 25°C

[TGA) molY' ko s )

8.67 x 102 0.604 + 0.015
0.0260 0.828 + 0.036
0.0347 0.889 + 0.029
0.0434 0.924 + 0.029
0.0607 1.06 + 0.02
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act as a weak acid in these solutions, so increasing
the _hydfbgen ion activity. It can also be seen that
the reaction is subject to the same ‘ageing effect’
of the sulphuric acid sclutions as was the case with the
methanol reactions. This can be seen by comparing the
results for the reaction of “BuONO using fresh H; SO,

(Table 5.21 (a) ) and using three day old H,SO, (Table
5.21 (b) ). In all céses the reaction was subject to
acid catalysis. Results are shown in Table (5.24)-(5.26)

and in Figure (5.5).

Table 5.24:

Catalysis by H,S0, in the reaction with ®BuONO

[*BuONO] = 2 x 10° mol 1' [TGA] - 0.0122 mol I
[H2S0, ] mol 1 | ko s
927 %10 - 1428-+01 -
1.85 x 10-2 33.3 + 0.7
2.78 x 1073 45.7 + 0.8
3.71 x 10°3 60.7 + 1.4

5.56 x 10-3 105 + 8
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Table 5.25:

Catalysis by H.SO, in the reaction with “PrONO

[“PrONC] - 2 x 16" mol I [TGA] = 0.0117 mol 1'
330 nm 25°C
[H.SO, 1 mol V' ko s
2.80 x 107 1.13 + 0.02
5.61 x 107" 2.97 + 0.09
8.41 x 10°" 4.59 + 0.05
1.12 x 10-3 6.73 + 0.10
1.40 x 10-3 8.20 + 0.21
Table 5.26:

Catalysis by H,S0, in the reaction with “°AMONO

[ “°AmONO] = 1 x 10° mol I [TGA] = 0.0260 mol 1'
- _330.nm . _ _25°C
[H.SO, ] mol i ko s~
3.07 x 107° 0.828 + 0.036
6.15 x 107" 1.65 + 0.03
9.22 x 107* 2.62 + 0.05
1.23 x 10-3 3.46 + 0.03
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Since the rate constant for reaction is independent
of the [TGA), this again implies that the rate determining
step is the formation of the nitrosating species from

the protonated alkyl nitrite, the k, step (scheme 5.12).

K
RONO <+ H* Z——— ROH + 'NO*'
Koy

(5.12)
- ) kg . R
NO* + RSH —— RSNO + H*

The rate of this step would be expected‘to be different
for different alkyl nitrites but should only depend
on the acidity of the medium , and not (ﬁl the‘substrate
used, for any one alkyl nitrite. By comparison of the
limiting rates of reaction at the same acidity this
can be seen to be the case. Thus fdr t‘]BuVOl\!O at [H280,1] =
2.33 x 102 mol i the limiting value of ko is ca. 38 s'

with TGA as substrate and the value of ko measured using

the same sulphuric acid solution with methanol is
38.4 + 1.9 S' ([MeOH]=0.110 mol I' , [®BuONO]-0.01 mol I').
Similarly for ‘PrONO the limiting values obtained by

using MeOH and TGA are identical (Table 5.27)
As expected the rate constant for reaction of ®BuONO

with TGA was found to decrease markedly on the addition

of ¢ BuOH. In the presence of *BuOH the reaction became
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no longer =zero order with respect to [TGA], again as

for the reactions with methanol. The results are shown in

Table (5.28)

Table 5.27:

Limiting values of ko for reaction, of 'ProNO

[H2SO,]1 = 4.56 x 10 3qq\ |
[MeOH] ko s [TGA] ko s
mel 1™ ol ™
0.07 31.5 + 4.9 0.03 30.1 + 0.7
0.14 32.8 + 2.5 0.06 31.9 + 0.4

These results therefore add weight to the argu:ment
in favour of a reactionbmechanism involving rate limiting
formation of a nitroséting species, possibly nitrous
acid (by anaiogy with the reactions in water) or the

nitrosonium ion.

In order to try to distincguish between
these two possibilities the reaction of

‘PrONO with
added water was studied.

In the reactions so far studied, traces of water
will always be present in the solvent (even though it was

dried and distilled prior to use) and also due to the fact

that traces will be added due to the Hg, SO, catalyst.
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=01g=

[(BuoNOl= 1 x 10-° mol 1-2

[{TGA]

mol 1-32

.06 ¥ 10~=
.11 x 10-=
.0122
. 0162

.0203

13.
15.
16.
17.

20.

c) [*BuOH]

Table 5.28:

Effect of [TGA] in the presence of “BuOH

[y
i+

330 nm 25=C
ko s—3
b

.1 0.0505 + 7 x 10-=
.2 0.0820 + 1.1 x 10~
.3 0.103 & & x 102
.2 0.141 2 3 x 10-=
.2 0.156 + 8 x 10~

a) [®BuOH] = 0

b) [®BuOH] = 0.216 mol 1-2

.0127
0176
10255
0308

.0381

I+ = ¢

|+

= 0.431, [H=S0,] solution is 24 hrs old

(HzS0,] = 1.45 % 10-® mol 1-%

10-=

10—-=

10-%

'10-=



This was shown by the fact that i'PK‘OI\’!O, when mixed with
the sulphuric acid solutions rapidly produced an equili-
brium concentration of nitrous acid, as detected spectro-
photometrically. This reaction was studied kinetically

at 410 nm, fellowing the disappearancé of the alkyl

nitrite. Good first order behéviour was observed in
all cases. The results are shown in Table (5.29).
“Table-5.29: - - - -

Nitrosation of water by ‘ProNO

[H,SO,1 = 1.61 x 10~ mol 1' [ ‘PrONO] = 0.04 mol T
410 nm 25°C
[H,0] mol I ko s
0 22.3 + 1.4
0.0555 23.4 + 0.4
0.111 21.5 + 1.2
*"afﬂ-m“““' _NM'ng;&3~_"—”'m
1.111 1.73 + 0.03
Above [H:0] == 1.1 mol I the reactions were no longer

first order with respect to ‘PrONO and were not investi-

gated further.
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The results show that at low [H, 0] the reaction
is independent of [H.0], but the value of ko found is

higher than those previously found, ie. ko‘z»zz s' at

=\

[H,SO,] = 1.61 x 10~* mol 1 compared with ko= 31 §' at
[H2SO.1 - 4.56 % 10-? mol I' for the reaction of “PrONO
with MeOH and TG‘A. "This di_screbancy proba_bly arises

from the fact that the reaction with water is signifj.-
cantly reversible under the conditions used (as détééted

by a marked increase in the absorbance change as [H,0]

is increased). This méahs ,Tthat the- v‘arkvlj'uiel of ko will
cbntain Sighifiéant convvt;ributions from. both the .ra,té
of nitrosati‘on of H,0 b)} LPfONO and allso_,f the rate of
ni'trosatri‘_o’n of ‘PrOH by HNO, (cf. equdtion (5.11)).
The decrease in ko with [H,0] when [H, O]>>)O.'1 mol 1"
céh be attributed to a medium effect as described pre-
viously. These results show that under the condition’s
used in all the nit‘_.ro_s’a_tibn experiments in‘-_a‘ce'tonitrAile
the presence of water can lead to the formation of nitrous
acid. These résults howe\}er do not necessarily prove

that the nitrosating species formed in_ the rate limiting

step in the reactions of alkyl nitrites is nitrous acid.

The reaction of i‘PrONO with TGA also occurs without
the addition of any external acid (TGA is itself an acid).
Experiments were carried out using (a) acetonitrile
that was specially dried and used under a dry nitrogen

atmosphere, and (b) acetonitrile that was purified by
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the usual procedure ([8] (see Chapter 7). The results

are shown in Table 5.30. These show that the reaction

Table 5.30:

Reaction in 'Super dry' acetonitrile

. [ | N =l ‘ =4

[TGA] = 7.16 % 10~® mol 1 [*PrONO] = 5 x 10 mol 1
'super dry' acetonitrile ko = 3.6 x 10° §'
‘normai' acetonitrile ke - 1.4 x 10° s

still proceeds readily even in the absence of traces of
water, indicating that the rate limiting step is unlikely
to be formation of HNO,, rather it is more likely to be

formation of NO-<.

Further evidence of this comes from the fact that

the’ reaction was markedly catalysed by _a_solution con-

taining dry HCl gas in CH,CN (Table 5.31). The reaction
was found to be zero order with respect to [TGA], indica-
ting that the rate limiting step is again formation of a

nitrosating species.
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Table 5.31:

Effect of HCl on rate of reaction of ‘PrONO with TGA

[ “PrONO] = 2 x 10* mol I' [TGA] = 0.0114 mol 1.
330 nm 25°C

[HC1] mol i ko s

- 7.82 % 100% 1.36 *+ 0.05
1.57 x 10-2 3.16 + 0.07
2.35 x 103 4.66 + 0.37
3.13 x 103 6.27 » 0.07
4.70 x 102 9.29 + 0.22

Table 5.32:

Dépendencé of ko on [TGA]

['PrONO] - 2 x 10 mol 1. [HCL] - 2.35 x 10°® mol 1
.- 330 MR — - = - 2B°C o
[TGA] mol I' ko s~
5.7 x 10-3 4.15 + 0.04
0.0114 4.66 + 0.37
+ 0.05

0.0171 3.95
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5.4 Kinetics and mechanism of the reactiqn of nitrous

acid in acetonitrile

In order to obtain further evidence for the identity
of the active nitl‘ro-;sa;ting agent in these solutions, the
reactions of nitrous éacid itself were studied under
similar conditions to those used for the alkyl nitrites.
Solutions of nitroﬁs acid in acetonitrile were formed
by addition of sulphuric. acid in acetonitrile .to.a solu-
tion of sodium nitrite in acetonitrile. The presence of
nitrous acid was identified by the characteristic 'finger'
absorbtion bands in the 330 - 400 nm region [9]. The
exact concentration of nitrous acid used in the kineﬁic
experiments was difficult to determine due .to the very
low solubility of sodium nitrite. Nitrous acid was
reacted with MeOH (td form M;eONO)-, LPI‘OH (to form ;'PrONO),
*BuOH (to form tBi]ONO) aﬁd TGA (to form S-nitrosothio-
glycolic acid). In all cases good first order behaviour

was found by following the appearance of - the product

--when- the -reactions—were carried out with [HNO , ] [Sub-"

strate]. The results are shown in Tébles (5.33) - (5.36).

