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Abstract

Studies have been made of the reaction of several carbonyl compounds with sulfite in aqueous
solution. 'H NMR results indicate the formation of hydroxyalkanesulfonates, HXS, of
general structure, RR’C(OH)(SO3Na). Equilibrium and kinetic studies of the decomposition
reactions have been made making use of the rapid reaction of iodine with liberated sulfite.
The decomposition shows an acidity dependence; above pH 3 reaction mainly involves the
dianion, RR’C(O")(SO3"), while below pH 3 the monoanion, RR’(OH)(SO5) is involved. In
the case of adducts from propanal values obtained for the rate constants for decomposition
were 370 s™ and 3.9x10 s for the dianion and monoanion respectively. pK, values for acid

dissociation of several HXS compounds were measured and found to be in the range 9 — 12.

The reactions of hydroxypropanesulfonate, HPS, with aniline and aniline derivatives have
been studied. 'H NMR spectra accord with formation of anilinopropanesulfonates, APS,
kinetic and equilibrium measurements were made spectrophotometrically in the presence of
added sulfite ions. The overall equilibrium constant for the reaction with aniline was found to
be 84 dm® mol”. The mechanism of the reaction is thought to involve decomposition of HPS
to yield propanal which reacts with the amine to yield a carbinolamine intermediate. This
subsequently dehydrates giving an imine which reacts rapidly with free sulfite to give the
product, APS. The results suggest a change in rate limiting step from the reaction of aniline
with propanal at low pH to carbinolamine dehydration at high pH, the change occurring at pH

6 -7. the effects of ring substituents in the aniline on reactivity have been examined.

Reaction of propanal with aniline in acetonitrile yields the imine. Kinetic studies of its
decomposition back to reactants in the presence of aqueous sulfite solutions confirm the

conclusion reached from measurements on the forward reaction.

Reactions of hydroxymethanesulfonate, HMS, with benzylamine and some derivatives were
observed by "H NMR spectroscopy. Eduilibrium constants for the formation of 1:1 and 1:2
adducts were measured and the variation of values with pH were examined. Trimerisations of

the imines formed from formaldehyde and benzylamine and its derivatives were successfully

achieved.
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RNH, primary amine
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HZ nucleophile with an acidic hydrogen
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c* Taft polar effects of a subsituent

E, Taft steric effects of a subsituent

o Brensted coefficient
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Nuc general nucleophile

HA solvent or acid

B: base

k rate constant

K equilibrium constant

HSO5 bisulfite ion

SO;> _ sulfite ion

HMS hydroxymethanesulfonate, CH,(OH)(SO3Na)
Ka acid dissociation constant

pKa -LogioKa

pH ' -Logo[H']

H hydrogen ion or proton

OH hydroxide ion

Kw Dissociation constant of water = 1x10™"* mol dm™
pD -Logio[D’]

D" deuterium ion or deutron

HXS general hydroxyalkanesulfonate
HPS hydroxypropanesulfonate, EEHC(OH)(SO3")
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HIPS
HCPS
AXP

. APS

HSO3-
Ka

ISO5°
Kl

aqueous iodine solution

I3

I
[X2]stoich
SIV)
[X]stoich
1

A/ nm

Amax
A

hydroxyisopropanesulfonate, (Et),C(OH)(SO;3;Na)
hydroxyiso-1-chloropropanesulfohate, (CH;CI)(Et)C(OH)(SOsNa)
aminoalkanesulfonate

anilinopropanesulfonate

acid dissociation constant of bisulfite ions = 1x10"® mol dm™
iodosulfate

potassium iodide

I; + I3 + I species

triiodide

iodide

(I2] + [I5]

sum contribution of bisulfite and sulfite ions
stoichiometric concentration of X

ionic strength

wavelength / nanometres '

wavelength of peak maximum

absorbance

change in absorbance

absorbance at reaction completion

Hammett substituent parameter

Hammett reaction parameter

proton nuclear magnetic resonance

carbon 13 nuclear magnetic resonance

d-3 acetonitrile

. d-¢ dimethy! sulfoxide

chemical shift / parts per million
coupling constant / hertz

singlet

doublet

triplet

multiplet
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Chapter one: Introduction

1 Introduction

1.1 Background

Condensation reactions involving an aldehyde, an amine and a nucleophile (Scheme 1.1) are

potentially useful in commercial synthetic processes.

Scheme 1.1: RNH, + R'CHO + HZ e RNHCHRZ + H,0

One example of importance is the Mannich reaction’, where HZ is a compound with an acidic
hydrogen. The products formed are known as Mannich bases and are of great significance to
the pharmaceutical and polymer industries. Specifically using hydrogen cyanide as HZ,
constitutes the first step of the Strecker reaction®. This reaction is of interest as it is widely

used to synthesize a-hydroxy-carboxylic acids, a-amino acids and f-amino alcohols.

Reactions of carbonyl compounds are reasonably well documented, however there has been
little quantitative study in relation to the kinetics and mechanisms of the reactions shown in
scheme 1.1, especially when the HZ compound contains sulfite. There is industrial interest
when HZ is sulfite since the azo-dye industry uses the reaction in the production of printing
inks. The focus of work described here is reaction of carbonyl compounds with sulfite,

including reactions in the presence of amines.

1.2 Reactions of carbonyl compounds with nucleophiles

Reversible carbonyl addition reactions as shown in scheme 1.2, result from the carbonyl
group being strongly polarized due to the electronegative oxygen, leaving a partial positive

charge on the carbon atom, thus facilitating nucleophilic attack.
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Scheme 1.2:
Rl

Rl
>:O + HZ Z\““)\OH

Ru R"

There is evidence that the nucleophile attacks the carbonyl carbon perpendicular to the plane
of the carbonyl group. Addition produces a change' from the planar sp® hybridisation with
120° bond angles to tetrahedral sp® hydridisation. The reversibility of these reactions depends
on the stability of the anionic form of Z and the ability for elimination of the proton. The
adduct is favoured when Z° is unstable, as this would make the addition essentially
irreversible; this occurs with anions such as hydride or carbanions. Steric, resonance and
inductive effects determine the rate of reaction and equilibrium constants for the reaction

shown in scheme 1.2, with most being subject to acid-base catalysis.

1.2.1 Hydration

Addition of water to ketones and aldehydes yields hydrates which are gem-diols (a diol that
has both hydroxy groups on the same carbon). Carbonyl compounds with electronegative
substituents can produce solid hydrates; a classic example is chloral hydrate, trichloroethanal
hydrate’. At low enough temperatures even the-hydrate of ethanal has been reported to
crystallise, however no characterisation was completed®. Although the majority of carbonyl
compounds do not give solid hydrates, there have been many studies producing evidence for

the occurrence of the reaction in scheme 1.3.

Scheme 1.3:
Rl

HO‘")\OH

R" ) ‘ R"
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Early studies were conducted on the thermodynamics of the hydration of ethanal’. It was
discovered that about 5 kcal mole™ of heat was evolved when ethanal was dissolved in water,
providing evidence for hydration. Subsequent studies, using density as a method® were

_attempted, but were not sensitive enough to give quantitative results.

Little quantitative study of scheme 1.3 was therefore possible until the availability of UV
methods. The carbonyl’s broad n-n* absorption band at around 280nm was discovered to
diminish on hydration. Early studies’ showed many inconsistencies due to the uncertainty of
the value for the true maximum extinction co-efficient (en) of the .unhydrated carbonyl.
Problems arose from the solvent-dependency of this value on transfer from organic to
hydroxylic solvents®. Assumptions were made that a series of aldehydes would have similar
values to those of ketones of a similar structure where hydration is unimportant’. However
this method only gave an outline as to what the correct &y value would be, so a method was
devised giving an independent check on the value'®. This involved comparison of equilibrium
data obtained from calorimetric measurements and from spectrophotometric measurements.
The results allowed an estimation for &, ethanal® of 17 at 278nm in water compared to a
measured value for &, of 16.2 at 288nm for a hexane solution. It became possible with
knowledge of the true &, for UV measurements, to be used to give compatible results for

many other carbonyls which can be seen in table 1.1.

NMR studies using line broadening methods can be effectively used to measure rate constants
for both forward and reverse reactions allowing an estimate of the equilibrium position. The
first studies concentrated on ethanal''. The technique is more sensitive than UV and can
detect even small amounts of hydration, as in the case of acetone, which is often regarded as
unhydrated'®. There is limited information for hydration in deuterium oxide, yet studies on
five aliphaticv aldehydes suggested that an isotope effect can make the dehydration constant up

to 20% smaller in D,O compared to studies in H,0.B

The dissociation constant for the hydrates can be expressed as:

[RR'CO]  _ 1
[RR'C(OH),] Ky

(1.1)
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Scheme 1.4:

R' k, )\ )
>:O + Nuce® =——= Nuc"'/O0
R" k'l R"
Rl Rl
_ k,
Nuc“"/T™0 + HA =——= Nuc“'/TOH + A
R" k_2 R"

The detailed pathway depends heavily on the strength of the nucleophile, as this dictates the
stability of the intermediate 1. If the nucleophile is strong the intermediate should be
relatively stable, predicting that the rate of protonation to the hydrate should be bigger than
the rate of decomposition back to reactants. This therefore suggests that the first step is rate
determining indicating no acid-base catalysis (if the pre-equilibrium formation of Nuc™ from
H-Nuc is included, specific base catalysis would occur). When the nucleophile is weaker as
with water, the intermediate would be able to decompose much more easily, suggesting that
reversion of 1 to reactants could compete with the protonation step. General catalysis would
be observed as the proton transfer would become part of the overall kinetic expression.
Jencks23 described this process as enforced catalysis because the intermediate would revert
back to reactants unless the protonation by HA traps it. However if k., were much larger than
protonation the second step becomes rate limiting unlike the previous combined process. The
intermediate wouldn’t be able to exist if the nucleophile was even weaker still. This would
predict that nucleophilic attack occurs simultaneously with proton transfer as shown in
scheme 1.5. Thus, scheme 1.4 reduces to a single step, with a concerted proton transfer,

where general acid catalysis is expected. This theory offers consistent explanations for the

mechanism of hydration.

Scheme 1.5:

Nuc
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1.2.2: Addition of sulfite

The simple mechanism of scheme 1.4 may also apply to the addition of other nucleophiles to
carbony'l compounds. Sulfite readily adds to aldehydes and unhindered ketones, with the
equilibrium further to the right for the aldehydes than for the ketones. The addition requires
the sulfite to be in its most basic form, its dianion (SO3%). There is good evidence®* that the
bond to carbon involves the softer sulfur centre rather than the harder oxygen of the sulfite
producing the acid and not the ester as shown in scheme 1.6. The sulfite ester would be

unstable with respect to elimination of sulfur dioxide.

Schemel.6:
R'><OH R'. ,OH
0 >< 0
Z /)
R s R 0—s.
3o -
- | Hydroxy sulfonic acid Hydroxy sulfite ester

Some equilibrium studies for sulfite addition have been reported and values are given in table
1.3. The value of 6400 dm® mol™ for benzaldehyde, obtained in acidic solution®® may be
considered reliable. However, less confidence can be placed in the other values since the
level of the acidity, and whether it was controlled, is not clear. The general trend is that
increasing electron release and increasing steric size in the groups attached to the carbonyl

function tend to reduce values of the equilibrium constant.

Rl

Scheme 1.7: R ' K
>:o + HSO; HO"“J™S0;

R" RH
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Table 1.3: Equilibrium constants for the addition of sulfite at 0°C 2

Jencks and co-workers?” *® have investigated the catalysis by acids and bases of the reaction
and have concentrated on the reverse process, i.e. sulfite elimination. Ring substituted
benzaldehydes were studied where spectrophotometric detection of the parent aldehyde can be
used. In acidic solutions, pH < 3, there was evidence for general acid catalysis. The
mechanism proposed, scheme 1.8, involves slow acid assisted expulsion of hydrogen su]ﬁte
followed by rapid deprotonation. Above pH 3, general base catalysis was observed but with a
Bronsted B value of 0.94. This is best interpreted as a rapid equilibrium proton transfer,
followed by rate limiting expulsion of sulfite which is weakly assisted by the conjugate acid
of the catalysing base. Since the rate-determining transition state contains the parent plus
base, the observation of general base catalysis is explained. Weak catalysis of the
decomposition by metal ions, particularly Zn®** and Mg®*, was interpreted in terms of

association of the cation with the leaving sulfite group.



Scheme 1.8:
pH below 3 R

HO"“' [S0;
Rll

R +
>: OH
Rll

R'

Ho"'/\so;

pH above 3

slow
—_—

fast

fast

slow

|

1.2.2.1: Hydroxymethanesulfonate, CH,(OH)(SOs;Na)

Chapter one: Introduction

R+
>:0H + HSO; + A
Rll

In early studies®, it was found that the addition of sulfite to carbonyl compounds produced

hydroxyl sulfonic acids; ‘the reaction between formaldehyde and sodium bisulfite’, yielding

hydroxymethanesulfonate, or HMS. HMS is a compound that is used to provide equimolar

amounts of formaldehyde and sulfite ‘in situ’, as it dissociates readily in aqueous solutions.

Of the studies reviewed, several have focused on the decomposition of HMS, as shown in

scheme 1.9. Stopped-flow techniques have been used to measure ks as 2.3x10® s 3 the

method uses the rapid reaction with aqueous iodine to remove the liberated sulfite. A study

by Serensen and Andersen®’' examined the equilibria involved and obtained a value for K, of

107 mol dm™, giving a pK, for HMS as 11.7.

10
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case aniline. Via several further steps, sulfite as a nucleophile is introduced yielding an

anilinomethanesulfonate. These processes will be discussed in greater depth later.

1.2.3: Addition of amines

The reactions of ketones and aldehydes with amines have been reviewed by a number of
authors™. The amine addition to a carbonyl! centre is similar to that of hydration and addition
of sulfite, but the reaction products depend on whether the amine is primary, RNH,

secondary, RR’NH, or tertiary, RR’R’’N.

1.2.3.1: Primary amines

The reaction between primary amines and carbonyl groups produces an imine’* of general
formula RR’C=NR’’. The mechanism of the reaction has two main steps. Firstly, there is the
nucleophilic attack by the primary amine on the carbonyl group to yield a carbinolamine®,
RNHCR,0H (2, scheme 1.10). The second step involves dehydration of the carbinolamine to

produce an imine, (3, scheme 1.10)

Scheme 1.10:

. R
RNHZ/_\K\ Yy =——= RHNI:)\OH . RHN(‘\" &
| H

Rll

12
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The first step of the mechanism, involves the thermodynamically favourable formation of the

carbinolamine°.

The actual value of the equilibrium constant®® for this step, is determined
principally by the pKa value of the amine and by steric properties. For the reaction of aniline
and formaldehyde, the equilibrium constant is 4.5x10° mol"! dm® at 25°C, 1.0M ionic
strength®®. In comparison to the amine, the pK, of its respective carbinolamine is often 2 to 3
units lower’”. This is primarily due to the decrease in solvation which is brought about by the

exchange of one of the amines protons for a hydroxymethyl group.

The importance of imines can not be underestimated, as they have proven to be the focus of
many industrial applications, both enzymatic and synthetic’®. As in hydration and addition of
sulfite to carbonyl groups, the reaction to produce the carbinolamine and then the dehydration
yielding the imine may be subject to catalysis both from acids and bases. These issues,

together with the mechanism itself, will be discussed in greater detail in section 1.3.

1.2.3.2: Secondary amines

The a.ddition of a secondary amine to a carbonyl group, again produces a carbinolamine (2a
schemel.11), which then expels the hydroxyl group, yielding an iminium ion®,
RR’C=N'RR’”’. As is shown in Scheme 1.11 elimination of a hydrogen on the a-carbon,
can produce an enamine®’ (4 scheme 1.11) which is an a,B-unsaturated tertiary amine, with a

double bond in the a,p position relative to the nitrogen atom.

Scheme 1.11:
R R

. H* ﬂ . ﬂ;‘ R \ + R
R'R"N'™ OH R"'R"N"' OHZ P —— N:< + H20
R' R' m/ '
R R
2a
R", o C/R R \ C/R
/A BH* AR
Rm QH”\:B . Rm C\H
/ \ /
H H H

When R' = Methyl group

13
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An enamine can also be produced from the reactions involving the addition of primary
amines. The imine produced (when having a-hydrogens) can undergo imine — enamine
tautomerism*' (scheme 1.12). However, in this situation, the imine generally tends to be the

more stable form.

Scheme 1.12: R R, R
| —H H/ \\C
/C\ / \H
H H H

1.2.3.3: Tertiary amines

The addition of tertiary amines to carbonyl groups is often unfavourable, as it leads to the
formation of unstable zwitterionic carbinolamines, which revert back to reactants. One
example where this type of addition is possible, is when a ring system enhances the

carbinolamine stability. For 3,3-dimethyl-4-dimethylaminobutanal®’, as shown in scheme

1.13.

Scheme 1.13:

Me\ ,Me Me\ +Me . Me\ +Me
N N 0 N OH
|O —— ——
H H
Me Me Me
Me Me Me

1.3: Imines

Imines or ‘Schiff bases’, so named because of their first discovery by Schiff* in 1864, contain
a carbon — nitrogen double bond, C=N. However, throughout the litérature, there is evidence
that various other names have been used to refer to compounds containing this C=N grouping,

with other groups attached around it. A summary of these variances can be seen in table 1.5.

14
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example in the reaction of acetone with hydroxylamine to give the corresponding imine there
us a rate maximum at pH 4.5, which is 1.5 units lower than the pK, value for hydroxylamine.
Dependences have been found between the pH maximum and the basicity of the imine; with
weakly basic amines the maximum occurs at a slightly higher pH than for more strongly basic
amines. Early works* recognised that the maximum was due to the opposing effects of
amine protonation which decreases reactivity at low pH and acid catalysis which becomes

important at higher pH values.

More detailed kinetic analysis has shown that the actual pH maximum can be attributed to the
result of a change in the rate-determining step with pH*. Below the pH maximum, tﬁe rate-
determining step is the attack of the amine on the carbonyl group, as the concentration of the
free amine becomes lower due to a higher degree of protonation. Above the pH maximum, in
neutral and basic solutions, the acid catalysed dehydration of the carbinolamine is rate

limiting.

Formation of the carbinolamine can, in some types of reactions, become a stepwise process;
the first step producing a zwitterionic form of the carbinolamine (shown in scheme 1.14), with
the second step, being proton transfer. Taking this into account, studies have suggested that
the bell shaped curve should show a break in the graph at very low pH (~1), which would
correspond to a third, kinetically important step. At this pH, the rate-determining step is the

uncatalysed formation of the zwitterions*’.

