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Inversion Amalgam Chronopotentiometry

V.l.Bakanov and M.S.Zakharov

The review deals with the theoretical principles of the method of inversion amalgam chronopotentiometry. The transition
times and the potential -time relations for the electrochemical dissolution of amalgams under galvanostatic conditions are
analysed and the applications of the method in electroanalytical practise, in the study of the kinetics of electrode processes
and adsorption, in the determination of the numbers of electrons involved in the reaction and diffusion coefficients, and in
the study of complex formation, corrosion of amalgams, etc. are examined in detail. The fundamentals of the theory of
electrode processes complicated by preceding, subsequent, and simuitaneous chemical reactions are described. The
possibilities and advantages of the method of amalgam chronopotentiometry in relation to other electrochemical procedures

are indicated.
The bibliography includes 86 references.

CONTENTS
I. Introduction

11, The method of inversion amalgam chronopotentiometry

1. Theory of the method in the absence of kinetic complications

1V. Applications of the method of amalgam chronopotentiometry

V. Theory of the method when the electrode process is complicated by chemical reactions

I. INTRODUCTION

One of the promising methods for the determination of
low concentrations of elements and for the investigation of
the kinetics of electrode processes on amalgams is that of
inversion amalgam chronopotentiometry (MIAC). The
studies carried gut hitherto have shown that this method is
distinguished by the simplicity of the apparatus employed
and of the mathematical treatment of the physicochemical
relations. The latter factor makes it irreplaceable in the
investigation of the chemical reactions accompanying the
electrode process. The linear chronopotentiometric plot
has already been used widely for these purposes, but the
number of studies on the applications of inversion amalgam
chronopotentiometry in the investigation of the kinetics of

O OTN = -

electrode processes and for the determination of micro-
concentrations of elements is still small. This is prob-
ably due to the novelty of the method (the first studies by
this method were published in 1966) and the lack of a
review dealing with the method.

II. THE METHOD OF INVERSION AMALGAM CHRONO-
POTENTIOMETRY

The method of inversion amalgam chronopotentiometry
(or simply amalgam potentiometry) is a variety of the
galvanostatic method, the fundamental principles of which
have been described*®. In this method analysis of the
transition times and of the shape of the potential-time
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curve yields information about the presence of the depola-
riser in the amalgam and the physicochemical character-
istics of the electrode process are determined.

The galvanostatic method was used for the first time to
investigate the electrochemical dissolution of amalgams
by Zbinden®., He demonstrated the possibility of deter-
mining copper at concentrations down to 10~® M in the
electrochemical dissolution of copper amalgam. The
stepwise variation of the current and chemical dissolution
on open circuit were used by Bruckenstein and Nagai® to
determine thallium and lead at concentrations of 2 x 1077
M. They obtained the amalgam at a rotating platinum
electrode.

The method of inversion amalgam chronopotentiometry,
which is essentially a new electrochemical procedure,
has been put forward in a number of investigations®~®°.
Three stages must be distinguished in this method.

1, Preliminary electrolysis. The metal in the solution
is concentrated in the mercury electrode at a specified
potential with formation of an amalgam or a sparingly
soluble deposit.

2. Period without stirring. After pre-electrolysis,
the solution is allowed to stand for 30-60 8; the flux from
the electrode then becomes virtually zero'®,

3. Electrochemical dissolution of the metal from the
amalgam when a direct current is passed through the
electrode. Under these conditions, the pen recorder
draws the curve (chronopotentiogram) characterising the
time variation of the electrode potential (Fig. 1).
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Figure 1. Theoretical chronopotentiometric curve.

If the electrochemical dissolution takes place in a
stirred electrolyte, the system is allowed to stand until
the attainment of the equilibrium (more precisely the
initial) potential of the amalgam, The electrochemical-
concentration and the solution-at-rest stages have been
examined'®'', According to these investigations'®*', a
uniform distribution of the metal throughout the bulk of the
electrode is observed towards the end of the second stage.
This conclusion played an appreciable role in the formula-
tion of the initial condition in the theory of inversion
amalgam voltamperometry.

The usual circuit for galvanostatic measurements is
assembled for recording chronopotentiometric curves in
MIAC ‘72,
a mercury film electrode (stationary or rotating) and a
stationary spherical mercury electrode consisting of a
mercury drop with a radius not exceeding 0.1 cm. The
mercury film electrode consists of a film of mercury

Two types of electrodes are used in the method:
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between 4 and 20 pm thick deposited on a polished surface
of the end-face of a silver wire 1-2 mm in diameter.

The silver wire is pressed into a Teflon cylinder (d =

8 mm). A hermetically sealed three-electrode cell is
used for the experiments. When a rotating disc elec-
trode is employed, provision is made for a system regu-
lating the rate of rotation (stepwise or continuous)‘z. The
rates of rotation of the electrode employed usually do not
exceed 10000 rev min™,

II. THEORY OF THE METHOD IN THE ABSENCE OF
KINETIC COMPLICATIONS

1. Expressions for the Transition Time

Suppose that a simple first-order electrochemical
reaction
M(Hg) 2= M#+ 4 ze

takes place at the electrode. We assume that there is an
excess of an indifferent electrolyte in the solution, that
the Y1 potential is negligibly small and independent of the
cell potential, that there is no specific adsorption of the
starting materials and products, and that the oxidised
form of the electrochemically active substance is soluble
in the electrolyte solution. We shall bear in mind that
the reduced form of the electrochemically active sub-
stance diffuses under the conditions of restricted diffu-
sion, i.e. during the measurement of the curve the diffu-
sion layer extends throughout the entire volume of the
electrode, The diffusion of the ions formed during the
electrochemical dissolution of the amalgam from the
surface of the electrode will occur under the conditions of
a semi-infinite volume'®. This is valid for Lx > VDT,
where Lx is the distance from the electrode surface to the
wall of the electrolytic cell, Do the diffusion coefficient of
the ions in solution, and 7 the transition time. This
condition is almost always fulfilled with the exception of
thin-layer electrolysers.

In the electrochemical dissolution of the amalgam at a
constant current dengity ¢ the equations for the distribu-
tion of the concentration of the metal atoms are of the
following form:

R, £ =c'};—jR[vR+ %—«22 w] ,
n=1 Pn 1)
on the surface of the mercury film electrode’”*, where
pn=n1, n=1,2,3,..., vr = DRt/I?, and { the time;

gV

5,14

] . 1 g exp (— :‘-f.UR)
r,s =ck —jr [301?‘}*;“22 —_—

=3
n=1 Bn

@)

on the surface of a spherical mercury electrode®, where
Bn are the roots of the transcendental equation tan fi, =Tin.
In Eqns. (1) and (2) jR = qRYo/L'R, IR = 1/2F, qR is the
flux from the electrode, z the number of electrons par-
ticipating in the electrode process, F the Faraday, c°B the
initial concentration of the metal in the amalgam, %o

the characteristic dimension of the electrode (yo = I for
the mercury film electrode and yo = 7o for the spherical
electrode), and DR the diffusion coefficient of metal atoms
in mercury.

Eqgns, (1) and (2) have been analysed in detail in a
number of reports'*™'®, For large values of ¢, the
exponential terms in these equations may be neglected.
The following equations are valid (to within at most 1%)
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for the mercury film electrode with vr > 0.35 (when DR =
107° cm® s™ and 7 < 107® cm, we then have ¢ > 0.035 s)
and for the spherical electrode with vR = 0.14 (when 7o <
5x 1072 ¢cm and IR = 10™° cm® s™, we then have t > 35 s):

CSR,f :C??_iR(UR‘f—i\ \3)
3/
and
c'R,s =Ck —Jr (3"R “‘%) : (4)

When vR > 34 (when DR = 10~® cm® s™ and ! < 107° cm,
we have ¢t = 3.4 s), Eqn, (3) reduces to

CR, f =k —JRUR. (5)
Since the time required to record chronopotentiograms is
usually greater than 5 s, Eqn. (5) may be used.
The expression for the transition time 7 is determined
by the condition cR (1,v%) = 0, where v = DRT/¥S.
From Eqns. (3), (4), and (5), we obtain for the film elec-
trode

2Fich »

=7 3Dy’ (8)
0
¢ = i’;‘_'i , ()
and for the spherical electrode
_ 2Fley rs
TTTs TwBDpg @)

Analysis'*™*® of Eqns. (6)-(8) leads to the following conclu-
sions: (1) the transition time for electrodes of both types
is directly proportional to the concentration of the metal

in the amalgam ci’; (this relation is used in electroanalytical
practise); (2) according to Eqn. (7), the product i7 is inde-
pendent of current density and is proportional to the amount
of metal in the amalgam; (3) the independence of iT of
current density constitutes a criterion of the absence of a
preceding chemical stage; (4) Eqn. (8) may be used to find
the diffusion coefficient of the metal atoms in the amalgam;
(5) the form of the relation between T and i makes it possi-
ble to investigate the adsorption of surface-active sub~
stances on the electrode.

Table 1. The transition times in inversion amalgam
chronopotentiometry with film (1) and spherical (72)
electrodes and in chronopotentiometry under the conditions
of linear semi-infinite diffusion (13) (z = 2, 7 = 10~% cm,
7o =0.06 cm, DR = 107° em® s™*; the degree of concen-
tration of the metal in the mercury film electrode was
assumed to be 1000%*),

10'71:8, 10'55, A T4 S 79,8 73,8 Ty I
g-ion cm3 v.:m‘2 T T
1 4 480 6 1.6 80 300
2 2 960 12 6.4 80 150
4 1 1920 24 25.6 80 75

* The degree of concentration of the metal in the mercury
film electrode usually exceeds this value'®.

The expressions for the transition time in amalgam
chronopotentiometry differ from those in the usual chrono-
potentiometry' (under the conditions of semi-infinite

diffusion), Table 1 lists the calculated values of 7 for
chronopotentiometry under the conditions of restricted
linear and spherical diffusion (amalgam chronopotentio-
metry) and semi-infinite linear diffusion. Evidently,
other conditions being equal, the transition time in amal-
gam chronopotentiometry is much longer than in direct
chronopotentiometry (under the conditions of semi-infinite
diffusion), the difference decreasing with increasing con-
centration or with decreasing current density. Table 1
demonstrates the clear advantages of the mercury film
electrode (in relation to analytical practise).

2. Equations of Chronopotentiometric Curves
For a reversible electrode process, the equation of the

chronopotentiometric curve is &in terms of the diffusion
overvoltage—time variables)**™"

_23RT, (9)

where
LE) =lg[vk/vg - vpI] (1 + 2j ! 2 /nt 2c)
for the mercury film electrode (vﬁ = 3.4), T is the abso-

lute temperature, c°o the initial concentration of the metal
ions in solution and

o=ty g, =2
° 2FD, e I

For the spherical mercury electrode (vg > 0.14), we have

30, 2
Ly = 1g-rt0d ”‘”””[

3(";2_"R) <

The plot of 74 against I is a straight line with a slope of
2.3RT/zF, This serves as a criterion of the reversibil-
ity of the electrode process",’ agreement between the
theoretical and experimental values shows that the elec-
trode process is reversible,

At high overvoltages (n > RT/zF) the irreversible
electrochemical reaction M(Hg)— MZ%* + ze~ takes place
and the equation of the chronopotentiometric curve simpli-
fies greatly**™":

1+ i—:(l —expu, - ericv;”):l .

_23RT( i
nir“ ﬁzF (lg io Lu) ’ (10)
where
LE =g BBTOR gps g SERTOR)
R Bog+02)

Hence the slope of the plot of 7ir against Lir is fz; the
exchange current density 7o and hence the rate constant for
the electrode process kg may be found from the initial
overvoltages taking into account the relation
io

b e (11)
where a and § are the transfer coefficients for the catho-
dic and anodic processes respectively.

The main factors which determine the applicability of
Eqns. (9) and (10) are the exchange current density, the
overvoltage, and the transition time'*, With decrease of
7 and 7 and with increase of 7, the processes shift towards
reversibility and conversely.

A numerical estimate yields

4.1072 > ks> 4. 1075, (12)
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The intermediate values of kg correspond to a quasirever-
sible (quasidiffusional) electrode process. A more
detailed analysis of chronopotentiometric curves has been
given elsewhere'*"

Some problems of amalgam chronopotentiometry at a
mercury film electrode have also been examined by Igolin-
skii and I%olinska.yal and at a spherical mercury electrode
by Galus'® and Baranski %

All the above equations were obtained without taking
into account the influence of the structure of the electrical
double layer In order to allow for the electrical double
layer , the quantity Y1 must be introduced into the funda-
mental equation of electrochemical kinetics. If it is
assumed that the electrode potential is distributed over the
series-connected capacitances of the dense (C) and
diffuse (C4) components of the double layer and that the
capacitance is independent of potential in the range of
values of the latter corresponding to the chronopotentio-
metric curve, then

w09, (13)
where ¢ is the zero-charge potent1a1

The method of cyclic chronopotentiometry® (with current
reversal), which makes it possible to investigate both the
anodic and cathodic processes, is convenient for the study
of the kinetics of electrode processes. The theory of
amalgam chrono zﬁpotentiometry with current reversal has
been discussed The equations were derived on the
assumption that the direction of the current is reversed
at the instant of attainment of the transition time and that
the current density is not equal to that in the cell before
reversal., If a reduction process takes place after an
oxidation process, then analysis of the theoretical rela-
tions gives rise to the following expression, which is
simplest when the current densities for the forward and
reverse processes are equal:

4
T=—"T
3

(14)

where 71 is the transition time of the oxidation process.
The characteristic points on the cathodic branch of
the chronopotentiometric curve in amalgam chronopoten-
tiometry for a mercury film electrode are 7/4 and 1,07167.
An interesting variety of the method of amalgam chrono-
potentiometry has been proposed *™2*, namely amalgam
chronopotentiometry with a programmed current. Cases
have been examined where the current was specified in the
form of linear, exponential, and sinusoidal functions.
The sinusoidal form of the specified current may find the
greatest number of practical applications (under these
conditions, the error in the determination of the transition
time is fully excluded).

3. The Influence of the Charging of the Electrical Double
Layer in Amalgam Chronopotentiometry

In the chronopotentiometric method a proportion of the
charge supplied to the electrode is required to charge the
electrical double layer (e.d.l.), which results in a dis-
crepancy between the experimental and theoretical
(obtained without aJlowance for the charging of the electri-
cal double layer) relations Using the method of integral
equations, de Vries® analysed theoretically the influence
of the charging of the e.d.l. on chronopotentiometric curves
for the electrochemical dissolution of amalgams from a
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mercury film electrode on the hypothesis that a diffusion-
controlled process takes place at the electrode and that
the e.d.l. capacitance is independent of the potential.

Using the Huber method, he solved the integral equation.
The theoretical ¢ ~¢ curves, calculated for certain values
of KC and % (see below), are presented in Fig. 2, while
Table 2 lists the calculated shifts of the chronopotentio-
metric curves (Ag7/4) with and without allowa.nce for the
charging of e.d.l. HereKc = (RT/zF)Cq[cqWDRT)'?]™
is a parameter characterising the distortion of the chrono-
potentiometric curve, & = i?/DRT, A = /7, and T« is the
transition time under the conditions of semi-infinite diffu-
sion without allowance for the charging of e.d.l.

Table 2 shows that the error in the determination of the
transition time is less than 4% for 2> 0.3. This value of
h characterises the applicability of the Delahay-Mattax
method®, which has been used here to determine the tran-
sition time. With decrease of &, the error in the deter-
mination of the transition time increases and the distorting
influence of the e.d.l. capacitance becomes more appre-
ciable (Fig.2); the Delahay-Mattax method becomes
unsuitable under these conditions. Fig.2 shows that, with
increase of the e.d.l. capacitance, the chronopotentiomet-
ric curves shift along the potential axis with a simultane-
ous change in the slope of the initial and final sections of
the curve, the two being equal.

200 b
1)2/3 1)z
o
=200 1 ! f |
0 150 a0 035
/T
Figure 2. Theoretical ¢~¢ curves for a mercury film

electrode calculated taking into account the charging of the
electrical double layer for different values of K¢ [1) 0;

2) 0,003; .3) 0.0075] and three values of (@) % = =;
o)h—01 ¢) k= 0,01],

De Vries *” analysed in detail the case where z — 0
(the case of thin films and large values of 7). The
Delahay-Mattax graphical method may be applied in the
potential range -200 -~ +200 mV subject to the condition
that a horizontal line, parallel to the time axis, divides
the distance between the initial and final sections of the
curve in proportions of 0.382 :0.618. The error in the
measurement of the transition time under these conditions
is not more than +4% for K¢ = 0.01 and 2 < 0.1.
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The order of magnitude of the error due to the charging
of the e.d.l. can be eslimated approximately by Hirst's
method *:

Q _ Cse

e,
where A¢(V) is the width of the chronopotentiogram.
Evidently the error is smaller the higher the current den-
sity and the concentration of the electrochemicall; active
substance. For example, when Cq = 20 bF cm™, A¢ =
0.1V, DR = 10™° cm® 5™, 2 = 2, and ¢k = 107° g-atom
em ™, the current density should not exceed 0.1 A cm™
for a permissible error of 1%.

(15)

Table 2. The results of the calculation of the influence

of the charging of the electrical double layer on the charac-
teristics of the chronopotentiometric curves (A@7/4 is the
shift of the chronopotentiometric curve).

A , mV Error in the determination
Z(Apgp). of A, %
h K, o 0.003 0.0075 0,003 0.0075
0 —1.7 —2.6 —1.7 1.9
h=3 —0.6 —2.4 —3.0 0 2.4
h=1 —5.6 —~7.3 —7.9 0.5 3.5
h=03 | —t4.4 | —15.8 | —16.3 1.5 5.6

IV. APPLICATIONS OF THE METHOD OF AMALGAM
CHRONOPOTENTIOMETRY

1. Oxidation of a Multicomponent Amalgam

If the chronopotentiometric half -wave potentials differ
appreciably, several steps are observed on the potential—
time curve. The system of equations describing the dis-
tribution of the concentrations of the elements at the sur-
face of the mercury film electrode is'*™%®-%

S ha=3 {dhn—Jusfoms+ -2, @m0}, (16)

k=1 k=1
We shall consider the electrochemical oxidation of a two-
component amalgam, where the following reactions take
place at the electrode:

My (Hg) — MI** 4 zpe,

M'n (Hg) - M:ﬁ + 2.8,
The metal M: is oxidised at more positive potentials.
When the transition time 71 is reached, Mz begins to react,
while Mi continues to diffuse to the electrode surface,
where it is oxidised simultaneously with Ma. If M, is
fully oxidised during the time 71, then it has no influence
on the transition time of M.

The fraction of the residual metal M) in the amalgam
after the time 7, may be found from the formula'*®
il

p= - 1

zFckDp

It follows from Eqn. (17) that the fraction of the residual
metal in the mercury film increases with increasing film
thickness and polarising current density. We shall

estimate p for the following conditions: i = 2 X 107 A
em™, [ =2x 10 cm, S=6x 10~ cm® IR = 107°
cm?® s}, and ¢} = 2 X 107° g-atom cm™®, whereupon p =
0.04. Under the above conditions, 7 = 5s. Usually 7 >
55 and I <2 %1072 ¢m and p is then less than 0.01.

Consequently when the curves are drawn by a pen
recorder during the transition time, almost the entire
metal dissolves from the mercury film., The constancy
of i7 over a wide range of variation of the polarising
current (from 7.5 X 1077 to 1.4 X 10™° A) has been demon-
strated experimentally 4 jn relation to the oxidation of
cadmium (1 M KC1), lead (1 M KNOs), and indium (0.5 M
HC1O4) amalgams. This implies that, under the conditions
of amalgam chronopotentiometry, the metal emerges
almost completely from the mercury film.

Using the method of additive functions, Pnev and
Zakharov*® arrived at the following expression when they
considered the oxidation of a two-component amalgam:

(18)

2 2,Fich,
o S ) — S @ =
R

where

o

exp [— pp (vg, +vg)]
Si(nt )= ———

n=1 by
3 exp(—paog,)
Sy(%) = S‘J ._’_'.'._'_ .
n=1 273

It follows from the last equation that, for a fairly large
value 11 (for vh = 0.35), when the sums $ (11 + 72) and
Si1(11) may be neglected, the transition time for the oxida-
tion of the succeeding element (Mz) is independent of the
transition time for the oxidation of the previous element
(My). For spherical diffusion, this conclusion is valid
when vf, = 0.14 (see above). The theoretical results
obtained have been confirmed for the oxidation of thallium
and lead amalgams in the presence of zinc and for a thal-
lium amalgam in the presence of cadmium***®,

Table 3. Data for the determination of the number of
electrons involved in the reaction by amalgam chrono-
potentiometry.

Element 103(1':7“,,, losifmeov Zexp| “theor

b 2.65 2.80 1.91 2
Cd 2.87 2,92 [2.0] 2
In 2.02 2,2 2.8| 3

Under the conditions of semi-infinite diffusion, the
mutual influence of the elements is observed when they are
present jointly in solution, which hinders their accurate
quantitative determination®.

2. Determination of the Number of Electrons Involved in
the Electrode Reaction

Using Eqn. (7), it is possible to determine the number
of electrons z and to reach appropriate conclusions con-
cerning the mechanism of the electrode reaction. This
method has been used in the determination of the number
of electrons involved in the electrochemical oxidation of
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lead (1 M KNOs), cadmium (1 M KC1), and indium (0.5 M
HC104) amalgams'*. The observed values of z agree with
the theoretical values (Table 3). The determination of the
number of electrons from the chronopotentiometric curve
is discussed below.

3. Determination of the Diffusion Coefficients of Metal
Atoms in Mercury

As stated above, the diffusion coefficients of metal
atoms in mercury can be found by analysing Eqn. (8)7.

According to Eqn, (8), the plot of 7 against 1/7 is a
straight line, which makes an intercept #5/15DR on the T
axis. Knowing 7o, it is possible to calculate the diffusion
coefficient of metal atoms in mercury.

4, Investigation of the Kinetics of the Ionisation of
Amalgams. The Use of the Rotating Disc Electrode

Eqns. (9) and (10) have been used'” to investigate the
electrochemical dissolution of thallium, lead, bismuth, and
indium amalgams at a mercury film electrode. It was
established that the electrochemical oxidation of thallium,
bismuth, and lead amalgams in the corresponding sup-
porting electrolytes (Table 4) is reversible, while that of
indium and bismuth amalgams in perchloric acid solutions
is irreversible (Table 5).

Table 4. The results of the study of the electrochemical
dissolution of thallium, lead, and bismuth amalgams at a
stationary mercury film electrode and a rotating mercury
disc electrode (irev = 1200 rev min™') at 293 K.

2.3 RT/zF,V
Supporting 0 experimental values
Amalgam electrolyte .V N i Theoretical

stationary disc values
electrode electrode

T1 1MKNOg | —0.484 0.060 0.059 0.058

Pb 1MKNO; | —0.374 0.030 0.029 0.029

Bi 1 MHNO; | —0.008 0.020 0.0215 0.0194

Table 5. The results of the study of the kinetics of the

electrochemical oxidation of bismuth and indium amalgams
at a stationary mercury film electrode.