For HMeOH, i'PrOH and TGA, the reaction is zero order
in [Substrate], within the experimental error. For
*BuOH the value of ko decreases slightly as [*BuOH] is
increased. This probably arises due to a medium effect

and will be discussed later. The limiting rate constant
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Table 5.33:

Variation of ko with [MeOH] for reaction with HNO,

[NaNO, <10 mol I' [H,SO,] - 8.68 x 10 mol I’
260 nm 25°C
[MeOH] mol 1. ko s
9.96 % 10=3 21.9 + 0.9
0.0199 21.2 + 1.2
0.0249 ] 26.9 + 2.7
0.0498 24.8 + 1.9
0.0767 22.8 + 1.1
Table 5.34:

Variation of ko with [LPrOH] for reaction with HNO,

[NaNO, ] < 107" mol T' [H,SO4] - 8.68 x 10" mol 1’
260 nm 25°C
[*PrOH] mol 1 ko s
0.0149 24.6 + 1.3
0.0298 30.6 + 1.9
0.0446 26.0 + 1.3
0.0593 22.7 + 1.3
0.0744 21.9 + 1.1
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Table 5.35:

Variation of ko with [“BuOH] for reaction with HNO,

[NaNO,] < 10° mol I’

260 nm
[ *BuOH] mol I
0.0161

-0.0323 -

0.0484

[H;SO,] - 8.46 x 10° mol 1
25°¢

~1

ko s

23.5 + 0.6

16.3 » 0.5

14.3 + 0.4

Table 5.36 (a):

Variation of ko with TGA for reaction with HNO,

[NaNO,] < 10 mol I

330 nm
[TGA] mol 1.

8.87 x 10-3
0.0177
0.0266
0.0443

2217=

[H,S0,] - 8.46 x 10 “mol I'

25°C

+
o
(2}

15.8 +

19.6 + 0.4

21.7 + 0.4

&
o
4

23.4 +



Table 5.36 (b):

Variation of ko with TGA for reaction with HNOz

(¥an0,]) < 10  mol I [H,S0,1 - 6.20 x 10~ mol 1
330 nm 25°C
{TGA] mol I' ko s
5.36 x 10 254 + 16
0.0107 278 + 25 )
0.0161 283 + 24
0.0443 349 + 16

is the same for all the substrates at the same acidity

(assuming that the value of ko at [*BuOH] = 0.0161 mol I
represents the limiting rate). This means thaﬁ the
reactidn proceeds via rate limiting formation _of the

nitrosonium ion from nitrous acid (Scheme 5.13). The rate

K
HNO, + H¥ =—— H,NO;

k
He NO2' =—————=H,0 + NO* (5.13)
K-t

k
NO* + S ——2— Products



equation derived from Scheme (5.13) is (equation (5.14).

ko - ki [SI[H*]K (5.14)

K4[H20] + k,[S]

If X,[S1> k- [H,0], then ko - kX, K[H*] and so the rate
limiting step. becomes formation of the nitrosonium ion.
This is directly analogous to the formation of the nitro-
nium ion in nitration reactioné usihg nitric acid [10].
Here the . rate of nitration of reactive aromatic
substrates, eg. toluene, was found to be zero order
with respect to toluene. This occured in a variety
of solvents, ihcluding nitromethéne (11], concentrated
sulphuric acid [12] and carbon tetrachloride [13].

The results identified the nitronium ion as the reactive

species. ' The reaction scheme is shown in Scheme (5.15).

H,SO, + HNO, m—m——— HSO; + Hz2NO,*

H.NO§ ———= H,0 + NO} (5.15)
k-,
kZ
NOS + ArH ———— Products
fast
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As would be expected the reactions of nitrous acid in
acetonitrile are subject to acid catalysis. Results

are shown in Table (5.37)

Table 5.37 (a):

Acid catalysis in the nitrosation of TGA

[NaNO, ] < 107 mol I [TGA] = 0.0177 mol I
- 330 nm - 25°C "
[HaSOgjval I ko s '
8.46 x 107" 19.6 + 0.4
1.69 x 10°3 46.7 » 1.5
2.54 x 10-3 80.2 + 4.3

Table 5.37 (b):

Acid catalysis in the nitrosation of TGA

[NaNO,] < 10 mol I' [TGA] = 0.0443 mol I

330 nm 25°C
[H,S0,] mol {' ko s
1.55 x 10 -3 ‘ 71.7 + 1.\
3.10 x 10-% 159 + q
6.20 x 103 349 + \b
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5.5 Discussion

5.5.1 Acid—b&se'behaviour in acetonitrile

In order to try to understand the acid catalysis
obserVed in thésé reactions, especially the ’ageing
"effects’ of the solutions it is néCessary to review some
of the work previously reported on acid-base eqUilibria in

acetonitrile [14].

Sglphuric acid [15], and strong acids in general,
are knbwn to be'ihcompletely dissociated in this solvent.
The one exception to this is perchloric acid [16], which
is believed to exist completely in the dissociated form
in this solvent. Because of the polar nature of acetoni-

trile (Figure 5.6), the solvent is very good at solvating

Figure 5.6

R T — L

O+ -
_.-C C N
H- -+ —
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cations, but is only a poor solvator of anions, hence
most anions in acetonitrile are stabilized by homocon juga-
tion. The major dissociationv-équilibria of sulphuric
acid [17] in this solvent are shown in equation (5.16).
A similar series of equilibria exist for the hydfogen
halides in this solvent [15] and the vdlues of the equili-

brium constants are shown in Table (5.38).

Ka
H,S0, ————— H* + HSO;(acid dissociation)

(5.16)

K
H,SO, + HSO; ——— H,SO, HSO; (homoconjugation)

Table 5.38:

Values of pKa and -pK in acetonitrile

Acid -pK pKa
Perchloric _ _ 2 k
Hydrobromic 2.4 5.5
Sulphuric 3.0 7.3
Nitric 2.3 8.9
Hydrochloric 2.2 8.9
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Experiments have been carried out to measure the
hydrogen ionv activity of solutions of strong mineral
acids in acetonitrile. In these experiments the measured
hydrogen ion activity [17,22] was found to give drifting
values over the first 30 minutes and then reached a steady
value. Over a longer time scale the hydrogen ion activity
was found to drob mafkedly over periods of months [16,18],
even though thg stoichiometric cOnCentratidns of acid (as

determined by titration) reméined conStant over the same

period. The initial increase can be ekéiaihedw}19:201
in terms of a slow equilibrium prbcess of some kind,
possibly involving proton transfer from the acia»to the
solvent or the forﬁatiOn of nitrilium-like salts, of
empirical formula CH; CN.2HX or formation of salts of
X

the type [19, 20] Cﬁgé =»ﬁhlx'. The decrease in hydrogen
ion activity over a longer period of time was explained
[(15,16] in terms of the formation of a basic species
in acetonitrile, possibly aCétamide .or a polymef of

";_aéetdﬁitfilé“'[I8]7“‘whi¢h“ then—“reduces;—the—‘hydrogen'*i0n~~—'
actiVity. Since the acid catalysis observed in the

nitrosation reactions in acetonitrile follows this pattern
it seems reasonable that the nitrosation reactions in

acetonitrile are catalysed by the hydrogen ion.

The hydrogen ion must necessarily be solvated by
acetonitrile molecules. It has been shown that acetoni-

trile [21] is a very weak base as compared to water and
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alcohols and so as the concentration of water or alcohol
is increased the percentage of hydrogen idns a?s?sociqtedl
with acetonitrile will drop and the percentage of hydrogen
ions associdted with water or alcohol will increase.
This is probably the cause of . the medium effect observed
when water is adde’dlj to the reactiqn medium, as a proton
associated with a water molec’ulé must necessarily be
less acidic than one associated with ‘acetonitrile.

This may also occur to some extent when tBuiOI}jl is added
to the éélﬁtibﬁ: as the riesuitg_qf;(‘if ‘nitrosation of “BuOH
with HNO, (Table 5.35) show a mar_}{gd: decrease in rate

with added *BuOH.

5.5.2 Mechanism of nitrosation in acetonitrile

The results found for nitrous acid nitrosations in
acetonitrile show conclusively that the nitrosating
species involved is the nitrosonium ion. The nitrosonium

ion moéft likely exists in a solvated form by acetonitrile,

but could al‘so be 'solvated. by the bisulphate ioh .thath
must be present in solution, ie. from nitrosyl sulphuric
acid (‘HSO.;ZNO*). By analogy with the reaction with HNO,,
the reactions of alkyl nitrites 1in this solvent are

also likely to proceed via rate limiting formation of NO*.