Scheme 1.14:
R R

+ . -
RHN“‘)\OH RHZN“‘)\O

R R

In the acidic region therefore, the reaction can be best illustrated as two concurrent pathways;

paths a and b, as shown in scheme 1.15.
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Scheme 1.15:

ath a
Y R

= |mion
o+ o

Rll

- H+

Rl

+H*
¥ RHN“‘}\OH — RN:<R' + H0
R’ R"

Path a involves both steps; the addition of amine to form the carbon nitrogen bond, and the

protonation of the carbonyl group, which can be said to be concerted (scheme 1.16).

Scheme 1.16:
R R R
. +
RNg;\>——$> HOA RHZN“‘)\OH v A RHN“')\OH + HA
R“ R" Rll

Path b follows a stepwise mechanism involving formation of the zwitterionic form of
carbinolamine, which then undergoes proton transfer to produce the neutral carbinolamine
(scheme 1.15). There have been several computational theoretical studies*, producing
evidence to suggest that this mechanism is not straightforward. It was proposed in the studies
that conversion from the zwitterion to the neutral carbinolamine involved two water

molecules, similar to the imidazole-catalysed hydration of carbonyls.

It is known that the pK, of the amine largely determines the pH maximum of the bell shape
curve, and this together with the steric and electronic effects of the carbonyl compound dictate
the contributions of each pathway®. The evidence suggests that for general purposes, two

rules can be applied*’: -
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1) For weakly basic amines, or carbonyl compounds where carbinolamine formation is
unfavourable, the zwitterionic intermediate will be unstable and the reaction will

proceed through the concerted process of path a.

2) For moderately basic amines, and carbonyl compounds that show favourable
carbinolamine formation, the zwitterionic intermediate will be relatively stable and the

reaction will follow path b.

Thus, if we were to equate the bell-shaped graph to rate determining steps, in the neutral and
basic region, the dehydration of the carbinolamine, is generally the rate determining step.
Whereas, in the acid region, attack of the amine on the carbonyl group is rate determining.
However, as illustrated, the acidic region can be split into two. At very low pH values, the
mechanism for formation of carbinolamine, proceeds stepwise, via the zwitterionic form of
the carbinolamine. The other route conversely, is a concerted process, where addition of the
amine and protonation of the carbonyl group occur simultaneously. Therefore, the factors
stated can be attributed to the pK, of the amine and the steric and electronic effects of the

carbonyl compound.

Nonetheless, there are several reaction systems where these arguments fail to be supported, as
the rate versus pH profile does not show the characteristic bell-shape. For some formations of
semicarbazones, oximes and hydrazones, even at low pH values® the raté determining step is
carbinolamine dehydration.  This may be possible for reactions which can occur
intramolecularly and involve the formation of a transition state with a cationic site on an
aromatic ring. This cationic site can increase the rate of amine attack relative to
carbinolamine dehydration. So that carbinolamine dehydration effectively becomes rate

determining at all pH values.

1.3.1.2: General acid and base catalysis

The formation of imines by the addition of primary amines to carbonyl compounds is often
subject to general acid and base catalysis’'. It has been suggested that general acid catalysis,

involves addition of the amine and transfer of a proton to the carbonyl group (scheme 1.17)
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Scheme 1.17:
R R
. 5 =
R Rll
R R'
" fast N
RHN! OH + HA =——= RHN" OH + A
R" Rll

It is likely that general base catalysis involves concerted removal of the proton from the

amine, to enable addition to the carbonyl group (scheme 1.18)

Scheme 1.18:
/\ R' 6-’ R R'--S_'
A+ H—N@%O A"H"II‘{I"*'O
R" Rll
Rl . Rl
" fast ,
RHN“)\OH + A _ RHN“}\O + HA
RH RII

Dehydration of carbinolamines derived from strongly basic amines may involve direct

expulsion of the hydroxide ion, facilitated by the driving force of the lone pair on the nitrogen

atom (scheme 1.19).
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Schemé 1.19:

q e + R fast R
RHN" OH =———— RHN‘——< + OH =——= RN:< + H,0O
RII Rll

Rll

Acid catalysis of carbinolamine dehydration has also been reported. Kallen’s work™ yielded
a value for the rate constant for the proton catalysed dehydration of the carbinolamine 5,

formed from formaldehyde and cysteine, of 1.4x10° dm® mol™ 5™ at 25°C.

SH

H

HOOC N‘-’—OH ‘
H

H

Jencks and co-workers™ in studies of semicarbazone and oxime formation favoured that
catalysis by anilinium ions is much more efficient than catalysis by other acids of comparable
strength. The reaction pathway, as illustrated in scheme 1.20, demonstrates that aniline acts
as a nucleophilic catalyst by reacting with the carbonyl in the rate-determining step to produce

the imine. The fast step involves reaction of the imine with, for example, a semicarbazide to

generate the product.

Scheme 1.20:

CHNH, + R,cO SOW_ CHN=CR, + H,0

CHN=CR, + NH,NHCONH, -Fast_ R C=NNHCONH, + C/H,NH,
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1.4: Reaction of imines

Many imines are very reactive and undergo further reaction, such as polymerization. They
are generally only stable and easy to isolate when substituted with bulky groups, such as aryl
groups, which sterically restrict reaction. Resonance effects can stabilise imines such as
semicarbazones (6), oximes (7) and hydrazones (8), where the nitrogen in the C=N bond is

attached to either a hydroxyl group or a second nitrogen atom.

H 0 H
R /N—< R, OH R, N-R
A V=
R" R" R"
6 7 8

Imines derived from formaldehyde having the general formula RN=CH,, are generally very
unstable and can rarely be isolated. Methylene-aniline imine CsHsN=CHj, exists only in the
gas phase®® as it is too unstable in solution. The 6nly known stable imine of this type, is N-
methylene-2,6-di-isopropylaniline  (9), formed from formaldehyde and 2,6-di-

isopropylaniline™.

Many reactions of imines involve the intermediacy of iminium ions, RR’C=N"HR’’, which
are very reactive and hence have short lifetimes in aqueous solution. Jencks and co-

workers*® examined the kinetics of the decomposition reaction shown in Scheme 1.21.
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Scheme 1.21:

H,C. ~CH,SR H,C<4-CH, H,C. ~CH,OH

P TR TR

The overall rate constant for the reaction is given by equation 1.3, so that the decomposition is
inhibited by added thiolate ion. Assuming that the reaction of iminium ions with thiolate ions
is diffusion controlled, £.; = 5x10° dm® mol™ s, allowed the calculation, using equation 1.3,
of values for k0. These varied between 1.0x10° s for X = 4 — NO, to 3. 1x10% s for X = 4
- Cl.

k
kobs = k! HIO
k,[SK] +k
! H0 (1.3)
1 ] k,[SK]
R
obs ) 1 %y 0 (1.4)

Very large rate constants for reactions of the iminium ions 10 and 11 with water have also

been reported’ 6af

NO
Ho ~ Nt
CF,CH, ~CH,
+N=CH,
/
H,C
(10) an
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Due to the high reactivity of iminium ions with nucleophiles, imines have found wide use in
synthetic work®’. Some reactions of imines directly relevant to present work are detailed

here.

1.4.1: Hydrolysis of imines

As previously discussed, the formation of imines involves reversible stepwise mechanisms
and because of this, imines can readily revert back to starting materials. Hydrolysis normally
involves reaction via the protonated derivative rather than the imine. The rate is dependent on

steric factors and the electron withdrawing ability of the groups attached to the imine®.

The principle of microscopic reversibility states that the forward and reverse reactions must
occur by the same mechanism. A characteristic bell-shaped curve graph for hydrolysis
against pH is observed”. This again, has been interpreted as corresponding to a change in
rate determining step®. At basic pH, attack of hydroxide ion, on the iminium ion is rate

determining®’ (scheme 1.22)

Scheme 1.22:

' 1 R'
i e (| ()l Vo o I
+ .
e ) RHN OH

R" R"

ll

fast

As the conditions become more acidic, attack of water, rather than hydroxide ion on the

iminium ion, becomes the predominant pathway and rate determining (scheme 1.23)
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Scheme 1.23:
R' R'

.fast +
T~ = O '+ NH;R

Rll

. R
+ slow

RI—IN’% + HZO ————t RHzﬁ’\“
. Ru R.

This reaction is general base catalysed: catalysis probably occurs as shown in scheme 1.24.

Scheme 1.24:

In still, more acidic conditions, the loss of amine from the carbinolamine, becomes rate

determining (scheme 1.25).

Scheme 1.25:

R’ . R H R
a ast slow
+ = + _
RHN# . + H20 RHZN\\\J\OH RHZN\\I)\O
R Ru Ru
RI
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The reaction shown above is considerably slower at very low pH values, as a proton has to be
removed from the oxygen atom of the carbinolamine, so that a sufficient driving force is

obtained to expel the amine.

1.4.2: The Mannich reaction

The Mannich reaction results from the reaction between an aldehyde, usually formaldehyde,
an amine and a compound with an easily removable acidic proton R’H (scheme 1.26). The

latter is usually a ketone, an acid or an ester. The product R;NCH,R’ is known as a Mannich

base.

Scheme 1.26:
R,NH + HCHO + RH —— RNCH,R' + H,0

There have been several studies published on the synthesis and mechanism of this type of
process, along with further reactions involving the Mannich bases®>. The reaction mechanism
has been discussed and kinetic studies have suggested two mechanisms that should be

considered, ‘acidic media’ and ‘basic media’, depending on acidity®’.

634 the reaction involves electrophilic

Acidic media: Using cyclohexanones as an example
attack by an iminium ion on the enol form of the cyclohexanone, and is illustrated in scheme

1.27.

25



Chapter one: Introduction
Scheme 1.27:

o)

COH
N R +
\ OH R\ 0
N -H* N
_ / —_———— /
R ‘ R
H H /R
>=o + R,NH =—= N

=
H H R

Basic media: Using the same system, the reaction involves electrophilic attack by an iminuim

ion on the enolate form of cyclohexanone and can be seen in scheme 1.28.

Scheme 1.28:

o;) R 0
/T —

R H

Mannich bases are useful intermediates in the synthesis of alkaloids®*, pharmaceuticals®® and
in the manufacture of paints®. Interest in the Mannich reaction is still significant, and there
_ are numerous papers published where the reaction is an integral part of a new synthetic

pI'OCCSS67.

1.4.3: The Strecker synthesis

The Strecker synthesis is an R’H specific Mannich reaction where R’H is hydrogen cyanide,
HCN. The synthesis was developed®® in 1850 and yields an o-aminonitrile as shown in

scheme 1.29.
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| Scheme 1.31:

H*, H,0
H,NCR,CN ——» H,NCR,COOH

Another important application of a-aminonitriles is in the synthesis of sterically hindered

amines’>.

1.4.4: Reaction with amines

Imines may react with amines in an exchange reaction, The aminolysis producing the
exchange products, results in the replacement of the amine functionality on the imine with

another amine. Reaction proceeds mainly through the cationic iminium ion” as shown in

scheme 1.32.
Scheme 1.32:
Rf\fﬁ _N+’R ESS +\\“ ' u‘ W~ tnm
2 I, RH,N"/NRR RHN } NHR'R

/R'
RHN:< + HN\
Rll

It has been suggested that the rate-determining step in the equilibration is the process that
involves attack of the weaker amine on the imine containing the stronger amine’*. The

intermediate of this reaction is analogous to the carbinolamine intermediate in the imine

formation.
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1.4.5: 1,3,5-Hexahydrotriazines

It has been shown that reactions involving primary amine addition to carbonyl groups yield
imines. However, due to stability problems they can polymerise. When formaldehyde reacts
either in equimolar concentrations or in excess with amines in acidic media, spontaneous

polymerization may occur, as shown below, forming a resinous chain polymer (10).

cmm@—cmm@—}
n
10

In neutral media, the imine rapidly polymerises to give a cyclic trimer, (scheme 1.33, 11)

1,3,5-hexahydrotriazine, also known as a hexahydro-s-triazine.

Scheme 1.33:
PR
3HCHO + 3RNH, ———= 3H,0 + 3[RN=CH,] ———= RNk j’R
NR
11

Some of these compounds have been isolated as crystalline solids” for both aliphatic and
aromatic amines. Brown and Crampton® in their studies reacted formaldehyde with aniline
and aniline derivatives, producing monomers, diazines, and triazines depending on the
reactivity and steric properties of the derivatives. Amorphous higher polymers’® are often
observed as, by-products to the original triazine formation, and have been identified as cyclic
tetramers’’. An example of this, is the reaction of eqiumolar formaldehyde and ammonia, as

it yields 1,3,5,7-tetraazatricyclo-(3.3. 1.1*7)-decane,”® or hexamine 12.

b |
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7
LN
NV
12

An important industrial use of triazines, 1,3,5-triphenyl-1,3,5-hexahydrotriazine in particular,

is in the stabilization of plasticized synthetic rubbers”.
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1.5: Aims

The reactions of amine with carbonyl compounds in the presence of nucleophiles are
synthetically important. However little detailed information is available regarding the
kinetics and equilibrium associated with them. The major aim of the present work was to
investigate in detail the processes involved in forming aminoalkanesulfonates from amines,
carbonyl compounds and sulfite. There has been some previous work involving reaction of
formaldehyde. This includes a brief report’ of the reactions with ammonia in the presence of
sulfite. A mechanistic study of the reactions of formaldehyde with aniline in the presence of
sulfite was recently reported®’. It was recognised that the imine formation was crucial to the
overall process with the rate limiting step changing from carbinolamine formation to

carbinolamine dehydration with increasing pH.

Of course, carbonyl compounds form addition compounds with sulfite in the absence of
amine, and the equilibria involved in these processes are relevant to the overall formation of
aminoalkanesulfonates. Here the kinetics and equilibria associated with the reactions of

several carbonyl compounds with sulfite have been investigated.

The reaction of propanal with sulfite yields hydroxypropanesulfonate (HPS) and its reactions
with aniline have been investigated in detail. The effects of pH on reaction rates, and the

effects on reactivity of substituents in the aniline have been examined.

Initial studies of the reaction of benzylamine with hydroxymethanesulfonate have been
reported®’. It was thought to be of interest to make a more detailed study. Benzylamine, pK,
9.33, is a considerably more basic amine than aniline, pK, 4.6. Two consequences of this are:
1) the ready protonation of benzylamine which is likely to result in its deactivation and 2) the

possibility of the formation of adducts 13 with 1:2 stoichiometry.
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Comparisons with N-methylbenzylamine, where only formation of adducts with 1:1

stoichiometry is possible, were thought likely to be instructive.

A further aim was to investigate the possibility of stabilisation by metal cations of adducts

formed from aniline and/or benzylamine with hydroxymethanesulfonate. It is feasible that

cation complexing as shown in 14 and 15 might result in stabilisation of the adducts.

(14)

(15)

The reactions involving benzylamine and formaldehyde are likely to involve the imine 16.

the possibility of obtaining addition products, such as trimers, has been studied.

(16)
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Chapter two: Carbonyl Reactions with Sodium Sulfite

2 The reactions of carbonyl compounds with sodium sulfite

2.1: Introduction

2.1.1: Preparation and structure of hydoxyalkanesulfonates

It has been reported that many aldehydes and ketones form solid bisulfite addition products,
which are commonly named hydroxyalkanesulfonates (HXS). This reaction is a known
method for detection of carbonyl compounds as well as a purification method, due to

regeneration of the C=0 functionality on acidification of the solid".

Much of the early work on the addition compounds was concerned with distinguishing
between the structures of hydroxysulfonic acids and esters of sulfurous acid. A useful
summary of this work was reported by Raschig and Prahl2, and by 1930 the hydroxysulfonic
acid structure was established. Evidence from Raman spectroscopy’ favoured this
interpretation. More recently, equilibrium constants for the isotopic exchange reactions
between the bisulfite ion and several sulfite addition compounds have been measured using

34S (Scheme 2.1).

Scheme 2.1;

HSO; + RR'C(OH)*S0; H2S0; + RR'C(OH)*SO;

The isotope effects observed ranging from 1.021 for acetone to 1.010 for 4-
methoxybenzaldehyde are small, but are much bigger than the value of 1.002 observed for the

isotope exchange between diethyl sulphate and ethyl hydrogen sulphate (Scheme 2.2)

Scheme 2.2:
Et0_ 0 Et0_ 0 Et0_ O EtO0_ 0
358\\ + 32/5\\ = 32/5\\ + 335\\
EtO 0] HO 0] EtO (0] HO 0]
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In the latter case the bonding of the sulphur is essentially the same in the two reacting species,
leading to the low isotope effect. The larger value observed in the former cases signifies a

change in bonding to sulphur, consistent with C-S bond formation®*.

There have been several reports’ of the use of sulfite adducts as a stable source of the free
aldehyde, or ketone. An example is the di-adduct (2.1) of glyoxal derivatives® used as a

source for the 1,2-dicarbonyl compound in ring forming reactions with semicarbazide.

HO
r\ SO,
SO;
HO
2.1

Hydroxyalkanesulfonates have also been used as a source of carbonyl compound in studies of

cyanohydrin formation from methyl perfluoroheptyl ketone’.

An early NMR study® showed that sodium alkane-1-sulfonate and sodium 1-hydroxyalkane-1-
sulfonate could be distinguished on the basis of the 'H signals of the p-group which were at &
ca. 2.85 and ca. 4.40 respectively. Slow H/D exchange of the signals from the 1-
hydroxyalkane-1-sulfonates was rationalised as occurring through traces of the free aldehyde

as shown in scheme 2.3.

Scheme 2.3:
CHR H H
1200 : SO; _ )-:O + HSO; RCH:< + HSO;
HO RCH/ OH
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2.1.2: Rate and equilibrium studies for the hydroxyalkanesulfonate system

There have been relatively few quantitative studies involving the measurements of rate and
equilibrium constants. Those which have been carried out, can be conveniently divided into
two sections; 1) literature concerning the simplest form of these adducts, that of formaldehyde
and bisulfite, giving hydroxymethanesulfonate, HMS; and 2) literature involving other

generic forms of the adduct.

2.1.2.1: Hydroxymethanesulfonate, HMS

The reaction of formaldehyde with sulfite has been studied both because of its intrinsic
interest, and also because of environmental issues. For example the oxidation of sulfur
dioxide to sulfuric acid by peroxide is affected by presence of formaldehyde®. Several groups

have reported kinetic and equilibrium studies for the overall process (scheme 2.4).

Scheme 2.4:

HMS

(HCHO)stoich + S (IV)

These have used the reaction of sulfite with iodine, or the UV absorbance of sulphur dioxide
to monitor concentration changes. A sufnmary of rate constants, 4r and k, and equilibrium

constant, K, (where K = k¢/ ks) is given in table 2.1.
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These values are in reasonable agreement with the diverse literature values quoted in table
2.1. They show decreasing value with decreasing pH until a plateau is reached at low pH

(<2.5).

A more complete kinetic picture is obtained by recognising that sodium
hydroxymethanesulfonate itself is the salt of a strong acid and therefore exists over a large pH
range as the monoanion (scheme 2.5, 2.2). However due to the acidity of the hydroxyl group
ionisation to give a dianion (2.3) will occur at sufficiently high pH. The overall equilibrium

involves the decomposition products, bisulfite HSO5™ or sulfite SO5> and formaldehyde.