Supporting 10568, 5, 2.3RT 1044, A kg,

Amalgam | oo rirotyte M0 10°, A TS TBzF bz 913-2/ cm f‘]
In 2 MHCIO, 1,0 0.9 20.0 | 0.0277 | 2.1 0.9 4.10-8
Bi 1 M HCIO, 1.0 1.3 25.0 | 0.0233 | 2.49 1.83 2.40™4

TIn view of the small thickness of the mercury film
electrode, the analogous Eqn. (6) is difficult to use for
these purposes.

Russian Chemical Reviews, 45 (1), 1976

Kinetic studies can be carried out very conveniently
at a rotating electrode'?, whereby it is possible to take into
account exactly concentration polarisation. The rotating
disc electrode has been used in inversion amalgam chrono-
potentiometry to investigate the kinetics of the electro-
chemical dissolution of amalgams®. It has been stated **»*°
that amalgam chronopotentiometry with a rotating disc
electrode is distinguished by the simplicity of the inter-
pretation of the results, 1If the treatment is based on the
general kinetic discharge—ionisation equationm, then the
equation of the chronopotentiometric curve for the electro~
chemical dissolution of the metal from the amalgam on the
rotating disc electrode is

_23RT( i
= (e k) (19)
where
Cvh—0 iy =Ea
Lo—log| JRT°R ({4 Jo\, R
. g[ = ( + c%)e ] (20)

is the thickness of the boundary diffusion layer on the
rotating disc, jo = i8/2FDg, & = 0.642 DY*vV*n:47), and
#rev the rate of rotation of the electrode (rev s™).

At fairly high overvoltages (but not such that an irre-
versible electrode process can occur), the n — Lk curve
becomes a straight line with a slope of 2.3 RT/FzF (Fig. 3).
Evidently, with increase of the rate of rotation of the
electrode (with decrease of the parameter jo/ 6‘8), the curve
is transformed into a straight line at lower oveérvoltages.
The limiting case corresponds to j,/¢} < 1. This factor
makes it possible to simplify the analysis of chronopoten-
tiometric curves. Hence the advantage of amalgam
chronopotentiometry using a rotatirg disc electrode is
evident,

Ly
sk
4 -
3+
>
2+ //
//4' 72 /7
7
. 1 | 1 - A
g 7 2. 3 4 5 & 7

7

Figure 3, Variation of 1 with Ljp for a rotating mercury
disc electrode corresponding to different values of jo/c%:
2)4; 3)1; 4)< 1; B=0.5. Curve I has been plotte
for a stationary mercury film electrode.

For diffusion-controlled processes, the equation of the
chronopotentiometric curve is

2.3RT j
w1 ) )

‘o

(21)
where

Lo=lg

T
T—t
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1t follows from this equation that the plot of nq against L
is a straight line with a slope of 2.3RT/zF. It is appro-
priate here to compare the equation obtained with the
analogous equation [Eqn. (9)] for a stationary mercury film
electrode; the evident simplicity of Eqn. (21) can be easily
seen. Analysis of Eqn. (21) shows that an increase of the
rate of rotation of the electrode leads to a shift of the
chronopotentiometric curves towards negative potentials,
the maximum shift being observed when jo/c% <« 1.

Studies at a rotating mercury disc electrc%e showed
that the electrochemical dissolution processes for thallium
and lead amalgams (in 1 M KNOs as the supporting elec-
trolyte) and bismuth amalgam (in 1 M HNOs as the sup-
porting electrolyte) are diffusion-controlled (Table 4).
The study of the ionisation of cadmium and zinc amalgams
in the appropriate supporting electrolytes at a rotating
disc electrode showed that the electrochemical dissolution
of these metals from the amalgams is determined by
mixed kinetics (Table 6). The kinetic parameters found
by the method of amalgam chronopotentiometry agree with
the literature *~%,

Table 6. The results of the study of the kinetics of the
electrochemical oxidation of zinc and cadmium amalgams
at a rotating mercury disc electrode (i = 1.2 X 10™ A cm ™2,
nrey = 1200 rev min™).

It

23RT 104 koms
Amalgam Supporting 4 0 2.3RT 1095 -
£ clectralyte | 100 M| Y| Be |, ol PO literature
data data
Zn 1 M KNOg 1.0 0.050 | 1.16 | 1.1 |3.2.10~8| 3.5.10-8 %37
Cd 1 M Na,SO, 0.1 0.040 | 1.45 | 1.2 |1.1.10~2| 2.6.10-2%
(0.5 M Na,S09)

It is noteworthy that the methods used in the literature *~*
are more complex as regards apparatus and the interpre-
tation of the results than in amalgam chronopotentiometry.

5. Analytical Scope of the Method

Using Eqn. (15), we shall estimate theoretically the
minimum concentration which can be determined by the
method of amalgam chronopotentiometry. When the error
introduced by the capacitance current is m%, we have ®%*

Bt = 25CA® (110 litre™), (22)
mzFyV
for the film electrode and
1,26 - 10873C,A
Comin = ——r"ﬁ(mole litre™), (23)

mzFyV

for the spherical electrode, where v is the coefficient of
consumption of the solution“®**! and V the volume of the
solution analysed.
After recalculation for a sample g (in grams), we have
Amin = ﬁ)lgcg.mlny (24)
where A is the atomic weight of the element to be deter-

mined and a@nip the minimum impurity content which can
be determined.

Numerical estimates yielded cgf ;) = 6.5 X 107° M,
o] - -9 s _
oy = 6.5% 10°%, 38y = 6.7X 10° M, and afy,

6.7 X 10'“% for the following experimental conditionzs: g =
l1g, A=100, V=1ml, y = 0,63, Cq =20 pF ecm™, DR =
2% 10~ cm®s™, 2 =2, m = 5b, 7o =4 X107 cm, Ap =
0.080 V (for lead) and S = 0.025 cm?® (for the film elec-
trode). These calculations have been confirmed by
experimental data obtained in studies ®” where lead,
copper, and zinc were determined at molar concentrations
of 10™%z (n = 4-8).

In the analysis of multicomponent amalgams a super-
position of chronopotentiograms is possible (when the
equilibrium potentials of the amalgams are similar). The
problem therefore arises of the resolving capacity of the
method. The resolving capacity may be™ characterised
approximately by the quantity A¢ (Fig.1). The lower the
value of A¢ the greater the number of elements which may
be determined from a single chronopotentiogram, It has
been shown theoretically © that, for reversible processes,
Ag decreases with decrease of the concentration of the
depolariser ions in solution and, for irreversible pro-
cesses, A¢ is independent of ¢ (Fig.4). Experimental
investigation of the electrochemical oxidation of lead and
thallium amalgams in 1 M KNOs supporting electrolytes
(reversible processes) and zinc amalgam in 1 M KNOs;
(irreversible process) confirmed the theoretical conclu-
sions (Fig.4). Ag¢ is independent of the thickness of the
mercury film, which is very convenient in analytical
studies (there is then no need for an accurate determination
of the film thickness, which may vary during the experi-
ments).

Ap, V

a.08

007

0.06
-5

—4 -
1gch

Figure 4. The influence of the depolariser concentration
in solution on A¢ for the electrochemical oxidation of zinc
(curve 1) and lead (curve 2) amalgams.

The minimum value of A¢ has been estimated® for
bivalent elements, amounting to about 44 mV. For com-
parison, we may point out that the width of the polarogra-
phic wave for a dropping mercury electrode is about 72
mV and the width of the anodic peak in the method of amal-
gam polarography with accumulation is about 60 mV,

The possibility of the simultaneous determination of
different elements with adequate resolution and accuracy
makes the method of amalgam chronopotentiometry of
potential value in analytical practise. The simplicity of
the shape of the chronopotentiometric curve permits the
application of the method in schemes for the automatic
monitoring of continuously varying concentrations of
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chemical elements**~*, A model of a digital chronopo-

tentiograph has been constructed for the analysis of
traces of elements by amalgam chronopotentiometry
Other possible designs for chronopotentiometric apparatus
have been described *°~*7

The use of a rotating mercury disc electrode yields
more clear-cut chronopotentiograms (Fig.5). This is
achieved as a result of the alteration of the shape of the
curve (the S-shaped curve at a stationary electrode is
replaced by the “logarithmic” curve at a rotating disc
electrode).

-0.58V

Figure 5. Chronopotentiometric curves for the ionisation
of a thallium-lead amalgam at stationary (curve 1) and
rotating disc electrodes (curves 2 and 3) for rates of
rotation of 1200 and 3400 rev min™ respectively.

6. Oxidation of Amalgams in the Presence of Oxygen

The interaction of the oxygen dissolved in the solution
being analysed with amalgams makes a definite contribu-
tion to the dissolution of metals in the absence of a
current Doronin and Kabanova*® used the reaction of
thallium amalgam with dissolved oxygen for the chrono-
potentiometric determination of both thallium and oxygen.
The reduction of oxygen at a thallium amalgam in the
absence of a current but in the presence of thallium ions
in solution has been investigated *

The joint chronopotentiometric determination of
thallium and oxygen is possible under certain conditions *
In the determination of oxygen the concentration of
thallium in the amalgam should not be high, so that the
rate of its dissolution in the reaction with oxygen can be
measured. Preliminary electrolysis in the determination
of oxygen yields the thallium amalgam and the concentra-
tion of oxygen is then found from the chronopotentiogram
for the decomposition of the amalgam by the oxygen diffu-
sion flux with the solution stirred in a specific manner,
When the ratio of the concentrations of thallium and oxygen
in solution is 10:1, oxygen can be determined at a con-
centration of 3 X 10 M or less.*® Evidently the minimum
concentration of oxygen which can be estimated is limited
by the concentration of oxidants in solution, which may
oxidise the metal in the amalgam to the ionic state. The
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possibility of determining traces of oxygen in gases or
solutions by the chronopotentiometric method has also been
pointed out ™,

Buffle et al.* examined theoretically the oxidation of
metals in amalgams under chronopotentiometric conditions
in the absence of a current. The following reaction then
takes place at the electrode:

M(Hg) + =0, M* + 0™ + He.
The reduction of oxygen to water (0°7) or hgzdrogen perox-
ide (O~) depends on the nature of the metal and the
experimental conditions ®

The equations of chronopotentiometric curves have
been derived under the following conditions: (1) the
expression for the spreading of concentration in the mer-
cury, drop in the presence of oxygen obeys Shain's equa-
tion®; (2) the flux of metal to the surface of the electrode
is proportional to the flux of oxygen with the sign reversed
and with the proportionality coefficient z/2n; (3) the
chemical reaction between oxygen and the amalgam is
assumed to be rapid compared with diffusion, so that one
can put c(s-)2 = 0; (4) the solution is stirred vigorously and

the flux of oxygen (qoz) to the electrode via a diffusion
layer having a thickness 6Q, is
2D5,c0,

(25)

Jo, = 50.

i -1 |

4 70 20 3}1
Z
= (- 57 )
Figure 6. Relation between 7 and the potential in the
electrochemical dissolution of a lead amalgam.

The equation of the chronopotentiometric curve (on the
assumptlon that a reversible electrode process takes

place) is ®
P =q¢° 4 f—:ln (zc&,Dg' ) ‘f_FIm(CR_
— e e S bose). 09)
where
Ssph = § i) .

2
=1 Pn

Eqn. (26) was tested experimentally*® in the oxidation
of zinc, lead, and cadmium amalgams. The results of
the test for lead amalgam are presented in Fig. 6 in terms
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of a plot of f against exp (-zF¢/RT), Similar results
were obtained for zinc and cadmium amalgams, The
value of 80, was calculated from the slope of the plot

(Fig.6). For Dpp* = 8.3 X 10~° cm® 8™, 7o = 0.038 cm,
and ¢° = =0.120 'V, 80, = 7.5 X 10™* cm was obtained,
which agrees approximately with the literature (5o, =
1072 cm), %

The expression for the transition time subject to the
condition v§ = 0.14 is

0 2
60.'“‘1? T

T = —_—
15D,

32¢), Do, @7
Hence it follows that the transition time is inversely pro-
portional to the Oz content in solution. This relation has
been used® to determine the content of oxygen in an ace-
tate buffer (pH 4.7). The concentration obtained c&z =

8.23 X 10" M corresponds to the solubility of Oz in the
test solution.

Thus, using the reaction of dissolved oxygen with
amalgams, the method of amalgam chronopotentiometry
can be applied for the determination of oxygen in gases or
solutions.

7. The Study of Adsorption on Mercury

The simplicity of the chronopotentiometric method in
the study of the adsorption of various substances on mer-
cury has been increasingly frequently emphasised in the
literature®~®, A planar mercury electrode is suitable
for such purposes. When the substance in the form of a
sparingly soluble compound or metal deposit is adsorbed
on the surface of a mercury film, the transition time
characterising the complete exhaustion of both the
adsorbed and non-adsorbed depolariser is described by
the equation

(28)

T=

F, 0

2 3 o,

where T is the amount of adsorbed substance (mole cm=2).
If the electrochemically active substance is insoluble

in mercury (but is adsorbed on the surface of the elec-

trode), Eqn. (28) reduces to

= L (29)

Using the values of Ta4g, it is possible to plot the adsorp-
tion isotherm, Ershler et al.”® and Herman and Blount *°
analysed in detail various models for adsorption on mer-
cury electrodes and the transition times. According to
Herman and Blount®, the method of chronopotentiometry
with current reversal, whereby it is possible to investi-
gate adsorption phenomena in both anodic and cathodic
processes, is suitable for the study of adsorption.

8. Other Possible Applications of the Method and Some of
Its Modifications

The method of amalgam chronopotentiometry can be
used to determine the solubilities of sparingly soluble
metals in mercury". The essential feature of one of the
modifications is as follows. A preliminary electrolysis
is carried out for various concentrations of the element
(whose solubility in solution is to be determined) during a
period which is always the same and chronopotentiograms
are recorded in each case. The transition time increases

with increase in concentration up to a limit and then
remains unchanged. This limiting transition time corre-
sponds to the solubility of the metal in mercury. The
above method yields correct results only when the solid
phase formed dissolves at an infinitesimally low rate.

The above method can also be used to investigate
chemical processes® which complicate the electrode pro-
cess involving the dissolution of the amalgam (the forma-
tion of intermetallic compounds, complex formation).
This problem is discussed in greater detail in the next
section,

Using the method of the rotating disc electrode, it is
possible to investigate the corrosion of amalgams under
chronopotentiometric conditions.

An interesting version of amalgam chronopotentiomet-
ry—chronopotentiometry in the absence of a current or
chronopotentiometry with a specified resistance—has been
proposed 7%, In this method the electrochemical dis-
solution of the amalgam is measured with the aid of addi-
tional resistances introduced into the circuit.

Amalgam chronopotentiometry in a two-gided thin-film
system has been examined®. The author ® showed that
the theoretical relations obtained by Christensen and
Anson® for one-sided thin-film systems can be used in
conjunction with this version of the method.

V. THEORY OF THE METHOD WHEN THE ELECTRODE
PROCESS IS COMPLICATED BY CHEMICAL REACTIONS

In many cases electrode processes take place in
several stages. In order to understand the mechanisms
of the electrode process and particularly for a correct
interpretation of experimental results, it is necessary to
know the characteristics of chemical reactions at the sur-
face of the electrode and the relations governing them.

The electrochemical dissolution of the amalgam may be
complicated by chemical reactions occurring in the amal-
gam or in the solution, Certain metals are known to form
with one another intermetallic compounds soluble in
mercury ¥, In the electrochemical dissolution of such an
amalgam the electrode process is complicated by the dis-
sociation of the compound in the amalgam. If the metal
ions formed on electrochemical dissolution of the amalgam
react chemically with the components of the electrolyte
or are involved in complex formation, the electrode pro-
cess is complicated by the subsequent chemical reaction.
The theory of inversion amalgam chronopotentiometry
with kinetic complications has been largely described'*™'¢,
It is assumed that, in the presence of an excess of an
indifferent electrolyte in solution, there are no adsorption
effects, and that the electrolyte solution is not stirred.

1. Preceding Chemical Reactions

If the electrochemical dissolution of the amalgam is
preceded by a chemical reaction (dissociation of the inter-
metallic compound), the electrode process can be repre-
sented schematically as follows ®%°:

Ry
Y(Hg):.:M(Hg) + nM, (Hg) % M=,

where Y is the intermetallic compound soluble in mercury
and M and M, are the metal atoms into which the substance
Y dissociates. It is postulated that Y and M, are not

%}ddised at the potential of the electrochemical oxidation of
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The expression for the distribution of the metal concen-
tration at the surface of an electrode of any shape, subject
to the condition DR = I'y =D, is

¢ i — (51 + K,S,) . (30)
14K,
We have for the mercury film electrode (vR = 0.34)
S;=UR“+‘%‘; (31)
S — 1 e.K"RJ
*VXanhvVk kK ° (32)
and for the spherical mercury electrode (vg = 0.14)
L1
S, =vr-+ 5 (33)
——t R 34
§,= 3VKcothVk—1 K ' (34)
where K = M + Az, \y =K1¥?/D, A2 =K2%*/D, and Kp is

the equilibrium constant for the chemical reaction,
Hence we have the following expression for the transition
time subject to the condition cR = 0:

vk = vr —KpS, (UK), (35)
where vﬁ corresponds to the transition time in the limiting
case where the chemical reaction is fast:

0
vg = -fji—%;vx —91,1 .

It follows from Eqn. (35) that the kinetic effect may be
observed ® under the condition

K,S, (k) > 0.1 vk. (36)
According to Eqn. (35), when account is taken of Eqn. (32)
or (34), the plot of the relation is linear with the slope at
low current densities
KP
YRtanhy'®

for the mercury film electrode and
KD
3V KcothVK—1

for the spherical mercury electrode. The value of K may
be calculated from these relations when K is known,
Since vl’{ is proportional to concentration for constant j,
the linear plot of vi against concentration may be extra-

polated to vk = 0. Sz may be determined from the inter-

cept on the ordinate axis and Ky and K can then be calcu-
lated.

In order to derive the equations of chronopotentiometric
curves, it is necessary to substitute in the kinetic equation
the expressions for ¢S and c% . The formula for the dis-

tribution of the concentration ¢2 has been published!.
The equations of chronopotentiograms are simpler ®%°
when D = DR:

T i h— (81 +K,S,

R
L A (37)

for reversible electrode processes, and
o
p=qor KL In4. _ RT RIS +KS) (38)
" pF kg PeF 14K,

for irreversible electrode processes.  The quantity
JK pSz/ 1+K 1:,) introduces a correction for the kinetic

effect. Since jKpS2/(1 +Kp) > 0, the chronopotentiometric
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curve should shift towards positive potentials when
there is a preceding chemical reaction.

2. Subsequent Chemical Reactions

The influence of the chemical reaction which follows
electron transfer is manifested in processes with a
reversible electrochemical stage. In irreversible pro-
cesses the subsequent chemical reaction cannot have any
influence on the kinetics of the electrode process. There-
fore the occurrence of the subsequent chemical reaction
can affect only the distribution of the metal concentration
in solution, For the mechanism under consideration,

26— Ry
M(Hg) =M+ + NZZY,
Ry

where M is the metal in the amalgam, MZ* the metal ions
formed on electrochemical dissolution of the amalgam and
then reacting with the excess of the substance N, and Y
the substance formed as a result of the chemical reaction
(Y is not reduced or oxidised in the potential range where
M is oxidised), the equation of the chronopotentiometric
curve corresponding to reversible electrode processes at
a mercury film electrode is (sub] ect to the conditions

vR 2 0.34 and I'1 = Do = D)**

9=~ —0) + 2 ) (39)
where
. £ 2g'e N K, erf Vﬁ)
P~ T T 4o

For a fairly long transition time (low current density),
the second term in Eqn. (40) becomes negligibly small
compared with the first. Under these conditions, Kp
may be calculated from the chronopotentiometric
half-wave potential (the case of a stable equilibrium in the
chemical reaction).

Using Eqn. (40), it is then possible to calculate K and
hence k1 and k..

The quantity K ,erfVKv /YK introduces a correction for
the kinetic effect.” Since it is positive, in the subsequent
chemical reaction the chronopotentiometric curve shifts
towards negative potentials:

L KU 41
( ‘ f T IV “

or in the limiting case (low current densities) we have

RT 1
APy = Prjak — Pr/2 = T in s

— 8¢ = Soin(l - K,). (42)

Thus the shift of the chronopotentiometric half-wave
potential, in which the current density becomes constant,
does not change on further decrease of current density.
Under this condition, it is fairly easy to calculate the
equilibrium constant K.

At high current densities (low values of 7) the kinetic
effect is vanishingly small and in this case Eqn. (39)
assumes the form corresponding to the absence of kinetic
complications.

For an irreversible chemical reaction, which occurs,
for example, in the formation of many complexes the
equation of the chronopotentiogram simplifies ™

e
. RT In erf Vi

=, —R e — RT
¢ =y = p @ =) T ol (43)
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If the rate of the chemical reaction is fairly high, we
obtain the following expression from Eqn. (43) when Vkyv 2
3:

— oy -l — o) —RC 44
® =y, — In@ —o)—3 zFlnkp (44)
i.e. the electrode process becomes irreversible. ki may

be determined by Eqn. (44) from the chronopotentiometric
half-wave potential.

By analysing the ¢ ~f curves, Bakanov'* derived the
following criterion of the irreversibility of the electrode
process followed by a chemical reaction:

v Vi
< erf VW

Thus, when the rate constant for the chemical reaction
ki is greater than k¢ (¢f is the formal rate constant for the
cathodic process), the electrode process becomes irre-
versible, This conclusion is consistent with the above
hypothesis that the process is irreversible.

The equations of chronopotentiometric curves for a
spherical mercury electrode are more complex. They
have been analysed in detail together with a quasireversible
electrode process for electrodes of both types*""°.

(45)

Table 7. Criteria for the determination of kinetic mecha-
nisms.
Slope of
Kinetic mechanism Logarithmic time function linear it A2, K
section*
, /2
’ — MZ+ ” T 2‘”. R_T R )
1) M(Hg) 2 M** + z¢ P (1+ T F const 0
/
v M2+ T RT | const 0
2) M(Hg) — M** - ze p— peF
£ v - v K, (S.—S T .
3) Y (He) SMpnMy oM™ fz _:L_ﬂ(__') ’:_F to | >0
" Loy 2 e
i
k
4 Y (1) MMy Nz (oo K (5] 5 5’% | >0
k.
5) M(Hg) 2 M%* - ze Ny S RT 1 onst{ <0
ke v —u 2F
k, { V Ew T
6) M (Hg) =2 M** 4 2 = N3y ——e'v,v - Lot <0

* The slope of the linear section is found from the time
variation of the overvoltage.

3. Criteria for the Determination of Kinetic Complications
in Amalgam Chronopotentiometry

Analysis of the transition times and of the time variation
of the potential makes it possible to determine the kinetic
mechanisms of electrode processes. If the electrochemi-
cal amalgam dissolution stage is preceded by a chemical
stage, the quantity i7 depends on the current density and
the kinetic parameters may be determined from the tran-
sition times. Indeed, we can put Eqn. (35) in the form

UR :%—K,,Sz (vr) —b, (46)
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where & = 1/3 for the mercury film electrode and b = 1/15
for the spherical mercury electrode. It follows from
Eqn. (46) that

jor = ¢k — i 1KoS, (vR) + b1, @mn
whence it is seen that the product jug depends on the
current density; for short transition times, this relation
is non-linear.