For all the nitrosating agents used the reactions

with methanol and thioglycolic acid proceed via rate
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limiting formation of NO®*. This rate constant has been
shown to be different for the four nitrosating agents
used, but for each one it is independent of the nature
and concentration of the substrate. Since the reaction
is proportional to {H*] which will in turn be approxi-
mately proportional to [.HZS‘04>], the values of ko obtained
at différent acidities can be compared by simply dividing
ko by [H, SO, 1. This is only very approximate however
since a plot of ko éqainst [HZSOQ.] is a slight curve
in most cases, however the results of such an analysis
‘are plotted in Figure (5.7). It can be seen that the
value of ko / [H, S0, 1 is apprbkimately constant for

each alkyl nitrite and nitrous acid and is not dependent

on the substrate used. Further the approsximate order
of reactivity of HNO, : ®“BuONO : “ProNo : e AmONO can
be deduced as 6 : 3 : 1.5 : 1 . The reactivity order

of the alkyl nitrites is easily explained in terms of
steric effects, ie. ¥ BuONO is more sterically crowded
than ‘'PrONO and so formation of the alcohol is favoured

more in the case of ®BuONO than ‘“Prowo.

The relative

reactivity also includes the pKa of the alkyl nitrite
and nitrous acid and sin;:'e these are unknown it is not
possible to comment on the actual rate constant for
formation of NO* from the protonated alkyl nitrite

or protonated nitrous acid.
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CHAPTER &

NITROSATION OF AMINES AND KETONES IN ACETONITRILE

In Chapter 5, the reactions of alkyl nitrites and

nitrous acid in acetonitrile were shown to be kinetically

zero order with respect to [substrate], and were explained

in terms of rate limiting formation of the nitrosonium
ion. It was expected therefore, that with less reactive
substrates the rate determining step might be the nitrosa-

tion of the substrate.

6.1 Nitrosation of deiketones

The reaction of Kketones with nitrous acid have

__been_ long known synthetically [1], but _it has _only. _

recently been shown that the reaction occurs via the enol
form [2] (Scheme 6.1). The reactions yield the C-nitroso
species, which under acid conditions rapidly isomerise
to give the oxime products. The enol fqrm of the ketone
was 1identified [2] as the reactive species 1in these
reactidhs because under certain experimental conditions

the reactions became zero order with respect to the
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(N
iy +RCH&—!:R':———*’RCH CR' + H*

HNO, + H* H, ROS*

H
H,NOf + RCH—C R'——— RCH—CR"

NO

fast

RC—CR’'

I
NOH
(6.1)

nitrous acid concéntrati-on, indicating that the rate
limiting step was enolization of the ketone. The measured
rate constant for.enolizétion_ was in good agreement with
’““'thé’t_‘obté;iﬁé'd for 'ﬁé’logéha‘tiﬁﬁw[? ]_aer_ﬁ?dfOQéh-exch_a&‘féfév
reactions [4]. In the case of acetylacetone it was

not »poSsible to make the enolization raiie limiting due

to the lower reactivity of the enol.
In solution, ketones exist 1in equilibrium with

their enol forms. For most simple Ketones the percentage

of enol in aqueous solution is very small, whereas for
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T “magnitude greater than that of monoketones such as- aévetdnve

B-diketones much more enol exists, eg. for aceiylacetone
[5]1 K is 0.2. However in non-aqueous solutions. the
percentage [6,7,8] of the enol form is increased markedly.
This 1is explained in terms of @ enhanced solvation of
the most polar form (the ketoform) by the highly polar
water molecules. In the case of B8-diketones [9,_]10]]
the enol form is stabilized by the formation of a six

membered cyclic structure, as shown in egquation (6.2).

This e_xkpla‘ins why 1in agqueous solution, although the K

of acetylacetone is small, it is still many orders of

and methylethyl ketone [11]. In non aqueous solution,
where the keto form is not stabilized to the same extent
as in aqueous solution, the percentage enol is increased

markedly.
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6.1.3 Nitrosation of acetylacetone in acetonitrile

The percentage enol of acetylacetone (AA) in acetoni-
trile was estimated from the N.M.R. spectrum. The 'H
chemical shifts relative to THMS are shown in Table (6.1)

and the estimated percentage enol is ca 67% (Kg=2)

Table 6.1:

'H N.M.R. spectra of AA in CD3CN

0 ppm Relative assignment
intensity

1.58 6.0 CH3 enol

1.76 3.0 CH, keto

3.18 1.0 CH, keto

5.16 1.0 CH enol

The reaction of acetylacetone with tertiary butyl nitrite
(*BuONO) was shown to vield the expected oxime by compari-

son with the U.V. /visible and infra red spectra of a

sample prepared from nitrous acid. The reaction was
followed kinetically 'at 375 - 380 nm where only the
alkyl nitrite absorbs significantly. Good first order
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behaviour was obtained by monitoring ?he disappearance
of the alkyl nitrite under the conditions where
[ *BuONO << [AA]. The reactions were found to be first
order with respect to [AA] and also to be approximately
first'order with respect tO'IH&SDQjL The fesults are
Shown in Table (6.2) and (6.3). A plot of ko against

[H3S0, 1 (Figure 6.1) shows no significant intercept.

Table 6.2:

Variation of ko with [AA]

[*BuONO] - 2 x 10-3 mol 1 [HySO,] = 4.44 x 10~* mol I
380 nm 25°C
[AA] mol i‘ ko s’
0.0202 0.922 + 0.029
0.0808 2.21 + 0.04
-~ o0.143 5.07 » 0.19
0.287 10.9 + 0.1
0.430 14.4 + 0.4

slope - 34.6 + 2.1 1 mol s

intercept = 0.1 »+ 0.5 §'
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Table 6.3:

Variation of ko with [HySO¢]

[®BuONO] = 1 % 10-% mol 1 [AA] - 0.0161 mol 1
375 nm 25°C
[HeSOs 1 mol i ko §
0.0117 3.94 » 0.14
0.0234 10.4 + 0.3
0.0351 16.6 + 0.6
0.0468 22.3 + 2.1
0.0585 31.6 + 1.3

These results suggest that the rate determining
step is the reaction of the nitrosating species with
acetylacetone. The rate constant was also found to

_ decrease markedly on _the addition of “BuOH. ._Results

are shown in Table (6.4).

This indicates that the alkyl nitrite itself is
not the nitrosating agent and is consistent with the
formation of an equilibrium concentration of the nitroso-
nium ion which then reacts with the enol form of the
ketone in the rate determining step. This will be dis-

cussed further in Section 6.1.4.
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Tabkle 6.4 (a):

Effect of QBUOH on ko at low acid concentrations

- =\
[*BuONO] = 3 x 10°° mol 1. [AA] - 0.0314 mol 1
[HeSO,1 = 8.99 x 10 ° mol I 25°¢C 375 nm

(*BuoH] mol 1 ko s
o . - 0.0373 +» 4.4 = 1073
0.0205 4.13 x 10 * » 3.2 x 10"
0.0410 2.43 x 10 3 + 3.2 x 10"

Table 6.4 (b):

Effect of “BuOH on ko at high acid concentrations

- - -1
[*BuONO] = 5 x 10" mol 1'  [AA] - 9.64 x 10-3 mol 1
[H:SO,] = 0.0351 mol 1I' 375 nm 25°C
o —*BuOH} MO} ko8

0 A4.41 + 0.24
5.26 x 10 -3 1.30 + 0.09
0.0158 ° 0.206 + 0.029
0.0316 0.155 + 0.006
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6.1.2 Nitrosation of 1,1,1, -trifluorocacetylacetone

1,1,1,-trifluoroacetylacetone (TAR) is known to
exist almost totally as the enol form in non agqueous
solution. N.M.R. measurements in d3-acetonitrile now
confirm this is the case (Table 6.5), as there was no

detectable signals due to the keto form.

Table 6.5:

'H N.M.R. data for TAA in CD4 CN

0 ppm Relative assignment
intensity
1.83 3 CH Enol
5.63 1 CH Enol
13.88 1 0-H Enol
The  enol of TAA can exist in two forms.  These
are shown 1in equation (6.3). It is known [13] that
Ho~ -1 ’ . --"H{
O/ \0 O—
| U I |
/[\ /\ = /C\ /C\
(R (H CH, CF, CH CHy
(6.3)
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the tautomer on the left hand side of equation (6.3)
is the favoured form imn the rapid eQuilibrium, with
Keq 0.4 in hesxane. The presence of the CFy group has
the effect of making the enol form electron deficient
compared with acetylacetone. This can be seen in an
increase in the acidity of the proton of the OH bond,
the pKa values in water being 6.7 [14] for TAA and 8.87
[15] for AA.

The reaction of TAA with nitrous acid has been
studied very recently in aqueous solution [16]. The
product of the .reaction, presumably the o#ime, was not
isolable, and indeéd there has been no report of the
synthesis of such a compound in the literature; The
reaction was found to proceed readily in aqueous solution,
the product absorbing in the 220-230 nm region. The
results were interpreted in terms of a reaction via
both the enol and enolate anion form, from the observed

rate constant dependence upon the acidity.

The reaction of ®BuONO and TAA was found to proceed
readily also in acetonitrile solvent, the spectrum of
the product had a peak in the 220-230 nm region. 'H NMR
experiments in deuteﬂgchloroform showed that the signal
due to the proton of the carbon-carbon double bond
disappeared along with the enol O-H proton signal.

Also the signal from the CHy of the enol disappeared
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and a new CHy signal appeared. The resﬁults are shown
in Table (6.6). These data show that the nitrosation must
occur at the enolic carbon-carbon double bond, and gare

consistent with the formation of the oxime.

Table 6.6:

'"H M.M.R. data for nitrosation of TAA in CDCly

Enol o Produdt

assignment assignment
2.13 CHy 2.36 CH,
. ;]
5.86 c-¢’ 11.76 -N-0-H
14.23 0-H

_ __The_reaction of ‘BuONO with TAA was_studied kineti-_.
cally in acetonitrile byA two methods. Firstly the reaction
was studied by following the appearance of the product
at 220 nm and secondly the reaction was studied by follo-

wing the disappearance of the alkyl nitrite at 370 nm.

In both cases Vgood first order behaviour 'was found when

the reactions were carried out with [Q‘BuON0]<<[TAA].