Scheme 2.5:
OH O-
Ka
H"[S0; H"[~s0; + ®H*
22 H 23 H
k] k] kZ' k—2
K HSO;

HCHO +. HSO; HCHO + SO0 + W

Serensen and Andersen'' made measurements over the pH range 9 — 12 and obtained a value
for pK, of 11.7. Their values together with those obtained by Boyce and Hoffmann (11) in

acidic solutions, pH 0 — 3.5 and those obtained (Brown) in the pH range 1 — 8 are collected in

table 2.3
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and Hinshelwood"® reported overall dissociation rate constants for reactions of a series of

adducts at pH values of 3 and 5. Faster decomposition was observed at higher pH values.

Young and Jencks'” have investigated the mechanism of the acid catalysed cleavage of the

adduct, 2.4, formed from acetophenone and bisulfite in solutions where pH < 2.

OH
H,Cr». b =S0;

24

Their interpretation of the observed general acid catalysis was by a mechanism involving rate

limiting proton donation to the leaving sulfite group. This is shown in scheme 2.7.

Scheme 2.7:
R R
I //O ) Slow N | //O ﬂ )
HO—C—S—0O + H—A HO—C—S—0 H—A
2N [\
R' O R O
R _ Fast + R ) )
O:< + HSO, + H—A .H0:< + HSO;, + A
R' R’

In the reverse, adduct forming direction, this corresponds to the rate limiting attack of

bisulfite on the protonated carbonyl compound.

Hoffmann and co-workers'® have made detailed kinetic studies of the reactions of
benzaldehyde and methylglyoxal with sulfite in acidic solution. Values obtained, using the

nomenclature of scheme 2.5, are reported in table 2.5
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studies investigated here, involve several ketones and aldehydes in the pH range of 1 to 12.
The methods used to measure both rate and equilibrium constants involve determining sulfite

concentration by their reactions with iodine.

Aqueous iodine solution with added iodide ions contains a number of species, primarily Iy’
with I, and I'.  The reported equilibrium constant'® ? for the formation of I fromL, and T is
approximately 720 mol! dm’ at 25 °C. The reactions of these species with bisulfite and

sulfite ions have been reported in literature, and are shown in scheme 2.8.

Scheme 2.8:
I; + HSO; —L» 1SO; + 2I" + H
1, + HSO; —%= 1ISO; + I° + H*
I; + S0 —» 1S0; + o

L + so¥ _k _ 1s0; + 1
2 k] . 3

The second order rate constants are found to be k; = 1.5x107, k= 1.7x109, k; = 2.9x10% and %,
=3.1x10° mol™ dm’ s’. When comparing the relative rate constants i.€; k> > kj, ks > ks, k3 >
k; and ky > ko, it shows that the sulfite ion is a stronger nucleophile than bisulfite, whereas, I,
is a stronger electrophile than I3. Scheme 2.9 shows how the iodosulfate , ISO3", formed, can
rapidly hydrolyse, with the process having a reported first order rate constant of 298 s at 25
ocl®

Scheme 2.9: ISO; + HO —— 1T + SOf- + 2H*

The reactions between the sulfite ions and bisulfite with iodine are essentially irreversible.
The bisulfite / sulfite equilibrium® has a pK, of 7.0 — 7.2 depending on ionic strength
therefore at pH values below 7 the bisulfite form predominates. Conversely, at pH values

above 7 sulfite will be the major form. It can be seen from scheme 2.7 that protons are
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generated in the reactions, and in order to maintain the correct pH, sufficiently high buffer

capacities are needed and thus, were used.

The reaction of a general hydroxyalkanesulfonate, HXS (formed from a general carbonyl
co.mpound, RR’CO) with aqueous iodine solution can be written in terms of scheme 2.10'%,
As a result, a rate expression for this system can be derived (equations 2.1 to 2.5), where
terms S(IV), is the sum contribution of both sulfite and bisulfite ions, and [I;]soich is the sum

of [I2] and [I57].

k, iodine,
Scheme 2.10: HXS =——= RR'CO + S{V) ——  products
ke k,
d[I ] oic
71\ 0) Ly
dt (2.1)

d[SaV)]
T BMXS] - KRROOISAV - ATlealSOVI
Assuming S(IV) is a steady state intermediate:
d[S(IV)] _
dt - (2.3)
k
S Isavy) = s (XS]
k[RR'CO] + k,[L,)oich (2.4)
} d[IZ]stoich _ k4 kb [I-IXS][I2]stoich
dt kf[RR'CO] + k4 [IZ]stoich (2.5)
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The above expression can be simplified to give equation 2.6, as it is expected that the rate of
reaction of S(IV) with the aqueous iodine solution is likely to be much faster than that of
S(IV) with the carbonyl compound, and therefore kL )soicn >> k{RR’CO]. Hence the

reaction should be zero order with respect to the total aqueous iodine concentration.

o Eselch - k
b[I_IXS] obs (2.6)

To obtain ks / mol dm™ s from a zero order plot at the wavelength studied, its gradient must
be divided by the extinction coefficient of the species involved, in this case, aqueous iodine.
Thus the UV/Vis spectrum of a standardised aqueous iodine solution with added postassium
iodide was taken. Two major peaks at 287 and 350nm were observed giving extinction
coefficients of 19600 + 300 and' 13400 + 300 mol™ dm® cm™ respectively. These values can

be seen in chapter 7 and were recorded with [KI] at 1x10™ M.

2.2: Results and Discussion
The reactions of propanal, propanone, chloropropanone and pentane-2,4-dione with sulfite

were examined. The methods used are outlined below before the results are discussed in

detail.

2.2.1: Methods used

2.2.1.1: UV/Vis spectroscopy

Carbonyl compounds show weak absorbance in the UV region due to the n-n* transition. For

example propanal has a Amax = 279nm and extinction coefficient, € = 9 + 0.1 mol” dm® cm™.
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In the adducts with sulfite this absorption band diminishes. A complication is that bisufite
absorbs at 257nm, € = 36 £ 3 mol”' dm® cm™. The overall absorption of the bands means that

it is difficult to make quantitative measurements using them.

2.2.1.2: NMR Spectrometry

The chemical shifts of groups attached to the carbonyl carbon often show large changes when
sulfite addition occurs. These changes were used to determine quantitatively the values of
equilibrium constants for adduct formation and their variation with pH. Measurements were

necessarily made in deuterium oxide.

2.2.1.3: Equilibrium measurements

The overall equilibria between parent compounds and sulfite are dependent on pH as shown

in scheme 2.11.

Scheme 2.11:
R
R k,
>‘:O + HSO; _ R SO;
R' k.] HO
(HXS)
K, HSO; K,
R
R . -k,
>:O + H* + SO =———= R sO; + H
R’ k, -0
(HXS7)
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An additional factor is the possibility of hydration of the carbonyl compound to produce the
diol (scheme 2.12)

Scheme 2.12:

o

R/ ~OH
R ) ’ HO

These schemes can be used to derive an expression for Kqbs (equations 2.12 to 2.17), using the

equilibria defined in equations 2.7 to 2.11.

[HXS][H]

K, =
[HXS] @2.7)

K S0, = [H][SO;7]

[HSO;5 ] 2.8)
K, = _ [HXS]
[RR'COJ[HSO; ] 2.9)
= [HXS']
2 ; -
[RR'CO][SO;"] (2.10)
K, = [Hydrate] _
" [RRCO] 2.11)
Kops is measured experimentally using;
K. = [HXS] + [HXS]
™ (IRRCO]+ [Hydrate])([SOF]+ [HSO; ])
(2.12)
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- [H*]
HX
[ S](1+ K

Kobs -
K HSO; H
[RR'CO}(1+ Khyd)[sosz-]( - K H:0'3[ ])
a (2.13)
XS] ( + [H*])
Kobs =
| - K HSO3 + H+]
[RR'COJ[SOZ(1+ Khyd)( K _HSO; )
: . (2.14)
R [Hq)( o : ) ’
b K, ( K, K, HSO, + [H*] 1+Ky4 (2.15)
Since K, = K, (KaHSOS
K, (2.16)

K = K K,* [H] 1
obs 1 KaHSO'3 + [H+] 1 +Khyd (2 17)

The predicted plot of Kobs versus pH for this expression can be seen in figure 2.1.
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Figure 2.1: Theoretical plot of log Kops vs. pH for the equation 2.17

LOg I(obs

pK, %% pH pK,

Sgrensen and Andersen!’ developed a method for measuring the overall value K,ps. The
methodology used, involved setting up an equilibrium between a carbonyl compound and
sulfite at a given pH and then, rapidly quenching it with an aqueous acidic solution containing
iodine and potassium iodide. This had the effect of freezing the equilibrium, while the free,
but not bound, sulfite reacted rapidly with the aqueous iodine. Back-titration of the excess
iodine allowed the calculation of the concentration of sulfite in the initial equilibrium mixture.
Since the stoichmetric concentrations of sulfite and carbonyl compound are known there is

sufficient information to calculate a value for Kops. This method was used successfully in this

way to determine values of Ko at a series of pH values for the reaction of propanal, acetone

and chloroacetone.
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2.2.1.4: Kinetics of dissociation

Values of rate constants, £.; and k.,, for dissociation of the sulfite complexes were determined
by measuring the rate of sulfite formation using the rapid reaction with aqueous iodine.
Experimentally it was necessary to ensure that the initial concentration of sulfite in
equilibrium with the carbonyl compound was small. Hence excess carbonyl compound was
usually present. Experimentally k., is related directly to the rate constant for dissociation &,

as seen equation 2.18.

kb — kobs - k_1 + k-2 Ka
[HXSstoich [H] (2.18)

Theoretically a plot for log 4, versus pH should exhibit two characteristic regions that would
be accountable for by the dissociation of either the monoanion or the dianion. Dissociation of
the monoanion via &.;, would be independent of acidity and thus, show a plateau when plotted
against pH. However the dissociation via the dianion, via k. will show an inverse

dependence on acidity gives a line of slope 1 when log £, is plotted against pH.

These methods have been used to examine adducts with sulfite formed from propanal (1),

acetone (2) and chloroacetone (3).

2.2.2: Propanal

2.2.2.1: Formation of hydroxypropanesulfonate, HPS

UV/Vis spectra for propanal in the presence of sulfite showed a decrease in absorbance at Apax
(279nm), but were not useful for quantitative study. However studies in DO using NMR
yielded firm evidence showing HPS was formed. Initial NMR studies carried out solely on
propanal, produced an equilibrium constant of hydration. Peaks for unhydrated propanal and

hydrated diol were clearly observed, and can be seen in figure 2.2.
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value of 1.5 would be comparable to the value obtained by Herold?' when a correction value
for the solvent effect is taken into account. Grﬁen and McTigue” suggested from
experiments with aliphatic aldehydes, that the solvent isotope effect would account for Kyya
being 10 — 20% larger with D,0 than for H,O. Hence the NMR data give a value for Kpyq of
1.2+0.1 in water. This is close to Herold’s value of 1.4, but larger that that, 0.7, obtained by
Gruen and McTigue.

Reaction of equimolar propanal with sodium bisulfite, in an unbuffered D,O solution
produced an NMR spectrum consistent with the structure of HPS (figure 2.3). Absence of the
free propanal and hydrate peaks, suggests that the adduct has a large value for the equilibrium

constant of formation. Table 2.8 summarises the spectrum.

Figure 2.3: "H NMR spectrum of the reaction product of propanal and NaHSO; in D,0

185 180 s 1.1 185 1o 155 150 mwm
T I LA R M S N T L 7 T JE B B i S S HNLARE Bt S B A S B B S

50 45 40 35 30 25 20 15 10 ppm
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2.2.2.2: Decomposition of hydroxypropanesulfonate, HPS

2.2.2.2.1: Equilibrium studies of HPS

The dissociation of aqueous HPS, 5.0x10° mol dm?, was investigated by titration of the free
sulfite with aqueous iodine, 0.0lmol dm>, containing potassium iodide 0.1 mol dm>.
Measurements were made at 25 °C in the pH range of 8 to 12. The general procedure is

outlined below and several specimen calculations are reported.

General procedure: A stock solution of the adduct was prepared with propanal 0.5 mol dm™
and sodium bisulfite 0.5 mol dm™. A 1 cm® aliquot was added to a flask containing the
appropriate buffer 90 cm®, 0.1 mol dm™ and sodium chloride 9 cm®, 1 mol dm™. This resulted
in a solution containing a stoichiometric concentration of 5x10” mol dm™ of the adduct.
After equilibration for ten minutes at 25 °C, the reaction was rapidly quenched by addition
with stirring of a mixture containing hydrochloric acid, 1 mol dm™, iodine 0.01 mol dm>, and
potassium iodide 0.1 mol dm™>. The volume of the mixture added was varied, depending on
the pH of the solution to be quenched. The excess iodine was back-titrated with sodium
thiosulfate 0.01 mol dm>. This allowed the calculation of the concentration of the free,
unbound, sulfite in the original mixture and hence, a value for K,,s. Reaction equilibria can

be seen in scheme 2.14.

Scheme 2.14:

1:1 equivalence -
H,0 + (Sulfite)y;., + L, L — 2" + SO, + 2H*

1:2 equivalence

I, + 2Na,S§,0, 2Nal + Na,S,0q

Specimen calculations: The total titration delivered, because of the 1:2 equivalence, gives
half the concentration of unreacted iodine. Therefore, half the titration subtracted from the
volume of iodine solution used to quench the adduct solution, gave the volume of 0.01 mol

dm™ iodine required to quench the free, unbound sulfite. Since the iodine was twice the
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The data at pH > 8.5 give a good fit, as shown, with this equation with values of K, 95+5 dm’
mol ™, K, (2.3£0.3)x10™"! mol dm™ and using the known value for Khya of 1.2. The pK, value
for HPS is hence 10.64. ‘

Since the dissociation constant, K,"°°* of the bisulfite ion is known to have the value
8.0x10* mol dm™ (pK,"** = 7.1) equation 2.15 was used to construct the curve at higher

acidities, pH <8.5.
Use of equation 2.16 yields a value for K; of (3.3£0.2)x10”° dm® mol™.
Figure 2.4: Plot of Log Kos versus pH for the HPS formation reaction with a superimposed

fit of equation 2.17. K159 = 8.0x10* mol dm?, Kpyda = 1.2 mol dm?, K; =3.3x10° dm® mol’
1, K, =2.3x10" mol dm™

Seresen and Andersen'’ have shown how a linear plot can be obtained from the variation of
the values of Ko with hydroxide concentration. Their treatment, which for brevity is not
reproduced here, uses the equilibria in scheme 2.15 to derive the relation shown in equation

2.20.
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Scheme 2.15:
Khyd
CHRO + H,0 =—= CHR(OH),
2 K
CHRO + SO; CHR(09)SO;
K/K,

CHR(OH)SO; + "OH == CHR(0)S0; + H,0

1 1 + K K K
—Kobs( hyd)a -

[OH'] KK, K,

(2.20)

The plot shown in figure 2.5 is linear with an intercept on the y axis of -1870 dm® mol”. This
allows the calculation of a value for K, of (2.0+0.2)x10™! mol dm™. The value of the slope is

51.7 leading to a value for K, of 855 dm’ mol ™.

Hence the values obtained from directly fitting the experimental data and the linear plot are in

good agreement.
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Figure 2.6: UV/Vis spectral plots for the reaction of 1x10° mol dm> HPS with 1x10™ mol

dm™ aqueous iodine solution (KI = 1x10~ mol dm™) at pH 4.1, 25 °C over time.
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Figure 2.7: Zero order plots for varying HPS concentrations with 1x10™ mol dm™ aqueous

iodine solution (KI = 1x10” mol dm™) at pH 4.1, 25 °C

0 100 200 300 400 500 600 700 800 900
Time/s

1 =1.0x10°M HPS; 2 =15x10"M; 3 =20x10"°M, 4 =25x10"M; 5=5.0x10"°M; 6=
7.5x10°M; 7=0.0IM
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Chapter two: Carbonyl Reactions with Sodium Sulfite

The first order rate constant k, for decomposition of HPS, clearly shows pH dependency
above pH 3. Below this pH, and especially, below pH 2, &, becomes independent of acidity

with values remaining constant within experimental error.

The plot may be discussed in terms of equation 2.18. In acidic solutions where equation 2.20

is true, the equation 2.21 is valid.

k, >> ko Ky
[(H'] 2.21)
k = k
b ! (2.22)

This leads to a value for k.; of (4.0+0.4)x10° s,

In less acidic solutions where equation 2.23 holds then equation 2.24 is valid. This leads to

equation 2.25.

k] << -2 "a
+
[H'] (2.23)
kb — k—2 Ka
[E'] (2.29)
Log &, Logk,K, + pH 2.25)

Extrapolation of the acid dependent part of figure 2.9 to pH = 0 allows the determination of a
value for Log k.;K, of -8.13. This gives a value for kK, of 7.4x10”° mol dm? s since the

value of K, is known to be 2x10™!! mol dm'3, a value for k., of 370 s is found.
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. The knowledge of values of k&, and k., together with values of K; and K, allows the

calculation of values for k; (K,.k.;) 1.3 dm® mol™ s™ and &, (K.£.,) 3.5x10* dm® mol™ s,
Mechanistically the k; and k_; steps are likely to involve rate-limiting attack of sulfite on the

protonated aldehyde in the forward direction, and expulsion of sulfite from the monoanion in

the reverse direction, (scheme 2.17).

Scheme 2.17:

Et Et
- fast + -
>=O + HSO, _— OH + SO;
H H
slow
Et
H", SO;

HO

2.2.3: Propanone

2.2.3.1: Formation of hydroxyisopropanesulfonate, HIPS

The UV/Vis spectra provided evidence for interaction between propanone and sulfite. Thus
propanone shows a band at Amax 265 nm, € 16+0.2 dm®> mol”’ cm™ which decreases in the
presence of sulfite. For example in the presence of equimolar sodium bisulfuite, 0.1 mol dm’
3 the absorbance decreases from 1.6 to 0.3. However since bisulfite itself absorbs in this

region with a Amsx 257 nm, € 363 dm’ mol’ cm™, quantitative measurements of the

equilibrium constant were not attempted.

'H NMR measurements were more promising since, as shown in scheme 2.18, single bands

are expected for the parent ketone and the adduct.
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Chapter two: Carbonyl Reactions with Sodium Sulfite

Figure 2.12: Plot of Log Ko versus pH for the HIPS formation reaction with a

superimposed fit of equation 2.17. K,"°%* = 8.0x10"® mol dm™ and K; = 240 dm® mol”

2.5 1

0.5 -

It was not possible to obtain values of Kos at pH values > 9, since they were too small for
measurement by this method. Since the pK, value for dissociation of the HIPS adduct is
likely to be > 10, it was not possible to determine the value, i.e. the plateau at high pH was not

observable. A likely value for the pK, will be discussed later in the chapter.