When the amalgam ionisation stage is followed by a
chemical reaction and the preceding stage is merely diffu-
sion in the amalgam, the product 77 is independent of
current density, as in the absence of chemical reactions,
Therefore in such cases the potential-time curves must
be analysed in order to obtain kinetic data. The following
criteria for the determination of kinetic mechanisms may
be suggested: (1) a linear relation between the logarithm
of the corresponding time function and potential; (2)
dependence of the product 7 on current density; (3) a
change in the half-wave potential of the chronopotentio-
metric curve A@r,2 in the presence of kinetic complica-
tions. Table 7 illustrates the application of these cri-
teria to certain electrode processes occurring in the
electrochemical dissolution of amalgams at a mercury
film electrode. All the relations indicated in Table 7
were analysed above in detail.

4. Application of Amalgam Chronopotentiometry in the
Study of Complexes Formed During the Electrochemical
Dissolution of Amalgams

The problems. of inversion amalgam chronopotentio-
metry in relation to electrode processes complicated by
complex formation have been examined'*"®™ ™™, 1If g
reversible process takes place at the electrode with
formation of equilibrium complexes in the presence of an
excess of the ligand, then the composition and stability
constant of the complex are determined from the depen-
dence of the shift of the chronopotentiometric half-wave
potential on ligand concentration'®. The shift of the
half ~-wave potential is described by the following equation
on the assumption that the ligand concentrations at the
electrode surface and in the bulk of the electrolyte are
the same ™

RT & n
A(sz‘k = —“-—ZF-lﬂ nz::)nKn (CX) ’ (48)
where K, is the stability constant of the nth complex and
¢X is the ligand concentration.

Since the dependence of ¢1/z k on lgcx is similar to
that in the polarographic methoa, Eqn. (48) can be analysed
by the method of de Ford and Hume 8.

When only one type of complex is present in solution,
Eqn. (48) reduces to

RT nRT
A = —=-InK, — —lncx.
fpr/z,k 2F Kn °F X

(49)
According to this expression, the dependence of the
chronopotentiometric half-wave potential on the logarithm
of ligand concentration should be linear; the coordination
number % may be determined from the slope of this rela-
tion and the stability constant Kn may be found from the
intercept on the ordinate axis, where cx = 0.

Complex formation in the presence of concentration
polarisation with respect to the ligand has been examined ™.
As in the presence of an excess of the ligand, the quantity
A¢t/2 k is in this case defined by Eqn. (49).
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Bakanov'* and Bakanov and Zakharov™ tested the
theoretical conclusions in relation to the hydroxo- and
chloro-complexes formed in the electrochemical oxidation
of lead and cadmium amalgams respectively. The ionic
strength of the solution was kept constant and equal to
unity by varying the concentration of KNOs. The concen-
tration of lead ions in solution was 1 X 10™* M. The
experiments were performed at a mercury film electrode.
It was established that in 1 M KOH as the supporting
electrolyte lead forms the complex Pb(OH);. The slope
of the relation between A¢7/z k and cOH- proved to 85.5
mV. 1gKn = 12,55 was found from the intercept on the
ordinate axis. The results agree well with those obtained
in other studies "™, Lingane®® obtained lgKpn = 12.8 and
n = 3 at an ionic strength of 0.1.

In the electrochemical dissolution of a cadmium amal-
gam in 1 M (KC1 + KNOs) as the supporting electrolyte the
complexes CAC1* and CdCl. are formed in succession*.
Their stability constants were found to be 21.5 and 60,7
respectively, in good agreement with other results ™”°,

The method of amalgam chronopotentiometry has been
applied'®"” in the study of the kinetics of the electrochemi~
cal dissolution of the amalgam with participation of com-
plex ions. The following mechanism was proposed:

2rRM(Hg) + p X —20MX,, - 2¢
with the subsequent attainment of the equilibrium
2MXE™ + (p — p) X7 2 2MXP™,
where P is the composition of the complex predominating
in the solution, p2 the composition of the intermediate
complex formed directly in the electrochemical dissolution
of the amalgam, 20 and 2R are the orders of the electro~

chemical reaction with respect to the oxidant and reduc-
tant respectively, and X is the ligand.

N Cop-

1 1
— 158 — 160
Peq» V (W.r.t. sat. cal. e-de)

-5z

Figure 7. The dependence of the equilibrium potential of
a zinc amalgam on OH™ concentration.

The general case has been analysed'® on the hypothesis
that a quasireversible electrode process takes place with
subsequent complex formation. It was shown that the
composition of the intermediate complex P2 and the order
of the electrochemical reaction may be determined from
the exchange current density by means of the following
relations:

ln i dni
0 — azp — Br 2 — ﬁ —a
dln c dlncd
dini, B (50)
dlnex Pz p-
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The conclusions reached were tested in relation to the
formation of zinc hydroxide and tartrate complexes formed
in the electrochemical dissolution of a zinc amalgam ™,

The ionic strength was maintained at 3 by adding NaCl
solution. The zinc hydroxide complexes were studied in a
solution having the composition ¥ M KOH + (3 — x) M NaCl.
To determine the composition of the complex predominating
in solution, a study was made of the dependence of the
equilibrium potential on the concentration of OH” ions for

a constant zinc concentration in solution and in the amalgam
(Fig.7). The slope of this relation pRT/zF proved to be
0.057, whence p = 4 (2 = 2), in agreement with Vetter's
data®®.  The values of i0, 2R, and Bz were determined
from a plot of 1 against Lir (Fig.8): iy = (1.75 % 0.3) X
107% Bz = 0.48 + 0.02; 2R = 0.89 =~ 1.0. Here 4J) is the
standard exchange current density. Using Fig. 7 and

Eqns, (50), the composition of the complex p. = 0.96 = 1
was determined. On the basis of the results, the ionisation
of zinc amalgam can be represented as follows:

Zn (Hg) + OH~ — Zn (OH)* + 2 - Hg,
Zn (OH)* + 3 OH™ 2> [Zn (OH),J*".

The conclusions reached agree well with the literature
data®.

Ly
z -
4
3
V4
7+ 7
0 ! L
0.08 ar3g ars
n,V

Figure 8. Variation of Lir with nzn(Hg),Zn* at different
zinc amalgam concentrations (g-atom litre™): 1) 6,1 X
107%; 2) 1.3x 1072, 3) 3.6 x 1072, 4) 5 x 1072,

Similar studies on zinc tartrate complexes showed that,
in agreement with the literature®®, the complex Zn(tart)
predominates in solution. It was established that zp =
1.0, B = 0.49 = 0.02, 16 = (2.55 + 0.33) X 1072, and p2 =
0.13, The value of po obtained leads to the conclusion
that mainly hydrated zinc ions are involved in the ionisation
of the amalgam,

The results quoted above have shown that the method
of amalgam chronopotentiometry can be used to investi-
gate complex formation,

5. Simultaneous Chemical Reactions in Amalgam Chrono-
potentiometry

When several electrochemically active substances
whose standard potentials differ appreciably are present
jointly in solution, a simultaneous amalgam oxidation
reaction may occur. Chemical oxidation of the amalgam
in the presence of oxygen has been investigated 72%’%,
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A quantitative treatment of this phenomenon for the
spherical mercury electrode was described for the first
time by Barariski and Galus® The authors began with
the following mechanism:

Mg (Hg) & M3* - 2z
23My (Hg) 4 2,0%3 —~ 2,M3* 4+ 2R,

where Ox: is the oxidised form of the reactant (it may
consist either of the ions of a metal more electropositive
than M, or of traces of dissolved oxygen) and Rz is the
reduced form of the reactant,

The electrode reaction is assumed to be reversible.
If the rate of the chemical reaction is limited by the diffu-
sion of Oxz, the expression for the concentration can be
obtained from the equation of Fick's Second Law. The
quantitative treatment of the influence of the simultaneous
chemical reaction on the electrode process involving the
electrochemlcal dissolution of the amalgam was based by
the authors®® on the equality

b =10 i

where i, is the overall current in the circuit,  the elec-
trode reaction current, and i¢c the amalgam chemical
oxidation current. The results of the study are expressed
as the ratios of the transition times:

Tn 15 D o 32,D,¢)

6 DJf*zac) <h
To — pL-
T 15 Dp %o+ ry

— 2ricl, (51)

where 7o is the experimental transition time, 7 the tran-
sition time in the absence of a chemical reactlon and co
the initial concentration of Oxa.

=

10 — 7
Z

075 0O~
NJ
a5 b \ 4
az25\ J

3

i i 1 1 N

50 100 150 200 250

To, S
Figure 9. Theoretical 7o/7~To relations for different
values of c3/ck,: 1) 0; 2)0.013; 3)0.04; 4) 0.067;
5) 0.1; 6) 0.33. The circles represent experimental data.

Expenmental cond1t10ns 0.1 M KC1 supportmg electro-
lyte; can+ =1.7x107° M cg cg® = 1.6 X 107 (curves
2-4); Cd” =1.6x10™" (curve 6).

Fig. 9 presents curves calculated by Eqn. (51) for the
followmg parameters: 7o = 0.043 cm; DR =2 X 10-°
em®s™; D:=17.9%x10"%cm®s™; 2 = z.

It follows from Eqn. (6) that, wheni— 0, then T — o;
however, owing to the chemical oxidation of the amalgam,
in practise the transition time is always finite and equal to
Te; it can be obtained from Eqn. (51) subject to the condi-
tion To/T = 0 (or can be found graphlcally). For example,
when c¢: /cR = 0.33, then 7¢ = T0 s, i.e. is equal to the
maximum transmon time in the chem1ca1 oxidation of the
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amalgam., When Cz/CR < 0,01, the error in the deter-
mination of the transition time due to the chemical oxida-
tion of the amalgam may be neglected.

The experimental results obtained in the study of the
electrochemical oxidation of a zinc amalgam in the pres-
ence of Cd* ions in solution are presented in Fig. 9 in the
form of circles. Those on curves 2—4 and 6 correspond
to different durations of preliminary electrolysis (240,
80, 40, and 90 s respectively). The satisfactory agree-
ment between the experimental and theoretical curves is
noteworthy.

Barariski and Galus®® described two methods of
reducing the corrosion of amalgams in the presence of
various impurities in solution: (1) by adding surface-
active substances (which complicates the theoretical
interpretation of the results) and (2) by additional pre-
liminary electrolysis in an unstirred solution. A “diffu-
sion barrier” is then created for Oxz, as a result of which
its concentration at the electrode surface falls, This
procedure has been used®® in a study of a multicomponent
system under chronopotentiometric conditions.
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The review is devoted to reactions in which amino-, alkylamino- and acylamino-groups are transferred to nucleophilic
agents, Electrophilic aminating agents are chloramine, hydroxylamine-O-sulphonic acid, oxaziridines unsubstituted at
the nitrogen atom, and N-acyloxaziridines. The formation of three-membered rings with two heteroatoms, occurring
as intramolecular electrophilic amination, is discussed.
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I. INTRODUCTION

The majority of the reactions with the aid of which
amino-nitrogen is introduced into molecules proceed as
nucleophilic substitutions. The nucleophilic agent is
ammonia or an amine, which substitutes another group,
for example, in the interaction of ammonia with alkyl
halides [reaction (1)]. These reactions have been known
for a long time, have been thoroughly investigated, and
are therefore not considered in this review,

H,p CH;EX —> H,N—CHy: (1)
Be/—\* NH,Q —> B—NH,: (2)
H,p rm,—(;l\v —»> H,N—NH,. (3)

Substitution reactions in which nitrogen-containing
compounds behave as electrophilic agents are encountered
more rarely. In these reactions [see Eqn.(2), which
formulates the general case involving a base B~] the
nitrogen is linked to a group which is substituted in the
course of the reaction by a nucleophilic agent. The
Raschig synthesis of hydrazine [reaction (3)], in which
chloramine aminates an ammonia molecule via an electro-
philic mechanism®, is a prototype of reactions of this kind.
Together with chloramine, hydroxylamine-O -sulphonic
acid later came to be used as an aminating agent®, The
ability of certain oxaziridines to transfer NH and NCOR
groups has been discovered in recent years %, Reactions
of compounds of this type are very similar and are treated
in this review as electrophilic amination. The reactions
involving transfer of nitrogen-containing groups in which
the intermediate formation of nitrenes has been firmly
established or postulated are not discussed. A number of
reviews have been devoted to such reactions*~’. Reactions
in which the intermediate stage proceeds via the solvolysis
of chloramines, nitrenium ions, and cations with an elec-
tron sextet are likewise disregarded®.

1 Translated into Russian from German by
T.A.Burtseva and retranslated into English.

II. REACTIONS OF CHLORAMINE AND SUBSTITUTED
CHLORAMINES

An example of electrophilic amination with the aid of
chloramine which has been known for a long time and has
been most thoroughly investigated is the Raschig synthesis
of hydrazine'. It has been firmly established that, in
contrast to frequently expressed hypotheses, 1,1-elimina-
tion from chloramine followed by the interaction of NH
with ammonia does not occur and there is instead a syn-
chronous dissociation of the N—C1 bond and the formation
of the N—N bond [see Eqn.(3)]°.

The role of the base in the initial method for the syn-
thesis of hydrazine can be accounted for by partial
deprotonation to give the chloramide anion. Thus the
formation of hydrazine should be regarded as electrophilic
amination in which chloramine and the chloramide anion
behave as competing electrophilic agents:

NH, — €1 ¥5* H,N—NH,

(4)

1l
©NH—C1 NSsH,N—NH, +

Later studies of the interaction of chloramine with
primary *°, secondary'!, and tertiary !> amines showed
that the presence of a strong base is not a precondition
for the formation of the N—N bond: the majority of stud-
ies on the synthesis of alkylhydrazines have been carried
out with chloramine —ammonia mixtures, obtained by the
zas-phase chlorination of ammonia, which were combined
with amines without adding a strong base. It has been
shown '® that the amination of tertiary amines by chlor-
amine follows second-order kinetics, The ratios of the
rates of interaction of ammonia, n-propylamine, and
di-n-propylamine with chloramine are 1:140:460, "

The interactions of chloramine with the most important
classes of nucleophilic agents and their anions have been
studied in the last 20 years. In base-catalysed amination
2-pyridone gives rise to 1-aminopyridone (I); ** on inter-
action with chloramine, NN -dialkylhydrazines form tri-
azanium salts (I1), *¢*"" Phosphites give rise to amino-
phosphonium chlorides (II), *° triphenylarsine and stibines
are converted into arsonium and stibonium salts (IV) and



Russian Chemical Reviews, 45 (1)}, 1976

(V), *° while aminosulphinium salts (VI) are formed from
thioethers *

N\

Ot
NN HgN—T‘,I@—NHn .
r'«H, CH,

(4] (1)

On treatment with an excess of chloramine, the latter are
capable of combining with a second NH group ****°,

H,N—P®(n-Bu),C1® HoN—As®(CeHy)5CI®
(1) (1)
H,N—SbOR,CI® H,N—S®R,X®
V) (V1)

Relatively little is kaown about amination at a carbon
atom. The interaction of chloramine with a Grignard
reagent**, which makes it possible, for example, to
obtain a good yield of benzylamine from benzylmagnesium
chloride [Eqn.(5)], was achieved comparatively long ago.
Subsequently chloramine was used to convert into amines,
via reaction (6), the products of the hydroboration of

olefins *°
CeHy—CHy—MgCl M 1, CH,—NH, (5)
CgH CgH,
SNe—ch, » *N\CH—CH,—BH, NE:CL_, ">CH—CH,‘—NH,,. (6)
cHy” cH,” CHy

When polyalkylphenols react with chloramine, amina-
tion at the oxygen atom does not occur, as believed pre-
v1ously, instead, the ring is expanded to give a lactam
in which the f1rst stage must be regarded as C-amination *

| . o /\ 0
N\ o® - avi 4 (n
(e [T = [
VA AN /NN p NH

On the other hand, O-amination is possible for alk-
oxides and it has been suggested for the synthesis of
0 -alkylhydroxylamines %’

RoS ¥ NHZ—(C\I' —> RO—NH, . (8)

We may also recall the interaction of chloramine with
oximes to form diazo-compounds, wh1ch was known pre-
viously only for a diketomonoxime?®, was later extended
to simpler ketoximes *°, and was used finally to synthesise
diazomethane [Eqn. (9)]: *

Ryc=NoH N, p @ Vo . (9)

Analysis of the extensive literature on chloramine leads
to the striking observation that only a few reactions of
chloramine can be extended to N -chloroalkylamines.
formation of the N—N bond between the amine and
N- chloroalkylamme can be achieved only with simultaneous
ring closure

The

NH, NH—Cl H H
<
The interaction of N-chloroalkylamines, RNHCI, and
N -chlorodialkylamines, R.NCl, via the electrophilic

amination mechanism has been described only for power-
ful nucleophilic agents, in particular for sulphur- and

(10)
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phosphorus-containmg compounds. For example, chlor-
amine reacts with mercaptides to form sulphenam1des
R’—S® + R—NH—Cl —» R'—S—NH—R . (11)
Thiocyanate is aminated by reaction with N chloro-
dialkylamines to form N ~thiocyanatoamines *
©SCN - (CHy))N—CI — (CHy)N—SCN « (12)
Tri(hydroxymethyl)phosphine reacts with N -chloro-
dimethylamine to form the N—P bond *
(HOCHg)3P + (CHy)eN—Cl — (CHy),N—P® (CH,OH), . (13)
The amination of azide ions to give substituted amino-
azides has been reported **. The amination of Grignard
reagents by N- chloroalkylammes is possible ®
Reactions of chloramine via the electrophmc amination
mechanism take place also in the alkaline cleavage of
chloramine to nitrogen and ammonia, which has been
known for a long time. It has been shown that hydroxyl-
amine is formed in the first stage [Eqn.(14)]* and this is
followed by the electrophilic amination of hydroxylamine
to diimide [reaction (15)]. The formation of diimide is
confirmed by the powerful hydrogenating effect in the
decomposition of chloramine in alkaline solutions; for
example, cinnamic acid is hydrogenated under these con-
ditions of hydrocinnamic acid *":

HO® 4 NH,Cl — HO—NH; , (14)

HO—NHj, -+ NH,Cl - [HO—NH—NH,] - HN=NH , (15)
2HN=NH - Ny 4 N;H, , (16)

N,;Hg -+ NH,C! - HN=NH 4. NH; , (17

3NH,Cl — N, -+ NH, , (18)

Bearing in mind that, on disproportionation, two diimide
molecules form nitrogen and hydrazine and that the latter
may be oxidised to diimide, which requires the consump-
tion of yet another chloramine molecule, it is possible to
obtain a sequence of reactions [reactions (14) —(17)],
which reflects the overall formation of nitrogen and
ammonia from three chloramine molecules [Eqn.(18)].

The alkaline decomposition of dichloramine, in which
two molecules of the latter decompose with formation of
mtrogen, chlorlte and hypochlorite, has been studied
recently *°

2NHCI;+ 4 ©OH — N, -+ 3 CI© -+ CI0° (19)

The pronounced chlorinating effect on substrates, sub-
jected to the action of radicals (for example ethyl ether or
cyclohexene), observed in the decomposition of dichlor-
amine in alkaline media, permitted the conclusion that the
reaction begins with electrophilic amination and the for-
mation of trichlorohydrazine. The elimination step then
results in the formation of dichlorodiimide, which is
regarded as a source of atomic chlorine:

2 NHCl, - Cl;N—NH—Cl ~ CI—N=N—Cl - N, = 2CI' . (20)

The reactions with N-halogenoamines have been recent-
ly discussed by Kovacic et al., *°

IIIl. REACTIONS OF HYDROXYLAMINE -0 -SULPHONIC
ACID AND O0-ACYL DERIVATIVES OF HYDROXYLAMINE

Another widely used aminating agent is hydroxylamine-
O -sulphonic acid (HSA). It was obtained for the first time
by Sommer and coworkers ***°, who also discovered the
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ability of HSA to convert primary and secondary aliphatic
and aromatic amines into hydrazines.

It follows from the data of these investigators, who
later studied the preparative use of HSA, that the rate of
reaction depends on the nature of the compound aminated.
For example, secondary amines react with HSA at 0°C in
the course of several hours and tertiary amines react in a
few minutes**. Evidently, the nucleophilic agent is
involved in the rate-limiting stage of the reaction.

The preliminary decomposition of HSA to NH and
sulphate, which has been sometimes suggested, is there-
fore unlikely. Furthermore, it has been shown that the
reversible decomposition to NH and sulphate does not
occur either: partial decomposition of HSA in dilute NaOH
solution in the presence of labelled sulphate does not result
in the formation of radioactive HSA.** Therefore, an
electrophilic mechanism in which a new linkage is formed
and sulphate is displaced synchronously, must be adopted
for all amination reactions with the aid of HSA, which are
faster than the decomposition of HSA in the absence of a
nucleophilic agent:

R,ﬁ/\’ H:N@:S — R:NQ'NHz + 502 (21)

Subsequently amination by HSA was developed into a
preparative method for the synthesis of substituted
hydrazines. Gever and Hayes *° obtained ethyl-, propyl-,
isopropyl-, n-butyl-, n-pentyl-, and 2-hydroxyethyl-
hydrazines by the amination of primary amines, An
excess of the amine is usually employed in order to
suppress the self -decomposition of HSA in an alkaline
medium and the subsequent reaction of the resulting
hydrazine with HSA. Gosl and Meuwsen* and Sisler et
al.* reported almost simultaneously the synthesis of
hydrazine from HSA. The former investigators were able
to aminate primary, secondary, and tertiary aliphatic
amines to give the corresponding hydrazines. Sisler et
al, aminated in accordance with Eqn.(21) tertiary aliphatic
amines and dimethylaniline to form hydrazinium salts.
Under suitable conditions, aniline is converted into phenyl-
hydrazine in 80% yield*. Pyridine gives rise to the
N-aminopyridinium cation (VII). The corresponding
products are obtained from alkylpyridines and quinoline.
NN -Dimethylhydrazine 1s aminated to give the dimethyl-
triazanium cation (VIIN:*

Py
@ HN—NENH, v
@ AH’ r!lu, .
NH,
(vi) (vin) (1X)

The amination of aziridine to an N-amino-derivative
(IX) has been described*, but the yield is low, In certain
cases an acylated nitrogen atom is sufficiently nucleophilic
after deprotonation to be aminated by HSA. Thus, cyclic
acid amides, for example compounds (X) and (XI), have
been converted into hydrazides with the aid of HSA,*
Evidently, simple acid amides have not, as yet, been
made to undergo this type of reaction.