The reaction was found to be first order with respect
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"to [TAA] (Table 6.7) and was catalysed by added sulphuric

acid (Tables 6.8 and 6.9)

Table 6.7:

Variation of ko with [TAA] at 370 nm

[HySO,1 - 2.34 % 10~2 mol 1' [*BuONO] - 7 x 16° mol 1
25°C
[TAA] mol 1 ko s’
7.23 x 10-? 0.228 + 9 x 10-?
14.5 x 10-3 0.445 » 0.049
21.7 x 10°3 0.707 + 0.040
28.9 x 102 0.976 + 0.041
36.2 x 103 1.20 » 0.02

slope = 34.3 + 0.73 1 mol s

- intercept = 0:03-+ 0.02 s
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Table 6.8:

Variation of ko with [HyS0,] at 370 nm

[TAA] - 14.5 x 10~ mol I’ (¢BuONO] = 7 x 10° mol I
[H,SO;] mol I' ko s
0.0234 0.445 + 0.049
0.0467 0.751 + 0.047
0.0701 1.22 + 0.03
0.0935 1.27 + 0.06
0.117 1.65 + 0.08

slope = 12.5 + 1.4 1 mol s

intercept - 0.189 + 0.119 s

Table 6.9:

Variation of ko with [HySO,] at 220 nm

[TAR] - 1.44 x 10~® mol I [*BuONO] - 1 x 10° mol 1
e e 3 e e — — e
[HySO, ] mol 1 ko s

0.0217 © 0.0406 + 1.2 x 10°3
0.0435 0.0436 + 3.2 x 10-?
0.0652 0.0470 + 3.4 x 10°?
0.0869 0.0728 + 3.6 x 10-3
0.109 0.0895 + 0.0129

N}
slope = 0.585 + 0.127 1 mol s
intercept = 0.0205 + 9.1 x 10 * s
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Plots of ko against [H; SO, 1 (Figure 6.2) at the
two different [TAA] both gave straight lines with sﬁbst&n=
tial pbsitive intercepts. Such plots can be expléined
if the »reaction of TAA occurs via both the enol and

enolate anion forms. This is shown in Scheme (6.4).

Ka ‘ R
Enol Enolate + H

=

E ' E
K,
RONO + H' + E ——— Oxime
) ' _ k
RONO + H' + ET—— 5 Oxime (6.4)
Rate of reaction = k, [RONO][H*][E] + K, [RONO]J[H*][E "]

[E~1(H*)

but Ka =
[E]

and [TAA] = [E"] + [E]

[TAA][H*} [ TAA]Ka
T ’_§o - ['E‘]—-_—' S T T ‘—and—[E'"]“= T - - 7

Ka + [H"] Ka + [H*]

k. [H*]12[TAA][RONO] . k, [H*1[TAR]Ka[RONO]

therefore Rate =
: Ka + [H*] Ka + [H?]

(6.5)
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If [H¥] >>Ka, equation (6.5) leads to the derived

value of ko (equation 6.6). This predicts that a plot of

ko

]

ke [TAR]I[H®] + ko [TAA]Ka ' (6.6)

ko against [TARA] should give a straight line with zero
intercept and a plot of ko againét [H*] should give
a stréiéht line with éiope‘ = »k.:[fAA] éﬁd inééféépﬁ 7=
k; [TAA]Ka. From the data in table (6.8) and (6.9),
the values of k. (by assuming [H*]=<[H,SO,]1)and ksKa can
be obtained. Using the average value of ks Ka the value
of k¢ can also be obtained from the data in Table (6.7).
The results are shown in Table (6.10). The agreement
between the three sets of daté is reasonably good. These

results will be discussed further in Section 6.1.4.

~Table 6.10:

Values of k, and k.Ka at 25°C

\

Data k,12 mol 2 s k. Ka 1 mol s
Table 6.8 862 + 97 13 + 8
Table 6.9 406 + 89 14 + 6
Table 6.7 867 + 32
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6.1.3 Nitrosation of: 1,1,1, s5,s,5 hexafluoroacetyl-

acetone

1,1.,1, £,5,5, hexafluorocacetylacetone (HAA) also
exists almost entirely as the enol form in non agueous
solution [10,12]. 'H N.M.R. measurements in acetonitrile

confirm that this is the case (Table 6.11), and the enol

Table 6.11:

'H N.M.R. data for HAA

6 ppm Relative assignment
intensity
2.85 1 CH,
6.1 14 C=CH
content 1is estimated at 97%. As was the case with TAA,

there has been no report in the literature of the nitrosa-

tion of HAA. . The reaction of HAA with ®*BuONO did proceed

readily in acetonitrile, the product forming at 240 nm.
Attempts to isolate the product failed. *®H N.M.R. experi-
ments in CDs CN showed that the signal due to the enol
proton at 0 - 6.1 ppm disappeared indicating that reaction

occured at the enolic carbon-carbon double bond.
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The reaction of “BuONO with HAA was studied kineti-
cally in acetonitrile by both following the appearance of
the product at 220 nm and the disappearance of the alkyl
nitrite at 370 nm. In both cases good first order beha-
viour was found when the reactions were carried out
with IZQBuONO]<f<i[HAA]. The reaction was found to be
fifst order with respect to HAA (Table 6.12) but was

not catalysed by sulphuric acid (Table 6.13).

Table 6.12 (a):

Variation of ko with [HAAR] at 220 nm

[*BuONO] - 5 x 10° mol i' [H,SO,] = 4.92 x 10-® mol T’
25°C
[HAA] mol i ko s~
7.23 x 107" 0.0287 + 8 x 107"
.. 1.45 % 107 . 0.0546 + 2.3 x 107 . _
4.34 x 1073 0.172 + 0.014

i

slope = 39.9 + 0.8 1 mol s

intercept = 1 x 1073 + 2 x 1073 §'
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Table 6.12 (b):

Variation of ko with [HAA] at 370 nm

[*BuONO] - 5 x 10° mol 1 [H.SO,] = 0.0109 mol 1
25°C

[HAA] mol 1 ko s~

5.03 x 1072 0.163 » 0.012

7.55 x 10-3 0.331 + 0.018
0.0127 0.401 + 0.019
0.0167 0.606 + 0.034
0.0201 0.751 + 0.019

slope = 36.4 + 4.1 1 mol s
intercept = 1 x 10 * + 0.05 s

Table 6.13 (a):
Variation of ko with [H;S0,] at 220 nm

[*BuONO] - 5 x 16° mol I [HAA] = 7.23 x 10° mol I'
[H, SO,] mol I' ko s
.. _4.92x10° _ - 0:0196—+ 7 x10" — — — - -
1.24 x 1073 0.0247 + 3 x 107"
2.48 x 103 0.0320 + 2.0 x 10 -3
3.72 x 10-3 0.0236 + 1.1 x 10°?
4.92 x 10 -? 0.0287 + 8 x 107"
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Table 6.13 (b):

Variation of ko with [HySO.] at 370 nm

[®*BuONO] = 5 x 10" mol I [HAA] = 5.81 x 10°° mol I
[HySO, ] mol I' ko s
0.0115 0.198 + 9 x 10-3
0.0229 0.192 + 8 x 103
0.0344 0.172 + 0.014
0.0458 0.182 + 0.017
0.0573 0.202 + 8 x 10-?

The absence of acid catalysis can be explained if
the reaction occurs via the enolate anion only. By
analogy with equation (6.6) the derived value of ko is

equation (6.7), which predicts that the reaction rate

ko - kyKa [HAA]

should be first order in [HAA] and should be independent
of [H*]. The values of k, Ka obtained from the four sets
of data are, 39.9 + 0.8, 36.4 + 4.1, 35.5 + 5.9 and

32.5 + 1.9 1 mol' s', which are all in good agreement

with each other.

<247

(6.7



6.1.4 Discussion

All the results obtained for the reaction of kBuO_NO
w_i_th the three acetyvlacetone derivatives are consistent
with reaction involving the enol Or enclate form of
the ketone. The nitrosating species involved, by analogy
with the results obtained in Chapter 5, 1is likely ¢to
be the nitrosonium ipn. This is shown by the decrease

in reaction rate on the addition of *BuOH (although some

of this decrease probably arises from a medium effect).
The reaction scheme is shown 1in Scheme (6.8) and the

deri_ved rate equation is equation (6.9)

t & ,K I & t
BuONO + H &———— NO + "BuOH

k
Not -+ E——-—l——> Product

Ka H* (6.8)

e~ _ - ka o
NO¥ + ET———3 Product

k, K{H*][AA] k. KKa[AA]
. (6.9)

K[H*] + [ROH] K[H*] + [ROH])

ko
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Clearly in the absence of added [QBUOH], the wvalue of
ko. should not be constant thfoug;hout the reaction as
[*BuOH] will increase as the reaction proceeds. This is
contrary to what is observed experimentally as good
first order behaviour is observed over 2-3 halflives.
A possible explanation of this is if K[H*]>> [ROH],
but this would lead to the observation of no acid cata-
lysis for the reaction with the enol and a retardation

of the rate by acid for the reaction with the eno]{a_tre

apion. A further explanation is if the alkyl nitrite
is undergoing a rapid hydrolysis to nitrous acid with the
tracés of water present 1in the solution and then the
nitrous acid can then react by forming NO* which reacts
with the substrate. In other words water is effectively
competing with the enol for reaction with the alkyl
nitrite. Evidence for this comes from the fact that
when an aikyl nitrite and sulphuric acid are mixed in
a'cetoni.trile an equilibrium concentration of nitrous
acid is rapidly formed (see Table 5.29). The reaction
scheme_ is.__shown__in Schéme_w((;. 10) _and_the _derived -rate-.

equation is shown in equation (6.11).

tBuONO + H,0 + H¥*=—E——‘BuOH + HNO, + H*

(6.10)

K.
HNO, + H* + E ———— Products
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KiK[H,01[H*][E]

(6.11)

ko -
K[H.0] + [*BuOH]

If the value of K[H,01>>[*BuOH] then ko = k; [H®1[E]
and so ko will be constant thrdughout'the kinetic run
despite the increasing [ °BuCH]. Further evidence for this
type of mechanism ches frOm‘the fact that when i'Pr‘ONO
aﬁd AA agé_ééacted anérrthe samé”éoﬁég£ioﬁs the réactions
ére not first order with respect to [lPrONO], but on the
addition of LPrOH to the solution the reactions do become
first order. This is shown in Table (6.14). In this case
the value of K is likely to be smaller than that for

*BUONO by analogy with the results found in agqueous

solution [17].