2.2.3.2.2: Kinetic studies of HIPS

The kinetics of the dissociation of HIPS to produce sulfite were followed, as in the case of
HPS, by measuring the rate of removal of iodine. Measurements were made with aqueous
solutions of HIPS in the concentration range 2.5x10 to 5.0x10” mol dm™ in the pH range 1.7
to 7.3. In this range the value of Ko is known to be quite low, ca. 200 dm® mol™. Hence it

was necessary to work with a large excess of free propanone to ensure virtually complete
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conversion of sulfite to the adduct. Thus measurements were made with an excess of 0.1 mol
dm™ of propanone. In control experiments it was checked that in the pH range studied there
was negligible reaction between propanone, 0.1 mol dm?, and iodine under the reaction

conditions used.

It is evident from equation 2.6 that the reactions will be zero order in iodine, only when the
conditions Kk4[lz]sich >> kf{propanone] applies. ~ With the relatively high propanone
concentrations used here, it was necessary to use comparatively high concentration of iodine
in order to achieve this condition. Hence measurements were made with iodine 5x10 mol
dm? (KI, 5x10° mol dm™). This resulted in unacceptably high absorbance values when
measurements were made at 350nm. Hence a compromise was reached whereby

measurements were made at 385nm where & = 911560 mol™ dm® cm™.

Typical plots obtained at pH 4.6 are shown in figure 2.13. Plots for the pH range 4 -7 show
good zero order kinetics, while plots in the pH range 1 -3, obtained at lower concentration of
HIPS, change from zero to first order kinetics with increasing time, as the iodine
concentration falls. Here the gradients were obtained using the initial slopes of absorbance
versus time plots. Values of k. are given in table 2.20 and were obtained by dividing the

gradients by the extinction coefficient of iodine at the appropriate wavelength.
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Figure 2.13: Plots of the decomposition reaction of HIPS with aqueous iodine 5x10™* mol

dm™ (and KI 5x10™* mol dm™) at 25 °C
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1=2.5x10"M HIPS; 2 =3.75x10"*M; 3 =5.0x10"M; 4 =125x10"M; 5=25x10"M; 6=
3.75x10°M; 7 = 5x10°M

Plotting k,»s mol dm? s versus HIPS concentration enabled the calculation of the first order
rate constant defined in equation 2.7, with &, equal to the gradient. Linear regression yielded
correlation co-efficients between 0.979 and 0.999. The values for &, are shown in table 2.21,
and the plot of Log k; versus pH with the fit according to equation 2.18, is shown in figure

2.14.
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The terms contained in equation 2.18, can again be calculated from the plot, figure 2.14, as in
the case of HPS using equations 2.20 to 2.24. k; was calculated as 1.11x10* s,
Extrapolation to pH = 0 of the points obtained with pH > 3 gave an intercept of -7.08. This
leads to a value for kK, of (8+2)x10® mol dm™ s, As a value for the acid dissociation

constant could not be determined the term £.,K, can not be separated.

As stated with the studies for propanal, the Log k; versus pH plot exhibits two areas that
represent two different pathways of dissociation. Below pH 3, the monoanionic form of the
adduct dissociates to form propanone and bisulfite (k.;). »Above pH 3, the predominant
dissociation occurs via the dianion, to give propanone and sulfite ions (k.;). However as the
acid dissociation constant for HIPS could not be calculated, values for £, could not either.
The values obtained for K; and k.; lead to a value for &;, = K; . k.;, of 0.027 dm® mol™ s
The value of 240 dm® mol™ for K, obtained by the titration method is preferred to the value of
350 dm’ mol™ obtained from NMR meaéurement's in D,O. The difference in values may

represent a solvent isotope effect.

2.2.4: Chloropropanone

2.2.4.1: Formation of hydroxyiso-1-chloropropanesulfonate, HCPS

Initial observations using UV/Vis spectrometry indicated that chloropropanone, has Amax at
244nm, with an extinction co-efficient of € = 113 + 2 mol” dm® cm™. On reaction with low
concentrations of sodium bisulfite (Amax at 257nm, € = 36 = 3 mol”’ dm® cm™) small decreases
in absorption (AAbs = 0.1) occurred. However, with concentrations of bisulfite 0.04 mol dm’
3 in excess of chloropropanone, 0.01 mol dm”, the absorbance increases with a shift towards

that of free sulfite. The interference between the two bands made quantitative measurements

unprofitable.

'H NMR studies of chloropropanone showed the presence of both the hydrated and
'udhydrated forms (figure 2.15 and table 2.22). The parent chloropropanone was in greatest

abundance. Bands due to the parent are shifted to higher frequencies compared with the
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Figure 2.19: 1/[OH] versus Log Koy for the HCPS formation reaction
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Linear regression produced a gradient of 3050 and the int'ercépt of —1.0x10° dm® mol’. With
knowledge of scheme 2.15 and equation 2.20, the acid dissociation constant and the
equilibrium constant for HCPS formation were calculated. The intercept gave a value for K,
of 1.0x10” mol dm™ equating to a pK, for HCPS of 9.0. K was calculated from the gradient,
and the value obtained was 35 dm® mol™. This is rather higher than that, 21 dm® mol”,

calculated from equation 2.16 using the known values of K; and K.

2.2.3.2.2: Kinetic studies of HCPS

The reaction of aqueous HCPS at concentrations of 5.0x10™ to 5.0x10” mol dm™ with 5x10™
M aqueous iodine solution (KI = 5x10 mol dm™) at 25 °C was observed in the pH range of 1
to 7. The method that applied to propanone was followed. However since the value of Kgps is
higher for chloropropanone it was sufficient to have chloropropanone in twice the

concentration of bisulfite, when generating HCPS solutions. The iodine decomposition was
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Chapter two: Carbonyl Reactions with Sodium Sulfite

Figure 2.20: Plot of Log &, versus pH, with a superimposed fit of equation 2.19 for the
decomposition kinetics of HCPS

Log k,

The values of the two terms in equation 2.18 were calculated using equations 2.20 to 2.24.
The values obtained are k; = (4+1)x10” s™ and k.;K, = (51)x10”7 mol dm™ s”. Since K, is
known to have the value 1x10” mol dm™ the value obtained for 4., is 500 s*. Since the
values of K; and k., are known it is possible to calculate values for &; (=K, . k.;) 0.066 dm™

mol! s'l, and for k; (=K . k.,) 1.1x10* dm® mol™ s,

As in the case of the adducts formed from propanal and propanone the two regions of the plot

correspond to decomposition of the monoanionic and dianionic forms.

Using the results in table 2.25 together with equation 2.18 it is possible to calculate values for
k., at each pH measured. Using values for k., 4x10° s™ and K, 1x10” mol dm™ gives the
values quoted in table 2.28. These are consistent with that, 500 s? obtained using the

intercept of the Log plot in figure 2.20.
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Scheme 2.19:
0O 0 o~ ‘lo ol‘ ~0
H H
keto ' enol

Literature sources™ indicate that in aqueous media the enol:keto ratio is ca. 80:20.

The 'H NMR spectrum of pentane-2,4-dione in D0 is shown in figure 2.21. Interestingly
only two peaks are observed in addition to solvent (table 2.29). This is due to the rapid H/D
exchange of the methylene hydrogens with the solvent. The relative intensities of the methyl

resonances lead to a value of Kqpo 0f 5.5+0.3.

1H NMR spectra were recorded for pentane-2,4-dione, 0.05 or 0.1 mol dm™ and sodium
bisulfite, 0.1 to 0.5 mol dm?, in D,0. The spectra showed that bands due to the keto and enol
forms of the reactant remain in constant ratio while new bands were observed attributable to
1:1 and 1:2 adducts with sulfite as shown in scheme 2.20. Equilibria were established rapidly

and the solution remained stable over time.

Typical spectra are shown in figures 2.22 to 2.24 and peak assignments are in table 2.30. The
1:1 adduct shows two bands of equal intensities at & 2.18 and 1.45, attributable to the methy!l
groups of the adduct in its keto form. No bands are observed which may be attributable to the
corresponding enol form of the 1:1 adduct. This form lacks the stabilisation possible in a f-

diketonic structure and hence is not likely to be favoured.
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Scheme 2.20:

0] (0] 0] 6] -038 OH 0O

M + HSO;

H VR

i OH OH OH
Z
H

=——= 1:2 adduct

Enol 1:1 adduct + NaHSO,

Keto + NaHSO,

Figure 2.22: "H NMR spectrum for the reaction of 0.1 mol dm pentane-2 4-dione and 0.1
mol dm™ sodium bisulfite in D0, at 25 °C
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Figure 2.23: 'H NMR spectrum for the reaction of 0.1 mol dm™ pentane-2 4-dione and
0.5mol dm™ sodium bisulfite in D,0, at 25 °C

A B 3
Ll
1
_ N N JLJL,\____
T T [ T T T T v ¥ T T ]
45 40 35 30 25 20 15 ppm

Figure 2.24: 'H NMR spectrum for the reaction of 0.05 mol dm™ pentane-2,4-dione and
0.5mol dm™ sodium bisulfite in D,0, at 25 °C
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Scheme 2.21:
“0,S, OH 0,S OH "0,S, OH HQ, SO;
| CH, CH,
“0,S——OH “0,S—1—OH
CH, CH,
"0,S——OH HO——S0;
CH, CH,
A v B
}/Erythro Thréo

Using the relative intensities of peaks it was possible to calculate concentrations of each
compound in the reaction pathway. This was achieved by dividing the intensity of each peak,
or in the case of the 1:1 adduct the total CH; intensity, by the sum intensity, and then,
multiplying the value by the pentane-2,4-dione initial concentration, 0.1 mol dm™.
Calculating the free sulfite concentration was accomplished by subtracting the concentration
of the 1:1 adduct plus two times the concentration of the 1:2 adduct from the initial sulfite
concentration. Knowing the concentrations, it was possible to calculate the equilibrium
constant of formation for both the 1:1 adduct and the 1:2 adducts from equations 2.26 and
2.27, which were derived from scheme 2.13. Equation 2.26 is defined in terms of the

concentration of the keto form of the parent rather than the total dione concentration.

[1:1 adduct]

K];l - [keto][HSO_; ]free (2 26)
K [1:2 adduct]
1:2
[1:1 adduct][HSO; 1.
(2.27)
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2.3: Conclusions

The 'H NMR results clearly show the formation of adducts, HXS, from the carbonyl
compounds studied and sulfite. Kinetic and equilibrium measurements, obtained using
spectrophotometric methods yield the values collected in table 2.32. The nomenclature used
is that given in scheme 2.11 on case X. Results are included also for reactions of

formaldehyde and of benzaldehyde.

Values of K; for bisulfite addition are expected to be affected both by the electronic and steric
effects of the groups attached to the carbonyl function. Thus electron-withdrawing groups
will reduce electron density at the carbonyl carbon, thus encouraging addition. Sterically,
bulky groups should disfavour addition since the bond angles are compressed on going from
the parent to the adduct. Attempts to quantify steric and electronic effects in aliphatic systems
have been made using the Taft approach®’. This assigns values of Ej, the steric effect, and o*,
the electronic effect, for individual groups. The reference is the methyl group for which both
E; and o* are zero. Some values are reproduced in table 2.33. Positive values mean that,
relative to methyl, addtion should be favoured and the negative value indicates that addition

should be disfavoured.

Values of K; are broadly in line with expectations of the Taft parameters. Thus for the three
aldehydes values fall in the order formaldehyde > propanal > benzaldehyde. The
comparatively low value for benzaldehyde confirms the importance of the unfavourable steric
effect of the phenyl group. A plot, figure 2.25, of Log K versus the sum of Taft parameters

in the form of equation 2.28, shows approximate linearity.

LogK, = Yo* + (0.6x3E) ‘ (2.28)
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than for benzaldehyde, while for Kyya this order is reversed. It was not thought to be
worthwhile to try and attempt quantitative correlation with the Taft parameters given the

limited data.

Interestingly the very much lower value obtained for K;., than for K;.; in bisulfite addition to
pentane-2,4-dione indicates that the steric effect of the added bisulfite group effectively

inhibits the addition of the second bisulfite group.

The values obtained for the rate constants, k;, increase in the same order as K, while values

of k£_; decrease correspondingly.

The values of K; are, of course, related to values of K; by the dissociation constants K, as
shown in equation 2.16. Values of K, were obtained experimentally for propanal and for
chloropropanone and may be compared with literature values for formaldehyde and
benzaldehyde. The values obtained are not easily interpreted. The values are expected to be
largely effected by electronic effects of the dianionic species. Steric effects may be important
since ionisation produces the dianion and the proximity of negative charges may result in
greater steric compression of the substituents. The most acidic adduct, pK, = 9, is that
obtained from chloropropanone and indicates the effect of the electron withdrawal by the
CH,CI group. The values for propanal, pK, = 10.7, and benzaldehyde, pK. = 10.7 are,
surprisingly, equal. The higher steric effect of the phenyl group compared to the ethyl group
may compensate for its favourable electronic effect. The value obtained for formaldehyde,
pKa. = 11.7, is surprisingly high in relation to the other compounds, indicating that it may be

of questionable validity.

It was not possible to obtain a value for pK, for the propanone-adduct experimentally. A
-value of 11 has been used to estimate values for K;, &, and &.; in table 2.32. The combination
of electronic effects of the two methyl groups relative to hydrogen plus ethyl, should reduce

the acidity somewhat. Hence a slightly higher pK, than obtained for the propanal adduct has

been used.

Values of K, follow the same order as values of K; except that chloropropanone and
benzaldehyde are reversed. This can be viewed as an effect of the higher acidity of the

chloropropanone adduct, or as the favourable effect of the CH,Cl substituent in promoting
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SO;% addition. Values of k; and of k., again largely reflect values of K, for the compounds

studied.

The values obtained are of interest in their own right, and in particular the values obtained for

propanal will be used in Chapter 3 and 4, where reactions of HPS and aniline are studied.
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3 The reaction bf HPS with aniline and its derivatives

3.1: Introduction

Reactions of hydroxyalkanesulfonates, HXS, with amines have been rarely memtioned in the
literature, and in fact, only two studies, both concerning hydroxymethanesulfonate, HMS
have been reported. These two reported reactions have been mentioned in the section 1.2.2.1;
the reaction of HMS with ammonia, carried out by Le Hénaff ' and the reaction of HMS with

aniline and some of its derivatives, observed by Brown and Crampton .

Le Hénaff observed kinetically, the reactions of ammonia with HMS, and reported values of
several rate and equilibrium constants for the processes at 20 °C, shown in table 3.1. It was
postulated (Scheme 3.1) that ammonia reacted with more than one equivalent of HMS,

yielding both the 1:1 and 1:2 adducts. Concentrations of intermediates were thought to be

small.

Scheme 3.1:

1:1 adduct formation

NH3
- kI 2= k2
CH(0O-)(S0;) SOZ” + HCHO H,NCH,OH
- -2
1 H
k,/ +H*
k4

+
HNCH,0H  +OH:||-OH

H,NCH,S0;
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Scheme 3.2:
H H
ky
H"“/™S0; + PhNH, H“/™NHPh + H,0
HO | | k, “0,S
Ka k4 k—4
H .
H
H“‘}\Sog + H* + PhNH, >:NPh + H* + SO} + H,0
0" H
k—l” kl k3 )kj
H v H
>:0 + SO}" + H* + PhNH, 2 H“‘)\NHPh + H* + SOF
H k,  HO
K:{so;
HSO;

Evidence was presented to show that the rate determining step, was either the reaction of free
formaldehyde with aniline, &, or the dehydration of this product, the carbinolamine, k;. The
results illustrated that it was likely that a change in rate determining step occurred from

carbinolamine formation, to carbinolamine dehydration with increasing pH.

Here, the reactions of HPS with aniline and its derivatives are investigated. Propanal has the
advantage over formaldehyde, in that hydration of the free aldehyde is relatively unimportant.

The amines studied are shown in table 3.3.

The reactions of aniline and its derivatives with HPS were studied using 'H NMR
spectroscopy. The spectrum of the amine alone was obtained, and then, the spectra in the
presence of excess HPS. The kinetics of the reaction were observed using UV/Vis
spectroscopy. Sulfite ions were generally added to the system to facilitate the analysis of the

kinetics, in terms of the stoichiometric concentration of sulfite.

117





















Chapter three: The Reaction of HPS with Aniline and its Derivatives

higher resolution, indeed produced better separation to the degree, where praétically all peaks
could be identified and assigned. From the spectrum shown in figure 3.4, and the peak

assignment in table 3.7, it was possible to calculate values of the equilibrium constant for the

overall reaction.

Figure 3.4: '"H NMR spectrum of 0.05 mol dm aniline and 0.04 mol dm> HPS in D,0
(500MHz spectrometer)
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The value obtained refers to D,0 as solvent and in unbuffered solutions. Hence, it is likely to

be less reliable than values obtained from UV/Visible measurements in water.

3.2.1.2: 4-methylaniline

The '"H NMR spectrum of 3.3, 0.01 mol dm>, in D,O buffered at pH 8, shows the bands
reported in Table 3.8. Spectra obtained in the presence of a tenfold excess of HPS, 0.1 mol

dm are shown in figures 3.5 and 3.6. These were obtained after 4 minutes and 24 hours,

respectively.

3
1 H, N o
6 2 4 I‘I3 C H X 1 H 3
_ B
5 3 Hp ¢ 6 2

4 DO SO, Na 5 3
CH, 4
CH,
3.3 3.1
3.3a

Evidence for adduct formation of 3.3a is obtained from the development, with time of new
bands at ca. 6 4.2ppm, attributed to the methine hydrogen Hx*. However, there is little
change in the shifts of the ring hydrogens or of the ring methyl group on reaction. Hence, it

was not possible to resolve separate bands, due to the two forms present.

126




Chapter three: The Reaction of HPS with Aniline and its Derivatives

Figure 3.5: "H NMR spectrum of the reaction between 0.01 mol dm™ 4-methylaniline and
0.1 mol dm™ HPS, with a pH 8 buffer after 4 minutes, in D,0

Figure 3.6: 'H NMR spectrum of the reaction between 0.01 mol dm™ 4-methylaniline and
0.1 mol dm> HPS, with a pH 8 buffer after 24 hours, in D,0
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Table 3.15: "H NMR spectrum of 0.1 mol dm™ N-methylaniline in D,O: peak assignment

7.18 2 t 8 Ar-H;, Hs
6.76 t 8 Ar-H,

6.75 ’ d 8 Ar-H;, Hg
4.67 - - - H,0, -NH
2.62 3 s - CH;-N(H)-

As with other aniline derivatives reaction with HPS results in only slight changes; little
separation is seen within the aromatic hydrogens, except the para hydrogen shifting down
field to ca. 6.84. The adduct methine peak is hard to distinguish, especially for quantitative
measurements. However, separation of the N-methyl peak is observed, and hence,
quantitative studies could be undertaken. Figure 3.8 shows the reaction of N-methylaniline

0.01 mol dm™ and HPS 0.1 mol dm™ after 24 hours, and hence, when the reaction was at

equilibrium.