Q A
QL=
N~ X0
i |
NH, NH, .
(X) (xn
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Hydrazineisodisulphonate is obtained comparatively
easily in accordance with Eqn,(22):*
KOH; HSA

HN (SO4H)s (22)

~» HN—N (SO,H), +
In the presence of a large excess of HSA, the N-alkyl
group is split off from sulphonamides in the form of a
hydrocarbon. Under these conditions, N-amination prob-
ably takes place with subsequent elimination of the
sulphinate residue *°

R—NH—SO,—R’ [isrAR—b{—SO,—R ~R—N=NH -~ RH . (23)
NH,

Alkoxides react via the electrophilic amination mecha-
nism with formation of O -alkylhydroxylamines. O-Alkyl-
hydroxylamines have been obtained from simple C.—C4
alcohols and benzyl alcohol in yields of 27—49%.%° In the
presence of KOH, phenol is aminated by HSA to O -phenyl-
hydroxylamine

CeHy—0© -+ HN—0S0 — CiH;—ONH; . (29)

Similarly to the reaction employing chloramine, tri-
phenylphosphine and thioethers can be aminated with the
aid of HSA.%? In the latter case only one NH group adds
on, Xanthates also react with formation of the S~N
bond **

Thiocyanate is smoothly aminated in an aqueous alkaline
solution, The thiocyanatoamine formed is of interest
because it converts ketones into aminothiazoles in satis-
factory yields **

seN'ShN—scN RStk )L (25)

The olefin hydroboration products can be converted by
the Brown reaction into amines by a treatment not only
with chloramine but also with HSA. ®

Relatively little is known about the electrophilic amin-
ation of carbanions, although in the instances described
the reaction proceeds very smoothly. In dilute NaOK
solution, acetylacetone reacts with HSA below room tem-
perature in the course of several minutes. If two moles
of the diketone per mole of HSA are used, the amination
product condenses with the excess diketone into a pyrrole
derivative ***°°;

i
AN

)\_) "’j
O‘H O usa l N L
AA 25N N, l(\) N
)

N (26)

Acetoacetic ester derivatives also give rise to pyrrole
compounds.

Hieber and Buetner *" aminated the hydrogen tetra-
carbonylferrate anion:

HFe (CD)?*.‘.%.AFG (CO)NH, « (27)

When the reaction with HSA, which usually takes place
in aqueous alkaline solutions, is considered, account must
be taken of the competing alkaline decomposition of HSA,
In the case of chloramine this decomposition leads to the
formation of a mole of NHs and N2. This overall result
[see Eqgn.(32)] can also be represented by a series of
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amination stages [Eqns.(28)—(31)].*® The reaction begins
with the amination of the hydroxide ion; it has been shown
with the aid of '°0 that the oxygen in the hydroxylamine
produced originates from water ® The amination of
hydroxylamine to diimide has been demonstrated by the
fact that double bonds are hydrogenated both in the alkaline
decomposition of HSA and in the reactlon occurring in a
mixture of HSA and hydroxylamine *°

HO® 4 HSA — HO—NH, , (23)

HONH, -+ HSA — HN=NH ', (29)

2HN=NH — N, - N;H, (30)

NsHq & HSA — H,;N—NH—NH,—HN=NH--NHj , (31)
3HSA — N, - NHy (32)

The hypothesis of the formation of triazane at an inter-
mediate stage in reaction (31) has been proved by the fact
that the reaction of | SN]hydrazme with HSA results in the
formation of some labelled NH3. *®

There has been no lack of attempts to discover other
electrophilic aminating agents. These began with
hydroxylamine containing an active group capable of being
eliminated. The first studies were carried out by
Carpino *°, who found that O -mesitoylhydroxylamine
aminates dibenzylamine to dibenzylhydrazine:

(CgHsCH,),NH + H,N—OCO@ —> (C4HsCH,),N —NH, . (33)

The same investigator reported later * the amination of
carbazole to N-aminocarbazole (in 60% yield), of naphthal-
imide to N-aminonaphthalimide (in 81% yield), of benzyl-
benzamide to the corresponding hydrazine, of N-tosylated
1-aminomethylnaphthalene to the N-amino-derivative, and
of t-butyliminodicarboxylate to the corresponding hydrazine
derivative %,

Sheradski ®® discovered the effective aminating activity
of 0-(2,4-dinitrophenyl)hydroxylamine. He was able to
aminate in 88—95% yield sodium phthalimide, N -tosyl-
benzylamine, and pyrrole-3,4-dicarboxylate ester %:

ROOC COOR ROOC COOR
. N
U 2.4-DNP-ONH lkj}( . (3 4)
N N
| |
Na NH,

CH acids, such as methyl fluorene-9-carboxylate and
diethyl phenylmalonate, are also aminated®, Tamura
and coworkers *~°" achieved electrophilic amination with
the aid of O -mesitylenesulphonylhydroxylamine (XII),

O -picrylhydroxylamine, and two other O-sulphonated
hydroxylamines [compounds (XIII) and XIV)]:

@?soz—ow? >~—<:(<—SO2—ONH2 <©2-—502—0NH2 .

(x11) (X1H) (XIV)

It proved possible to aminate tri-n-butylamine, diphenyl
sulphide, diphenyl sulphoxide, triphenylphosphine,
quinoline, pyridazine, pyridine, and substituted pyridines.
The amination of tertiary amines takes place particularly
smoothly and is used to synthesise N-amino-derivatives of
alkaloids °°
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IV. THE SYNTHESIS OF THREE-MEMBERED RINGS
WITH TWO HETERCATOMS

The formation of a new bond in electrophilic amination
plays an insignificant role in the syntheses of three-mem-
bered rings with a single heteroatom. Of the large
number of syntheses of aziridines, mention should be
made only of the reaction of aB-unsaturated ketones with
O -alkylhydroxylamines, which may be regarded as elec-
trophilic amination

R c@NH'A R HN: R
/T CH,ONH, s N/ ]T .
o

However, electrophilic amination is a dominant process
in the synthesis of three-membered rings with two hetero-
atoms. If one disregards certain photochemical reactions,
the three-membered ring is formed in this case always
with the closure of the bond between the two heteroatoms.
‘In the synthesis of diaziridines this bond is always formed
as a result of electrophilic amination.

(35)

Syntheses of Diaziridines

| aum——

Numerous versions of the synthesis of C—N—N rings
are known. It proceeds as the reaction between a
carbonyl compound, an amine, and an aminating agent,
and it is frequently immaterial whether all three reactants
are made to react simultaneously [Eqn. (36)], or whether
the carbonyl compound and the amine form initially a
Schiff base which then reacts with the aminating agent
[Eqgn.(37)], or whether the product of the condensation of
the carbonyl compound and the aminating agent is made to
react with the amine [Eqn.(38)]. Ring closure via the
geminal stage (A) is an intramolecular analogue of the
Raschig hydrazine synthesis.

R—NH,
RY__CO_RH )
HpN~X &
R' R—RHY NHLRY R—N—NH
7 HN—X \C/ \C/
RN=C n @ PN 2N
R g R" R R
/x\ (4)
X R ¥ (38)
“Sw=c”
\Rn

The synthesis of diaziridines with three substituents R,
R’, and R” is restricted to aliphatic compounds but is of
general importance in this field. The nitrogen of the
aminating agent can also carry an additional alkyl group.

The following versions of the synthesis of diaziridines,
which usually takes place with satisfactory yields, have
been described.

1. Ketone + NH; + CINH:. In this process ammonia is
subjected to gas-phase chlorination and is made to react
with acetone " or a stream of NH; + CINH: is passed
through the liquid ketone ™.

2. Schiff base + CINHz."®* The reaction is carried out
in an organic solvent. In this case N-chloroalkylamines
react just as effectively as chloramine, which may be
used to synthesise NN’ dlalkylated diaziridines.

3. Ketone + NH; + HSA. ™

4. Ketone + imine + HSA.”

5. N Chloramino-derivative of ketone + NH, or
amine”
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This method may be simplified when the N -chlorimino-
derivative of the ketone (XVI) can be obtained during the
synthesis by eliminating HCl from NN -dichloramine
(xv):”

NH
(CHy).CH—NCl, T (cH,),c=Nct =M, (CH,)zc:l (39)
~R.

6. Oxime-O -sulphonic acid (R:C=N—OSO:H) + amine "%,

7. Schiff base + 3,3-dialkylaziridine ”°.

6. Alkaline solutions of formaldehyde and a primary
amine, in which the presence of methylenediamines may
be p2§tulated, react with hypochlorite to form diazirid-
ines *:

R
2 RCBNH: — R—NH—CH,—NH—R Naoct | R—NH r|~I—Cl — RN—NR . (40)
He NcHy” NcH,”

9. The diaziridine skeleton is formed in a reaction in
which it is possible to isolate a geminal intermediate
stage corresponding to the intermediate stage postulated
in Eqns. (36)—(38) and (40): *

=)
M gN—NH .

> i #1)
: 2
R—NH——CO—Ne\f; /N N4

“th2

The particular importance of the synthesis of diazirid-
ines consists in the fact that their formation is a stage in
the economical syntheses of mono- and di-substituted -
hydrazines, which are readily formed on acid hydrolysis
of diaziridines. For example, NN -dialkylhydrazines,
which cannot be obtained by direct interaction of an amine
and an N-chloroalkylamine, can be easily synthesised via
a diaziridine by the reaction of primary amines (in the
form of Schiff bases) and an N-chloroalkyl amine *:

R—NH—NH—R

H N-R
IS .
R’'—CHO

N
R’/ N—-R

R—N=CH—R’
R—NH—CI

(42)

Syntheses of Oxaziridines

In certain casesthetwo-component reaction of a carbonyl
compound and an aminating agent leads to the formation of
the oxaziridine ring *:

CH,

CeH;—CHO ©on GQ)II—QO/? e OwN—'CHa . (43)
CHNH—OSOH c c
? cHy cHy”

In this case it is also possible to postulate the formation
at an intermediate stage of a product resulting from addi-
tion to the carbonyl group; this is indicated, for example,
by the observation that in a series of cyclic ketones the
maximum yield corresponds to the six-membered ketone.
Ring closure is again represented as electrophilic amina~-
tion. As was to be expected for electrophilic amination,
ring closure has to be catalysed by a strong base, since
oxygen becomes sufficiently nucleophilic only after
deprotonation.

Such syntheses of oxaziridines have been achieved using
simple aliphatic ketones, cyclohexanone, and certain
aromatic aldehydes. N-Chloromethylamine or methyl-
hydroxylamine-O -sulphonic acid are usually employed as

Russian Chemical Reviews, 45 (1), 1976

aminating agents. For higher alkyl substituents, the
yields are sharply reduced.

Treatment of suitable aldehydes or ketones in an alka-
line medium by aminating agents without alkyl groups leads
to oxaziridines unsubstituted at the oxygen atom. The
reaction has been thoroughly investigated for cyclohexa-
none, which gives rise to 3,3-pentamethyleneoxaziridine in
50% yield on treatment with HSA in dilute NaOH solution *°:

S - . O
e >=O H,N-OSO,H; OH_> (44)

P NH
N/
or NHy ©0cl < l

N——/ \0

The synthesis of 3,3-pentamethyleneoxaziridine can be
achieved even more simply bgi treating cyclohexanone with
NH:s and sodium hypochlorite ™. The yield is about 70%.
Both reactions are extremely fast. The interaction of
cyclohexanone with NHs and hypochlorite takes place at 0°
in 30 s and is at least 1000 times faster than the alkaline
decomposition of chloramine in the absence of ketone.
Thus the latter is involved in the rate-limiting stage of the
process. One can also assume the addition of chloramine
(or HSA) to the carbonyl group, which is followed by intra-
molecular electrophilic amination.

Diaziridinones, Iminodiaziridines, and Thiadiaziridine
1,1-Dioxides

The formation of hydrazine on treatment of urea with
hypochlorite has been known for a long time®., To account
for the course of the reaction, it is insufficient to employ
the analogy with the Hofmann degradation of amides, since
Ohme and Preuschhof were able to show that, although the
reaction of asymmetric dimethylurea with hypochlorite
yields NN -dimethylhydrazine [ Eqn.(45)], N-hydroxy-N -
methylurea-0O -sulphonic acid (XVII) acted upon by alkali
also reacts with formation of the N—N bond and gives rise
to methylhydrazine [Eqn. (46)] **®":

oo
(CHg)sN—CO—NHy ~2> (CHg),N—NH, 5 (45)
CH,
. | ©0H
H,N\$ /N—0SOH ——> CHy—NH—NHj - (46)
o
(XVII)

The first compound may be deprotonated by N-chlorination
at the nitrogen atom, which is already linked to chlorine,
creating thereby the structural precondition for the
Hofmann amide degradation. In compound (XVII) only the
unsubstituted nitrogen is deprotonated, which makes it
more likely that the N—N bond is formed by intramolecular
closure to give an intermediate three-membered ring.
Indeed, in the presence of t-alkyl substituents at both
nitrogen atoms of urea, stable diaziridinones were
obtained ®:
t-Bu
- ~e—\‘£\*_—> =Bu—N---~-N—t-Bu .
t- Bu N\C/N Cl t-B N\ /N t-B

C
o o]

Later it was possible to obtain similarly iminodiaziridines.
N-Chlorination of t-alkylguanidines and base-catalysed
ring closure result in the formation of a three-membered

ring *%:
Tu
N

©
=P y—] Yy N-—Cl ~— t-Bu—Ng--—N—1t-Bu.
t-Pu—N 2

(47)

t-
N g (48)
t;}H NH
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Before this, experiments with '°N showed that semi-
carbazide is formed from hydroxyguanidine-O -sulphonic
acid via an intermediate symmetrical stage, for whmh the
structure of an iminodiaziridine was postulated *°

NH—OSO.H HN NH
\c/ - H,N—NH—CO—NH; .  (49)

I
NH

H"N\C/

i -

The formation of dialkylhydrazines and isoalkanes from
dialkylsulphonamides by reaction with hypochlorite also
proceeds via a three-membered cyclic stage, which has
been recently demonstrated by the isolation of stable
thiadiaziridine 1,1-dioxide **

R—NH NH—R coc1 R—N N—R R—NH—NH—R
Ns/ e oc1 50
S \s / l (50)

O, R—N=N—R .

V. AMINATION BY OXAZIRIDINES UNSUBSTITUTED AT
THE NITROGEN ATOM

While N-alkyloxaziridines (XVII) are incapable of
transferring their nitrogen to other molecules, such
ability is shown to a marked extent by oxaziridines (XIX)
unsubstituted at the nitrogen atom, which are comparable
as regards effectiveness to aminating agents known for a
long time, such as chloramine and HSA., All three types
of compounds are decomposed by sodium hydroxide in the
same way—with formation of NH3 and N.:

R NH
e (| eou, { >=O+NHs+Na . (51)
S
R O
(Xvity (XIX)

Although cleavaged by aqueous acid solution, which in
the case of N-alkyloxaziridines is of the same type as the
cleavage of acetals and leads to the formation of a car-
bonyl compound and an alkylhydroxylamine, has the same
preparative result for compound (XIX) (the formation of a
ketone and hydroxylamine), the reaction proceeds via an
amination mechanism: acid hydrolysis of compound (XIX)
in the presence of H3%O yields hydroxylamine containing
the '°0 isotope (52.6%). Thus amination of water com-
petes with cleavage via the acetal mechanism *°

‘BOH

NH

C><b C>=o + NH,'0H . (52)

The occurrence of electrophilic amination when suitable
nucleophilic agents are employed has been confirmed by
the reaction products. Methanol is aminated by 3,3-
pentamethyleneoxaziridine (XX) with formation of the O—N
bond when the reactlon is catalysed by both methoxide and
strong acids *

NH p OCH,
— TN
O mer T

(XX)
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Aniline gives rise to phenylhydrazine [Eqn(54)], albeit
in a yield of only 20%.™ Aliphatic Schiff bases are
aminated to diaziridines in satisfactory yields [Eqn.(55)]: ™

CHs\ /0 aniline CHs—NH—NH, » (54)
C
CeHy” NH
—CH=N—R’
TN (55)
55
R/ WN-R' .

Acid amides are aminated only in the presence of strong
bases as catalysts (this has been observed also for other
aminating agents); after deprotonation, the amide nitrogen
becomes sufficiently nucleophilic. Thus treatment of
formanilide with 3-phenyloxaziridine results in the forma-
tion of benzaldehyde phenylhydrazone [reactmn (56)]%. It
is remarkable that, when 3-phenyloxaziridine is decom-
posed by ethoxide in the absence of formanilide, a small
amount of benzaldehyde phenylhydrazone is also formed.
Evidently, 3-phenyloxaziridine rearranges to formanilide
under the influence of the base (the two compounds are
isomeric), this being following by amination in accordance
with Eqn. (56):

N .
CeH—NE HN- _60\ —> CgHg~NH—N=CH—C.H, , (56)
Ncwo N
1 NC i,

The intermediate formation of 3,3-pentamethylene-
oxaziridine as the aminating agent can also be postulated
in the synthesis of 1,1 dlhydroxyazocyclohexane from
cyclohexanone and HSA

S — OH HO
/ N_g ©oH / N/ N/ \
\_/‘O I — /N N= N/\ (57)

NH,—0SO;H

As was to be expected, strongly nucleophilic sulphur
compounds are readily aminated by 3,3-pentamethylene-
oxaziridine, For example, the reduction with sodium
sulphite solution proceeds as amination of sulphur:
sulphamic acid was isolated from the reaction mixture
[Eqn.(58)]°*. The reaction with sulphinate anions also
proceeds smoothly. Neutralised solutions of toluene-{ -
sulphinic acid or of p-chlorobenzenesulphinic acid react
fully at room temperature in the course of several min-
utes. Sulphonamides have been isolated in 85% yield
[Eqn. (59)] %, Thlocyanate is also aminated at room
temperature [Eon. (60)] *°

- ©©s0, H,N—SO.H , (58)

— (S}
Y| =oM% X GHSO,—NH, (59)
O _Ssn | yn_soN. (60)

It has been recently observed that 3,3-pentamethylene-
oxaziridine can transfer its NH groups to olefins. For
example, p-chlorostyrene and 1-methyl-1-phenylethylene
have been converted in the course of several hours at
110°C into the corresponding aziridines in accordance with
Eqn.(61), the respective yields being 58% and 46%.% This
reaction, which has been called “enamination”, is the
nitrogen analogue of epoxidation. The reaction mechanism
has not as yet been elucidated, but the occurrence of active
intermediate stages is unlikely:

@ |_>C>>©)v““{> : (61)
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On treatment with 3,3-pentamethyleneoxaziridine,
cyclohexene becomes doubly aminated; N -aminoaziridine
was isolated as the reaction product [Eqn. (62)]:

H 0

CiHy—C=C—CiHy |

(CoHy),CH—CN..

N—NH, 2 ﬂ\/ ‘

/
N4 (62) g (63)

Diphenylacetylene also reacts formally with addition of
the NH group; after rearrangement of the phenyl groups,
the reaction product is diphenylacetonitrile [reaction (63)].

VI. THE TRANSFER OF ACYLAMINO-GROUPS WITH
THE AID OF N -ACYLOXAZIRIDINES

It has already been stated that oxaziridines alkylated at
the nitrogen atom do not exhibit the aminating activity
characteristic of the compounds in which the nitrogen atom
is unsubstituted. On the other hand, N-acyloxaziridines
are powerful aminating agents. Under suprisingly mild
conditions, they frequently transfer the R—CON group to a
nucleophilic agent.

For example, the strongly nucleophilic aliphatic
hydrazines react fully even at room temperature in the
course of several minutes. Triazaniumbetaine is formed
in 80% yield from 2-carbamoyl-3- ?henyloxaznldme and
NN -dimethylhydrazine [Eqn (64)] Under the same con-
ditions, methylhydrazine gives rise to triazanecarbonamide
[Eqn. (65)]:

o
H,_N—CO—NH, (CHy)N-NH, H2N~Y\II@—N@—CO’NH2 , (64)
C CH.
CHs” NO ?
CHp~—NH~-NHy
H,N—N—NH—CO—NH; . (65)

CHjy

The corresponding compounds have been obtained from
adducts of phenyl isocyanate or p-nitrophenyl isocyanate
and 3-phenyloxaziridine by reaction with dialkyl- and
monoalkyl-hydrazines.

However, a precondition for the reaction is the pres-
ence of a phenyl group at the carbon atom of oxaziridine.
The triazine derivatives obtained are very unstable: at
room temperature they exist for several minutes. They
can be obtained only by virtue of the extremely high reac~-
tivity of N -acyloxaziridines., The formationof the N—N
bond must be again regarded as electrophilic amination.
The oxaziridine is not cleaved to benzaldehyde and acyl-
nitrene, since in the absence of a nucleophilic agent
acyloxaziridines are completely stable under the reaction
conditions.

Aliphatic amines react similarly to hydrazines % Asa
result of the closure of the N—N bond, acid hydrazides or
semicarbazides are formed. For example, an acid
hydrazide is formed from 2-(p -nitrobenzoyl)-3-phenyl-
oxaziridine and piperidine at 0°C in 92% yield in the course
of several minutes:

H
H <N—CO—C5H,-(9)NO,——> Od—!\'H—CO—‘Cer(I’)NOa .
N

C
e’ N\ )

(66)
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The corresponding reactions take place with high yields
when the adducts of cyanic acid or phenyl isocyanate and
3-phenyloxaziridine are made to react with NHs, cyclo-
hexylamine, or piperidine. For example, cyclohexyl-~
amine is aminated to a cyclohexylhydrazine derivative:

H /N—C%NH@ E O—NH-NH-—CO—NH@ - (67T)

C
CeHs/ N\

A precondition for these amination reactions is the pres-
ence of a phenyl group at the carbon atom of the oxazirid-
ine ring.

A fundamentally different result is obtained when the
oxaziridine derived from cyclohexanone is made to react
with cyclohexylamine *°

O<I‘°°“”“ _Q_'f, @NH_NH_CO_WO - (68)

It is very remarkable that the interaction of analogous
compounds with the same reagent in accordance with
Eqns. (67) and (68) yields isomeric semicarbazides, where
the two substituents change places. Evidently, yet
another N—N bond, joining the two nitrogen atoms of the
acyloxaziridine, is formed.

This second reaction is catalysed by bases. After
deprotonation, the amide nitrogen probably attacks the
nitrogen in the three-membered ring [Eqn.(69)]. A new
three-membered ring (diaziridinone) is then formed from
the oxaziridine ring. The formation of hydrazine [Eqn.
(69)] in the presence of sodium hydroxide and the formation
of hydrazinecarboxylate ester in the presence of sodium
ethoxide are extremely likely and have indeed been
observed when the above compounds were used.

o
P o e
R anﬁ,&/\i

N-—N :
%x H,N—NH—COOC,H;
s

H,N—NH,

(69)

The interaction of the intermediate diaziridinone
[according to Eqgn. (68)] following the addition of cyclo-
hexylamine would have led to the formation of phenyl-
cyclohexylsemicarbazide, whose substituents would have
been in the positions observed for the final product.

---000---

Comparison of electrophilic amination, which can also
be regarded as nucleophilic substitution at a nitrogen
atom, with reactions involving nucleophilic substitution at
a carbon atom, shows that the latter reactions have been
investigated in very great detail, including their mecha-
nisms, while the mechanisms of nucleophilic substitution
at a nitrogen atom have been very little studied.