The three acetylacetone derivatives show interesting
trends in their reactivity in acetonitrile. For acetyl-
acetone the reac,ti-von appears to occur through the enol
form only, for hexafluoroacetylacetone the reaction
appears to occur through the enolate anion only and
trifluoroacetylacetone appears to react through both forms.
The values of k, , for reaction,K with the enol form
(obtained by assuming [H*]1={[{H.,SO,]1) and k,Ka for reaction

of the enolate form are shown in Table (6.15).
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Tabie 6.1.4:
Reaction of *PrONO with AA

Sl

[“ErONO] = 2 X 107 mol 1-* 380 nm (*ProNO] = 2 x 10> mol 1-: 380 nm
[H2S0,] = 4.44 X 10~ pol 1-3 [H2S04] = 4.64 % 10~ mol 1-°
[AA] = 0.0809 mol 1-® [AA] =70.0808 mol 1-°¢

[*PrOH] = 0.02 mol 1-2

time s Vt (mv) ko s-—2 time s vVt (mv) ko g2
0 14.5 0 12.60
0.5 10.1 0.86 5 11.00 0.041
1.0 7.6 0.79 | 10 9.80 0.039
1.5 6.1 0.73 _ 15 8.76 0.039
2.0 5.1 0.69 | 20 7.90 0.039
2.5 4.5 0.63 i 25 7.40 0.036
3.0 4 0.59 j 30 6.80 0.037
3.5 3.6 0.57 i 35 6.40 0.036
4.0 3.3 0.54 | 40 5.90 0.037
1.9 ! 3.90

mean ko = 0.68 + 0.11 s~ mean ko = 0.038 + 2 x 10~ g-2




Table 6.15:

Values of k, and kyKa

k,1 mol -2 g kiKa 1 mol s
b
AA ~3 x 10
TAA 800 i3
HAA ~0 , 40

It is clear that the enol of acetylacetone is much
more reactive than that of trifluoroacetylacetone, as
expeéted considering the powerful electron withdrawing
effect of a trifluoromethyl group. For reaction with the
enolate anion it is not possible to obtain the actual
values of k, since the Ka values are not Kknown. In
agqueous solution the Ka value of HAA [18] (pKa = 4.71) is
ca 100 times larger than that of TAA (pKa = 6.7). 1f
such a difference occurs in this solvent then the value of
ke - for TAA would be -greater -than- ~thatwof --HAA ;- -again—-in—— ——
accordance with the electron withdrawal effect of two

trifluoromethyl groups compared with one.

The fact that HAAR only reacts via the enolate anion
can be explained in terms of a very low reactivity of the
enol form, due to the presence of two CE- groups, but the

presence of negative charge in the enolate anion would
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be expected o assist the nucleophilic attack of the

carbon-carbon double bond on the nitrosonium ion. This
is shown in PFigure (6.3). For acetylacetone, the pKa
Figure 6.3

ﬁ

C (70

CF3 FJ—*—[
4
NO Ch

value in water is much larger (pKa = 8.87) [15] and so the
concentration of the enolate anion may be too small

under the conditions used for reaction to occur via this

form.

For TAA two possible isomers can exist in solution’
(equation 6.3). One isomer has a CR group adjacent
to the C=C bond and would be expected to behave more like
the HAA derivative, whereas the other isomer, with the CHj,
group adjacent to the C=C bond would be expected to behave
more like the AA derivative. This would explain why TAA
shows behaviour that is a mixture of that found for the

other two derivatives.
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6.2 Reaction of alkyl nitrites with amines in

acetonitrile

Due to the large amount of literature on the synthe-
tic uses of alkyl nitrites in the nitrosation of amines
{19])] it was thought to be of interest to imVestigate the
mechanism of these reactions in~aéetomitrile‘as solvent.
Many procedures in the literature use an alkyl nitrite
(typically amyl nitrite or tertiary butyl nitfite) and the
amine, in a éolvent-éuch as‘a;éébnitfgiéug;Aéhioroform
Qithout any acid catalyst. When this was tried in aceto-
nitrile the reaction proceeded readily with primary
aromatic amines (aniline, p-toluidine, p-chloroaniline),
but the reactions were complicated by the formation of
triazines by coupling of the diazonium ion with the
unreacted amine. When an aromatic secondary amine was
used (N-methylaniline or diphenylamine), the reaction
proceeded readily to form the nitrosamine but the nitro-
samine reacted further in both cases again making it
imp.og;sible_,f;gr_t_h;q reaction to be. studied. The side
réactions in this case are unknown but the same reactions
could be effected by using a sample of the nitrosamine in
acetonitrile indicating that the nitrosamine must be
formed in the first step. No reaction was observed with
primary and secondary aliphatic amines under the condi-

tions used.
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When an escess of sulphuric acid was used in the
reaction of the primary aromatic amines, the expected
diazonium ion was formed quantitatively with the absence
of any side reactions. The»diazpnium ion was identified
by coupling wiﬁh 2-naphthol-6-8-disulphonic acid in
borax buffer. This was calibrated by using the diazonium
ion producéd from the reaction of p-toluidine and nitrous
acid 1in aqueocus solution. The extinction coefficient
of the coupled product was 464 + 1 moi cm' at 510 nm.
The results using *BuONO and p-toluidine in acetonitrile

are shown in Table (6.16)

Table 6.16:

Formation of the diazonium ion from p-toluidine in CH;CN

[toluidine] [H, SO, ] [ *BuONO] Abs 510 [ATN;]
- . ) ) -
mol 1 mol 1 mol I' mol (*
= - -5
0.0113 0.12 2.76 x 107 0.113 2.5x10%+ 2x10
00113 . 0.12- - - -5.52 x-107"-. . 0.271 - - 5.8x10%+ 3x10°— _

The reaction of *BuONO with N-methylaniline (NMA)
also occurred readily in the presence of H,S0,, but the
nitrosamine underwent further reactions (possibly the

Fischer-Hepp rearrangement). It was, however, possible
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to study the initial nitrosation reaction because under
the conditions used the rate of formation of the nitro-

samine was much faster than its subsequent reactions.

The reactions of *BuONO with aniline, p-toluidine and
NMA were studied kinetically in qcetonitrile. Reactions
were carried out under conditions where [% BuONO]<4&([Amine]
“and also'[H1505]7ir[Amihe]. Under thesé conditions the
amine is eSsehtially completely protonated, as‘deteq;gd‘by
the U.V. spectrum. Good first order behaviour was
observed by following the appearance of the diazonium
ion or the nitrosamihe in the 280-330 nm region. For all
three amines the reaction was first order with respect to
the amine concentration. Results are shown in Tables

(6.17)-(6.19)

Table 6.17:
Variation of ko with [aniline] in CH\CHN

[*BuONO] = 1 x 10" mol 1 [H,;SO,] = 0.0573 mol 1
330-nm-—- - -~ —25°C - -
[aniline] mol 1 ko s'
2.18 x 1073 0.0223 + 1.9 x 10-3
4.36 x 103 0.0549 + 4.3 x 10-3
6.54 x 103 0.0919 + 1.4 x 10-3
8.72 x 10 -3 0.131 + 0.010
0.0109 0.187 + 0.018
slope - 18.6 + 1.2 1 mol s intercept - 0.02 + 0.01 S
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Table 6.18:

Variation of ko with [p-toluidine] in CHyCN

[*BuONO] = 5 % 10° mol I’ [HySO,] = 0.0507 mol I
330 nm 25°C
[toluidine] mol T ko s

2.25 x 103 0.0346 » 1.3 = io-3

4.51 x 1072 0.0638 -+ 1.6 % 10=2

6.76 & 10°-3 0.0797 + 6.4 x 1073

9.01 x 10-3 0.106 + 5 x 103

0.0135 0.182 + 0.014
slope = 12.8 + 1.11 mol s
intercept = 1 x 10* + 9 x 10°3 §'
Table 6.19:

Variation of ko with [NMA] in CH3CN

[*BuONO] = 5 x 10° mol I' [H,SO,] = 0.189 mol I’
o 330 nm 25°C

[NMA] mol I' ko s'

1.63 x 10 -3 0.0494 + 1.3 x 10-3

3.26 x 10°? 0.0826 + 5.0 x 102

4.89 x 10°3 0.114 + 3 x 1073

6.52 x 103 0.173 + 5 x 103

8.16 x 10-3 0.199 » 2 x 10"
slope=23.9 + 1.7 1 moi' s intercept=7x10°3 : 9x10 §'
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An experiment was carried out using [toluidinel<K
[ *BuONO]. Again good first order behaviour,was obtained
by following the appearance of the diazonium ion and the
reaction was first order with respect to [ © BuONO]).

These results are shown inATablef(ﬁfZO).