Figure 3.8: '"H NMR spectrum for the reaction of 0.01 mol dm> N-methylaniline with 0.1
mol dm™ HPS in D,0 and a pH 7 buffer, reaction time 24 hours
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forward reaction’. The assumption that the rate determining step in the reaction of HPS is

also dehydration, leads to scheme 3.4

Scheme 3.4:
Et
k’ Et H
e 3 —_— / -
H NHPh — >—N\+ + OH
HO k., H Ph
Et
k3" Et

H“J“NHPh + H*
HO ks H  Ph

This shows the uncatalysed and acid catalysed routes. Since the reactions are reversible, it is
possible to define an overall rate constant k3 + k_; with a dependence on acidity, as shown in

equations 3.4 and 3.5.

k, + k; = kI + kj[H] + k’ + k,[OH] (3.4)

= K+ K+ k) K
| [H] 3.5)

In terms of the forward reaction, equation 3.6 relates v to the rate constants k3’ and k3’’. The
assumption is made that the carbinolamine, COH, is in rapid equilibrium with aniline and

propanal, leading to equation 3.7.

v, = (k;+ k;[H+])[COH] (3.6)
vo= (k3 K [H )K,[Propanall; ,[Aniline] G.7)
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With knowledge of the dissociation equilibrium of HPS, the term for the free propanal
concentration can be related to the HPS concentration, producing equations 3.8 and 3.9. At
the pH values studied sulfite will exist in both mono- and di-anionic forms. Hence, it is
convenient to formulate the expression in terms of the total sulfite concentration, [SO3* Jsoich

and the dissociation constant K,'".

X [HPS] [HY] + K5O
(k,+ k [H])KZ[Amlme]( L - )( —
(3.8)

b+ KK KK [ EES)Aniline] 7 [HY] + KO
f 3 3[ ] 127 a [SOZ stowh H+] KI[SO;

<
it

(3.9)

" As the above equation is still in terms of velocity, it may be combined with equation 3.3 to

obtain an expression (equation 3.10) for 4z

[H] + K:ISO,‘
[H+] K HSO,

kIS0, Ly = (k) + K THTK KK,

]stoich

(3.10)

If the acid catalysed dehydration pathway is dominant, so that k;’[H'] >> k3, then this

reduces to equation 3.11.

[H*] + K:ISO,'

HSO;
Ka

kf[so32-]stoich - k;’KlK2Ka
(3.11)
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The final expression for the forward reaction, involves the term for the acid dissociation of
bisulfite®°, which is known to be ca. 1x10”7 mol dm™, indicating, that either side of pH 7, the
reaction will show different dependences on acidity. When the pH value is greater than 7, the
acid dissociation term will outweight the proton concentration, so that the term within the

brackets cancels, leaving equation 3.12, which would show an independence on acidity.

k(SO Nugen = K3 KK K, (.12)

However, when the pH value is lower than 7, the acid concentration will be greater than the

acid dissociation value, resulting in equation 3.13, which would predict acid catalysis.

(H']

kf[so32_]stoich - k;’KlKZKa KHSO'

(3.13)

A theoretical plot of log kf[SO32']smich versus pH, taking account of these two expressions,
would give two distinct areas to the graph. Equation 3.12, being independent of acidity,
would show a plateau above pH 7, while below this value, the plot would be dependent on

equation 3.13, and hence, increase linearly with acidity.

The above equations have concentrated on the forward reaction. However, related derivations
can be attempted for the reverse reaction, to produce a final term for &[SOs”Juoich. The
reverse reaction, as with the forward reaction, will involve the carbinolamine. However,
instead of dehydration of the carbinolamine, it is the hydration of the iminium ion that is
observed for the reverse process. The two reaction pathways shown for the forward reaction
have to hold true for the overall reverse process, i.e. the addition of hydroxide ion or the
addition of water. If the forward reaction requires acid catalysis, this implies that in the
reverse reaction, addition of water dominates. For this reason, the velocity of the reverse
reaction can be expressed in terms of addition of water to the iminium ion, as shown in

equation 3.14, where [ImH"], represents the concentration of the iminium ion.
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v, = k,[ImH*] = k,[APS] (3.14)

r

The expression for Ki, the process of addition of sulfite to the iminium ion, can be
incorporated into equation 3.14. The k4 process in the forward direction is expected to be
much faster than the addition of water, since sulfite is a more powerful nucleophile.
However, this will be discussed further, in a later chapter. The addition of the expression for
K4 enables the equation to be written in terms of the product, APS, concentration. This is
possible since K4 contains the term [ImH'] along with sulfite concentration and final product

concentration, [APS], as shown in equation 3.15, with the new expression in equation 3.16.

__ lars)
' [ImH"[SO?] (3.15)
+ HSO;
[ImH*] = [Allzs] ([H ]:Z ) 12
4 Ka [SO3 ]stoich (3.16)

Use of equation 3.14 followed by rearrangement, leads to equation 3.17.

’- e 1 fH]+ KIS
kr [SO3 ]stoich - k-3 K KH SO~
4 3

a (3.17)

The -expression again, contains the acid dissociation constant for sodium bisulfite, as in the
equation for the forward reaction, (equation 3.11), suggesting that different acidity
dependence will be observed above and below pH 7. Above pH 7, the reaction will be
independent of acidity, as the term in brackets, becomes equal to ~1, thus, producing a plateau
when plotting Log k.[SO3* Jsich versus pH (>7). In contrast, below pH 7, the bracketed term
becomes acid dependent. In this region a plot of Log k[SO3% Jswich versus pH (<7) would

show a linear slope, with a gradient of one.
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The overall expression for the equilibrium constant for the reaction, K, can now be derived
via combination of the terms, derived for the forward and reverse processes, (equations 3.11

and 3.17) since, K = ¢/ k,. The overall expression can be seen in equation 3.19.

H+ KHso3
2 KIK'ZK ( Hso3
Y fLoa
K, KHSO;
’ (3.18)

”

K = —KKKK,

(3.19)

Since, in the pH region under study, none of the species HPS, aniline or APS, will be
significantly ionised (either protonated or deprotonated) the value of K, as distinct from the

values of krand £,, is expected to be independent of acidity.

It should be noted that in scheme 3.3, K is written as the dissociation of the dianionic form of
HPS to give propanal and sulfite. The valued K, here, corresponds to 1/K,, as written in

scheme 2.10 in chapter 2.

3.2.3: UV/Visible kinetic studies of the forward reaction

The reactions between HPS and aniline, as well as some aniline derivatives, were observed by
UV/Vis spectroscopy. Firstly, absorbance versus wavelength scans, were obtained for the
reacting system, and then compared to the parent amine spectrum, to observe any change.
Secondly absorbance versus time plots at varying pH values, were acquired, once a suitable

wavelength, showing the greatest absorbance change, was known. These absorbance versus
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time plots were run with constant amine concentration, usually 1x10* mol dm?, and with
varying HPS concentration, where the HPS concentration was always in at a least hundred
fold excess. The results obtained showed first order kinetic behaviour and using absorbance

data, it was possible to obtain values for the overall equilibrium constant, K, for each aniline.

Equations 3.9, 3.10, and 3.17, show that the observed rate constant will depend on the
concentration of sulfite present. Hence, in order to interpret the kinetics, this value needs to
be known. In the absence of added sulfite some will be produced through dissociation of:
HPS. However, this concentration will be small and uncertain. Therefore, measurements
were made in the presence of added sulfite, so that the concentration was more accurately

known,

Reactions were carried out with an amine concentration of 1x10™* mol dm>and with HPS
concentrations in the rénge 0.01 to 0.1 mol dm™. Sulfite was added, either in constant
amounts, or as a fixed proportion of the HPS concentration and account was taken, where
necessary, of the sulfite produced from dissociation of HPS. As predicted, values of rate
constants decreased with increasing concentration of added sulfite. The ionic strength was

maintained at 0.1 mol dm™, using sodium chloride as the added electrolyte.

Under these conditions, first order kinetics were observed and the value of ks, is related to the

forward and reverse rate constants by equation 3.20.

kobs [SO32.]stoich = kf [SO32-]stoich[HPs] + kr[SO32-]stoich (3 20)

Values were obtained in the pH range 4 — 10 and values of kf[SO32-]stoich and &,[SO3* Jyoich

versus acidity were plotted in logarithmic forms. For each plot, two fit lines were

HSO3- a5 a variable, and the other using a

superimposed, one giving the best fit, treating K,
fixed value of 8.0x10°® mol dm™, the value that is believed to be the true dissociation constant
of hydrogen sulfite, at this ionic strength. Values of the equilibrium constant, K, were
calculated, either using the ratio of the kinetic parameters, or by using absorbance values

obtained at equilibrium.
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Each aniline studied (table 3.3) will be discussed in turn and the results compared at the end.

3.2.3.1: Aniline

An initial absorbance versus wavelength scan was obtained for the reaction of 1x10™* mol dm™
3 aniline with HPS 0.01 to 0.1 mol dm™ at 25 °C in aqueous solution. The spectrum of 1x10™
mol dm™ aniline alone was obtained for comparison. The spectra with aqueous HPS added,
showed a shift to a higher wavelength, with a corresponding increase in absorbance,
compared to the spectrum of aniline alone. The higher the concentration of aqueous HPS, the
greater the change in spectrum observed. However, due to sulfite being strongly absorbing,
the spectra can get swamped by the free sulfite absorption band 200 — ca. 240nm. All
reactions are complete after 80 minutes. Figure 3.9 shows an example of this reaction at pH
8, along with a spectrum of aniline alone; table 3.18 shows peak positions and extinction

coefficients (&) for the two spectra.
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Plots of absorbance against time were obtained for the reaction of 1x10™* mol dm™ aniline
with HPS, 0.005 to 0.1 mol dm™, over a pH range 4 to 10 at 25 °C. Formation, as stated, was
followed at 250nm. ks / s values were obtained from first order fits of the plots of
absorbance, versus time for each reaction. From these data, it was possible to calculate the
values for Kos[SO5> Jstoich Which were plotted against HPS concentration, in order to get values
for the forward and reverse reactions, in terms of total sulfite concentration, and hence, an
equilibrium constant. Overali equilibrium constants were calculated from the absorbance

data. These values, should in theory, be constant, since they are unaffected by acidity

As stated, reactions were conducted using a wide range of pH values. However, the reaction
at pH 7.6 will be used as an example. Figufe 3.10 shows the spectral plots at this pH value.
Table 3.19 shows the concentrations of reactants with observed rate constants (both in terms
of sulfite and independent of sulfite), along with the overall equilibrium constant for the
reaction, calculated from the absorbance changes. The equilibrium constant is calculated by
equation 3.21, where the overall change of absorbance is divided by a term containing,
AAbs;,s, which is the change in absorbance calculated for complete reaction, and by the HPS

concentration,

K - A Abs
(A Abs, ;. - A Abs) [HPS] (3.21)
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The plot of kuss[SO3* Jseich Versus HPS concentration using the data in table 3.19, is shown in
figure 3.11. The gradient of the slope is equal to the term kf[SO32']smich, and the intercept

equal to £[SO3* Jxcich. The linear correlation coefficient for these plots for aniline gave values

of 0.985 to 0.999.

Figure.3.11: A plot of calculated values of kops{SO3% Jstoich / mol dm? s versus HPS / mol

dm for the reaction of HPS and aniline 1x10™* mol dm™ with an aqueous pH 7.6 buffer, 25

°C
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The gradient of this plot, which is equal to the value of &{SO3> Jswicn, was 1.85x10™ s™. The
intercept being equal to &[SO3% Juwich, Was, at this pH, 2.20x10° mol dm™ s™'. This gave an
equilibrium constant at this pH, of 84 mol dm™ in reasonable agreement with values obtained
from absorbance data. Other calculated values for both expressions at various pH values, are
shown in table 3.20, with the corresponding plots against acidity in figure 3.12 and 3.13. The
plots shown do follow the predicted trends; acid catalysis below pH 7 shown by the values

increasing with acidity, and acid independence above pH 7 shown by the plateau. Values
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calculated for kf[SO32']smich and k[SOs> Jueich are subject to some experimental error, as they

depend markedly on the concentration of sulfite.

Table 3.20: Variation with pH of calculated values of rate and equilibrium constants for

reaction of aniline and HPS

52 14.0 18.0 71 60
59 3.70 4.70 78 52
7.0 1.85 2.20 84 76
7.6 1.37 2.50 55 76
8.0 1.90 230 84 71
9.1 0.74 1.00 74 68
10.0 0.88 1.20 73 70

The plots versus pH are shown in figures 3.12, for the forward reaction, and 3.13, for the
reverse. Both plots have two theoretical fits superimposed; each plot is fitted by the
respective derived equation, either for forward (equation 3.11) or reverse (equation 3.17)
rates. However, for the forward reaction k;’’, K;, K; and K, and similarly &£.;’’ and 1/K4 for
the reverse reaction, cannot be separated from each other when obtaining values from the fits.
The two fitted plots differ in the value used for the acid dissociation constant of sodium
bisulfite. The dashed fit line represented, is the data best fit, where values of 5.59x107 mol
dm™ and 6.21x107 mol dm™ are used for K,"°°* in the forward and reverse reactions,
respectively. The value obtained for ;' K; K2 K, was 1.41x10™ s and for k.;’/Ks was
4.95x10% mol dm® s. The full lines represent the fits when K,"°* is kept constant at
8.0x10® mol dm™. The value obtained for kg”.Kl.Kz.Ka was 1.16x10 s™ and for k.;"/Ky4 in

the same conditions was 1.59x10° mol dm™ s™.
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Figure 3.12: A plot of &{SO3% Juwich versus pH for the reaction of aniline and HPS with added

sodium bisulfite.
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Figure 3.13: A plot of k,[Sng']stoich versus pH for the reaction of aniline and HPS with added

sodium bisulfite.
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The plots shown above are consistent with each other, in that both show an independence to

acidity above pH 7, and show some sort of increase when acidity increases. However, both

do not agree fully with their respective equations, in that the best fits are obtained with
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unrealistically high values for the dissociation constant of bisulfite. The reasons for this will

be considered in the discussion at the end of chapter 4.

The addition of sulfite ions to the system as stated retards the reaction and hence alters, the
koss values obtained. To avoid this complication, the term kops[ SO3> Jtoich is derived, to show
that the value of this term is independent of the added sulfite measurements were made, where
the concentration of HPS and aniline were kept constant, but the concentration of sulfite was
varied. The example shown in table 3.21 is at pH 7; two sets of data were obtained, where
HPS was either 0.008 mol dm™ or 0.044 mol dm™, aniline was a constant 1x10™* mol dm™ and
sodium bisulfite was varied. Values for both ko4, (independent of bisulfite) and oss[SO3> lstoich
were calculated. The concentrations of bisulfite in table 3.21 include an estimation for the

concentration of sulfite liberated from HPS.

Table 3.21: Values for the observed rate constants (dependent and independent of bisulfite)

for the reaction of HPS 0.008 or 0.044 mol dm™ with aniline 1x10* mol dm™ and varying

concentrations of sodium bisulfite, at pH 7, 25 °C

0.002 211 422 0.704
0.003 140 4.20 0.726
0.004 1.16 4.64 0.720
0.008
0.005 0.89 4.45 0.729
0.006 0.75 4.52 0.729
0.007 0.69 4.82 0.673
0.006 267 16.02 1.025
£ 0.007 232 16.24 1.047
0.008 2.10 16.78 1.042
0.044
0.009 1.91 17.16 1.078
0.010 1.75 17.50 1.085
0.011 1.60 17.59 1.135
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The results clearly show, that although values of %, vary, the value of kobs[Sng']smich are
constant at a given concentration of HPS. This justifies the treatment of the data in this

section.

3.2.3.2: 4-Methylaniline

An initial scan of absorbance against wavelength was obtained for the reaction of 1x10™ mol
dm™ 4-methylaniline with HPS, 0.01 to 0.1 mol dm>, at 25 °C in aqueous solution. The
spectrum of 1x10™ mol dlm'3 4-methylaniline alone was obtained for comparison. As with
aniline, an increase in absorption, with a shift to longer wavelength, was observed when 4-
methylaniline reacted with HPS. However, there was some interference from the HPS
absorption. The trend of increasing absorption, with increasing HPS concentration, was
obeyed as well. All reactions were over within 30 minutes, much faster than aniline, which
might be expected, due to the electron donating para-methyl group. Figure 3.14 shows an
example of this reaction with a spectrum of 4-methylaniline alone; table 3.22 shows peak

positions and extinction coefficients (€) for the two spectra.
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which enabled the observed rate constants, in terms of the total sulfite concentration to be
calculated. Figure 3.15 shows the absorbance versus times plots for these reactions at pH 8;

calculated rate constants with values for the overall equilibrium constant, K, are shown in

table 3.23.

Figure 3.15: Spectral plots of the reactions between HPS 0.01 to 0.1 mol dm™ with 1x10™
mol dm™ 4-methylaniline along with added sodium bisulfite, at pH 8, at 25 °C
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Table 3.23: Kinetic data obtained from the spectral plots for the reaction of HPS (varying
concentrations) and 1x10™ mol dm® 4-methylaniline with added sodium sulfite and an

aqueous pH 8 buffer, 25 °C, AAbsi,s= 1.00

0.008 0.003 3.26 9.79 0.342 65
0.017 0.004 3.07 12.3 , 0.509 61
0.034 0.007 3.19 223 0.683 63
0.053 0.008 ‘3.31 26.5 0.764 61
0.071 0.010 ' 3.37 33.7 0.823 65
0.090 0.011 3.44 37.8 0.866 72

Figure 3.16: A plot of values of kops[SO3> Jstoin / mol dm™ s™ versus [HPS] /mol dm™ for the
reaction of HPS and 4-methylaniline 1x10™* mol dm'3 in an aqueous pH 8 buffer, 25 °C
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At pH 4.7, [amine]g.. = [amiﬁe]smich x 0.29. Making this correction in table 3.24, would give
values at pH 4.7 of k]{8032']5mich =20.0x10" s and hence, K (kinetic) = 48 dm® mol™.