The kinetics of the reactions of chloramine and certain
alkylchloramines in the Raschig synthesis of hydrazine
have been investigated. The studies of the reactions
involving hydroxylamine-O -sulphonic acid have been con-
cerned with syntheses on a preparative scale. The
available information about amination with the aid of
oxaziridines is based largely on synthetic studies and a
few superficial kinetic investigations. Despite this, in
the present review an attempt has been made to survey
the available information from a single standpoint con-
cerning the mechanism of electrophilic amination. This
is justified to some extent by the fact that the majority of
the studies discussed have been carried out in recent
years and have been stimulated by definite ideas about the
mechanism of the process.
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The Reactivity of Epithio-compoundst

A.V._Fokin and A.F.Kolomiets

The available information about the reactions of epithio-compounds with nucleophilic and electrophilic agents, about the
homolytic reactions of alkene sulphides, and about reactions leading to the elimination of sulphur with formation of
alkenes is examined, the mechanisms of the opening of thiiran rings are discussed, and the comparative characteristics

of the reactivities of O- and S-heteroanalogues of cyclopropane compounds are given.

The bibliography includes 276 references.

CONTENTS

I. Introduction

1. Nucleophilic cleavage reactions
{Il. Electrophilic cleavage reactions
IV. Elimination of sulphur

V. Free-radical reactions
VI. Conclusion

I. INTRODUCTION

The increasing interest in the chemistry of sulphur-
containing organic compounds is not fortuitous and is due
primarily to the urgent necessity for the utilisation of
large amounts of sulphur and its simple compounds, the
reserves of which are continuously increasing as a result
of the increasing output of the metal extracting industry.
In terms of this aspect, the chemistry of thiirans has
unlimited possibilities. It is sufficient to mention that the
methods of synthesising epithio-compounds developed in
recent years are based on the use of sulphur chlorides,
carbon disulphide, carbon oxide sulphide, metal sulphides,
and other simple sulphur compounds®.

In contrast to oxirans, the chemistry of which is closely
related to the large-scale manufacture of a wide variety of
substances and materials, thiirans have not as yet found
extensive applications. The prospects for the practical
utilisation of epithio-compounds became apparent only in
the last decade. The polymerisation reactions of thiirans,
which have become an independent field of study, are
specially important from this point of view?~4,

The most notable advances in the synthesis of high-
molecular -weight compounds (HMC) based on thiirans have
been achieved after the discovery of the high initiating
capacity in these processes of organic and inorganic deriv-
atives of zinc-subgroup metals. Using catalysts of this
type, methods have been developed for the stereospecific
polymerisation of racemic thiirans 3-8 and procedures for
the formation of elastomeric homo- and co-polymers 729,
thermoplastic fibre-forming high-molecular -weight com-
pounds ?°, and latexes resembling rubber latexes?!, Poly-
mers synthesised by this method are frequently vulcanised
by sulphur 22 and can be readily worked by casting or
pressing 3,24, the articles obtained are resistant to cor-
rosive media, solvents, and light, and possess useful
mechanical properties. Elastomeric poly (alkylene sul-
phides) are satisfactorily covulcanised with rubbers 25,26,
The covulcanisates obtained exhibit low swellability in
organic solvents and an enhanced resistance to the action
of light.

t Sulphur-containing heteroanalogues of cyclopropane
derivatives are also called epithioalkanes, alkylene sul-
phides, and thiirans?.

25
26
31
36
37
38

Various methods for anionic and cationic polymerisation
of thiirans 27-3! and for their copolymerisation with other
monomers 3% whereby it is possible to obtain high-
molecular-compounds with properties valuable in practice,
have been extensively studied. The possibility of impart-
ing water-repellent properties and of increasing the light
resistance of materials made of synthetic and natural poly-
mers by grafting poly(alkylene sulphides) on to them has
also been demonstrated. The above, by no means com-
plete, list of applications of the polymerisation capacity
of thiirans shows that their practical utilisation in the
immediate future is feasible.

The possibility of direct applications of thiirans has
been studied much less. Among the compounds examined,
there are substances with a high nematocidal activity % and
with insecticidal®, bactericidal®®~#, and herbicidal*!
properties. However, their use in practice is limited
because of their extremely unpleasant smell., For the
same reason, the use of epithio-compounds as components
of pesticidal preparations is unlikely, despite their high
stabilising activity ¥, The unpleasant smell makes it pos-
sible to use certain thiirans to impart an odour to gases
and poisonous liquids 43,

The employment of epithio-compounds as intermediates
in the synthesis of anticorrosion and antiwear additives to
lubricating oils and greases, surfactants, flotation
reagents, extractants, sorbents for hydrometallurgy, and
pesticidal preparations is more promising, The advances
achieved in research in the above fields are in many
respects determined by the level of knowledge of the reac-
tivities of the compounds.,

The chemistry of epithio-compounds is at present being
established. During the last ten years, studies have been
made on the reactions of thiirans with a wide variety of
electrophilic and nucleophilic compounds. The first qual-
itative and semiquantitative determinations have been made
of the reactivities of thiirans. The extensive application
of physicochemical methods to demonstrate the structures
of the reaction products made it possible to reassess the
characteristics of the reactions involving the opening of
thiiran rings. For these reasons, the latest reviews on
the chemistry of thiirans available to the Soviet reader,®
no longer reflect the present state of the problem. In the
present paper an attempt is made to give a systematic
account and a critical assessment of the available informa-
tion about the reactivities of epithioalkanes,
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II. NUCLEOPHILIC CLEAVAGE REACTIONS

Alcohols, phenols, phosphites, thiols, organometallic
compounds, primary and secondary amines, certain C-H
acids, and metal hydrides have been involved in the
nucleophilic opening of the three-membered ring of epi-
thio-compounds. The characteristics of the above reac-
tions have been by no means completely elucidated and in
analysing the results one can only speak of the most gen-
eral relations between the properties of the starting mate-
rials, the nature of the products, and the conditions gov-
erning their formation.

a. Reactions with Hydroxy-Compounds

The attempts to introduce water and ethanol into reac-
tions with 2-methylthiiran in the absence of catalysts led
to the formation of a complex mixture of oligomeric pro-
ducts %, Ring opening occurred only under severe condi-
tions (100°C). Thiiran and 2-methylthiiran react vigor -
ously with water and alcohols in the presence of various
alkaline agents 4~5¢, forming polymeric products. Thiiran
itself polymerises particularly readily under these condi-
tions (at room temperature). The polymerisation of 2-
methylthiiran in alcoholic solutions of bases requires
moderate heating. Monomeric products are not formed in
reactions of thiirans with alcohols in the presence of bases
and with alkali metal alkoxides.

Sodium phenoxide is said3-5? to condense with thiiran
to form 2-phenoxyethanethiol:

Na
H,C — CH, + PhOH — PhOCH,CH,SH.
N/
S

However, it has been shown recently%® that polymerisation
reactions are the main processes in this case too and
monomeric products are formed in extremely small
amounts.,

Certain hypotheses concerning the nature of the nucleo-
philic reactions involving the opening of thiiran rings by
hydroxy-compounds may be based on data obtained in
studies of competing reactions in sodium alkoxide (phenox-
ide)-thiiran-electrophilic agent systems5®, The opening
of the thiiran ring by sodium methoxide and phenoxide in
non-polar media proceeds at a satisfactory rate only at
40-50°C and is accompanied by polymerisation reactions.
In the presence of electrophilic reagents, polymerisation
reactions are suppressed. Depending on the properties of
the electrophilic agent, low-molecular-weight oligomeric
substances or products of the alkylation of 2-methoxy-
(phenoxy)ethanethiol are formed under these conditions:

RONa +H,C—CH, +R’X
| \S/\\ | .

i o B
RO[)CHQCH,S—],,R' ROCH,CH,SR" RO

In the presence of strong electrophilic agents such as
allylic alkyl halides, the reactions in the above system
lead to monomeric products, and diethers of ethylene
monothioglycol are formed in yields up to 50%. These
results led to the hypothesis that, in media of low polarity,
the electrophilic properties of thiiran and allylic alkyl
halides are comparable., A study5® has shown that the
polymerisation reactions of thiirans with hydroxy-com-
pounds in the presence of alkaline catalysts are due to the
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formation of thiolate anions, which are more reactive than
alkoxide anions:
HC—CH,
N/

MO -, MeOCH,CH,S-

H,C — CH,
NS
S

— MeO [~CH,CH,S—].

The ability of hydroxy-compounds to cleave thiiran
rings comparatively readily has been used to graft poly-
(ethylene sulphide) and poly(propylene sulphide) to cotton,
cellulose, paper, and similar materials in order to make
them light resistant, water repellent, etc. 5°7%,

In contrast to thiirans, episulphoxides and episulphones
are cleaved by hydroxy-compounds to monomeric products.
On heating with water and alcohols, thiiran 1-oxide inter-
acts according to the equation ®7

0
- I
H,C— CH, =2 ROCH,CH,SO~ — ROCH,CH,SSCH,CH,OR.
1
5(0) o)

In the presence of barium hydroxide, the thiiran 1,1-
dioxide ring undergoes hydrolytic cleavage under mild
conditions ®8:

H,C — CH,
N/
g +H0 M, HOCH,CH,S0),Ba.
AN\ I
J o 0

In the presence of sodium and potassium hydroxides a wide
variety of alkylene episulphones, which are intermediates
in the Ramberg-Baeckland rearrangement?!, react simi-
larly:

RCH,SO,CHCIR® M, pHc — cHr' 2£-» RHC—CHR' — RHC=CHR
N/ /7 N\
6 So;
Z\
d o

b. Reactions with Phosphites

The acidity of dialkyl phosphites is higher almost by
two orders of magnitude than that of alcohols. Despite
this, the reactions of sodium dialkyl phosphites with
thiiran lead to polymeric products only®, Polymerisation
takes place also when a mixture of dialkyl phosphite and
thiiran is treated with sodium alkoxides. In the presence
of alkyl halides, the polymerisation reactions are sup-
pressed. In a system of competing reactions between
dialkyl phosphites, thiiran, and alkyl halides, the direction
of the process is determined by the relative reactivities of
the electrophilic agents:

H,C — CH,
ROWPO~+ Y +RX
.1 l i
(RO),P[—CH,CH,S—],R"  (RO)sPCH,CH,SR’ (RO):PR’
! 3 s

In the presence of allylic alkyl halides, the reactions pro-
ceed only with formation of monomeric products. Thus,
as in the reactions with hydroxy-compounds, the polymer-
isation of thiiran on interaction with dialkyl phosphites in
the presence of bases is a consequence of the more pro-
nounced nucleophilic properties of the resulting thiolate
anions compared with dialkyl phosphite anions:
H,C—/CH,

H,C — CH, ~B2FO"_, (20),PCH CH,S - - (RO)yPI—CH,CH,S—15

% 1 I .

S o [¢]
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Trialkyl phosphites eliminate sulphur from epithio-
compounds under comparatively mild conditions (see
below). However, according to patent data, phosphites
with secondary alkyl groups are involved in thiiran ring
opening reactions:

Me Me
7 Ve
H,C — CH,+(Me0),P—OCH — (MeQ);PCH,CH,SCH
A4 N Il N
S Pr (o] Pr

¢. 2-Mercaptoalkylation of Thiols

The cleavage of the thiiran ring by thiols takes place
even in the absence of catalysts. The reaction conditions
are determined by the nature of the nucleophile and of the
epithio-compound. According to a patent?, aliphatic
thiols interact with thiiran at 100-200°C, forming mix-
tures of 2-alkylthioethanethiols (up to 50%) with products
of oligomerisation reactions:

RSH

H,C\—/ CH, - RSCH,CH,SH + RS[—CH,CH,S—], H.
S

2,3-Tetramethylenethiiran does not react with aliphatic
thiols under these conditions 46, According to a later
report ', thiiran condenses with thiols in the presence of
a two-fold excess of the latter even at 50-70°C.

2-Mercaptoalkylation is facilitated with increase of the
acidity of the thiol. Hydrogen sulphide in methanol con~
denses with thiiran at 45-60°C, forming ethylene dithio-
glycol and oligomeric products’®, Thiophenol’, dialkyl
phosphorodithioic, phosphonothioic, and phosphonodithioic
acids react under similar conditions with formation of
monomeric reaction products 74-77;

HC—CH, —XE., XSCH,CH,SH
N

[X=Ph, (RO);P(S), R (R'C}P(S)].

Thus unambiguous non-catalysed reactions occur only
between thiirans and highly nucleophilic thiols, The rela-
tively mild conditions of the above reactions make it pos-
sible to graft thiiran to wool fibres and human and animal
hair 78,7, In the latter case the reactions involve cysteinyl
residues of protein molecules.

The condensation of thiirans with thiols is promoted by
bases. 2~Methyl-, 2,3-tetramethylene-, and 2-hexyl-
thiirans react with sodium and potassium hydrogen sul-
phides under mild conditions #,%°,8!, Ijke 2-chloromethyl-
oxiran, 2-chloromethylthiiran forms polymeric products
in this reaction®, The epithio-compound proved to be
less reactive than its oxygen analogue. On moderate heat-
ing in the presence of sodium methoxide or ethoxide, ali-
phatic thiols condense with thiiran, 2,2-dimethylthiiran,
and 2,3-tetramethylenethiiran %,73,83-8_ The yield of
monomercaptoalkylation products for stoichiometric pro-
portions of the reactants does not exceed 40-50%9, but may
be raised to 75% by using a twofold excess of the thiol®s,
Similar results were obtained also in reactions of 2-
methylthiiran %87, 2-mercaptomethylthiiran, and its acetyl
analogue , The amount of catalyst does not have a
marked influence on the yield of reaction products.

In the presence of alkali metal alkoxides, primary,
secondary, and tertiary aliphatic thiols were made to react
with thiirans. The yield of condensation products was
found to decrease with increasing steric effects at the
mercapto-group, 2-Alkoxyalkanethiols react with
thiirans just as readily as other primary thiols 83,8, On
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reaction with thiirans, a-mercaptoketones form 2-mer-
captoalkylation products, which cyclise under the reaction
conditions to 2,3-dehydro-1,4-dithiane derivatives ®:
RGOSR
R’C(O)CH,SH .

RHC—-CH, — R'C(0) CH,SCH,CHRSH —
N/

W,
Reactions involving 2-mercaptoalkylation of thiols cata-
lysed by organic bases have been investigated. o-Amino-
thiophenol reacts smoothly with thiiran at 20°C ©:

H,C -— CH, ,
ENHGHSH+ N/ 2.NH,C,H,SCH,CH,SH.

In the presence of triethylamine, thiophenol and its
halogeno-, methyl-, and methoxy-substituted homologues
condense with thiiran at 40-50°C ®°:

H,C — CH,

" 4 AsH —28
¥

— ArSCH,CH,SH (65—100%).

For equimolar proportions of the reactants, monomeric
products are formed quantitatively when sterically
unhindered thiophenols are used®!, Quantitative 2-mer-
captoethylation of aliphatic thiols and o-substituted thio-
phenols proceeds only in the presence of an excess (100-
2009) of the initial thiol. The condensation of thiiran with
thioacetic acid under these conditions is accompanied by
polymerisation reactions.

The addition of thiophenols to thiiran in non-polar media
catalysed by triethylamine proceeds with somewhat greater
difficulty than the addition to oxiran®!, Thiophenol and
p-thiocresol are quantitatively titrated by oxiran at 20°C,
while titration by thiiran requires heating above 40°C. The
mode of opening of the thiiran ring by thiolate anions has
been investigated 8,87,°2 and it has been shown that 2,2-
dimethylthiiran is cleaved mainly in accordance with
Krasuskiifs rule at the carbon atom with the largest num-
ber of hydrogen atoms 8¢, However, products with the
“anomalous” structure (primary thiols) are formed in
small amounts (up to 4%). 2-Methylthiiran also reacts
with thiols in accordance with Krasuskii's rule®, This
conclusion was confirmed in a later study ®2 where the
structure of the condensation product was demonstrated
by gas~-liquid chromatography (GLC) and NMR:

MeH C—CH, Na
N/ -+ RSH — MeCH (SH) CH,SR.

Unusual reactions between thiiran and salts of thio- and
dithio-carbonic acids have been discovered. Potassium
methyl xanthate converts 2,3-tetramethylenethiiran into
1,2-cyclohexylene trithiocarbonate ®:°%, The reaction
proceeds via a ring-opening stage according to the mecha-
nism

S= S,

N/
¢ s\ N
l S+ MeOC - & - | C=S - MeO~.
¢ AN N
2N SC(S)IOMe s

In polar media the cleavage of thiiran and oxiran rings
by xanthates proceeds with equal ease, For this reason,
the reactions of oxirans and thiirans with carbon disul-
phide and alkalis in methanol give rise to the same pro-
ducts —trithiocarbonates ®,°3-97, With increase of the size
of the alkyl group in the xanthate, the yield of the conden-
sation product falls because of side reactions. The reac-
tion of ethyl xanthate with steroid epoxides already gives
rise to small amounts of unsaturated compounds together
with dithiocarbonates, while in the reaction with butyl
xanthate the unsaturated compounds are the only products 7,
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The formation of alkenes is probably associated with steric
effects in the opening of the thiiran ring. In the reaction
with methyl xanthate even thioglycidic acids, which readily
eliminate sulphur, are smoothly converted into trithiocar-
bonates %8,

The formation of trithiocarbonates is not the only
pathway in the reactions of thiirans with xanthates. High-
molecular-weight compounds containing dithiocarbonic
acid groups in the polymer chain react with thiiran like
the usual thiols. Thus, on treatment of viscose fibres
with thiirans, the xanthate groups in the polymer matrix
are not split off®, The nucleophilic opening of the thiirans
by thiols is widely used in the synthesis of polymers. By
grafting poly(alkylene sulphides) to alkaline viscose, water
repellent viscose fibres are obtained®. Elastomeric high-
molecular -weight compounds have been obtained by the
copolymerisation of 2-methylthiiran with 1,3-dimercapto-
propane in the presence of tertiary amines ®°, Certain
thiols (sodium sulphide and hydrogen sulphide, hydrogen
sulphide, and 1,2-dimercaptoethane) are effective catalysts
in the polymerisation of lower epithio-compounds in polar
media %, Hydrogen sulphide and aliphatic thiols are used
as effective cocatalysts of organic and inorganic zinc-
subgroup metal derivatives in the polymerisation and
copolymerisation of various thiirans %2105, Zinc xan-
thates % and iron, cobalt, and other metal mercaptides °?
have also been used as polymerisation catalysts.

d. Condensation of Thiirans with Thiono-Compounds

The possibility of the nucleophilic condensation of
thiiran with thiono-compounds was suggested for the first
time by Durden et al. 1% in order to explain the formation
of ethylene trithiocarbonate in the reaction of oxiran with
carbon disulphide catalysed by triethylamine:

e
C5 [ =S o5~ HC— CH, R 2| \c:s.

H,C\-/CH, L, o
HiC / HC /

Razuvaev and coworkers confirmed this hypothesis experi-
mentally having shown that in the presence of triethylamine
as the catalyst thiiran condenses with carbon disulphidei%,i10
and carbonyl sulphide 111,112/ forming monomeric cyclo-
addition products or regular low-molecular-weight poly-
mers:

0
He”

s
HC \ HeC — CH,
} C=X N

s/ x=0 or S

The reaction proceeds even at 20°C and at 95-100°C
reaches completion in several hours. In the above reac~
tions carbon disulphide is much more reactive than carbonyl
oxide sulphide. Apart from oxiran, 3-methyloxiran and
2,3-tetramethyleneoxiran condense with carbon disulphide
and carbonyl sulphide. 2-Chloromethylthiiran does not
enter into these reactions probably because of the inacti-
vation of the catalyst in the reaction mass.

The mechanism of the above reactions has not been
investigated. Presumably the species initiating the pro-
cess is the thiolate anion formed when the thiono-com-
pound reacts with triethylamine. The product of its
condensation with a thiiran molecule undergoes an
intramolecular rearrangement or reacts with a second
molecule of the thiono-compounds, propagating the poly-
mer chain.

4-CXS - [—SCH,CH,8C—1,.
I
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The nucleophilic addition of carbon disulphide and
carbonyl sulphide to thiirans proceeds under somewhat
more severe conditions than in the reactions with oxirans.
As a result, the reactions of thiirans with carbonyl sul-
phide and carbon disulphide are used under suitable condi-
tions to obtain epithio-compounds and alkylene monothio-
carbonates and dithiocarbonates 113-122

The thiono-compounds used in reactions with thiirans
included alkyl and aryl isothiocyanates. The condensation
of thiiran and 2-methylthiiran with methyl, ethyl, n-butyl,
phenyl, p-tolyl, and a-naphthyl isothiocyanates proceeds
under mild conditions in the presence of triethylamine as
the catalyst. The reaction products are low~molecular-
weight polymers, which are decomposed by bases and
acids 123 ,124:

HyC—CH, —2 ., [—SCH,CH,SC—],
N |
NR
H,0 l I Te
= §
s s
HC” N . C/ \cH,
C=0 <  [—SCH,CH.SC—1, RN=

HzL\s / d

Polymers with higher molecular weights are formed
when the reactions are catalysed by butyl-lithium and
sodionaphthalene 125-*3_ The rate of copolymerisation
of thiirans is reduced in this case with increase of the
molecular weight of the isothiocyanate and when the elec-
tron-accepting properties of the substituent at the iso-
thiocyanato-group are enhanced. The process proceeds
via a stepwise mechanism with participation of “live”
polymer molecules. The degree of reaction increases
with increase of the basicity of the solvent, exceeding
909 in hexamethylphosphoramide. It is believed that the
thiolate anion formed when the catalyst reacts with the
isothiocyanate initiates the copolymerisation.

In contrast to unsubstituted alkyl isothiocyanates, 2-
chloroethyl isothiocyanate reacts with thiiran to form
monomeric products: 1-(1,3-dithian-2-yl)aziridinium
chloride in the presence of triethylamine as the catalyst
and 2,3,5,6-tetrahydrothiazolo[2,3-5]thiazolinium chloride
in the presence of tetraethylammonium bromide 13!:

o/

S —
Nt N AN
N=C | BN _ ELNFBTT S N+ QI
g/ CICH,CH,NCS - NN
C1- |

H.C—CH,
N/

e. 2-Mercaptoalkylation of Amines

Nucleophilic reactions involving the opening of thiiran
rings by nitrogen-containing compounds have been most
thoroughly investigated among processes of this type.
Despite this, the published studies are confined mainly to
the description of the reactions of thiirans with primary
and secondary amines. Ammonia, hydroxylamine, hydra-
zine, and acid amides and imides have not so far been
2-mercaptoalkylated.

The report of the synthesis of monomeric products of
the condensation of thiirans with primary and secondary
aliphatic, aromatic-aliphatic, and aromatic amines first
appeared in the patent literature !, Thiiran and 2-
methylthiiran react with amines in a closed vessel at
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100-200°C, It was assumed that, depending on the reac-
tant ratio, mono- or di-mercaptoalkylation products are
formed:

H,C—CH, H,C—CH,
N/ 2 \S/
RNHCH,CHySH « RNH, RN (CH,CH,SH)»;
H,C—CH, H,C—CH,
Y 2 Y
R,NCH,CH,SH <« R,NH R,NCH,CH,SCH,CH,SH.

Under the conditions described in the above patent '3,
thiiran was condensed with various secondary amines!33,134,
Gilmann and Woods !% described the reaction of thiiran
with lithium diethylamide and showed that the yield of pro-
duct is in this case even lower than in Ref.132. The
structure of primary thiols was attributed to products of
the condensation of 2-methylthiiran with amines % i.e.
the “anomalous” opening of the thiiran ring by these sub-
stances was postulated. Hansen 3,37 who investigated
the reaction of dimethylamine with thiiran and 2-methyl-
thiiran in ether, later reached a similar conclusion.