Table 6. 20:

Variation of ko with [“BuONO] for reaction with p-toluidine

[p-toluidine] = 5 x 10° mol 1  [HySO4] = 0.0222 mol 1
330 nm 25°C
[¢BuONO] mol 1 ko s
6.92 x 10°3 0.0225

0.0234 0.0551
0.0395 0.0706
0.0566 0.0892
0.0811 0.106 -

slope = 1.1 + 0.1 1 mol s'

intercept = 0.023 + 6 x 107% §

The effect of acidity on ko was also investigated.
For aniline, at 1low acid concentrations the reaction
rate was independent of [H.SO, ], but at higher concentra-
tions the rate increased as [H, SO, ] increased. The

results are shown in Tables (6.21) - (6.23)
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Table,6~2j:

Effect of [H.S0, } on rate of nitrosation of aniline

[¥*BuONO] = 1 % ld% mo 1 i‘ [aniline] = 2.18 = 1073 mol i'

330 nm 25°C
{H,S0,] mol I' ko s
0.0176 0.0211 + 1.7 x 10°-3
0.0352 0.0241 + 1.9 x 10-?
0.0528 0.0239 + 1.4 x 10 -
0.0704 0.0174 + 2 x 10°°
0.0880 0.0265 + 2.2 x 10 ?
Table 6.22:

Effect of [H,S0,] on the rate of nitrosation of amniline

[*BuONO] - 1 x 10* mol I' [aniline] = 1.9 x 103 mol I
330 nm 25°C
[H,SO, ] mol T ko s
0.0155 0.0234 + 1.1 x 1073
0.0310 0.0262 + 9 x 107"
0.0466 0.0256 + 1.9 x 103
0.0776 0.0392 » 2.5 x 10 3
0.109 0.0471 + 1.1 x 10-3
0.140 0.0599 + 2.2 x 10-3
0.233 0.130 + 9 x 10-?
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Table 6.23:
Effect of [H:S0,] on the rate of nitrosation of aniline

[*BuONO] - 1 x 10% mol 1’ faniline] = 5.9 x 103 mol 1’
330 nm 25°C
[H,SO, 1 mol I ko s'
0.0322 0.100 + 7 x 10-3
0.0643 0.169 + 7 x 10 -3
0.0966 0.210 + 0.011
0.129 0.290 + 7 x 10=*
0.161 0.382 + 0.031
0.241 0.686 + 0.029

The results in Tables (6.2L) and (6.23) are shown graphi;

cally in Figure (6.4).

A very-similar effect was found in the nitrosation of

NMA. The feSults are shown in Table (6.2L)

—Inthe case of p-toluidine the reaction was catalysed
by acid over the entire concentration range studied.
The results are shown in Table (6.2§5) and also in Figure

(6.5)

These results can be readily understood by comparison
with results found for nitrosation of aromatic amines
in water with nitrous acid. At low or moderate acidities

[20] it is known that the free base form of the amine is
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Table 6.26:

Effect of [H;SO.] on the rate of nitrosation of NMA

[*BuoNO] - 5 x 16° mol I' [NMA] = 1.63 x 107 mol I
330 nm 25°C |
[H,S0,] mol I | ko s’

0.0595 0.0254 + 8 x 10"

0.0893" 0.0248 + 1.2 x°10™ ~

0.119 ~ 0.0345 + 7 x 10°°

0.149 0.0403 + 1.5 x 10-3

0.189 0.0494 + 1.3 x 10"

Table 6.285:

Effect of [H,SO,] on the rate of nitrosation of p-toluidine

[*BuONO] = 5 x 10° mol I' [p-toluidine] - 6.76x10 mol I'
285 nm 25°C '
[H,SO, ] mol I' ko s
0.0243 4.30x10°% + 1.8x107"
0.0729 0.0121 + 7 x 10™°
0.122 0.0264 + 1.9x%10°%
0.170 0.0463 + 3.5 x 103
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the reactive species in agueous solution and a zero order
dependence upon the concentration of acid is obserVed.
This is shown in Scheme (6.12). The derived first order
rate constant is shown in equation (6.13), where under the

conditions used [AI&H3] = [ArNH, ]J¢, the total stoichio-

metric concentration of amine used. A very similar
& Ka +
ArNHy ———— ArNH; + H (6.12)
k +/ NO £ +
HNO, + H* + ArNH, ——— ArN\ —tast, arN, + H,0
H
H
ko = k Ka [ArNH; )¢ (6.13)

reaction must be occurring in acetonitrile and so explains
the zero order dependence of the rate upon [H,S0, ] at
low [HySO, ]. 'The actual nitrosating species involved, by
analogy with the results of Chapter 5, is likely to be
the nitrosonium ion, but this could either be formed
from the alkyl nitrites or from an equilibrium concentra-
tion of nitrous acid (éee section b.1.4). At higher
acid concentrations, where the concentration of free
amine is very low, another reaction pathway occurs 1in
aqueous solution [20,21], namely the protonated amine

becomes the reactive species. This is shown in equation
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(6.14). The derived value of ko (equation 6.15) shows

that the reaction should be first order with respect to

both [aminely and [H*]. This would also explain the
'
NO
[
il o k| ; b fan S
ArNHy + HNO, + H————4<S§§;§§§§;;;=NH3——————%ArNg + H,O
(6.14)
ko = k, [ArNHy ] [H*] (6.15)
observed acid catalysis seen in these reactions_. Further

evidence for this comes from the factv that the acid
catalysis 1is most marked for the most _baSic amine,
p-toluidine, (pKa = 5.08 {22]) which would be expected
to have the lowest concentration of free amine of the
amines studied and hence is most likely to react via
the alternative mechanism. The pKa of several amines
~ [23,24] have been determined in acetonitrile. It was__ ..
found that the aromatic amines are all ca 5-6 pKa units
more basic 1in acetonitrile than water, i.e. Aniline;
pKa = 10.56 in CH,CN, pKa = 4.63 in H, 0 [22] and
p-toluidine; pKa = 11.25 in CH,CN, pKa = 5.08 in H,0 [22],
and so the pKa values in water give a good ‘measure of the

relative order of basicity in acetonitrile. The pKa

values of aliphatic amines are all ca 7-8 pKa units more
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basic in acetonitrile than H,.0 and so the concentration
of free amine in these solutions will be very small
indeed. This explains why the aliphatic amines are
apparently unreactive under similar conditions to those

used for the aromatic amines.

For aniline, N-methyl aniline and p-toluidine the
values of kKa for reaction with the free amine can be

estimated by extrapolatlon of a plot of ko agalnst [HLSOQ]

to zero acid concentratlon. The results are showm in
Table (6.26). As can be seen the wvalues of kKa decrease
Table 6.26:

Values of kKa for nitrosation of amines in acetonitrile

Amine [Amlne] Extrapolated k Ka pKa [22]
mol I ko s 1 mol' s (water)
Aniline 2.18x10°3 0.023 10.4 4.63
T 1.9%10°3% 0.022 ‘""_11f6" c
5.9x10 3 0.065 11.0
NMA 1.63x10 -3 0.011 6.8 4.85
p-toluidine 6.76x10 -3 0 ~ 0 5.07
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as the basicity of the amine increases- This may indicate
that the reactions are diffusion controlled [25], as
is the case in water, ie. the value of k may be very
similar for all three amines, but as accurate values
of Ka are not known it is not possible to say for certain

if this is the case.
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CHAPTER 7

EXPERIMENTAL DETAILS

7.1 Reagents used

7.1.1 Aqueous solutions (Chapters 2 and 3)

Solutions of perchloric acid were prepared by dilu-
ting the recuired amount of 60 - 62 % perchlor_ic acid
solution with distilled water. The acid solutions were
then standardized by titration with standard sodium
hydroxide solution, using phenolphthallein indicator.
Isopropanol (laboratory reagent grade) and tertiary
butanol (analar grade) were both purified Aby fractional
distillation. Analar grades of sodium chloride, sodium

bromide, sodium azide, sulphamic acid, disodium ortho—

phosphate and sodium nitrite were used without further
purification. N-methyl aniline was purified by fractional
distillation under reduced pressure. Thioglycolic acid
was obtained as a commercial sample and was used without
any further purification. The alkyl nitrites used,
isopropyl nitrite and tertiary butyl nitrite, were pre-

pared from sodium nitrite by the usual procedure. [1] and
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were purified by fractional distillation (at reduced pre-
ssure for tertiary butyl nitrite). The samples Qere stored
in. the édrk at 0-4°C. InLSOme experiments the pH of the
solutions were measured using a PTI-6 universal pH meter

with glass electrode.

7.1.2 Alcohol Solution

The alkyl nitrites, alcohols and thioglycolic acid
used -were as described iDASéctionq711.1,,.Solutions of sul- .
phuric acid in éICOhol solvent were prepared by dissolving
sulphuric acid (98%-analytical reagent) in the alcohol with
ice bath cooling. The solutions were standardized by
titration with st:_andlard sodium hydroxide solution, wusing
phenolphthalein indicator. Solutions of HCl were prepared
by passing dry gaseous HCl into the alcohol with coolihg.
The HCl gas was produced by reaction of condentrated sul -
phuric acid with sodium chloride and was dried by passing
through concentrated sulphuric acid. Thiourea, tetraethy4

ammonium bromide and tetraethylammonium chloride were all

 of the highest purity available and the tetraethylammonium

salts were stored desiccated.

7.1.3 Aprotic Solutions (Chapters 5 and 6)

Chloroform (laboratory reagent grade) was purified [2]
by repeated extraction with water to remove the ethanol.
It was then dried for 24 hours over calcium chloride and
fractionally distilled, the fraction boiling between
60 and 62°C being collected. The chloroform
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-—wise—stated;—were- used within-6-8-hours of preparation.

was then stored over type 4A molecular sieves. Acetoni-
trile (H.P.L.C.grade) was purified [2] by refluk with
calcium hydride for eight hours followed by fractional
distillation from calcium hydride, the constant boiiing
point fraction being collected and stored over type
4R mOlecular sieves. Methanol (antlar grqde) was puri-
fied by fractional distillation. Aniline, N-methyl
aniline, acetyl acetone and iso-amyl alcohol were
purified by distillation under reduced pressure and
p-toluidine was recrystallized before use. Isoamyl
nitrite was obtained as a commercial sample and was
fractionally distilled under reduced pressure before
use. Commercial samples of 1,1.1,5,5,5, - hexafluoro
- 2,4, - pentanedione and 1,1,1 - trifluoro -2,4,-

pentanedione were used without further purification.