Logarithmic plots of rate parameters versus pH are shown in figures 3.17 and 3.18. The
dashed lines are best fits to equation 3.11 and 3.17, allowing K,"°%* to be a variable. Values
obtained are k;"" K;. K2 K, = 2.4x10* s and K% = 1.98x10° mol dm'3; and k3'7K4 =
3.5x10° mol dm™ s™ with K,"°%* = 3.1x107 mol dm™. With K,"*°*" fixed at 8.0x10"® mol
dm?, the full lines are obtained, giving ;" K;.K2.Ka = 2.0x10* s and 4.3’ /K4 = 3.45x10°

mol dm?3 s,

Figure 3.17: A plot of k;[Sng']swich versus pH for the reaction of 4-methylaniline and HPS
with added sodium bisulfite. &;”K;Kz2.K, =2.0x10* s with K,"°% 8.0x10"* mol dm”
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Figure 3.18: A plot of &[SOs>Jswicn versus pH for the reaction of 4-methylaniline and HPS
with added sodium bisulfite. k.’ /K4 =3.45x10° mol dm™ s and K,"5°* 8.0x10"® mol dm™
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The results in table 3.25, indicate that the. value of the parameter ko5[SO3” Jstoich iS

independent of the concentration of added sulfite.
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observed. The greatest increase in absorbance occurred at 255nm, and hence, this wavelength
was used to observe the reaction. The reaction between HPS 0.01 to 0.1 mol dm™ with 4-
chloroaniline 1x10"* mol dm™ and varying amounts of sodium sulfite, were observed over the

pH range 4.7 to 9, and the reaction at pH 8, is shown in figure 3.20.

Figure 3.20: Spectral plots of the reactions between HPS 0.01 to 0.1 mol dm™ with 1x10™
mol dm™ 4-chloroaniline along with added sodium bisulfite, at pH 8, at 25 °C
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1 = 0.09 mol dm> HPS; 2 =0.071 moldm™: 3 =0.053 mol dm>; 4= 0.034 mol dm?; 5=
0.017 mol dm™ ;6 =0.008 mol dm’?

Values.for the observed rate constants for this reaction, and at all other pH values, were
obtained from the first order fits of the plots. The same estimations of liberated sulfite
concentrations were used in order to produce values for the observed rate of reaction, in terms
of total sulfite concentration. The values calculated for the pH 8 reaction, along with

equilibrium constants calculated from absorbances and equation 3.20, are shown in table 3.27.
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Table 3.27: Kinetic and equilibrium data for the reaction of HPS (various concentrations)
and 1x10* mol dm™ 4-chloroaniline with added sodium sulfite in an aqueous pH 8 buffer, 25

0C, AAbSinf= 1.375

0.008 0.003 7.30 2.19 .| 0.623 103
0.017 0.004 7.66 3.37 0.825 88
0.034 0.007 8.48 543 0.988 75
- 0.053 0.008 9.27 7.44 1.129 86
0.071 0.010 9.87 - 9.67 1.188 89
0.090 0.011 10.49 11.54 1.198 75

Values calculated for the overall equilibrium constant give an average value for K, as 83.
Values calculated for the observed rate constants, in terms of total sulfite concentration, were
plotted against pH to obtain values for the respective forward and reverse rates. Figure 3.21

shows this particular plot for the reaction at pH 8.

k,[Sng']smich equal to thé gradient, was given as 1.14 x10™* s and kr[SO32']smich equal to the
intercept, was obtained as 1.41x10° mol dm™ s, These values therefore, give the overall
equilibrium constant for the reaction at pH 8, of 81 mol dm™ (since K = k;/ k,), which is in
fair agreement with the values calculated from the absorbance data. Values for all these

constants are shown in table 3.28.
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The value obtained at a given pH, again show a fair level of self-consistency. The plots for
the forward reaction in figure 3.22, show that at higher pH values, there is little dependence
on acidity. At lower pH, the observed values show some increase, but not in line with the
prediction of equation 3.1. Since the pK, value of the amine is 4.15, applying a correction for
protonation of the amine, would slightly increase the experimental value obtained at pH 4.7,

but would not significantly affect the fit.

Stmilarly, values for the reverse reaction, in figure 3.23, do not increase as predicted by
equation 3.17, at lower pH values.

K.759% 10 be variable, yielded values as follows; k;'" K. K, K, =

Allowing for the value of
9.38x107 s with K, = 2.38x107 mol dm>, k.5’ /K4 = 8.34x10”7 mol dm™ s with K,"5%*

=7.09x10"7 mol dm™.

Figure 3.22: A plot of k{SOs* |uich versus pH for the reaction of 4-chloroaniline and HPS
with added sodium sulfite. k3"’ KK, K, =7.1x10"° s when K,75%%* = 8.0x10°® mol dm

pH
'1 .5 T T T T T T il
9.5 10.5

2.5
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Figure 3.23: A plot of &[SO5> Joich versus pH for the reaction of 4-chloroaniline and HPS
with added sodium sulfite. k.;’/Ks=8.5x10" mol dm™ s with K, = 8.0x10® mol dm™.

pH

9.5 10.5

Log &, [SO5 Jstoich

3.2.3.4: 3-Chloroaniline

The spectra of 3-chloroaniline, 1x10* mol dm?, alone and with HPS 0.01mol dm™ were
observed, and are shown in figure 3.24. It was clear that 3-chloroaniline followed similar
trends to the previous anilines studied, in the sense that on reaction, the formation of the
products causes the initial peak to shift to a longer wavelength and increase in absorbance

over time. Reactions were complete after 100 minutes.
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Chapter three: The Reaction of HPS with Aniline and its Derivatives

3.2.4: Comparison of results: Hammett plots

The '"H NMR spectra, gave clear evidence for the formation of anilinopropanesulfonates from
HPS and aniline and its derivatives. There is no evidence for the formation of adducts with

1:2 stoichiometery, in observable concentrations.
The UV/Vis data allows examination of the kinetics of the overall process and yield values of

the equilibrium constant, K, defined by scheme 3.5. .

Scheme 3.5;
Et

Et NH‘Z H\N’ ( H

K SO
H"'[S0; +
HO
R R

Values for aniline and its derivatives are collected in table 3.36, where Hammett ¢ values® are

w o

given.

The results show that there are relatively small changes in the value of K, as the substituent,
R, is varied. The change is only by a factor of ca. 2, as the substituent is changed from 4-Me
to 4-NO,. This may indicate, that the overall electronic effect of the CHEt(SO3") group is
rather similar to that of hydrdgen, so that the electron demand from the ring varies little on

adduct formation.
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HPS. This may be attributed to the greater steric requirements of the anilinoalkanesulfonates,

compared to the corresponding hydroxyalkanesulfonate.

Discussion of the acidity dependence of the kinetic results will be delayed until chapter 4.
Additional information is described in that chapter. Values of the term k,[SO32']swich were

obtained by preforming the imine and following its decomposition, in the presence of sulfite.

The present results show that when above pH 7, values of kf[SO:;z']stoich and A[SO5% Jsich
become approximately independent of pH. This is consistent with the rate determining step in
the overall reaction being the acid catalysed dehydration of the carbinolamine intermediate.

This is further justified in chapter 4.

In table 3.33, values of kinetic parameters at the same pH, pH = 8, are compared. Hammett
plots are shown in figure 3.41. These show good correlations with p values of -1.47 for the

forward reaction and -1.81 for the reverse reaction.

Figure 3.41: Hammett plots for the forward and reverse rate constants

0.6 - 6+(L0g k r [SOSZ-]stoich)

N .
4+(Log k;[SO;5 Jstoicn)
0.2
-0’: -0‘.2 01 0.1 0.8
-0.2 4 (o]
-
2 04
g
—
o« L) -0.6
=]
n
e 0.8
=
)
(= qJ
]

184



Chapter three: The Reaction of HPS with Aniline and its Derivatives

If carbinolamine dehydration is rate-limiting, then equation 3.23 is valid

k[SO% i = K"K KK
f[ 3 ]sto1ch 3 P2 (3.23)

Reference to scheme 3.3 shows that values of K; and K,, referring to HPS alone, will be
invariant. So, it is the values of k3’ and K; which may be affected by ring substitution. K; is
the equilibrium constant for carbinolamine formation, and the data for the corresponding
reaction, i.nvolving formaldehyde®, shows no variation, in values, wi}hin experimental error,
with ring substitution. Hence, it is likely in the present system, that values of K; will be
unaffected and that changes will reflect variations of values of k; '’ with the nature of R. The
ks’ step is the acid catalysed dehydration of the carbinolamine, and the likely mechanism
(shown in scheme 3.7) will involve transfer of positive charge to the aniline ring. Hence, a

negative value p is expected.

Scheme 3.7:
Et [ Et ] Et
H_ H H\C‘)VH H\;\LI/

o I ’
+ H3O+ . ‘H\ +- —_— + 2H20
. /O H
H
R

For comparison, a Hammett plot for the protonation of the parent anilines, constructed using

the data in table 3.3 gives a p value of -2.8.

For the reverse reaction, the rate determining step will be hydration of the iminium ion, with

the relation shown in equation 3.24.
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k "
kr[SOBZ-]stoich = =
4 (3.24)

Hence, the p value obtained of -1.81, reflects the change in value of £;’’ and K4 with the
nature of the substituent R. The observed p value may be written in terms of the p value for

the two processes involved, as shown in equation 3.25.
p [observed] = plk;’ step] - p[Ks process] (3.25)

The values of p, both for the k;*’ step and the K4 process, will be expected to have positive '
values, since each process involves reduction of positive charge on the iminium ion.
However, K4 is the equilibrium constant for addition of sulfite, while, k.;’’ refers to a kinetic
process, addition of water. In the latter process, only partial neutralisation of charge will have
occurred in the transition state, hence giving a lower p value. Put another way, the effect of
adding the 3-nitro substituent to the aromatic ring will increase the value of K4, more than it

increases the value of k.;*’. Hence overall, p is negative.
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3.3: References
1) P. Le Hénaff, C. R. Acad. Sci., 1963, 256, 3090

2) J. H. Atherton, K. H. Brown and M. R. Crampton, J. Chem. Soc. Perkin Trans. 2, 2000,
941

3) D. D. Pemrin, ‘Dissociation Constants of Organic Bases in Aqueous Solution’,

Butterworths, London, 1965 and 1972 Supplement
4) D. D. Perrin and G. B. Barlin, Quart. Rev., Chem. Soc. London, 1966, 20, 75
5) (a) G.L.Kok, S. N. Gitlin and A. L. Lazrus, J. Geophys. Res.,D, 1986, 91, 2801; (b) E.

Haydon, A. Treinin and J. Wilf, J. Am. Chem. Soc., 1972, 94, 47, (c) V. H. Tartar and H.
H. Garretson, ibid., 1941, 63, 808

187



Chapter four




Chapter four: The Decomposition of APS in the Presence of Sulfite

4 The decomposition of APS in the presence of sulfite

4.1: Introduction

In chapter 3, the overall equilibrium between anilines and HPS, to give APS, has been
studied, and values for the parameters kf{so32-]gtoich and k[SO3” Jswoicn have been evaluated. It
is known that imines may be produced and isolated from reactions of carbonyl compounds
and amines (refer to chapter 1.3, 1.4). It was thought to be of interest to try to produce the
imine from propanal and aniline, and to investigate its reaction with sulfite. It is to be
expected that a rapid reaction would occur to give anilinopropanesulfonate, APS, but slow
decomposition would eventually yield aniline and propanal, in the form of its sulfite adduct.
These steps are shown in scheme 3.3. Starting with low concentration, 1x10™* mol dm™, of
imine, then the reversal should be almost complete at equilibrium. Hence it might be possible
to isolate the reverse reaction, and obtain values for the parameter &[SO3> Joich at different

pH values. These would give, by an independent method, a check on the values obtained in

chapter 3.

4.2: Preparation of the imine

4.2.1: '"H NMR studies

Studies were all made in deuterated acetonitrile, since it was predicted that water would cause
decomposition of the imine. Initially, the reactants, aniline (4.1) and propanal (4.2) were
observed independently by "H NMR in CD;CN. Spectra are similar to those shown in chapter
3 and 2, respectively, and therefore, only shifts are shown (tables 4.1 and 4.2). Propanal,
when in CD;CN, will only show peaks for unhydrated 4.2, and thus, table 4.2 is greatly

reduced from that shown in table 2.8, where the hydrate is also observed.
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possible due to the acidity of solution, since the system was not buffered, leading to a reaction
pH of ca. 3.5. Reactions that might occur at this pH are; aldol condensation,
proton/deuterium exchange on methylene carbon in propanal, due to internal rearrangement of

the double bond, and lastly, formation of the carbinolamine analogous to this reaction.

4.2.2: UV/Vis spectrometric studies

The same reaction to produce the imine from aniline and propanal was observed by UV/Vis
spectrometry. From the knowledge of the '"H NMR observations, aniline and propanal were
mixed in 0.2 mol dm™ concentrations in acetonitrile. Dilution of this solution to 1x10™ mol
dm™ was firstly made in acetonitrile and secondly, in water, in order to observe the effect of
solvent. The spectra of aniline at the same, 1x10™* mol dm, concentration in both acetonitrile
and water, are shown for comparison; all four plots are illustrated in figure 4.2. Extinction
coefficients with the respective Amax for all spectra are shown in table 4.4. Propanal does not

absorb greatly in the areas of observation.
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- The hydrolysis is clearly not complete, as the imine should eventually revert back to reactants,
and in this case, aniline and propanal. The pH of this system was found to be <4, and a

proposed mechanism for the hydrolysis of this imine can be seen in scheme 4.2.

Scheme 4.2;
H

H
)\ slow HN/k”' Et

H
+)\
HN® “Et
| H,0 OH
+ H* + H*

N Et

fast
NH,
/H
+ CH,CH,C S
0]

Despite hydrolysis of the imine having being shown to occur, it was decided not to investigate

this process in detail, but to study the reaction in the presence of sulfite ions.

4.3: Reaction with sulifte

4.3.1: Initial Studies

'H NMR studies of the reactions of imine with sulfite were not attempted, due to hydrolysis
being too much of a factor at the necessarily high imine concentrations required. Imine
concentrations, when studying its formation, were 0.2 mol dm>, compared to UV/Vis

spectroscopy observations at 1x10™* mol dm™>. The other major limiting factor was the lack of
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solubility for sulfite in acetonitrile, which precluded studies in acetonitrile rich solvent

systems.

Initial UV/Visible studies showed that reaction with sulfite in a tenfold excess caused a
relatively quick decomposition. Figure 4.4 shows a spectral plot for the reaction of imine
1x10* mol dm™ with 5x10° mol dm™ sodium sulfite initially and after 25 minutes. A

spectrum of aniline 1x10™* mol dm™ is also shown.

Figure 4.4: Spectra plots of 1x10™ mol dm™ aniline, imine 1x10® mol dm™ reacted with

5x10™ mol dm™ sodium bisulfite initially and after 25 minutes, in an aqueous pH 7 buffer
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The spectrum initially obtained on mixing the imine with excess sulfite; is not that of the
imine alone. Comparison with the spectra in figure 3.9, indicates that there is an initial rapid

reaction to yield anilinopropanesulfonates with absorbance at 250nm. Slowly, decomposition
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occurs, so that the eventual spectrum is consistent with regeneration of aniline.

Measurements were made at 250nm, where the largest change in absorbance occurred.

4.3.2: Determination of k,[SOsz']stoich

The reaction of imine 1x10™* mol dm™ with sodium sulfite (or bisulfite depending on pH) in
varying concentrations was measured, with a number of buffers at different pH, with the ionic
strength kept constant at KCI 0.1 mol dm>. The imine was made initially, with equimolar
propanal and aniline 0.2 mol dm™ in acetonitrile. Further dilution was made in acetonitrile, so
that the aliquot needed for reaction was small enough to ensure that the ratio of acetonitrile to

water in the final solution was very small. However, this ratio was constant for all reactions

carried out.

At the very low concentration of imine used, 1x10™* mol dm™, the concentration of aniline and
propanal produced by hydrolysis will also be very small. Hence, the forward reaction will
involve a negligible contribution to the overall velocity, allowing the reverse reaction to be

isolated.

Reactions were carried out over a pH range of 5.8 to 10.8. The reaction at pH 6.6 will now be
discussed in detail. Figure 4.5 shows the absorbance versus time plots for the first order
decomposition reaction of 1x10™* mol dm™ imine with sodium bisulfite 1x10” to 0.02 mol
dm?, with a pH 6.6 buffer and with I = 0.1 mol dm™>. Curves obeyed good first order
behaviour and the ks values obtained, are shown in table 4.6, together with values calculated
for kops[SO3% Jstoich. These values were calculated, by multiplying values obtained from the
first order fits with the stoichiometric concentration of sulfite, for that particular reaction.

These values should show good consistency and the mean can be expressed, as the term

kr[so32-]stoich-

197












C;tapter four: 'The Decomposition of APS in the Presence of Sulfite
In the range pH 5.8 — 9.5, the results in figure 4.6 are in good agreement with those shown in
figure 3.15 and obtained, starting from aniline and HPS. The independence of the “reverse”
term, k,[SO32’]smich, on pH in the range 7 — 9.5 is in accord with the rate limiting reaction of
the iminium ion with water. The results in the pH range 10 — 11 shown in figure 4.6 indicate
increases in value of the rate term, with increasing pH. These increases may be attributed to a
contribution to the reverse term from the reaction of hydroxide ions with the iminium ion (the

k.;’ term in scheme 3.4).

4.4: Acidity dependence

The results obtained in chapter 3 for the &{SO3* Juoicn and k[SO3* Jswoich terms, and those
presented in this chapter for the reverse term, have been discussed in terms of rate
determining acid catalysed dehydration of the carbinolamine. This assumption leads to
equationvs 3.11 and 3.17, respectively. In agreement with expectation, the values obtained
experimehtally, are independent of acidity when pH > 7. However, experimental values are
lower than those predicted, when pH < 7. The possible explanations for this, in terms of

mechanism, are now considered.

4.4.1: Uncatalysed dehydration of the carbinolamine is rate limiting (scheme 3.4)
This corresponds to reaction of the iminium ion, with hydroxide being rate-limiting in the

reverse direction. This leads, from equation (3.10), to equation 4.1 for the forward term and

to equation 4.2, for the reverse term.

[H'] + KHso;

k]{SO32-]sloich = k3’ KIK2Ka HSO-
[HY) KPS
(4.1)
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K, f(IH]+ K"
K, \ [H] K™%

kr[sog- ]stoich = k—3

(4.2)

These expressions predict, that above pH 7, where K."S9% > [H'], values should be inversely
proportional to [H']. There is evidence from figure 4.6 that at pH values greater than 10, this

becomes true. However, between 7< pH > 10 the values are independent of pH.

The expressions also predict, that below pH 7, where K,"*°* < [H'], the values should
become independent of pH. The results presented in chapter 3 and in figure 4.6, do show that
using the known value for K,%%* (8x10"® mol dm™), experimental values are lower that these
predi-cted by equation 3.11 and 3.17 and do tend to level off. However, it is unrealistic to
postulate that the rate limiting step should change from acid catalysed dehydration of the
carbinolamine, to uncatalysed dehydration with increasing acidity. This would correspond in
the reverse reaction, to reaction of the iminium ion with hydroxide ions becoming more

important with increasing acidity.