The reactions of thiiran, 2-methylthiiran, 2,2-dimethyl-
thiiran, and 2,3-tetramethylenethiiran with primary and
secondary amines were described extensively for the first
time by Snyder et al. '3, who showed that the rate of
reaction of primary and secondary amines with thiirans
at 100°C, using stoichiometric reactant ratios, depends
significantly on steric effects. The reaction products were
obtained in a high yield only from sterically unhindered
amines, Amines with the iso-structure are mercapto-
ethylated with greater difficulty than n-alkylamines.
Diphenyl- and dicyclohexyl-amines are not mercapto-
ethylated at 100°C. Among thiirans, the unsubstituted
thiiran is the most reactive, With increase of the bulk of
the substituents in the thiiran ring, the reactivity of the
latter falls, Thiirans can be arranged in the following
sequence in terms of decreasing capacity for cleavage by
amines: thiiran > 2-methylthiiran > 2,2-dimethylthiiran >
2,3-tetramethylenethiiran.

According to Snyder et al. 138, the addition of secondary
amines to 2,2-dimethylthiiran leads to the formation of
tertiary mercaptans. This disproves the hypothesis of
the “anomalous” opening of thiiran rings by amines and
shows that the nucleophilic agent attacks the ring carbon
atom with the greatest number of hydrogen atoms, in
accordance with Krasuskii’s rule, The “normal” cleavage
of the thiiran ring by amines was subsequently demon-
strated in reactions of secondary amines with 2-methyl-
thiiran and 2,2-dimethylthiiran!*, alkoxy- and aryloxy-
derivatives of 2-methylthiiran 4,14 2-phenylthiiran !¢,
aminomethylthiirans 143, and 2-vinylthiiran 4,

The principal characteristics of the reactions of
thiirans with amines, obtained by Snyder et al., in quali-
tative and semiquantitative studies, were confirmed by
the kinetic data!¥, The study of the influence of the
basicity of amines and steric factors on the rate of cleav-
age of thiiran rings in dioxan at 60°C suggested a typical
SN2 mechanism for these reactions. The first step is
believed to be slow attack by the nucleophilic agent on the
relatively unhindered ring carbon atom, after which there
is rapid migration of a proton from the nitrogen atom to
the sulphur atom:

RHC—CH, , RCH—CH, ,
N/  +HNR, =2 / N+ . — RCH(SH)CH,NR;.
S S- HNRJ.

However, Oddon and Wylde's ideas ¥ concerning the
formation of an intermediate dipolar adduct are doubtful,
Analysis of data for the influence of the structure of the
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amine on the optimal conditions in the formation of mono-
meric condensation products suggests synchronous trans-
fer of a proton to the sulphur atom and of the nucleophilic
species to the carbon atom. Otherwise the reaction is
accompanied by polymerisation processes.

The influence of solvents on 2-mercaptoalkylation
reactions of amines was discussed wisely for the first
time in a report by Braz5¢, It was shown that thiiran
reacts with secondary amines even without heating, In
order to exclude the polymerisation of thiiran, it is
desirable to carry out the reactions in an excess of the
amine employed or in non-polar solvents in the presence
of an excess of the amine, At 50-60°C the lower amines
react rapidly with thiiran. These results 3¢ were con-
firmed by other studies and have been widely used by many
investigators 146714° It proved possible to condense thiiran
with aziridine in non-polar solvents, the two compounds
copolymerising readily in the absence of a solvent 14,

Other investigators made somewhat different recom-
mendations concerning the choice of solvents, Thus it is
recommended that thiirans be condensed with highly polar
amines under homogeneous conditions using their solutions
in a mixture of benzene and anhydrous alcohol!415°, The
2-mercaptoalkylation of N-methylaniiine by 2,3-tetrameth-
ylenethiiran proceeds smoothly in aqueous alcohol, but
does not occur in the absence of a solvent%, 2-Phenyl-
thiiran undergoes sulphur-elimination reactions with
piperidine and morpholine in the absence of solvents !5,
Normal addition products are formed in the mixture of
benzene and alcohol and the degradation of the thiiran is
not observed,

The above and other similar data 140,143,147 gyggest that
the optimal conditions for the 2-mercaptoalkylation reac-
tions depend greatly on the electrophilic properties of the
thiiran and on the basicity of the amine. The polarity of
the medium facilitates the nucleophilic opening of the
thiiran ring by amines, which may be used only in reac-
tions with amines of low basicity. Highly basic amines
can be made to react with relatively unreactive thiirans
in polar solvents. The lower representatives of the class
of thiirans polymerise extremely easily under these con-
ditions, This conclusion is confirmed by the results of
Reynolds and coworkers 152,153 gbtained in a study of the
mercaptoethylation of amines by ethylene monothiocarbon-
ate and other similar compounds, which react via the
stage involving the formation of thiiran. In the general
case the formation of monomeric products of the conden-
sation of amines with thiirans requires reaction conditions
(temperature, solvent, and reactant ratio) which exclude
the possibility of nucleophilic sulphur elimination and tend
to reduce the stability of the sp3-hybrid state of the nitro-
gen atom,

The reactions of thiirans with primary aliphatic and
aromatic amines can proceed with formation of mono- and
di-2-mercaptoalkylation products. Thus it has been
shown 54757,8,132,138,1457150,1547165 that under homogeneous
conditions in non-polar media and media of low polarity,
substituted and unsubstituted alkylamines condense with
thiirans on heating, forming mainly mono-(2-mercapto-
alkyl)amines. 2-Chloromethylthiiran reacts with primary
amines to form polymers 143,

Aromatic amines condense with thiirans under more
severe conditions than aliphatic amines. In order to com-
plete the reaction, heating to 100-110°C is usually neces-
sary. The products of the condensation of an amine mole-
cule and two thiiran molecules, which are formed to some
extent in the reactions, are secondary amines according
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to some data 5442, The structure of tertiary amines was
attributed to similar substances in other investigations132,138;

2 -RNH, — RN (CH,CH,SH)2.

H.C—CH,
\S/
Bulavin's report 1% deals with the structure of these
substances. The author showed that aniline in a non-polar
solvent or in the absence of a solvent reacts with thiiran
to form the tertiary amine—bis-(2-mercaptoethyl)phenyl-

amine, The same product was obtained by condensing
thiiran with N-(2-mercaptoethyl)aniline. Secondary
amines are formed only when the reaction is catalysed by
sodium ethoxide, i.e. under the conditions for the conden-
sation of thiols with thiirans:

H,G—CH,
PhNH, -+ 2 2\S/ * EON2_ pyNHCH,CH,SCH,CH,SH.

Aminoacid esters react with thiiran similarly to ani-
line. Thus in non-polar media thiiran can be used, like
oxirans, for the exhaustive 2-mercaptoalkylation of pri-
mary amines. Under these conditions, best results are
obtained in two-stage rather than single-stage synthe-
sis 132,160‘

The catalytic effects in 2-mercaptoalkylation reactions
of amines have been little studied, The promoting influ-
ence of phenols in the condensation of thiiran with amines
is noted in a patent!32, However, it was later shown 38
that phenol and aluminium chloride do not catalyse these
reactions.

According to patent data %, the condensation of thiiran
with primary amines is facilitated in the presence of
aluminosilicates.

Apart from primary and secondary amines, cyanamide,
guanylurea, biguanide 677182 and monophosphorylated
phenylenediamines 6 have been introduced into the reac-
tion with thiiran. The structures of the products formed
were not elucidated.

Unusual reactions occur between tetrafluorothiiran and
morpholine !, The product of the primary cleavage of
the C-S bond readily undergoes dehydrofluorination with
formation of difluoro(morpholino)thioacetyl fluoride. The
latter reacts with an excess of morpholine to form a
morpholide, which is converted in the presence of water
into the dimorpholide of thio-oxalic acid:

S~
HN [¢] .
TN /TN
F,C—CF, —=—=Z— [HSC]-;CF,N O =gz FC(3) CF,N o} -
N/ N—/ ~—/
I,
HN (o) — — —— .
\ /TN TN
s, NC (S) CF,N o 2., ¢ Nes—coN o
Ne—/ 7/ \. /

The reactions proceed under mild conditions, which
shows that tetrafluorothiiran has marked electrophilic
properties.

The nucleophilic opening of the thiiran 1-oxide ring by
piperidine takes place readily in the presence of an acid
catalyst®. The reaction results in the formation of di-
(2~piperidinoethyl) disulphide and the 2-piperidinoethyl
ester of NN-cyclopentamethylenethiolotaurine:

TN
HN \
H,C—CH, Ht_ [HC—CH, | ot NCH,CH,S0H | -
N/ +/ s

'SoH

(/ N, s) + < “NCH,CH,S0,SCH,CH,
\—/ 2 2’ . —/ 2 £ 2" 2 2 \——)

The comparatively high rates of cleavage of thiiran
rings by amines are used in polymerisation processes.
Ammonia, alkylenediamines, and alkylenepolyamines are
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effective cocatalysts of zinc-subgroup metal compounds
for the preparation of polymers (copolymers) in bulk 2,2,
111 and also of latexes of vulcanisable rubbers based on
thiirans 2!,

f. Reactions of Thiiran with Metal Hydrides and Tetra-
hydroborates

Mousseron and coworkers were the first to use lithium
tetrahydroaluminate for the reduction of tetramethylthiiran
and 2,3-tetramethylenethiiran 172,173, The reaction resulted
in the formation of the corresponding thiols in yields up to
85%. Later Bordwell et al, ¢ used this reaction to dem-
onstrate the mode of opening of the thiiran ring by the
nucleophilic AIH] species. The reduction of 2-methyl-
thiiran, 2-butylthiiran, and 2,3-tetramethylenethiiran
leads to secondary thiols, which indicates the rupture of
the C-S bond involving the sterically unhindered carbon
atom, The same mode of cleavage obtains in the reduction
of 2-hexylthiiran!’ and 2-alkoxymethylthiirans 7 by
lithium tetrahydroaluminate:

RHC—CH,
N/ -+ LiAlH; » RCH(SH)CH3
S

(712—85%).
The unambiguous occurrence of the “normal” opening
of the thiiran ring in reduction by lithium tetrahydroalum-

inate has been demonstrated by GLC 22, The reduction
process is accompanied by the inversion of the molecular
configuration, as shown by data obtained in a study of the
reactions of 2,3-dimethylthiiran isomers with lithium
tetradeuteroaluminate 1’7, Epithio-derivatives of carbo-
hydrates are reduced similarly to the usual aliphatic
epithio-derivatives 78,

A side process in the reactions discussed above is
polymerisation of thiirans. In many cases this is the only
process. It has been shown that, in the presence of
lithium tetrahydroaluminate, 2-alkoxymethylthiirans are
reduced while 2-phenoxymethylthiiran polymerises 178,
The polymerisation of 2-hexylthiiran by lithium tetra-
hydroaluminate proceeds readily and quantitatively in
tetrahydrofuran, although in ethyl ether mainly the reduc-
tion of the thiiran takes place'’®, Polymerisation reac-
tions in such cases are due to the pronounced polarisation
of the nucleophilic agent in the reaction complex or to the
specific solvation of the cation, which stabilises the thio-
late anions of the final products.

In contrast to lithium tetrahydroaluminate, tetrahydro-
borates do not reduce the thiiran ring under mild condi-
tions, Thiiranylcarboxylic acids form the corresponding
thiiranyl alcohols in these reactions !7;

LiBH,

RHC— CH (CH,),,COOH — RHC— CH (CH,),CH,OH.
N/ N/

Sodium trithionodihydroborate behaves as a source of
elemental sulphur in its reactions with thiirans 8, The
reaction results in the formation of polymers with disul-
phide linkages, the reduction of which yields 1,2-dimer-
captoalkanes:

v, RCH—CHR’

RHC—CHR’ BHaSe
N ]
HS SH.

[—SCHR-CHR'S—],

An interesting example of the reductive cleavage of the
C-C bond in the thiiran ring has been described!®!, When
2,3-diphenylthiiran 1,1-dioxide reacts with sodium and
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lithium tetrahydroborates, dibenzyl disulphide is formed
together with small amounts of a product of side reac-~
tions —stilbene:

PhHC— CHPh
NeBH(UBHY ,  pyeH,SCH,Ph + PhHC =CHPh.
7\
o

Lithium tetrahydroaluminate and sodium and lthium
hydrides do not cleave the C-C bond.

g. The Opening of the Thiiran Ring by Carbanions

Despite the high basicity of carbanions, their interac-
tion with thilrans leads to polymerisationi®?, The latter
is probably due to the greater susceptibility of the thiiran
ring to cleavage by thiolate anions than by carbanions:
H.C\—CH.

H,C—CH
RR'CH-+ \S/ — RR'CHCH,CH,S -

— RR'CH {—CH,CHyS—T;-

Monomeric products of the condensation of thiirans
with substances generating carbanions are formed only
when effective acceptors of thiolate anions are present in
the reaction sphere, Examples of such reactions are the
condensation of thiiran, 2-methylthiiran, and 2,2-di-
methylthiiran 182 as well as 2-phenylthiiran!# with cyano-
acetlc ester via the mechanism
H+  HN=C—CHCOOEt

_ H,C—CH, N=C—CHCOOEt ——>
N=C—CHCOOEt+ N,/ =& — | H
S 1 ]

S~ CH,

V4 Y4
The cyano-group of the initial compound serves as the
acceptor of thiolate anion in these reactions, which leads
to the formation of iminotetrahydrothiophen derivatives as
cyclisation products. The above reactions are accom-
panied by the polymerisation of thiirans, The yield of
monomeric products is higher the lower the reactivity of
the thiiran competing with the cyano-group in processes
involving the capture of thiolate anions.

An interesting example of the opening of thiiran rings
by carbanions has been described!®®, The reaction of
octafluoroisobutene with thiiran in the presence of potas-
sium or caesium fluoride is accompanied by the nucleo-
philic opening of the thilran ring and nucleophilic substitu-
tion of a fluorine atom in the perfluoro-olefin by the
thiolate anion formed. The first reaction step involves
the formation of the carbanion:

H,C:SC/H.
(CFg)C=CF, = (CFy)sC~ —» (CFg)sCCHyCH S~ —
LCEC=CRs , (CF,)yCCH,CH,SCE =C (CF); +- [(CF3)sCCH CHSkC=C (CFp)g.

The yleld of monomeric condensation products in the above
reaction is higher than in the reaction of thiiran with
cyanoacetic ester, which can be accounted for by the more
effective capture of thiolate anions by perfluoroisobutene,

II. ELECTROPHILIC CLEAVAGE REACTIONS

A wide variety of electrophilic agents have been intro-
duced into electrophilic reactions involving the cleavage
of thiirans: hydrogen halides and their aqueous solutions,
other inorganic and organic acids, halogens, carboxylic
acid halides and anhydrides, sulphur, phosphorus, and
arsenic halides, isothiocyanatoarsines, alkyl halides, and
compounds with multiple bonds (nitriles, ketens, carbonyl
and thiocarbonyl compounds, and perfluoroalkenes),
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Together with these, thiirans condense with nucleophilic
agents (alcohols, thiols, tertiary amines) in the presence
of initiators of electrophilic processes.

a. Reactions with Aclds

Delepin and coworkers 47,4 showed that the reactions of
thiiran with dilute hydrogen halides lead to the formation
of polymeric products. Only in the presence of concen-
trated hydrochloric acid with cooling is thiiran converted
into 2-chloroethanethiol 47 and in the presence of hydro-
bromic acid into 2-bromoethanethiol ¢, Together with
monomeric substances, oligomers are formed in these
reactions:

H,C—CH,
v BXL, XCH,CH,SH + XCH,CH,SCH;CH,SH.
¥

2,3-Tetramethylenethiiran and 2-chloromethylthiiran
react with concentrated hydrochloric acid on cooling simi-
larly to thiiran itself, polymerising in boiling acid 4,

The reactions of substituted alkylthilrans with aqueous
hydrochloric acid solutions may be regarded as reversible.
It has been shown® that 2-chloropropanethiol isomerises
in the presence of water with formation of a mixture of
substances containing about 809 of 2-methylthiiran:

MeHC—CH; ] ci-
MeCHCICH,SH = \§/ = MeCH (SH) CH,Cl.

a~-Chloro-B8-mercaptoalkanecarboxylic acids undergo
similar reactions with 10% HCI, 18 In this case equili-
brium is strongly displaced towards the formation of the
thiiran:

H,C—CH—COOH

Py g \S/

H,C— CH—COOH
HSCH,CHCICOOH 2 [ A

The opening of the ring in these compounds also occurs
only in concentrated hydrochloric acid solutions,

Anhydrous hydrogen halides in ether or methylene
chloride cleave thiirans under mild conditions with forma-
tion of monomeric products only 73,92,142,188=186

The mode of cleavage of the ring in asymmetric thiirans
by hydrogen halides was investigated by chemical methods
in early studies, According to some workers !e-188  the
reactions of 2-methylthiiran and 2-chloromethylthiiran
with hydrogen halides lead to primary thiols, i.e. the
thiiran ring is cleaved “anomalously” at the ring carbon
atom with the smallest number of hydrogen atoms.

Only Stewart and Cordts 9° demonstrated the occurrence
of “normal” ring opening in 2-methylthiiran by hydrogen
chloride, However in a later report!4 the primary thiol
structure was also attributed to the product of the reaction
of 2-phenylthiiran with hydrogen halides,

Schwarts ®2 made a careful study of the mode of cleav-
age of the rings in 2-methyl-, 2,2-dimethyl, and 2-chloro-
methyl-thiirans by anhydrous hydrogen halide solutions in
ether and methylene chloride by GLC and NMR, He
showed that the reactions proceed in different ways, with
formation of a mixture of products of the “normal” and
“anomalous” ring opening. Reactions in accordance with
Krasuskil's rule predominate. The content of products
with the “normal” structure in the resulting mixture is
76% for 2-methylthiiran, 86% for 2,2-dimethylthiiran, and
969 for 2-chloromethylthiiran. In the presence of water
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or hydrochloric acid, the primary thiols formed isomer-
ise. The content of products with the “anomalous” struc-
ture in the equilibrium mixture reaches 90-989%:

H+
MeCH(SH)CH,C! + MeCHCICH,SH 2= MeCH(SH)CH,CI + MeCHCICH,SH.
(76%) (24%) (10%) (90%)

This property of 2-halogenoalkanethiols explains to some
extent the contradictory results of early investigations
and of Schwarts's study of the mode of cleavage of the
thiiran ring by hydrogen halides. Different types of
cleavage of the thiiran ring in ap-epithioglycidic acids and
their derivatives by concentrated hydrochloric acid have
been observed 18¢;

c BN oo cox < cox.
> \—S/C<COX > C\SH " >C o C\cﬁox

The first ideas concerning the mechanism of the reac-
tions of thiirans with hydrogen halides were described by
Davies and Savige 18,8, The authors suggest that the
reaction proceeds via the formation of an episulphonium
cation, which is cleaved to the corresponding carbonium
ion:

RHC—CH, <— RHC—CH, — RCHCH,SH ~°=— RCHCICH,SH.
NS +/
s S
A similar reaction mechanism was proposed by Oddon and
Wylde 8 on the basis of the authors® demonstration that
the reactions of anhydrous hydrogen chloride and hydrogen
bromide with thiiran are of second order.

The possibility that the reactions proceed by a carbo-
nium mechanism was confirmed in an experimental test!o!,
It was shown that tetrahydrofuran, which tends to undergo
reactions of this type, forms a mixture of w-halogenobutyl
acetate and 1,4-bisdiacetoxybutane in the reaction with
hydrogen halides in the presence of acetic anhydride,
1,4~ Bisdiacetoxybutane may be the main product when
hydrogen halide is slowly introduced into a solution of
tetrahydrofuran in acetic anhydride. Even under these
conditions, thiiran reacts with hydrogen halides to form
only 2-halogenoethyl thioloacetates:

L HCL —252 . AcSCH,CH,CL.

H,C—CH,
N

It was therefore concluded that the formation of monomeric
products of the condensation of thiirans with hydrogen
halides is hardly likely to be associated with the formation
of carbonium ions.

Presumably only the reactions of thiirans with dilute
solutions of hydrogen halides proceed via the carbonium
mechanism, which is promoted by the effective solvation
of the chloride ion by water molecules. In such reactions
thiiran polymerises, because the carbonium ion involving
the primary carbon atom is extremely electrophilic. Sub-
stituted thiirans form carbonium ions with the charge at
the secondary or tertiary carbon atom. Their reduced
reactivity is the reason for the stability of substituted
thiirans in dilute acids noted above.

The formation of monomeric products in the reactions
of thiirans with concentrated solutions or anhydrous hydro-
gen halides is a consequence of the formation and opening
of the thiiranium halide ring in a close ion pair, which
should lead to the formation of “normal” cleavage pro-
ducts:

H
RHC—CH, BN
e e, ] SH-CI- - RCH(SH)CH,CL.

S RHC”
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The low basicity of the sulphur atom in thiirans suggests
the possibility that the reaction proceeds via a trimolecu-
lar mechanism involving the preliminary formation of 7
complexes:

CH, CH,
RHC——CH N N
L a1y ®oyg s [SHOE S
S 7 v
CHR ¢HR

—aci ~ RCHCICH,SH + RCH(SH)CH,CI.

The reactions of thiirans with other inorganic acids
have been little investigated. Sulphuric acid is an active
initiator of the polymerisation of thiiran4'~%*, 2-methyl-
thiiran<®, 2-chloromethylthiiran 192,193  tetramethyl-
thiiran®¢, and 2,3-tetramethylenethiirani®, Nitric acid
oxidises thiiran to sulphonic acids #,47, Oxidative cleavage
also occurs when 2-methylthiiran reacts with hydrogen
peroxide 190;

MeHC——CH,
€ P _HO: . MeCH(OH)CH,SOGH.

Thiiran is converted under these conditions into poly(eth-
ylene sulphones)®3,19 and arylthiirans react without ring
opening 197,198,
PRHC—CHPh 5 PhHC—CHPh 4, PHHC—CHPh.
ECH S
7N\
6 o
Carboxylic acids show a smaller tendency to cleave
thiiran compounds., Thiiran polymerises slowly in acetic
acid and 2-methylthiiran and butylene sulphide remain
unchanged in acetic acid solutions in the absence of
heat 47,48, 2 3-Tetramethylenethiiran condenses with acetic
acid on heating, forming a mixture of monomeric and
oligomeric products 14,199, Under severe conditions,
higher carboxylic acids condense with thiiran2%, In the
presence of oxygen, the 2-mercaptoethyl ethers formed
initially are oxidised to disulphides:

H,C—CH, o
\S/ 4 RCOOH —— [RC(O)OCH,CH,S],.