Solutions of H4.SOs or HCl in acetonitrile were
prepared in a similar way to that described in section
7.12. Commercial samples of sulphuric acid - d, (99.5+
atom °/, ) and methanol-OD (99 atom °/, ) were used without

further purification. All acid solutions, unless other-

7.2 Rate Measurements

7.2.1. ‘Stopped-flow spectrophotometry

Stopped-flow spectrophotometry is a technigque

for measuring the rate constants of fast reactions,
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typically valwes of first order rate constants of between
0.01s' and 200s' can be measured. A schematic diagram
of the apparatus is shown in Figure (7.1). The two solu-
tions to be mixed are stored in the reservoirs and from
there they enter two identical syringes. R single piston
drives the two syringés so that equal wvolumes .of the
solution are mixea. When the plunger of the third syringe
hits the stop, the flow stops and the collection of data
is triggered. The two solutions usually consisted of a
solution-containing the"alﬁyl'nitriteMOnly and a'solution
containing all the other reagents. A typical example is

shown in Table (7.1).

Table 7.1:

typical set of solutions for stopped-flow spectrophotometry

Solution A Concentration after mi#ing
[ 'PrONO] - 2.4 x 10° mol I' 1.2 x 10" mol 1
Solution B
[TGA] - 0.988 mol I 7 0.498 mol 1.
[HC10e ] - 6.406 mol 1 - 0.203 mol I'
[“PrOH] - 0.414 mol I 0.207 mol 1’

The reaction is monitored by using a beam of mono-
chromatic 1light which passes through the cell. This
signal is amplified by a photomultiplier, which has a
voltage of about -6 volts across it. As the voltage
change is small in the reaction, an egqual but opposite

voltage (the bias voltage) of +6 volts is added to
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Figure 7.1 : Stopped Flow Spectrophotometer
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the signal. Therefore with just non-absorbing solution
at the observation point, the final voltage is zero,
and any voltage change observed results from the absor-
bance change during the reaction. ' The voltage changes
with time were recorded on a storage oscilloscope, or in
some cases were fed directly into an Apple Ile micro-~
computer where the rate constant was calculated using a
Hi-Tech Scientific stopped-flow data aquisition and

analysis system (SFOSI.0/05).

All the reactions were carried out under first

order conditions.

For the reaction R——Ji—éP

-d[R] d[P] ke [R]

dt dt

On integration equation (7.1) is obtained,

n[R =
l_[ b _ ok 7.1
[R],
where [R]lo = concentration of R at time = 0
[R]y = concentration of R at time = t
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Under the conditions used in the stopped flow spectro-
photometer, the voltage chénge during the reaction 1is
less than 10% of the signal voltage (-6v) and so the
output signal voltage is proportional to the absorbance.
Absorbance (A) can be related to the concentration (c)
of the absorbing épecies by the Beér’Lambeft law (equation
7.2) by knowledge of the extinction coefficient (e).

The voltage is

A =t 1 » (7.2)

V = ag¢cl where a= constant of proportionality
The voltage at any time t is then given by

Vt = a¢a[RY 1 + agplPLl

But [P} = [R], - [R],
S Vg = a€[RY 1 + afp(lR] - [R] )]
- [R), 1 (afg - a€p) + [R], a Epl
but [R]o = [Plw , where [P)le,, = concentration of P at
time =<0 |
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V- %
(ate - a€@l

also at time t=0, [Plo = 0

so Vo = a ¢gq[R]o 1

and Vo - a Cp[Plo 1 - a €p[RI0 1
so Vo - Vo = [Rlo(afql - a €pl)

[R]t vVt - Voo

[R]O Vo - Vo

substitution into equation (7.1) gives equation (7.2)

In Vt - Vo _ -kot (7.2)

Vo - Ve

Therefore if In(Vt - Vo) is plotted against time a
straight line. should be obtained, with gradient = -ke
The values of the observed first order rate constant, ko,

quoted are the mean of at least five separate measurements,
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and the error quoted is the standard deviation between the
individual ko values. Typical kinetic runs are shown

in Tables (7.2) and (7.7)

Table 7.2: .
A typical kinetic run for nitrosation of thioglycolic

acid in water by 'PronNO

{“Prono] - 2 x 10" wol 1 ' [*PrOH] = 0.592 mol I'
[TGA] = 0.0297 mol 1 [HC10,] - 0.2 mol I
t /s vVt mv ko s

0 92.5

0.02 130 9.97
0.04 162.5 10.29
0.06 190 10.57
0.08 210 10.44
0.10 226 "10.31

7 o127 220 10.3¢
0.16 252.5 10.53
300

mean ko = 10.35 + 0.18 '
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Table 7.3:
| ‘ ,

Table 7.4-: A typical kinetic run for the nitrosation of hydrazoic
A typical kinetic run for the nitrosation of thiourea acid in water by ‘BuONO

by *BuONO in ‘BuOH

[*BUONO] - 1.2 % 10~ mol I' [H®] = 0.50 mol I
[tBuONO] = 1 x 10°* mol I' ; [HySO, 1 = 0.0660 mol i' [HN3] = 0.0125 mol I
[thiourea] - %.012 mol f

i

‘ t s vt mv ko s§'
ts vVt mv ko s~

0 156

0 44 0.1 136 1.89
0.5 61 0.399 0.2 122 1.73
1 724 0.384 0.3 108 : 1.78
1.5 8k 0.395 0.4 96 1.82
2 9!5 0.391 : 0.5 87 1.80
2.5 104 0.407 0.6 80 1.77
3 11:0 0.403 0.7 74 1.75
3.5 11:5 6 0.408 ‘ 40

138
mean ko = 1.79 + 0.05 s

|
mean ko = 0.3§8 + 0.008 s
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Table 7.6: Table 7.5:

A typical kinetic run for tl""e nitrosation of aniline A typical kinetic run for the nitrosation of methanol
¢ . | . .
by “BuONO in ac’etonltrxle by isopropyl nitrite in acetonitrile

[*BUONO] = 1 x 10° mol I : [HSO ] =0.161 mol 1 { PrONO] = 0.010 mol I' [MeOH} = 0.113 mol I
faniline] = 5.9 ¥ 10~ mol 1 [HySO,] = 6.24 x 10-* mol I'
|
ts vt m\!/ ko s~ £t s vt mv ko s
0 17.% 0.005 155
0.5 47.5 0.365 0.010 . 122 50.8
| . ;
1.0 72.5 0.365 0.015 100 46.9
1.5 95.0 0.375 0.020 81 46.7
2.0 111.0 0.366 0.025 65 47.4
2.5 127.5 0.378 0.030 54 46.5
3.0 140 0.380 0.035 45 46.0
197.5 0.040 38 45.4
8

mean ko = 0.372 £ 0.006 s

|' mean ko = 47.1 + 1.6 s
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i
A typical kinetic run for the nitrosation of 1,1,1, 5,5,5,

hexafluoroacetylacetone by tB'uONO in acetonitrile

Table 7.8:

[HAA] = 7.23 x 10%mol \"

10
20
30
40
50
60
70
80
90
100
110

|
[HSO,1 = 1.24 x 10”3 mol
i

s Abs t

.098
.129
.152
.171
.186

0
0
0
0
0
0
0.197
0.206
0.213
0.218
0.222
0.226
0

-238

t
[ BuoND]

-5 x 16° mo1 I'

>3

1

ko s

mean ko = 0.0244 » 2 x 10" "

©c O 0o o0 © 0 0o © o o

.0240
.0245
.0242
.0244
. 0246
.0245

0245

.0245
.0243
.0241
.0245

Table 7.7:

A typical kinetic run for the nitrosation of thioglycolic

acid by nitrous acid’ ' in acetonitrile

HN0; 1.¢ 16° mol I

& © o ©o o © o©o

002
.004
.006
.008
.010
.012

[HySO,] = 3.08 x 10~* mol

[TCA] - 0.0184 mol I’

mean ko

vVt mv

26
53
73
88
100
109
113
141

=128 + 55

ko

134
132
129
129
128
118



7.2.2 Cionventio'nal. u.v. /Visible Spectrophotometry

Rate measuremehté for the s-lqwer reactions
(ko< 0.01 s’ ) were usually carried outv.using a thermo-
statted recording spectropho’tométer. The. machines used
were a Beckman model 25, Pye Unicam SP8 - 100, ‘Perkin-
Elmer lambda 3 and a Philips PU 8725. A typical reaction
procedure was to thermostat a solution of the ‘alkyl
nitrite and a solution containing all the other reagents
(total wvolume = 24 ml) at the redquired temp.era‘ture.
A 1 om silica cell containing a sample of the_ ,’so'l_vent
used in the reaction was placed in the reference beam
of the spectrophotometer. The reaction was started by
adding a small volume of the nitrite solution (typically
1 ml) to the other reagents. The solution was then
thoroughly mixed and a sample was placed in an identical
1 cm silica cell and placed in the sample beam of the
spectrophotometer. The absorbance change at a fixed
wavelength was then measured as a function of time. The
value of ko can then be obtained in a similar way to
equation (7.2). A typical kinetic run is shown in Table

(7.8)

Equilibrium measurements between alkyl nitrites
and alcohols were carr'ield out using the Perkin-Elmer
lambda 3 spectrophotometer. The absorbance changes in

the spectrum in the 280-410nm region were recorded as a
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function of the concentration of the reagents. Knowledge
of the extinction coefficients of the alkyl nitrites
enabled  the concentrationé of the élkyl nitrites to be
calculated and hence ﬁhe equilibrium conStant could be

obtained. This is shown below.