Therefore, the acidity dependence below pH 7 cannot be attributed to a change to uncatalysed

dehydration of the carbinolamine.

4.4.2: Reaction of the amine with propanal is rate limiting (scheme 3.3)

This leads to equation 4.3 for the forward reaction. Assuming that propanal and HPS are in

rapid equilibrium, and writing the expression in terms, of the stoichiometric sulfite

concentration leads to equation 4.4.

= k,[anili 1
v ,[aniline][propanal]g. 43)
H]+ KO
kf[SO32-]stoich = kZKlKa [ ] a-
HSO
H1K,
(4.4)
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Similarly, assuming that cleavage of the carbinolamine to give aniline and propanal is the rate
limiting, leads to equations 4.5 and 4.6 for the reverse reaction, where [COH] is the

concentration of the carbinolamine,

v = k,[COH
-[COH] 45)
+ HSO,
k [Soz—] ) — k-2 [H ] + Ka
r 3 lstoich HSO-
KK, \[H] K™
| (4.6)

N

Equations 4.4 and 4.6 show a similar acidity dependence. Above pH 7, there is an inverse
dependence on [H']. Below pH 7, values are predicted to be independent of pH. Clearly, the
acidity dependence above pH 7 is not that found experimentally. However, below pH 7,

experimental values do tend to linearity as can be seen by examination of figures 3.22, 3.23,

3.26,3.27, and 3.29.

Thus, the most reasonable explanation of the experimental results is that a change in rate-
limiting step occurs in the pH region 6 -7. At higher pH values, acid catalysed dehydration of
the carbinolamine is the slow step. At lower pH values, the reaction of aniline with propanal

is rate determining.

The results in chapter 3 give values for one term of k,{SOf']stoich at pH 4.7 - 5.0. At this pH,

equation 4.4 will reduce to equation 4.7.

2 k2K1Ka
kj[so3 -]sioich = -
K:lso3

4.7)

K, corresponds to dissociation of the dianionic form of HPS and is equivalent to the value of

1/K3, as defined in chapter 2; the value is 0.0105 mol dm™. The value of K, is 2.0x10"! mol
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k—2
kr [8032-]stoich =

K K K505
(4.8)

Nevertheless, since values of K3 and K4 are not known, it is not possible to obtain values for
k. However, the dependence of the reverse term on the nature of the substituents, R, is
similar to that observed for the forward rate term. This indicates that values of the
equilibrium constant, K,, will not depend strongly on the nature of R. Similar behaviour was

observed in the formation of carbinolamine from anilines and formaldehyde.

The 'overall conclusion is that the rate-limiting step changes from carbinolamine formation to
carbinolamine dehydration, in the pH range 6 — 7. It should be noted that the observed
dependence on sulfite concentration, showing that the value of the kf[SO32']sm;ch and £, [SO5*
Jsoicn terms are independent of sulfite concentration, is not consistent with the rate
determining step, being either dissociation of HPS (the k; step), or reaction of the iminium ion

with sulfite (the &, step).
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Chapter five: Reaction of HMS with Benzylamine and its Derivatives
S Reaction of hydroxymethanesulfonate, HMS, with benzylamine

and benzylamine derivatives

5.1: Introduction

5.1.1: Previous studies

To date, only one study has been reported of the reactions of hydroxymethanesulfonate, HMS,
with benzylamine and its derivatives. Brown' observed the formation of adducts 5.1, with 1:1

stoichiometry, and 5.2, with 1:2 stoichiometry, using "H NMR spectroscopy.

_NHCH,S0; HZC,N(CHZSO; ),

5.1 5.2

Measurements were also made to gauge the effects of electron donation and withdrawal using
N-methylbenzylamine and ring substituted benzylamines, (R = OMe, Me, NO;). The
formation of the 1:2 adducts, which contrasts with reactions involving aniline where only 1:1
adducts were observed, may be attributed to the greater basicity of benzylamine. Some initial
kinetic and equilibrium measurements were made using UV/Vis spectroscopy. Results are
summarised in table 5.1. In these measurements no sulfite was added, so that the
concentration of free sulfite is uncertain. This means that the values obtained for &* and £,
are of uncertain reliability. They will, as in the case of aniline, be expected to be strongly
dependent on the sulfite concentration. Nevertheless, the values obtained for K* should be

independent of sulfite concentration and hence should be reliable.
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Table 5.1: Rate and equilibium constants' for the reaction of HMS with benzylamine and

benzylamine derivatives (4-RC¢H4sCH,;NHR’) obtained at 25 °C

H H unbuffered (8.2+0.3)x10 (1.0+0.2)x10 80+ 10
7.0 1.1x10° £ 9x10° | 1.6x10™+ 5x107 6.8+ 0.1
ocr | n 8.1 1.3x107 £ 4x10” | (1.5+0.03)x10™ 86 £ 2
8.9 (1.7£0.0D)x10% | (2.2+0.07)x10™ 773
10.1 (1.7+£0.02)x10° | (1.8+0.09)x10™ 93 +5
-CH; H 7.0 (5.4 £0.5)x10° (3.8 £3)x10” 140 £120
-NO;, H 7.0 (9.9 + 3)x10™ (9.2 £ 2)x107 11+4
H -CH; 7.0 (1.2 £ 0.08)x10 (3.6 £ 0.5)x107 33+3

The values of &* and K* in table 5.1 are written in terms of the stoichiometric amine
concentration. At the pH values studied the amine will be partially protonated. Since reaction
with HMS is likely to involve only the free amine the values will be expected to decrease with
increasing acidity. This can be seen in the data for 4-methoxybenzylamine. Values of &, and
K for reaction with the free amine, are related to values of k* and K* by equations 5.2 and

5.3.

oo K [RC(H,CH,NHCH,SO; ]
k, [RCH,CH,NHR'] . .[CH,(OH)(SO; )] )
K = k* K, + [H']
Ka
(5.2)
« K +[HY]
k. = k 2
! f Ka
(5.3)
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Some problems were encountered in these studies, for example, in the reaction of HMS with
N-methylbenzylamine, where only a single adduct should be possible, two time dependent

processes were observed in the UV/Vis spectra.

Further studies were made by Brown' on the decomposition of 1:1 adducts formed by reaction
of HMS and benzylamine in equimolar amounts. The first step in the decomposition, scheme
5.1, involves release of sulfite to give an iminium ion. The free sulfite reacts irreversibly with
iodine in a reaction which is zero-order with respect to iodine. This led to the evaluation of

values for %, the rate constant for release of sulfite.

Scheme 5.1:

+ HCHO + H*

The pH dependence of the observed values for k was interesting. Above pH 6, values were
independent of acidity. However at lower pH values there was a linear dependence in value
of Log & with pH. This was attributed to protonation of the adduct, which inhibits sulfite
expulsion. Values of the pK, were found to be between 5.4 and 5.6 for the ring substituted
benzylamines and 4.9 for N-methylbenzylamine. The low value obtained here was attributed

to the steric effects of the methyl group resulting in a reduction in solvation of the protonated

nitrogen.

5.1.2: Present studies
1H NMR spectroscopy was used to measure the values of equilibrium constants for the

reaction of benzylamine with HMS over a wide pH range. This was possible since separate

bands were observed for the parent amine and for the 1:1 and 1:2 adducts. Therefore, using
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substantially reduce the observed reactivity. The adducts formed by the reaction, are expected

to have much lower pK, values and will predominately exist as their unprotonated forms.

The equilibria associated with 1:1 adduct formation are shown in scheme 5.2. K;,; and K;.*
are defined in equations 5.4 and 5.5 and the stoichiometric concentrations of amine and

adduct are related to the free concentrations as shown in equations 5.6 and 5.7.

Scheme 5.2:
H
NH, NO
| . CH,SO0;
+ CH,OH)(SO]) + H' =— + H + HO
K Kal:l
IGH +
’ NHZ\CH2SO;
. I(l:l*
+ CH,(OH)(SO;3) + H,0
_ [PhCH,NHCH,SO; ]
' [PhCH,NH,)[CH,(OH)(SO; )]
(5.4)
K, * - [PhCHZN}IZ+CHZSO;]
| [PhCH,NH; J[CH,(OH)(SO; )] 9
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K, + [H*
[PhCH,NH,] ., = [PhCHzNHz](—H

(5.6)

Kal:l + [H+]

[PhCH,NHCH,SO; ], = [PhCH,NHCH,SO; ] —

(5.7)

A stoichiometric equilibrium constant is defined in scheme 5.4 and equation 5.8. It is shown

in equation 5.10 how this is related to the equilibrium constant K.;.

Scheme 5.4:
K ] stoich
[PhCH,NH,] ... + CH,(OHXSO;) [PhCH,NHCH,SO; ] s
K, stich — [PhCHZNHCHZSOB'- ]stoich
' [PhCH,NH,},,,;.,[CH,(OH)(SO;)]
(5.8)
Klllstoich — [PhCHZNHCHZSOf;] Kal:l + [H+] | Ka
' [PhCH,NH,][CH,(OH)(SO; )] K, ! K.+ [H']
’ (5.9)
] K Ll 4 H+ K N
K1~1smmh =K, - [ ’ ] .
: Kal:l Ka+ [H+]
(5.10)

For most of the pH range studied, K, is likely to be larger than the proton concentration, and

therefore, its bracketed term, becomes unity and hence, can be cancelled. Hence when [H'] >
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K,, i.e. lower than pH 9, equation 5.10 reduces to equation 5.11, indicating an inverse

dependence upon acidity.

) K
KI:IStOICh = Kl'l a
- [H7]

(5.11)

However, in alkaline solutions where the proton concentration is smaller than the acid

dissociation constant for the amine, the term K;.;"" becomes equal to K,.;.

It was necessary to use deuterium oxide, D,0, for 'H NMR measurements. All buffers,
phosphate or acetate, were made up in the usual way using the concentrations (both equalled
0.2 mo! dm™ in the NMR tube) appropriate for solutions in H,O, and ‘pH’ values were

measured using a conventional glass electrode.

Coetzee and Ritchie® have shown that the relationship between the ‘operationa pH’, measured

in the conventional way with a glass electrode and aqueous reference solutions, and pD is,

= pH + 0.
pD = p 40 (5.12)

where pD measures the activity of D” ions. Hence pD values are about 0.4 units higher than

the measured values.

However it is known®® that for acidic species pKpp+ > pKgn+ by about 0.5 units®.

ApK = K, - pK ~04 ~05
p p aD p. aH (5.13)

Hence there is compensation between these two effects, so that if ‘operational pH’ values are

used in uncorrected form, then the values obtained will correspond to pKgy+ values.

Now that the relationship for the solvent systems is known, a plot for the theoretical trends

that would be observed with formation of both the 1:1 and 1:2 adducts may be drawn.

214



Chapter five: Reaction of HMS with Benzylamine and its Derivatives

Figure 5.1 shows the theoretical plot of Kl;ls“’ich versus acidity, derived from equation 5.10.
y q

The two plots represent the results for the different solvent systems, H,O and D,0. The
dashed line, representing the deuterated solvent, has the sigmoidal shifted slightly to higher

pH/pD values, compared to when observed in water, even though the trend remains.

Figure 5.1: Theoretical plot of K"

versus pH/pD derived from equation 5.10

Log Kmmidl

The equilibria associated with 1:2 formation are shown in scheme 5.5.
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Scheme 5.5:
H
No . N(CH,S0; ),
CH,SO;
- K1:2
+ CH,(OH)SO;) + H* + H* + H,0
Kall KaI:Z
NH N -
8 _ NH(CH,SO;),
CH,SO; K,,*
+  CH,(OH)(SO;) - + H,0

If neither the 1:1 nor 1:2 adducts are appreciably protonated then the value of K.t

defined by equation 5.14, should be independent of pH.

[PhCH’ZN(CH2803- )2]stoich
[PhCH,NHCH,SO; ] icn [CH,(OH)(SO;3)]

stoich
Kl 2

(5.14)

stoich

Hence the predicted plot of K, versus pH/pD would show a line parallel to the x-axis

with no variation with acidity. As described later the observed behaviour fits this pattern.

5.2: Results and discussion

5.2.1: Initial observations

Initially, it was thought necessary, to observe 'H NMR spectra for all reagents. Spectra of

HMS (5.1), benzylamine (5.2), N-methylbenzylamine (5.3) and 4-nitrobenzylamine (5.4) all
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at 0.1 mol dm™ in unbuffered D,O solutions, were obtained. Figures 5.3 to 5.5 show spectra
for the benzylamines, and peak assignment is show for all reagents in tables 5.3 to 5.6. In
- order to help with spectral assignments in the presence of HMS, a sample of benzylamine-

o, 0i-dz-N,N-d; was synthesised.

5.2.1.1: Synthesis of benzylamine-a,o-d;-N,N-d;

Benzylamine-a,a-d;-N,N-d, was prepared, as previously reported by Hamid’; with the
procedure closely followed. The method involves reduction of benzonitrile with lithium
aluminium deuteride, according to a modified procedure of Nystrom and Brown®. To avoid
adventitious water the apparatus was set up, so that every opening to the atmosphere was
protected with calcium chloride drying tubes. Lithium aluminium deuteride (1g, 0.024mol)
was carefully added, as a solution in dry diethyl ether (40cm’)(dried overnight with Calcium
chloride). This was added dropwise over 45 minutes to benzonitrile (2.1g, 0.02mol), and
dissolved also in dry. diethyl ether (40cm’), in a 250cm® round bottomed flask fitted with a
reflux condenser and magnetic stirrer. Addition was maintained, so that the mixture was kept
at gentle reflux. After the addition of the lithium aluminium deuteride was complete, reflux
was continued for a further 30 minutes. D,0 (5-10ml) was then added dropwise, (exercising
great care) with stirring and cooling of the mixture, in an ice-water bath to decompose the
excess deuteride. The resultant solution was then filtered, and the precipitate was washed
with diethyl ether. The filtrate was then dried with anhydrous sodium sulfate, before further
filtration; evaporation of the ether on a rotary evaporator gave the product, a yellow-coloured
liquid (2.04g, 96% yield). The 'H NMR spectrum in D,0 reveals the absence of the benzyl

hydrogen atoms, shown below in figure 5.2.
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Figure 5.8: "H NMR spectrum for the observed reaction of HMS (0.1 mol dm®) and 4-
nitrobenzylamine, 5.4, (0.05 mol dm™) with a pH 7.3 buffer in D,0, after 15 minutes
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Figure 5.9: 'H NMR spectrum for the observed reaction of HMS (0.5 mol dnﬁ"") and 4-
nitrobenzylamine, 5.4, (0.05 mol dm™) with a pH 7.3 buffer in D,0, after 1 day
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only the Ar — H;, H¢ proton band shift back to a position coincident with that of the parent

benzylamine.

Due to insufficient quantitative data were collected when observing this reaction the values

for K1.,™°" and K,.2"”" could not be obtained for 4-nitrobenzylamine.

5.2.3: Calculation of K;1*"" and K;,""" values for the reaction of HMS with

benzylamine and N-methylbenzylamine

Calculation of these constants used the relative integral intensities recorded from each
spectrum after equilibrium had been reached. In each case the free HMS concentration had
first to be calculated. This was achieved by dividing the intensity of the unreacted HMS
peaks, by the sum of all the intensities of relevant CH; groups incorporated in the HMS
adduct, and the value obtained was then multiplied by the known starting cdncentration for
HMS. Using this value, along with the relative intensities for the benzyl CH, peaks of the
reactants and products gave values for the respective equilibrium constants as shown in

equations 5.15 and 5.16 gave values for the respective equilibrium constant.

Kl ) lstoich _ [PhCHzNHCH2 S 03- ]
' [PhCH,NH,][CH,(OH)(SO; )], (5.15)
K, soich = [PhCH,N(CH,SO; ),]

[PhCH,NHCH,SO;][CH,(OH)(SO; )];.. (5.16)

When obtaining the equilibrium constant for the formation of the 1:1 adduct of N-
methylbenzylamine, the intensities of the benzyl peaks from reactants and products were used

routinely, however, values obtained using the N-methyl peaks were in good agreement.
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Figure 5.12: A plot of Log K;. 11" versus pH for the reaction of N-methylbenzylamine with
HMS, superimposed is a fit line of equation 5.14.
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5.3: Conclusions

Formation of both the 1:1 and 1:2 adducts, for both benzylamine and 4-nitrobenzylamine, and
formation of the 1:1 adduct for N-methylbenzylamine, were clearly observed with '"H NMR.

The results obtained, except for 4-nitrobenzylamine, were used to obtain equilibrium data.

The acidity dependence shown in figure 5.10 and 5.12 clearly shows that values of K, SOk
reach a maximum value at high pH corresponding to deprotonation of the parent benzylamine.
The NMR results give some evidence for the presence of a second plateau at pH < 6, but the
values of the equilibrium constants were too small here to define precisely a minimum value.
Nevertheless using values of pK,"! previously determined by Brown' allowed the complete

acidity dependence to be charted.
It is interesting that the values of pK,'" are at least three orders of magnitude lower than the

corresponding values for the parent benzylamine. This may be partially due to the electronic

effect of the CH,SO5™ group, but solvation is likely to be more important. The effect of the
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bulky CH,SO;" group will inhibit solvation of the conjugate acids and hence reduce the

protonation at nitrogen.

The independence on acidity of the values obtained for K, indicate that neither the 1:1

nor 1:2 adducts are extensively protonated in the pH range studied.

Interestingly the value obtained, 460 dm’® mol'l, for K;.; for N-methylbenzylamine is higher
than that, 160 dm® mol™, for benzylamine. This may be attributed to the inductive, electron
releasing, effect of the N-methyl group which increases the basicity at nitrogen. The greater

size of the methyl group does not apparently inhibit the reaction with HMS.

Further evidence that steric effects at nitrogen are not of major importance comes from the
observation that for reactions of benzylamine values of K;.;, 160 dm’® mol”, and K5, 120 dm’
mol™, are similar. The presence of the first CH,SOs™ group at nitrogen does not effectively

inhibit addition of a second.

5.4: Reaction of HMS and amines in the presence of metal divalent ions

5.4.1: Introduction

It is known that both benzylamine and aniline will react with HMS to produce
aminomethanesulfonates. It was thought to be of interest to investigate whether these
reactions were affected by the presence of metal cations. In the case of 1:1 adducts it is
possible that stabilisation might occur, as shown in scheme 5.5, through interaction of the

metal ions with the sulphur or oxygen atoms of the sulfite and with the nitrogen atom to

enhance stability.

Metal complexation might have the effects of increasing the values of the rate constants for

formation and also the equilibrium constants for formation.
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Scheme 5.5:

The reactions of HMS with aniline and benzylamine with added divalent metal cations, were
observed independently, using UV/Vis spectroscopy. Reactions were conducted with the
amine concentration constant, 1x10* mol dm>. However, either the HMS concentration or
the metal complex concentration was varied while keeping the other constant. Reactions were
conducted in unbuffered solutions; however the pH was recorded; for aniline pH ~ 6.6, and
for benzylamine pH ~ 9.0. The divalent metal cations used, were magnesium and barium as

the chlorides.