In contrast to unsubstituted carboxylic acids, trifluoro-
acetic acid undergoes an exothermic reaction with thiiran,
initiating its polymerisation under any conditions and for
any order of mixing of the reactants 20!, Thiiran reacts
smoothly with perbenzoic acid, forming polymers of
thiiran 1,1-dioxide 8, Substituted thiirans are oxidised by
peracids to thiiran oxides and dioxides 197,198,

b. Reactions with Carboxylic Acid Anhydrides

The anhydrides of unsubstituted carboxylic acids con-
dense with thiiran 192,200,202,203 ° 5_methylthiiran 92,15,
2,2-dimethylthiiran®  and 2,3-tetramethylenethiiran 1%
under severe conditions in the presence of pyridine as the
catalyst. The reaction products are diesters of 2-mer-
captoalkanols., Only epithio-derivatives of steroids fail
to react with acetic anhydride even in the presence of
pyridine 204,205

According to some data !%,18  the cleavage of the
thiiran ring by acetic anhydride takes place in accordance
with Krasuskli's rule and is a second-order process. An
Sn2 reaction mechanism was therefore postulated. How-
ever, subsequently it was shown that the opening of the
ring of 2-methylthiiran by acetic anhydride takes place in
different ways. The proportions of the products with the
“normal” and “anomalous” structures (86 and 14%) in
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these reactions are almost the same as in the analogous
reactions with hydrogen halides, It was also shown that
the reactions of acid anhydrides with thiiran are promoted
not only by bases but also by their hydrochlorides and the
ease of reaction is determined primarily by the reactivity
of the anhydride. Trifluoroacetic anhydride undergoes an
exothermic reaction with thiiran even in non-polar media
without catalysts?°:

H,C—CH
7 OO, oF, ¢ (0)SCH,CH,O0C(O)CFs.

Thus the above reactions can be regarded as the usual
processes involving electrophilic cleavage of thiirans.,

c. Reactions with Acyl Halides

Acetyl, chloroacetyl, and aroyl chlorides as well as the
bromides and iodides of aliphatic and aromatic carboxylic
acids have been made to react with a wide variety of
thiirans. According to Ivin's data?%®  acid chlorides react
only on heating. Acid bromides and particularly iodides
undergo exothermic reactions with thiiran and 2-methyl-
thiiran. With increase of the molecular weight of the acid
halide, its capacity for condensation with thiirans dimin-
ishes. Aroyl chlorides react with greater difficulty than
acetyl chloride “, 3,5-Dinitrobenzoyl chloride and benzoyl
fluoride initiate the polymerisation of thiiran and their
reactions with the latter compounds do not lead to mono-
meric products.

A wide variety of thiirans, including unsubstituted
thiiran 136,203,2067208 = 3_methylthiiran 46,92,185,206,209 © 2 _chlo-
romethylthiiran 46,73,92,18 2 2_dimethylthiiran®?, 2-phenyl-
thiiran#  and 2,3-tetramethylenethiiran ,* condense
smoothly with acyl halides, 2-Mercaptomethylthiiran
reacts smoothly with acetyl chloride in the presence of
bases to form 2-acetylthiomethylthiiran2:0,21!;

H,C—CHCH,SH
%

AcclNeon  HoC—CHCH,SAc.
— N/

s
On heating, chlorocarbonic esters react with thiirans
similarly to acyl chlorides 2!2;

—ROCORL L OC(0)SCH,CH,CI.

H,C—CH,

N/
Phosgene undergoes exothermic condensation with thiiran
and 2-methylthiiran via only one C-Cl bond. The attempts
to achieve exhaustive substitution by 2-chloroethylthio-
groups on heating were unsuccessful, Only in the presence
of triethylamine as catalyst does the phosgene molecule
condense with two thiiran molecules 2*3;

H,C

—CH, Ef
2 \s/ +4- COCl,

—EWN L, (CICH,CH,$),CO.

Tertiary amines in the presence of traces of moisture
or tertiary amine hydrohalides are effective catalysts of
the reactions of thiiran with relatively unreactive acyl
chlorides2°®, In the presence of pyridine hydrochloride
or pyridine and moisture at 40-60°C thiiran condenses
quantitatively with aryloxyacetyl chlorides. In the absence
of catalysts, thiiran polymerises. The following mecha-
nism may be postulated for the above reaction:

RC(0)C! + Py-HCl — RC(OPy+*Cl- + HCI;
H,C—CH; yq
NS —— CICH,CH,SH;

S

RC(O)Py*Cl- + CICH,CH,SH — RC(O}SCH,CH,C! + Py-HCl.
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The opening of the 2-methylthiiran and 2-chloromethyl-
thiiran rings by acetyl chloride and acetyl iodide and of
the 2-methylthiiran ring by phosgene proceeds “anoma-
lously” at the secondary ring carbon atom according to a
number of investigations 1%,28,212, However, it has been
shown by GLC and NMR °2 that mixtures of substances
are formed in the reactions of 2-methyl-, 2-chloromethyl,
and 2,2-dimethyl-thiirans with acetyl chloride and bromide
and also with aroyl chlorides. The products of the “nor-
mal” cleavage of thiiran rings are mainly formed (54~
85%). Only in the reaction of 2,2-dimethylthiiran with
acetyl chloride do the “anomalous” pathways, accompanied
by the formation of isobutenyl thioloacetate, predominate.

It is striking that in the 2-methylthiiran-p-aroyl chlo-
ride series a significant influence of the ring substituent
on the proportions of the “‘normal” and ‘“anomalous” pro-
ducts was not demonstrated®, The insignificant influence
of the electrophilic properties of the acyl chloride on the
mode of thiiran ring opening indicates a complex mecha-
nism of the above reactions. Depending on the nature of
the reactants employed and the reaction conditions, the
electrophilic opening of the thiiran ring by acyl halides
occurs to some extent via the carbonium mechanism or
via the formation of an acyl sulphonium ion and the cleav-
age of the ring of the latter in the state of a contact ion
pair. In many cases the process is decisively influenced
by the presence of traces of moisture in the reaction
sphere and by the involvement of the hydrogen halide in
the ring opening step.

d. Reactions with Halogens

The earlier attempts to halogenate thiirans under
severe conditions were unsuccessful, The exothermic
reaction of thiiran with bromine yielded a viscous product
of unidentified composition. 1,2-Dichlorocyclohexane and
polymeric products were obtained by the chlorination of
2,3-tetramethylenethiiran under similar conditions,%7,
The extensive study of the above reactions began only
after the investigations by Stewart 192,214 who achieved the
chlorination and bromination of 2-methylthiiran under
mild conditions. It is now known that thiiran2!s, 2-meth-
ylthiiran®2,102,214,215 = 3_chloromethylthiiran®,4%  2-phenyl-
thiiran ¥  and 2,2-dimethylthiiran®2,"¢ are smoothly
chlorinated in solution in halogenoalkanes. In the absence
of traces of moisture from the reaction, the halogenation
reactions are not accompanied by the polymerisation of
the thiirans and are usually completed after the introduc-
tion of the halogen into the reaction sphere, Depending on
the reactant ratio, di-(2-halogenoalkyl) sulphide or 2-
halogenoalkylsulphenyl halides are formed:

H,C—CH,
1/,Cl
—bCl T 7 S, cicH,CHSCL

(CICH,CH,S), «
Like chlorine, sulphuryl chloride readily enters into
the reaction®®, The iodination of thiiran, 2-methylthiiran,
and 2,3-dimethylthiiran is completed at the stage involving

the formation of di-(2-iodoalkyl) sulphides:

H,C—CH,
N/

. Ly (1CH,CH,S)..

In order to demonstrate the mode of ring opening, the
products of the halogenation of 2-methylthiiran were con-
verted into derivatives of 2-substituted alkanesulphonic
acids the properties of which were compared with those of
substances of known structure®2,24, The “normal” open-
ing of the thiiran ring was demonstrated in this way. The
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mode of 2-methylthiiran ring opening was also established
by condensing with alkenes the 2-halogenoalkanesulphenyl
halides formed in the reaction and by identifying the
resulting sulphides in the form of their derivatives 215;

the “anomalous” opening of the 2-methylthiiran ring was
thus demonstrated. Schwarts® showed by GLC and NMR
that the above reaction takes place in several ways. The
main products in the resulting mixture have the “normal”
structure (55-85%), but in 2,2-dimethylthiiran the C-S
bond is cleaved preferentially at the tertiary carbon atom:

Me,C—CH, ¢
N/ —= (Me,CCICH,S), + [Me,C (CH,Cl) S],.
S (60%) (40%)

It is of interest that under the usual conditions tetra-
fluorothiiran does not interact with chlorine and bromine!™,
The reaction apparently requires comparatively marked
nucleophilic properties of the ring heteroatom, which
creates conditions favouring the heterolytic addition of a
halogen molecule to the thiiran:

RHC—CH,
./ " +Cl, = RHC—CH, — RHC (SCI)CH,CI
3 N
,":1c1—c1
I —Ci-
RHCCICH,SCl <"~ RHC—CH,SCI.

The chlorination and bromination of 2-methylthiiran in
the presence of water and other hydroxy-compounds leads
to the formation of products of the oxidative cleavage of
the ring 92,192,214, [t has been shown®? that the exhaustive
oxidation of 2-methylthiiran by chlorine in water results
in a mixture of substances where “normal” ring opening
predominates:

MeHC—CH, ¢1. 1.0
NS =

—27 s MeHC (SO,CH) CH,C! -+ MeHCCICH,SO,Cl.
S (56%) (44%)

The proportions of the “normal” and “anomalous” pro-
ducts are the same as in chlorination under anhydrous
conditions. This suggests that the oxidative processes
take place after the opening of the thiiran ring, which
occurs in aqueous media via the same mechanism as under
anhydrous conditions.

Exhaustive oxidative ring cleavage also occurs in the
chlorination of 2-phenylthiiran4 and 2-chloromethyl-
thiiran 1#® in aqueous acetic acid. In anhydrous acetic acid
it is also possible to obtain a product of the partial oxida-
tion of 2-methylthiiran by chlorine 1®2, In this case a
mixture of isomeric 2-chloroalkanethiyl esters of 2-chlo-
roalkanesulphonic acids is probably formed:

MeHC—CH, ¢, pc0n_ ClCHn CHC
' Me” N Me
The chlorination of thiiran in the presence of water is
always accompanied by the polymerisation of the former32t7,
The reason for this is the unusually high capacity of
thiiran for polymerisation via a cationotropic mechanism.
The conditions for such reactions are created at the very
beginning of the process on formation of a dilute HCI solu-
tion. The chlorination of thiiran in the presence of con-
centrated hydrochloric acid makes it possible to eliminate
polymerisation reactions and to obtain 2-chloroethane-
sulphonyl chloride in a high yield. The unambiguous

|
CHSO,SCH -+ MeCHCICH,SO,SCH,CHCIMe
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course of the reactions is in this case due to the involve-
ment of hydrogen chloride in the ring opening processes:

—Cl . CICH,CH,SCI

H,C—CH,— _ CBO | CICH,CH,S0,CL.
N

" CICH,CH.SH

e. Reactions with Non-Metal Halides

Sulphur halides react smoothly with thiirans in non-
polar media?'8,1% Thus sulphenyl chlorides condense,
on cooling their solutions in carbon tetrachloride, with
thiiran, 2-methylthiiran, and 2,2-dimethylthiiran, form-
ing the corresponding disulphides. According to
Epshtein et al, 2!, “anomalous” ring opening takes place
in these reactions:

RHC—CH,
./ -+ CICHR’CH,SCI — CICHRCH,S—SCH,CHR'CL.
s

Sulphur chlorides react with thiirans under similar
conditions 21, Depending on the reactant ratio, di- and
tri-sulphenyl chlorides or tri- and tetra-sulphides are
formed in the reactions of sulphur monochloride and
dichloride with thiiran and 2-methylthiiran. The struc-
tures corresponding to the “anomalous” ring cleavage
were also attributed to these products:

RHC—CH, 1,5
/ _/aSCle_

RCHCICH,SSCI > — > (RCHCICH,S),S;

$,Cl, RHC—CH,
N/

RCHCICH,SSSCl  « 2t — 5l

— (RCHCICH,S),S,.

The reactions of phosphorus halides with thiiran pro-
ceed less smoothly. According to patent data220-222
phosphorus trifluoride and tribromide condense with
thiirans, forming 2-halogenoalkanethiol esters:

PF, _ FCH,CH,SPF,

H,C—CH,—
N

S PBr,

— (BrCH,CH,S),P.

Phosphorus chloride dibromide and dichloride bromide as
well as phosphoryl bromide react similarly,

Phosphorus trichloride condenses with thiiran and
2-methylthiiran only in the presence of zinc chloride.
Depending on the reactant ratio, mono- and di-addition
products are formed?223,22¢, Exhaustive substitution by
2-chloroalkylthio-groups is accompanied by the polymer-
isation of thiirans. In the absence of catalysts, NN-
diethylphosphoramidous dichloride reacts with thiirans on
moderate heating (60-70°C), forming small amounts of
monoaddition products. On heating above 100°C, a mix-
ture of phosphorodithioate and phosphorotrithioate was
obtained:

o /SCH,CH,CI
e EtNp
cl
RC—cH, SR SCH,CH,Cl
~ Lo E‘[ZNP< T L EBt,NP(SCHCH,Cl).
i ~Cl fi
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Alkyldichlorophosphines condense unambiguously with
thiiran and 2-methylthiiran via one P-Cl bond 25,228, [t is
assumed that the opening of the 2-methylthiiran ring takes
place at the secondary carbon atom:

MeHC—CH, SCH,CHCIMe
e \/ 2 RPCI,_’ RP<CI 9|

Condensation reactions between thiirans and phos-
phorous(III) chloride apparently takes place in steps. This
may be a consequence of inductomeric and weaker meso-
meric effects of the 2-chloroalkanethiol groups. The
presence of substituents with a strong +M effect (amino-
groups) at the phosphorus atom virtually rules out the
possibility of condensation.

Among other phosphorus compounds, complexes of
alkyltetrachlorophosphoranes and aluminium trichloride
have been made to react with thiiran 227,226, The reaction
is accompanied by the elimination of sulphur from thiiran:

H,C—CH
= KA, Rp(s)Cl, + CICH,CH,CI.

RPCI, - AICI; +

Phosphorus pentafluoride initiates the polymerisation
of thiirans and does not form monomeric products on
reacting with them 229,230,

In dilute carbon tetrachloride solutions arsenic halides
condense with thiiran, forming monomeric products in low
yields 23t:

Al AS(SCH,CH,Cl),
H,C—CH,—
N

S LAB%s By, ArSCH,CH,Br.

Under these conditions, arsenic trifluoride initiates the
polymerisation of thiiran. Dialkylchloroarsines and
alkyldichloroarsines condense with thiiran even in concen-
trated solutions and in the presence of pyridine or its
hydrochloride as catalysts are converted quantitatively
into 2-chloroethylthioarsinites 232;

HC—CH, + RoASCL  py.
LA RAEL _pymel | poassencinar.

The reactions of thiiran with arsenic trichloride in concen-
trated solutions lead to oligomeric products even in the
presence of catalysts:

HyC—CH
T 25, op,As[— SCHLCH,— 1, C.

The ability of arsenic chlorides to initiate the polymer-
isation of thiiran increases in the series of compounds
characterised by decreasing electron density at the arsenic
atom (R,AsCl < RArAsCl < Ar,AsCl < RAsCl, < ArAsCl,).
This suggests that polymerisation reactions are caused
primarily by the strength of the 3p;—4dq bonding between
the sulphur and arsenic atoms in the reaction complex and
by the low reactivity of the chlorine atoms in it:

CHy HyC—CH;
HC—CH N a1 \8= & 4
N/ F=Cl=As «-— S| - Cl—As—SCH,CH]
/s

"CHy

= cpzlxsl[—scn,,cr-ng_l; .

The catalytic effect of pyridine hydrochloride is due to
the appearance in the reaction sphere of highly reactive
hydrogen chloride and the activation of nucleophilic sub-
stitution at the arsenic atom:

-

RyAsCl + Py - HCl — R,AsPy+*CI- - HCl;
HC—CHy ot
N¢ T HSCHGHCK

R,AsPy*Ci~ + HSCH,CH,Cl — R,AsSCH,CH,CI + Py - HCL.
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Dialkylisothiocyanatoarsines react with thiiran similarly
to chloroarsines 223,234, The reactions proceed only in the
presence of substances promoting the formation of thio-
cyanic acid in the reaction sphere, which is the reason for
the anomalous conversion of isothiocyanatoarsines into
2-thiocyanatoethyl thioarsinites:

H,C\—CH.

AsNCS
ReAsNCS 2 HsCN ReACS

- HSCH,CH,5CN ~ R,AsSCH,CH,SCN--HSCN.

In contrast to sulphur, phosphorus, and arsenic halides,
halogenosilanes, and isothiocyanatosilanes do not interact
with thiiran even in the presence of catalysts 2%,

f. Reactions with Alkyl Halides

According to Merill and Perkins !*¢, the reaction of
tetramethylthiiran with methyl iodide is more difficult than
the corresponding reaction of acyclic sulphides. Regard-
less of the nature of the thiiran employed, the reaction
leads tothe formation of trimethylsulphonium iodide 48,236 ~2s8
and not S-alkylthiiranium iodide. The available data sug-
gest that the primary reaction products are unstable., The
opening of their rings leads to polymerisation reactions
and to partial formation of linear sulphides. The latter
are readily iodomethylated, which leads to degradative
transformations:

H.C—CH .
T 2 MeSCH,CH,L 22 (MeySTCH,CH, )= — Me,S —2m MeyS*-.

2-Phenylthiiran is alkylated by dimethyl sulphate at
room temperature?¥®, However, in this case the thiira-
nium salt or its monomeric cleavage product were not
isolated either. Only 2,5-diphenyldithiane was isolated in
a low yield.

The usual products of the electrophilic opening of the
rings of thiiran and 2-methylthiiran were obtained only
when the latter reacted with alkyl a-chloroalkyl ethers in
the presence of mercury(Il) chloride 24:

H,C—CH,
* " 4 RHCCIOR’ ¥ CICH,CH,SCHROR'.

The reactions proceed under mild conditions. The “anom-
alous” cleavage of the 2-methylthiiran ring by alkyl o -
chloroalkyl ethers is postulated.

g. Cycloaddition Reactions of Thiirans

Several examples of such reactions are known. In the
presence of strong inorganic acids the nitriles of aliphatic
acids and thiirans react to form thiazolines 24!:

RHC—CH, R'—C=N

+RCN -
S\>~R‘

The condensation reactions are stereospecific, which
shows that the cycloaddition proceeds via a stage involving
the formation of a 7 complex of the thiiran molecule and
the iminocarbonium ion., The thiirans polymerise simul-
taneously with condensation, in consequence of their
cationotropic reactions.

The reaction of diphenylketen with 2-phenylthiiran in
the presence of lithium chloride is the next example of the
condensation of thiirans via cycloadditior},:“:

o}

PhHC—CH, -+ Ph,C=C=0 7
\S/ ; -+ Phyf LiCl_) /< \S

Ph /
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Thiiran and its aliphatic derivatives polymerise under
these conditions.

A high capacity for cycloaddition reactions is charac-
teristic of tetrafluorothiirani?’®, This compound condenses
with tetrafluoroethylene to form octafluorotetrahydrothio-
phen, with benzophenone to form 2,2-diphenyloxathiolan,
and with thioacetyl fluoride to form 1,3-dithiolan:

FyC=CF, @
S

S—F,
Fic . __teaco)en Ph,/
b \’—‘Cs/ 2 > <‘\0

2

5—0F,
CF,C(S)E CF,—% T

5—CF,

Only diphenyl sulphoxide enters into exchange reactions
with tetrafluorothiiran:

cm\—/CFz—i—PhS(O)Ph - FC(O)CF,S—SCF,C(O)F.

h, Electrophilic Condensation Reactions with Nucleophilic
Agents

The condensation reactions of thiirans with alcohols
and thiols in the presence of boron trifluoride or boron
trifluoride-ether have been investigated 14%,183-185 an(d it
has been shown that 2,2-dimethyl- and 2-phenyl-thiirans
give rise to monomeric products in 20-409% yield on reac-
tion with primary alcohols and thiols, Steric effects at
the nucleophilic centre lead to a sharp decrease of the
yield of monomeric products. 2-Methyl- and 2,3-tetra-
methylene-thiirans polymerise in these reactions.

According to conductimetric titration data, the products
of the condensation of 2,2-dimethylthiiran and alcohols and
thiols consist of a mixture of substances in which the
“anomalous” isomers predominate:

Me,C___CH.
T L RXH 2P Me,C—CH,SH 4 Me,C—CHXR.
S |
XR SH
(75-98%) (2—25%)

Similar results were obtained also in the reaction of etha-
nol with 2-phenylthiiran catalysed by sulphuric acid?4,

The condensations of thiiran with lauryl alcohol and
nonylphenols were investigated recently in the presence of
catalysts for electrophilic reactions®®, It was established
that HC1, SnCl,, and BF; promote the formation of 2-mer-
captoethylation products. However, the yield of mono-
meric substances is low and polymeric products are mainly
formed.

An example of the condensation of tertiary amines with
2-methylthiiran in the presence of boron trifluoride-ether
and sulphur dioxide has been described 24¢:

MeHC—CH, Et,0.BF,
N I

- Me,NR - SO, — =0,SSCH,CHMe—RNMe,R.

IV. ELIMINATION OF SULPHUR

The capacity to split off sulphur is one of the charac-
teristic properties of thiiran. Sulphur is usually elimi-
nated on pyrolysis and on moderate heating in the presence
of metals, metal oxides, and bases.
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a. Pyrolytic Elimination of Sulphur

The thermal stability of thiirans depends significantly
on their structure, The presence of electronegative sub-
stituents at the ring carbon atoms sharply increases the
tendency of the thiiran to split off the sulphur atom. On
heating, sulphur is readily eliminated from tetraaryl-
thiirans 24245 2 2 .diaryl-3,3-diethylthiirans 24, tetra-
chlorothiirans, and symmetrical diaryldichlorothiirans 247;

RR'C—CR'R" 1o
Y ~—5— RR'C=CR'R".
Monosubstituted thiirans, including 2-phenylthiiran!s?,
2,3-tetramethylenethiiran!®s, and 2-hexylthiiran!? split
off sulphur with somewhat more difficulty.