RONO <+ R'OH ;:ff ROH + R'ONO

A B c D
If only A and D absofb at the wavelength then;
‘20os = [Algy 1 + [Dlg 1
but [A]Jo = [A] + [D]

so [A] = Abs -&pl[A]Jo

(&l - €41)

So if [Alo (the concentration of A added), the value
of -[A]--and hence--[D] can be calculated -and—if [B] and
[C] are such that they are constant through the experiment
the value of K can be readily calculated. Typical results

are shown in Table (7.9).
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Table 7.9:

Typical results for eguilibrium constant measurements between 2PrONO and MeOH in acetonitrile

7\ nm S 2 ProNO EMeONO‘

: 0 -l
(I mol’ cm')
390 35.86 21.32
283 105.9 77.97
[MeOH] [ *ProNo} [(*ProNoOjo Abs {*ProNOleq mol 1-2 K
mol 1-* mol 1-°% mol 1-2 390nm 283nm 390nm 283nm
0.491 0.258 8.42 X 10~ 0.192 0.698 8.6 x 10-= 1.4 % 10-° 3.26
0.491 0.515 8.37 x 10-® 0.212 0.733 2.31 x 10™®  2.89 x 10-® 3.37
0.491 = 0.773 8.28 x 10-™ 0.224 0.748 3.27 x 10~ 3.68 x 10-® 3.75
|
0.246 0.515 8.30 x 10~= 0.238 0.779 4.20 x 107>  4.72 x 10-® 3.90

mean K = 3.56 + 0.26



References

1. W.A.Noyes, Org. Synth., Coll. Vol. II, 1943,
pp 108, 204, 363

2. G.J.Janz and R.P.T. Tompkins, in Non aqueous Electo-

lytes Handbook, Vol 1., Academic Press, New York, 1972

-284-



APPENDIX
a) LECTURES AND SEMINARS ORGANISED BY THE DEPARTMENT OF
CHEMISTRY DURING THE PERIOD $985-1988
(* Denotes those attended)

17th_Ogtober 1985

Dr C.J.ludman (University of Durham)
'Some Thermochemical Agpects of Explosions'

24th October 1985%

Dr J Dewing (U.M.I.S.T.)
'Zeolites - Small Holes, Big Opportunities'

30th October 1985ﬁ=

Dr S.N.Whittleton (University of Durham)
'An investigation of a Reaction Window'

31st October 1985%

Dr P.Timms (University of Bristol)
'Some Chemistry of Fireworks'

5th November 1985+

Prof.M.J.0'Donnell (Indiana - Purdue University)
'New Methodology for the Synthesis of Amino Acids'

7th November 1985%

Prof. G.Ertl (University of Munich)
'Heterogeneous Catalysis'

14th November 1985

Dr S.G.Davies (University of Oxford)
'Chirality Control and Molecular Recognition'

20th November 1985

Dr J.A.H.Macbride (Sunderland Polytechnic)
'A Heterocyclic Tour on a Distorted Tricycle - Biphenylene'

21st November 1985

Prof. K.H.Jack (University of Néwcastle)

'Chemistry of Si-A1-0-N Engineering ceramics'
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28th November 1885

Prof. D.J.Waddington (University of York)
'Resources for the Chemistry Teacher'

28th November 1985%

Dr B.A.J.Clark (Kodak Ltd)

'Chemistry and Prineiples of-colour photography'
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Prof. N,Shebpard (University of East Anglia)

'Vibrational and Spectroscopic Determinations of the Structures
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Prof. 0.S.Tee (University of Montreal)
'Bromination of Phenols'
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Dr J.Yarwood (University of Durham)
'The Strueture of Water in Liquid Crystals'

13th February 1986

Prof. R.Grigg (University of Belfast)

'Thermal Generation of 1, 3=Dipoles'

-286-



19th Februsry 1986%
Prof. G.Procter (University of Salford)
'Approaches to the Synthesis of some Natural Products'
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Dr C.J.F.Barnard (Johnson Mathey Group)
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Prof. D.Dopp (University of Duisburg)
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Dr R.M.Serowston (University of Hull)

'From Myth and XMsgic to Modern Medicine'

13th November 1986*

Prof. Sir G. Allen (Unilever Research)
'Biotechnology and the future of the Chemical Industry'
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'Chemieal Serendipity - A Real Life Case Study’

26th quember 1286

Dr N.D.S.Canning (University of Durham)

'Surface adsorbtion studies of Relevence to Heterogeneous Ammonia
synthesis’
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28th January 1987
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Prof E.H.Wong (New Hampshire, UsA)
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19th February 1987

Dr M. Jarman (Institute of Caneer Research)
'The design of Anti-Cancer Drugs’

4th March 1987

Dr R. Newman (University of Oxford)
'Change and Decay: A Carbon-i3 CP/MAS N,M.R. Study of Humifisation
and Coalifieation Processes'

5th March 1987
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9th March 1987*

Prof. G.G. Bordwell (N.E. University,USA)
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17th March 1987

Prof. R.F. Hudson (University-of—Kent)
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18th Mareh 1987%*

Prof. R.F. Hudson (University of Kent)
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6th May 1987

Dr R. Bartsch (University of Sussex)
'Low Coordinate Phosphorus Compounds'

7th May 1987%

Dr M. Harmer (ICI Chem and Polymer Group)
'The Role of Organometallies in Advanced Materials'
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11th May 1987
Prof, S. Pasynkiewicz (Techo Uhiv°9.Warsaw)

‘Thermal Decomposition of Methyl Copper and its Reaetions with
Tri-alkyl Aluminium'

17th May 1987*

Dr M. Blackburn (University of Sheffield)

'Phosphonates as analogues of Biological Phosphate Esters'

Prof. S.M. Roberts (University of Exeter)

'Synthesis of Novel Antiviral Agents'

26th June 1987

Dr C. Krespan (E I DuPbnt de Nemours)
'Nickel (0) and Tron (0) as Reagents in Organofluorine Chemistry'

15th Oetober 1987*

Dr M.J. Winter (Universitly of Sheffield)
'"Pyrotechnics'

229nd October 1987%

Prof. J.W. Gray (University of Hull)
'Liquid Crystels and their Applications'

12th October 1987

Mrs S. van Rose (Geological Museum)
'Chemistry of Voleanoes' N B

5th November 1987*

Dr A.R. Butler (University of St. Andrews)
'Chinese Alchemy'

12th November 1987

Prof. D. Seebach (E T H Zurich)

'From Synthetic Methods to Mechanistic Insight'
26th November 1987

Dr D.H. Williams (University of Cambridge)

'"Molecular Recognition'
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3rd_December 1987%

Dr J. Howard (ICI Wilten)
'Chemistry of Non-equilibrium Processes'’

10th December 1987*

Dr C.J. Ludman (University of Durham)
'Expleosives’®

lﬁth_DeGember,lQSZ

Mr R. M. Swart (ICI)
'"The Interasétion of Chemicals with Lipid Bilayers'

19th December 1987%

Prof. P.G. Semmes {Smith, Kline and French)

'Chemical Aspects of Drug Development'

21st January 1988*
Dr F. Palmer (University of Nottingham)
'Iuminescence’

98th January 1988%

Dr A. Cairns-Smith {Glasgow University)
'Clay Minerals and the Origin of Life'

11th February 1988

Prof J.J. Turuer (University of Nottingham)

'Catehing Organometallic Intermediates'

18th February 1988%*
Dr K Borer (University of Durham Industrial Research Labs.)
'"The Brighton Bomb - A Forensic Science View'

25th February 1988*

Prof. A Underhill (University of Bangor)
'Molecular Electronics'

3rd March 1988

Prof. W.A.G.Graham (University of Alberta, Canada)

'Rhodium and Iridium Complexes in the Aetivation of Carbon-Hydrogen Bonds'
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7th March 1988%

Prof. H.F. Koch (Ithaca College, USA)
'Does the E2 Meehanism Occur in Solution'

7th_April 1988

Prof. M.P. Hartshorn (University of Canterbury, New Zealand)
'Aspeets of Ipso Nitration'

18th April 1988

Prof. C.A. Nieto de Castro (University of Lisbon and Imperial College'
'Transport properties of Non-Polar Fluids'

19th April 1988%

Graduate Chemists (Northeast Polyteehnics and'Universities)
'R.S.C. Graduate Symposium'

95th April 1988%

Prof. D. Birehall (ICI Advaneed Materials)
'Environmental Chemistry of Aluminium'

27th April 1988

Dr R Rishardson (University of Bristol)

'X-ray Diffraction From Spread Monolayers'
27th April 1988%
Dr J.A. Robinson (University of Southampton'

'"Aspects of Antibiotic Biosynthesis'
28th April -1988% -
Prof. A. Pines (University of California, Berkeley, USA)

'Some Magnetie Moments'

11th May 1988%

Dr W.A. MeDonald (ICI Wilton)

'Liquid Crystal Polymers'

8th June 1988

Dr J.P. Majoral . (Universite Paul Sabatier)

'Stabilisation by Complexzation of Short-lived Phosphorus Speeies'
20th June 1988%

Prof. G.A. Olah (University of Southern California)

'New Aspeéts of Hydrocarbon Chemistry'
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b) First Year Induction Course (October-November 1985)

A series of one hour presentations on the services

available in the Department

1) Departmental organisation

2) Safety matters

3) Electrical appliances and infra-red
spectroscopy

4) Chromatography and Microanalysis

5) Atomic absorptiometry and inorganic analysis
6) Library facilities

7 Mass spectroscopy

8) Nuclear magnetic resonance spectroscopy

2) Glassblowing technique