5.4.2: Results and discussion

5.4.2.1: [Amine] and [HMS] constant, [MgCl,] varied

The UV/Vis absorbance versus time plots at 245nm for the reaction of HMS 0.02 mol dm?
and aniline 1x10™* mol dm™, fixed, alone (bold line) and with added magnesium chloride, is
shown in figure 5.13. The added magnesium chloride increases from 1x10™ to 1x10” mol
dm™ (1 to 3) The plots showed first order behaviour, and the observed rate constants, along
with absorbance data are in table 5.13. The plots for the reactions when the metal cation is
added, vary little, from the plot where no magnesium was added. This is confirmed by the

observed rate constants being identical and suggests that the divalent metal cation has no

effect on this particular system.
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6 Synthesis and Reaction of Triazines

6.1: Introduction

A number of authors have shown how the condensation of benzylamine and formaldehyde

may yield an imine, which polymerises, to givé a 1,3,5-triazine derivatives'. |

Scheme: 6.1:

PhCH,NH, + CH,0 PhCH,N=CH, + H,0
(Ph
N
3 PhCH,N=CH, —
Ph NN
Ph
(6.1)

The triazines are useful, since they can be used as synthetic equivalents of the constituent

imine; and reactions with nucleophiles, such as phosphites (Scheme 6.2) and thiols have been

reported2.
Scheme 6.2:
Ph
( 1. (Et0),POH Ph
(NW ii. HCI (l)l N
o M = (Ei0),p__NH, CI
NN W
Ph
(6.1)
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In Chapter 5 some studies of the reactions of benzylamine and its derivatives with HMS have
been reported. These are likely to involve the intermediacy of imines Ph\CH,=NH,, and it was
thought to be of interest to examine the reaction of some benzylamine derivatives with
formaldehyde in the absence of nucleophiles. The products are found to be a series of
previously unreported triazines, which are substituted in the aromatic ring. In the case of N-

methylbenzylamine, trimerisation is not possible, but dimer formation is observed.

6.2: Preparation of triazines

6.2.1: (1,3,5)-tribenzyl-(1,3,5)-triazine, 6.1

The trimer was synthesised using procedures reported by Lewis and Motherwell™,
Benzylamine (20.3g, 0.189mol) was placed in a 250cm’® round bottomed flask at 0°C. To
this, 37% wt formaldehyde solution (19.4 ml, 0.2mol) was added dropwise, over 45 minutes
with continuous stirring, so the temperature did not exceed 10°C. The gummy solution that
was formed was left to stand in ice for a further hour, to ensure the reaction was complete.
Diethyl ether (50 ml) was added, with stirring, until the gum had been dissolved. The
aqueous layer formed was extracted, and washed with diethyl ether (3 x 25 ml). The
combined organic layers were washed with brine and then, filtered. The ether was stripped
off using the rotary evaporator, to produce the triazine as a colourless viscous liquid. This
was then added to ethanol (300 ml) at -10 °C, and by addition of water (20 ml), crystallisation
started to occur. After 24hrs standing, the triazine had crystallised to form colourless rods
(yield of 69.8%), with a melting point of 48-49°C (literature value 50°C)™. The 'H and *C
NMR spectra in d-¢ dimethylsulphoxide (DMSO) were obtained (Figures 6.1 and 6.2). The

chemical shifts, multiplicity and peak assignments are summarised in tables 6.1 and 6.2.
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formaldehyde. The 4-dimethylaminobenzylamine hydrochloride (0.5g, 2.24x10*mol dm™)

was dissolved only in the base,A and then the formaldehyde was added over 45 minutes.

The yields and melting points of the products were; 1,3,5-tri-(4-nitrobenzyl)-1,3,5-triazine,
6.2, 51.7% 148°C (decomposed), 1,3,5-tri-(4-dimethylaminobenzyl)-1,3,5-triazine, 6.3, 61%,
81°C. '"H NMR spectra were obtained, and can be seen in figures (6.4 and 6.5), with peak

assignments, chemical shifts and multiplicity in table (6.4 and 6.5)
It is of interest, that the doublet, due to H; and H; in the spectrum of the 4-nitro derivative is

appreciably broadened. This may indicate some conjugation, resulting in restricted rotation

about the C; and CH, bond.

NO,

6 2
5 3
, 4
NO,
(6.2)
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The structure of 1,3,5-tri-4-dimethylamino-1,3,5-triazine, 6.3, can be seen below:

6 2
5 3
4
AN
(6.3)

Figure 6.5: "H NMR spectrum of 1,3, 5-tri-(4-dimethylamino)-1,3,5-triazine, 6.3, in CD;Cl
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tribenzyl-1,3,5-triazine (5g, 0.014mol) was added to a 100cm’ round bottomed flask, and
then, dry nitrogen was bled through the system to remove any moisture; a bubbler with silicon
oil was used to ensure, that absolutely no moisture was in the system. After 20 minutes, the
nitrogen flow was reduced, and 3 equivalents of diethyl phosphite (5.3ml) was added, with
heating at 100°C for 18 hours. The reaction was then heated at 50°C, at high vacuum for 8
hours to remove any impurities, using an acetone/cardice bath as the trap. The hard
precipitate was then taken up in dry ether (50ml), and heated slightly with intensive stirring,
to aid it to dissolve. Hydrogen chloride in ether (5ml) was added, and the solid was filtered,
washed with diethyl ether, and dried at high vacuum. A slightly yellow, extremely
hydroscopic solid was formed. A 'H NMR spectrum was obtained yet the peaks proved
undecipherable. "H NMR spectra for both, un-reacted diethyl phosphite and the wet products

can be seen below in figures 6.8 and 6.9.

Figure 6.8: 'H NMR spectrum of 0.1 mol dm™ diethyl phosphite in DMSO
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7 Experimental

7.1: Materials

i). Kinetic use: all materials used to make aqueous solutions for kinetic experiments were
purchased commercially. These substances were used without further purification, using
highly purified water, to give solutions of known molarity. Most solid compounds were
dissolved with the aid of a Sonomathic ultrasonic bath, to ensure complete dissolution.

‘

if). Synthetic use: reagents for synthetic use were also purchased commercially, and used
without further purification. Substances were used undiluted, except sodium hydroxide and
hydrochloric acid solutions that were used, to either neutralize reagents, or make the reaction

liquor, acidic or basic. Reaction products were purified by recrystallisation.

General purpose methanol was used for washing all apparatus.

7.2: Experimental measurements

Volumes were generally measured, using glass pipettes for volumes greater than 5 cm’ and
Gilson Pipettman dispensing pipettes, with disposable tips, for smaller volumes. The Gilson
Pipettman pipettes were calibrated prior to use, by weighing the volume of water dispensed at

a particular setting, assuming a density of water of 1 g cm?, and adjusting the volume setting

accordingly.

7.3: Buffer solutions

Throughout the work reported in all chapters, buffers with various pH were used. Buffers
were made up using CRC Handbook', as a guideline. Buffer concentrations, depended on the

salt being used. Since all work was in the pH range, 1 to 12, the buffers systems used were;
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simultaneous delivery of the reagents through the automated mixing chamber into the
observation cell (1 cm path length), within 5 ms. Upon entry to the observation cell, the
solution, causes a third syringe to load and trigger the acquisition of the absorbance time data.
The drive syringes, delivery tubes and the observation cell, were thermostatted, by the means

of a circulating water bath.

A fibre optic cable directs a beam of monochromatic light, of the appropriate wavelength, into
the observation cell. The light passes through the reaction solution, into a photomultiplier and
the change in voltage/time, is converted to absorbance change/time, by the computer software.

The software also allows for the generation of rate constants from the recorded data.

The apparatus was washed through, with distilled water and the appropriate solutions prior to
use. = To ensure efficient mixing, approximately five short runs were conducted, prior to
obtaining the results desired. Water was used as the solvent in all stopped-flow experiments.
Reactions were carried out under pseudo first order, or zero order conditions. Runs were
often carried out in a random order rather than in increasing/decreasing concentration to

minimise errors, due to environmental changes.

7.6: Data fitting and errors in measurement

For experiments, using conventional spectroscopic methods, all rate constants were obtained
using the Scientist® computer program®. Data manipulation, prior to and proceeding the
discovery of rate constants, was carried out by Microsoft Excel®. Stopped-flow spectroscopy
experiments were fitted using the single exponential fit function. The zero order plots were

fitted, using linear regression on the !SX.17MV program, installed on the spectrometer.

The calculations of all first order rate constants, obtained under pseudo first order conditions,

were based upon the following derivation.

For the reaction of type A — B, the rate of formation of B; or the rate of decomposition of A,

can be expressed in terms of equation 7.1.
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dBl _ Al _ s

(7.1)

Integration of equation 7.1, generates equation 7.2 and hence, 7.3, where [A]y and [A]; are the

concentrations of A, at times equalling zero and t, respectively

In[A], - In[A], = kgt (7.2)
kye = - _l_lnLé.l‘_
t [A]o

(7.3)

The absorbance, at times equalling 0 and t, can be expressed using the Beer-Lambert law (A =
ecl, where A is the absorbance, ¢ is the molar extinction coefficient, ¢ is the concentration and

1 is the path length, 1 cm), equations 7.4 and 7.5.

Ay = g,[A] (7.4)
A, = g,[A] + &y[B], (7.5)
Since [B) = [A], - [A] (71.6)
A, = g4AL + gglAly - eglAl, (1.7)
At the end of the reaction t = o and [B], = [A]y, therefore;
Aw = &[Al (7.8)

Substitution of equation 7.8 into equation 7.7 and rearrangement produces equation 7.9.
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(At "Aao)
- €

[A], =

(€,-&g)

Similarly, when time equals zero, equation 7.10 is true.

Ay = g4[A]p
Therefore;
A —
[A], =20 ~A)

Substituting equations 7.9 and 7.11 into equation 7.3, equation 7.12 can be derived.

A, -
Obs=_l_ln( 0 Aco)
t (Ai-Ay)

Upon rearrangement, a linear equation is obtained, equation 7.13

In(A - As) = kst + In(Ao - Ax)

(7.9)

(7.10)

(7.11)

(7.12)

(7.13)

Therefore, plotting In(A¢ - Aw) versus time, t, should give a linear plot, with a gradient equal

to —k.»s. Infinity values, A., were determined, over at least ten half lives, and the data fitted

over approximately 80 % of the reaction.

Two techniques were used to fit trend lines to the experimental results obtained. The

approach was dependent on the correlation being investigated.
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Linear regression fitting was used to obtain the gradient and intercept, from linear plots. This
was performed using the data analysis function built into Microsoft Excel®, which also
calculated error values present, in the gradient and intercept. Correlation coefficients were
also generated by the package, and used to judge the accuracy of the trendline fitted to data

points, although visual inspection, was the most valued guideline.

Non-linear least squares fitting were used, to fit trendlines to non-linear relationships, such as
first order reaction profiles. This was performed by the Scientist® program, which fits

experimental data to non-linear equations, plots trendlines, and calculates statistics for the fit.
For a reaction at equilibrium such as that posed in scheme 7.1, where one reactant is excess to
the other, the reaction becomes pseudo first order and the rate can be defined by equation

7.14.

Scheme 7.1:

A + B

-—— = k/[A]- K[C] where k' = #[B]

d[A]
dt

(7.14)

If [A]e and [C]. donate the respective concentration of species at equilibrium and x is the
distance of the concentrations from equilibrium, then equations 7.15 to 7.17 show their

relationship.

x = [A] - [A], = [C], - [C] (7.15)
Therefore  [A] = [A]l, + x (7.16)
and [C] = [C], - x (7.17)

266



Chapter seven: Experimental

Substituting equations 7.16 and 7.17 into equation 7.14, gives equation 7.18.

& (k + k)x + (k/[A], - k,[C],)
(7.18)

Since the reaction is at equilibrium the rates of the forward and reverse reactions are equal,

kr'[A)e = k[ C)e, hence, equation 7.18 reduces to eqhation 7.19.

dx K+ k)
ok R
dt A (7.19)

Therefore, the observed pseudo first order rate constant, ks, is given by the following
equations.
k, = kf’ + k,

obs

(7.20)

obs

Therefore k, = k'/[B] + k
y1B] b (7.21)

7.7: Determination of extinction coefficient for aqueous iodine

The extinction coefficient, €, of aqueous iodine is required to calculate rate constants for

reactions that are zero order with respect to aqueous iodine solution.

However, firstly, it was relevant to standardise the sodium thiosulfate solutions made to 0.01
mol dm™ with the standardised 0.5 mol dm™ iodine solution. Titration of 0.01 mol dm>
sodium thiosulfate against a known volume of 0.01 mol dm™ iodine solution proved that the

concentration was 0.01 mol dm™ within experimental error.

The absorbance of aqueous iodine was found to increase considerably in the presence of

potassium iodide, KI. Addition of KI has the effect of pushing the equilibrium over to the
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triliodide species, I3", shown in scheme 7.2. KI addition increases the absorbance suggesting

that I3, is the main absorbing species, rather that I,.

Scheme 7.2:

Experiments to obtain extinction coefficient was required to be studied at two different fixed
KI concentrations since experiments were conducted with concentrations of 1x10” mol dm™
when observing propanal reactions and with 5x10” mol dm™ when observing propanone and

chloropropanone reactions.

However, with each fixed KI concentration, the aqueous iodine solution concentration ranging
from 1.5x10” to 1.2x10™* mol dm™, was used to obtain absorbance against wavelength
spectra. Spectra were recorded using a UV-2101 PC Shimadzu Corporation spectrometer at

25 °C, with 1 cm stoppered quartz cuvettes, using a scan speed of 480 nm min™".

Two peaks were observed with Amax values of 287nm and 350nm. Using the Beer-Lambert
relationship A = ecl, where c is the concentration and | is the pathlength, ¢ may be determined
by plotting A against the aqueous iodine solution concentration. The value of ¢, is equal to
the gradient of the line. For the reactions of propanal where the concentration of KI = 1x107
mol dm™ extinction coefficient values were determined for both peaks, 287 and 350nm
(Figure 7.2), the value at 350nm was used in determining rate constants. However, for the
reactions involving propanone, and chloropropanone, a higher KI concentration was used and
it was found preferable, in terms of observing the reactions of iodine and the carbonyl
compounds, to use a higher wavelength, 385nm. Therefore, for the reaction using the
concentration of KI as 5x10% mol dm>, extinction coefficients were calculated for three

wavelengths, 287, 350 and 385nm (Figure 7.3).
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Figure 7.2: Plot to determine the extinction coefficient of the aqueous iodine solution with

added KI (1x10” mol dm™)

2.5 1
2 =
1.5 1
“ O
-]
<
l .
0.5 A
O T T T T T T 1
0 0.00002 . 0.00004 0.00006 0.00008 0.0001 0.00012 0.00014

[aqueous iodine solution] / mol dm™

O287nm [ 350nm

Figure 7.3: Plot to determine the extinction coefficient of the aqueous iodine solution with

added KI (5x10° mol dm™)

Abs.
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When the concentration of KI was 1x10” mol dm™ the values of € equalled, 19000 + 600 dm’
mol™! ¢cm™ and 13200 + 300 dm® mol” e¢m™ for 287 and 350 nm respeétively. When the
concentration of KI was 5x10” mol dm™ the values of € equalled, 32500 + 600 dm® mol” cm’
! 21400 + 400 dm® mol” cm™ and 9115 = 100 dm® mol! cm™ for 287, 350 and 385 nm

respectively. Linear correlation coefficients between 0.995 and 0.999 were obtained for the

plots.

To ensure that the presence of the absorbing species, I3, KI was always in great excess to the

aqueous iodine solution, with concentrations constant at either 1x10” or 5x10” mol dm™.

' 7.8: 'H NMR spectroscopy

'H, and *C NMR spectra were recorded using a 200 MHz Varian 200, or a 400 MHz Varian
400, or a 500 MHz Varian 500 spectrometer. For locking purposes, when running a sample,
in mixed solvents, the solvent in the highest proportion was used with its peak being used as
the reference. Mixed solvents were used, when the compound was known, not to be soluble

in D,0, at the required concentration.

Spectra were generally recorded immediately after the solutions were made. Reactions, being
observed via '"H NMR, were recorded immediately after the solutions had been mixed and
again, over time, until no further changes occurred. All reagents were made up, prior to
reaction in suitable deuterated solvents, and mostly, D,O. These solutions were diluted to the

3. The start of the reaction

required concentration in a final volume in the NMR tube of 1 cm
was recorded, when the final reagent was added to the NMR tube. The time of each spectrum

was taken as the time, when the spectrometer started to acquire the spectrum.
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7.9: Mass spectrometry

Mass spectra were recorded by the electron ionisation method (EIMS), on a Micromass
Autospec instrument. Chemical ionisation (CIMS) or gas chromatography (GCMS), were

also employed.

7.10: pH measurements

The pH values of solutions, were determined using a Jenway 3020 pH meter, calibrated using
pH 7 and pH 10 (for alkaline solutions) or pH 4 (for acidic solutions) buffers at 25 °C. The
sample was thermostatted at 25 °C, prior to taking a pH measurement, which was achieved by

placing the clean pH probe into the sample.
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Appendix 1: Conferences Attended

01.09.2001
to
06.09.2001

28.09.2001

06.01.2002
to
13.01.2002

08.04.2002

20.09.2002

25.06.2003

8™ European Symposium on Organic Reactivity (ESOR), Cavtat
(Dubrovnik), Croatia
Poster presentation entitled ‘Condensation Reactions of Formaldehyde and

Amines in the Presence of Sulfite’

Royal Society of Chemistry Organic Reaction Mechanisms Group,
Unilever, Port Sunlight
Poster presentation entitled ‘Condensation Reactions of Aldehydes and

Amines in the Presence of Sulfite’

11™ International Winter School on Organic Reactivity,Bressanoné, Italy
Sponsored by EU
Poster presentation entitled ‘Condensation Reactions of Aldehydes and

Amines in the Presence of Sulfite’

North East Perkin Symposium, York
Poster presentation entitled ‘Condensation Reactions of Aldehydes and

Amines in the Presence of Sulfite’

Royal Society of Chemistry Organic Reaction Mechanisms Group, East
Midlands Airport

Oral presentation entitled ‘A Mechanistic Study into the Reactions of

Aldehydes and Aniline in the Presence of Sulfite’

University of Durham Graduate Symposium, University of Durham

‘Oral presentation entitled ‘A Mechanistic Study into the Reactions of

Aldehydes and Aniline in the Presence of Sulfite’
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19.09.2003 Royal Society of Chemistry Organic Reaction Mechanisms Group, Avecia,
Huddersfield
Poster presentation entitled ‘A Mechanistic Study into the reactions of

Aldehydes and Aniline in the presence of Sulfite’
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