The elimination of sulphur takes place particularly
readily (and quantitatively) in the presence of copper
bronze #8728°, The mild conditions in this sulphur elimina-
tion reaction make it possible to obtain even relatively
unstable keten mercaptals and their derivatives 248,24,

Cu,80°

8, Arc=c{

SR
Arc—c{ 4

SR
Fx o (SR C.
Zinc oxide is a less effective sulphur-eliminating agent 252,
Thiiran 1-oxides are converted into olefins on heating
in toluene?2, The 1,1-dioxides are cleaved even more
readily on heating 253-256;

PRHC—CHPh g0

N ~—= PhHC=CHPh;
5¥(0)
RR'C—CR'R”
Y —s5-— RR'C=CR'R".
7\
o 0

Thiirene 1,1-dioxides, which are more stable than thiiran
dioxides; also tend to split off sulphur dioxide 27,

Investigations have shown that the pyrolytic elimination
of sulphur from thiirans takes place via a homolytic
mechanism. The deformation of the heterobonds as a
result of the involvement of the ring electrons in m-conju-
gated systems greatly facilitates the process. The ease of
the homolysis of heterobonds in the thiiran ring is attri-
buted to the weak bonding and antibonding nature of the
C~S ¢ bonds.

b. Elimination of Sulphur in Nucleophilic Thiiran Ring
Opening Reactions

The elimination of sulphur from thiirans is promoted
by bases. ap-Epithioglycidic acids and their derivatives?3,8¢
and 2,3-diphenylthiiran® split off sulphur in the presence
of bases even at room temperature. Secondary amines
eliminate sulphur from 2-phenylthiiran in non-polar
media 15,

When 2,3 -tetramethylenethiiran and substituted 2-meth-
ylthiirans are treated with Grignard reagents and other
organometallic compounds in non-polar media, sulphur is
eliminated from the thiirans 74,238, It has been shown for
the reactions of cis- and trans-butene sulphides with butyl-
lithium that this process is stereospecific 28, In many
instances Grignard reagents behave also as alkylating
agents in relation to thiirans. According to Takeda 4!,
phenoxymethylthiiran reacts with ethylmagnesium bromide
to form a mixture of “normal” and “anomalous” products:

PhOCH,HC—CH, EtMgB:
N4 2 __EtMgBr

~» PhOCH,CHCH,Et + PhOCH,CHCH,.
|
SEt Et SEt
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Higher alkyl magnesium bromides react with phenoxy-
methylthiiran to form only “normal” products of thiiran
ring cleavage and with o-nitrophenoxymethylthiiran to form
only the “anomalous” products:

RMgX

— 2—NO,C,H,0CH,CH—CHj.
£ SR
When thiiranylalkanecarboxylic acids are reduced by
lithium tetrahydroborate }?® and 2-hexylthiiran is reduced
by lithium tetrahydroaluminate ', alkenes are also
formed:

2—NO,C,HOCH,HC—CH,
N

LIBH.

RHC—;CH (CH,),COOH ——~ RHC=CH (CH,),CH,OH;
N

LiAlH,

n--CgH;sHC—CH, ~ n—CgH;3;CH=CH,.
N

N

The latter reaction occurs only in non-polar media. In
tetrahydrofuran 2-hexylthiiran polymerises. Sulphur is
also eliminated in the reactions of epithio-derivatives of
steroids with higher alkyl xanthates®’, Conditions favour-
ing nucleophilic sulphur elimination reactions and the
similarity of the effects of structural factors on the pyro-
lytic and nucleophilic sulphur elimination processes indi-
cate their homolytic mechanisms. Ring opening in nucleo-
philic sulphur elimination reaction proceeds most probably
at the stage involving the formation of transition complexes
comprising the thiiran and the nucleophilic agent under
conditions preventing charge transfer.

c. Elimination of Sulphur by Phosphites and Phosphines

Trialkyl phosphites and phosphines behave as nucleo-
philic agents in such reactions. Their inability to disso-
ciate, low polarity and polarisability, and their high
capacity for the homolytic formation of the thiophosphoryl
linkage determine an unambiguous course of the process.
The results obtained in a number of studies 4¢,17¢,238,258-266
show that the ease of sulphur elimination depends primarily
on the basicity of the nucleophilic agent. Thus sulphur is
eliminated by triethyl phosphite only on heating (100~
110°C), while tributyl- or triphenyl-phosphine eliminates
sulphur even at 20°C. The rate of reaction depends little
on the polarity of the solvent and is of first order with
respect to each reactant, The process is sterospecific to
the extent of 99-100%. All these factors are consistent
with a homolytic mechanism of the sulphur elimination
process:

/ / AY
\c< 2 N
RP——> S — RpP--> II —>= R,P=§ + “
! C
C C ‘
7N /TN 7N

V. FREE-RADICAL REACTIONS

Free-radical reactions are to a large extent character-
istic of thiirans with electronegative substituents at the
ring carbon atoms. The commonest reactions of this type
are the pyrolytic syntheses of alkenes from thiirans. The
free-radical mechanism of the pyrolytic reactions of the
thiiran ring have been demonstrated??, Thermal degrada-
tion of trans-2-phenylthiiran 1-oxide takes place stereo-
specifically with quantitative formation of frars-stilbene.
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Pyrolysis of the cis-isomer is accompanied by racemisa-
tion. This indicates the intermediate formation of a
biradical, tending to isomerise with formation of the ener-
getically more favourable conformer:

Ph Ph P PnoPn PRPL
» N
el - e’ o tH=CH Cri=ctt
VA VAN / N
4 soyu i H Ph

The free-radical mechanism of the pyrolytic transfor-
mations of thiirans is the cause of their unusual reactions.
For example, the pyrolysis of $-(2-alkoxy-3,3-diaryl-
2-thiiranyl) xanthates leads to mercaptoacetic acid deriva-
tives instead of olefins 266:

OR o
c—C ~L— ROC (S) SCPh,C(S)OR.
N \sC(5) OR

The pyrolysis of 2,2-diaryl-3,3-dichlorothiirans is accom-
panied by the formation of olefins. However, their bromo-
derivatives rearrange to derivatives of benzo[bthiophen
with elimination of HBr 2¢7:

ll ||ﬁ (X=Cl, Br).

XBIC—CPh, —mg
' %/ N\s /N

The thiiran-thiophen rearrangement takes place also in
oxidative reactions of certain thiirans 202;

Cl,C\——/CPh, 3—CIC.I;II::(1:OOOH " ()
S(©) I/\ S/\

In the above examples the C-S bond undergoes homo-
Iytic cleavage. An example of pyrolytic ring opening at
the C-C bond is also known. Thus tetraphenylthiiran
1,1-dioxide isomerises to a dihydroisothianaphthene
derivative on heating 67:

Ph,C——CPh, Ph

S e
o ﬂ@?"'

Fh P

Polyfluorothiirans undergo free-radical reactions
particularly readily 179,268,269 QOp jrradiation with ultra-
violet light, they are readily chlorinated and brominated
and condense with benzene:

kw8l L, (BICF,CF,S),

CICF,CF,SC «2:Ch

F,C—CF,—
N hvPhH Phl—SCF,CF,~],H (n="1and 2).
Tetrafluoro- and chlorotrifluoro-thiirans polymerise on
irradiation or in the presence of di(trifluoromethyl) disul-
phide and form copolymers with ethylene and propene.
Thiiran and its simplest homologues show a smaller
tendency to undergo free-radical reactions. On being
irradiated, these substances polymerise 2,272 but the
quantum yield of the reactions is comparatively low.
Radical reactions are facilitated in the presence of sub-
stances capable of forming charge-transfer complexes??2,
This suggests that the increased stability of thiiran and
its alkyl-substituted homologues under the conditions of
homolytic reactions is a consequence of the oscillatory
properties of the heterobond in their rings, associated with
the low probability that the » — ¢ * transitions of the lone
electron pairs of the sulphur atoms to the antibonding
orbitals of the C-S o bond will become allowed. A similar
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phenomenon has been noted in a study of poly(alkylene
sulphides), the free-radical reactions of which involve the
dissociation of C-C bonds and not C-S bonds %™,

VI. CONCLUSION

The present state of the chemistry of thiirans is to a
large extent determined by the development of the com-
parative chemistry of three-membered heterocycles.
Comparison of the properties of thiirans and their oxygen
analogues, the heteroatoms of which have the same number
of valence electrons in different energy states, is of
greatest interest.

There are no unambiguous hypotheses concerning the
relation between the reactivities of oxirans and thiirans.
However, it is frequently stated that the rates of cleavage
of thiiran rings are somewhat lower than those of oxiran
rings. Our comparison of the data presented in this
review with surveys of the chemistry of liquid-phase reac-
tions of oxirans %4,%7¢ failed to confirm such ideas and
showed that an unambiguous answer to this question,
unrelated to the reaction conditions, is impossible. This
may be illustrated by the following example, The reac-
tions of oxirans with amines are known to occur in polar
aprotic solvents, and take place particularly readily in
water and alcohols, i.e. under conditions favouring the
transition of the nitrogen atom to the sp 3-hybrid state.
There is a similar phenomenon also in uncatalysed reac-
tions of oxirans with thiols, the occurrence of which is
associated with the presence of hydroxy-compounds in the
reaction sphere. In non-polar media, thiols condense
with oxirans only in the presence of basic catalysts 27,
Thus one of the characteristics of the nucleophilic oxiran
ring cleavage reactions is the necessity to activate the
formation of ionic transition complexes, without which the
process does not occur under the usual conditions:

N N N+ N
H—N-—— | 0 - H—N—CH, - NCH,CH,0H;
/ / SN /
CH,—O~

L RSCH,CH,OH.

N\ 8-\
RS—— l O - RS — | O ——gz—~ RS—CH,
| / PRI v

H i CH,—0~
In contrast to oxirans, thiirans react smoothly with amines
and thiols in non-polar media without catalysts, which
suggests that the thiiran ring has more pronounced elec-
trophilic properties than the oxiran ring., The optimal
conditions for the formation of monomeric condensation
products in these reactions are associated with the crea-
tion of conditions for a virtually synchronous formation of
a covalent bond between the nucleophilic atom and the ring
carbon atom and proton transfer to the sulphur atom. The
hydride transfer is mediated by the molecules of the
nucleophilic agent, as a result of which the excess of the
latter increases the yield of monomeric reaction products:

No-
5 BX . XCH,CH,SH.

N b+
H-X —- | SoH .\ X —=
/
Consequently, in non-activated nucleophilic ring opening
reactions thiirans are distinguished by lower energy bar-
riers to the processes and higher reactivities than oxirans.
This is quite natural, bearing in mind the weak bonding
and antibonding nature of the C-S ¢ bond.

The ratio of the rates of the nucleophilic opening of
oxiran and thiiran rings changes in polar media. Oxirans
react somewhat more readily with amines in dioxan and
with thiols in non-polar media in the presence of basic
catalysts. In alcohols the opening of the oxiran ring by
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thiolate anions also takes place quantitatively even below
0°C. In this case thiirans interact on moderate heating,
The reversal of the relative reactivities in the above reac-
tions is due to the much smaller sensitivity of thiirans to
solvolysis 27 and the impossibility of activating the thiiran
ring by the formation of hydrogen bonds. The above facts
are intrinsically extremely interesting, since they indicate
a definite role of polarisation effects in oxiran and thiiran
ring opening reactions.

The energetics of the transition states probably deter-
mine the ratio of the reactivities of oxirans and thiirans in
electrophilic ring opening processes. This is manifested
most clearly in the reactions of the above compounds with
phosphorus and arsenic halides. The high rates of reac-
tion of oxirans with phosphorus halides and of thiirans
with arsenic halides are attributed to the possibility of
the (n ~ 1)p,~ndy interaction between the reacting mole-
cules in the transition complex. A deviation from the
above rule is accompanied by a sharp decrease of reactiv-
ity. This example demonstrates the impossibility of an
unambiguous estimation of the relative reactivities of
thiirans and oxirans also in their electrophilic cleavage
reactions.

It is noteworthy that, from the standpoint of the chem-
istry of three-membered saturated heterocycles, the
reactivity of thiirans is of special interest. Their low
sensitivity to solvolysis, the high lability of the hetero-
bond, and the high polarisability of the heteroatom in
thiirans make it possible to discover even fine details of
the effects of substituents and of the influence of the struc-
ture of the reactants on the reactivity and its nature. Only
in the chemistry of thiirans are there so many instances of
reactions with the same reactant where all types of trans-
formations of the heterocycle are possible depending on
the conditions: elimination of the heteroatom, condensa-
tion with formation of monomeric substances, and poly-
merisation. A detailed elucidation of the nature of this
phenomenon is of undoubted interest from the standpoint of
the chemistry of three-membered heterocyclic compounds.

The data presented in this review indicate the scope of
the synthesis of sulphur-containing substances on the basis
of thiirans which has been by no means completely eluci-~
dated. However, the known reactions of thiirans already
make it possible to obtain by simple technological proce-
dures a wide variety of products of interest for the synthe-
sis of physiologically active and technically valuable com-~
pounds. The introduction of these chemically reactive
compounds into agricultural practice, into hydrometal-
lurgical processes, and other branches of the National
Economy would make it possible to limit the use of stable
substances which accumulate in the biosphere and con-
taminate it.

REFERENCES

1. A.V.Fokin and A, F. Kolomiets, Uspekhi Khim., 44,
306 (1975) [Russ, Chem.Rev., No. 2 (1975)).

2. L.A.Korotneva and E. P, Belonovskaya, Uspekhi
Khim,, 41, 150 (1972) [Russ. Chem.Rev,, No.1
(1972) 1

3. “Encyclopaedia of Polymer Science and Technology”,
Interscience, New York, 1969, Vol. 10.

4. ‘Ring Opening Polymerisation”, Dekker, New York-
London, 1969.

5. H.G. Buehrer, Chimia (Switz.,) 26, 501 (1972).

6. M. Sepulchre, N, Spassky, and P.Sigwalt, Macromol.,
5, 92 (1972).



Russian Chemical Reviews, 45 (1), 1976

1.

8.
9.

10.
11,
12.
13.

14.

24,

25.
26.

217,

28.

29.
30.
31.
32,
33.
34.

35,
36,

31.

38.
39.

40,
41,

42,

43,

P.Dumas, N.Spassky, and P.Sigwalt, Macromol.

Chem., 156, 55, 65 (1972).

US P.3649561 (1972); Chem.Abs., 77, 6960 (1972),
US P.3337513 (1963); Chem.Abs., 67, 82541
(1967).

US P.3624052 (1962); Chem.Abs., 76, 86888
(1972).

Neth. Appl., 6400797 (1963); Chem.Abs., 68, 2846
(1965).

Belgian P. 645691 (1964); Chem.Abs., 63, 8518
(1965).

Belgian P. 648 436 (1964); Chem.Abs., 63, 13498
(1965).

BRD P.1194147 (1965); Chem.Abs., 63, 5876
(1965).

Neth. Appl., 6405917 (1965); Chem.Abs., 64, 14395
(1966).

US P. 3624055 (1972); Chem.Abs., 76, 114499
(1972).

US P. 3222325 (1965); Chem.Abs., 64, 8455 (1966).
US P. 3222326 (1965); Chem.Abs., 64, 8457 (1966).
B.P. 1036091 (1966); Chem.Abs., 65, 13924 (1966).
Neth. Appl,, 6608767 (1966); Chem.Abs., 66,
105827 (1967),

Fren(;h P.1470917 (1967); Chem.Abs., 67, 83029
(1967).

S.Adamesk and B.B.Y.Wood, Rubber Age, New

York, 96, 581 (1965).
B.P. 1092604 (1965);
(1968).

US.P. 3668060 (1972);
(1972).

US.P. 2962457 (1960); Chem,Abs., 55, 6009 (1961).
French P, 1430154 (1966); Chem.Abs., 65, 12390
(1966).

P.Wigwalt, in “Kinetics and Mechanics of Polyreac-
tions”, IUPAC, International Symposium on Macro-
molecular Chemistry, Plenary Main Lecture,

New York, 1969, p.251.

I.P.Solomatina, E.P.Tyurina, A,D. Aliev, and

B. A.Krentsel', Fiziol.Opt.Akt.Polim.V-va, 10
(1971),

J. M. Panajotov and I. V. Berlinova, Macromol.
Chem., 154, 139 (1972).

Japanese P, 17733 (1962); Chem, Abs.,
(1966).

P.Hemery, S.Boileay, and P.Sigwalt, Europ.
Polymer.J., 1581 (1971),

A.Gourdenne, Macromol. Chem., 158, 261, 271
(1972).

Japanese P. 7208641 (1972);
63094 (1972),

French P. 2 056 487 (1971);
(1972).

US P. 3648986 (1969); Chem, Abs.,
Japanese P, 9997 (1962),;
(1964),

BRD P. 1082915 (1960);
(1961),

S.Kaye, Amer, J. High Polym., 50, 289 (1949).

?s P.)2 225573 (1940); Chem. Abs., 35, 2269
1941).

B.P.810389 (1959); Chem.Abs., 54, 2360 (1960).

Chem. Abs., 68, 22358

Chem. Abs., 77, 89979

65, 10687

Chem. Abs., 71,
Chem. Abs., 76, 73504

77, 6105 (1972).
Chem. Abs., 60, 3440

Chem. Abs., 55, 25983

US P. 3634457 (1967); Chem. Abs., 77, 34211
(1972),

BRD P. 2145390 (1970); Chem.Abs., 77, 84508
(1972).

B.P.1008154 (1965); Chem,Abs., 64, 503 (1966).

44,
45.
46.

47.
48.

49,
50,
51,
52,
53.

54,
55.

56.

57,

58.
59.
60,
61,
62,
63.
64,
65,

66,

67,
68.
69.

70,
1.

72,
73,
T4,
75,
76.
'78

79.

39

“The Chemistry of Heterocyclic

A, Weissberger,
New York and

Compounds”, Interscience Publ.,
London, 1964, Vol.19.

M. Sander, Chem.Rev., 66, 297 (1966).

C. C.J. Culvenor, W.Davies, and N. S. Heath, J.
Chem. Soc., 262 (1949)

M. Delepine, Bull.Soc.chim.France, 27, 740 (1920).
M. Delepine and P, Jaffcut, Bull. Soc ch1m France,
29, 136 (1921).

M. Delepme and S. J. Eschenbrenner, Bull,Soc.chim.
France, 33, 703 (1923).

M. Ohta A, Kondo and R.Ohi, J.Chem.Soc. Japan,
75, 985 (1954) Chem Abs., 51 14668 (1957).

S. Boileau and P Sigwalt, Compt rend., 252, 882
(1961),

C.S.Marvel and E.D.Weil, J. Amer. Chem. Soc.,

76, 61 (1945).

D.D.Reynolds, D. L. Fields, and D. L. Johnson, J.
Org.Chem., 26, 5116 (1961).

G. 1. Braz, Zhur Obshch. Khim., 21, 688 (1951).
R.Oda, J. Japan, Chem., 5, 589 644 705 (1951),
Chem, Abs., 49, 166 (1955)

R.Oda, Mem. Fac Eng.Kyoto Univ., 14, 195 (1952);
Chem. Abs 48, 1935 (1954).

K.Furukava, M.Nemura, and R.Oda, J.Chem.Soc.
Japan, Ind.Chem.Sect., 55, 671 (1952); Chem.
Abs., 49, 1626 (1955).

K. Negoro and M, Nagao, Bull. Fac. Eng. Hiroshima
Univ., 19, 65 (1971); Chem.Abs., 76, 59116 (1972).
A.V.Fokin, A.F,Kolomiets, and L.S. Rudinskaya,
Izv.Akad. Nauk SSSR, Ser.Khim., 2841 (1974).

G. Champetier and F.Lucas, Compt.rend., 252,
2782 (1961),

US P. 3370787 (1963);
(19617).

Belgian P. 646285 (1964); Chem. Abs.,
(1965).

P. Cremonesi, Ric,Doc. Tessile, 3, 25 (1966).

P. Cremonesi, Ric.Doc.Tessile, 3, 162 (1966).

A, Zavada, A.D.Virnik, and K.R.Khomyakov, Khim.
Prirodn.Soed., 2, 437 (1966).

D. Tilakodzhaev, M.M. Tulyaganov, and T.G.Gafurov,
USSR P.No. 308130 (1968); Chem.Abs., 76, 47334
(1972).

G. H. Hartzell and J. N. Paige, J.Amer. Chem.Soc.,
88, 2616 (1966).

G.Hesse, E.Reichoed, and S. Majumdar, Chem.
Ber., 90, 2106 (1957).

A.V.Fokin, A.F.Kolomiets, and T.I.Fedyushina,
Izv. Akad. Nauk SSSR, Ser.Khim. (in the Press).

US P, 2793225 (1957), Chem. Abs., 51, 16515
(1957).

German P, 696 774 (1940),
(1941).

M. A, Korshunov, R.G.Kuzovleva, and I.V,Furaeva,
Prom, Sintezy Kauchuka 7, 1 (1970)

E, M. Meade and F. N, Woodward J. Chem, Soc.,
(1948).

T.A, Mastryukova, V, N, Odnoralova, and

?/I I I)(ababachnik Zhur, Obshch. Khim 28, 1563
1958

US P.3211649 (1965); Chem.Abs., 64, 510 (1966),
US P. 3213020 (1965); Chem, Abs., 64, 509 (1966),
US P.3213023 (1965); Chem,Abs., 64, 509 (1966).
T. Barr and J. B. Speakman J.Soc. Dyers Colourists,
60, 238 (1944).

S. Blackburn and H. Phillips, J.Soc.Dyers Colourists,
61, 203 (1945).

Chem,Abs., 67, 74669

63, 11798

Chem, Abs., 35, 5909

1894



40
80.
81,

82,

83.
84.
85.
86,
81.
88,

90.
91,
92,
93.
94,

95,

96.
97,

98.

99,
100,
101,
102,

103,
104,

105,
106,
107,
108,
109,
110.
111,
112,
113.
114,

115,
116,

C. C.J. Culvenor, W. Davies, and K. H. Pausacker,

J. Chem. Soc. 1050 (1946),

C.G.Moore and M. Porter, J.Chem,Soc., 2062
(1958).

K. Negoro, T.Watanabe, and J. Morishita, Bull. Fac.
Eng, Hiroshima Univ,, 19, 71 (1971); Chem, Abs.,
77, 113444 (1972),

H.R.Snyder, J.M, Stewart, and J, B, Ziegler, J.
Amer, Chem, Soc., 69, 2675 (1947),

US P.2490984 (1949); Chem.Abs., 44, 2550 (1950).
US P. 2497422 (1950); Chem, Abs., 44, 4025 (1950).
W.Reppe, Annalen, 601, 127 (1956),

E.P.Adams, F.P.Doyle, D. L. Hatt, D, O. Holland,
W. H, Hunter, K.R. L, Mansford, J. H. C.Nayler, and
A,.Queen, J.Chem.Soc., 2649 (1960),

F.Asinger and A,Saus, Annalen, 753, 151 (1971),
US P.3111541 (1963).

L. A. Kalutskii, A.F.Kolomiets, N. K. Bliznyuk, and
S. L, Varshavskii, USSR P, No. 191543 (1966); Byul,
Izobret., No. 4, 25 (1967).

A,V,Fokin, A, F.Kolomiets, L.S,Rudnitskaya, and
V.1 Shevchenko, Izv, Akad. Nauk SSSR, Ser.Khim.,
660 (1975).

N.V.Schwarts, J.Org.Chem., 33, 2895 (1968).

C. C. J. Culvenor, W, Davies, and N.S, Heath, J.
Chem, Soc., 278 (1949),

C. C.J. Culvenor and W.Davies, Austral.J.Sci.
Res,Ser, A, 1, 236 (1948).

A.M. Creigton and L, N, Owen, J. Chem.Soc., 1024
(1960).

S.M, Idbal and L. N, Owen, J.Chem.Soc., 1030 (1960).
J.F.McGhie, W.A.Ross, and F, J. Jolietti, Chem,
Ind. (London), 460 (1964).

M. G. Lin'kova, A.M.Orlov, O.V,.Kil'disheva, and

I L. Knunyants, Izv.Akad, Nauk SSSR, Ser.Khim,,
1148 (1968),

Japanese P. 23 253 (1962); Chem. Abs., 60, 3158
(1964),

BRD P.2114124 (1971); Chem, Abs., 76, 60701
(1972).
French P. 1435307 (1966); Chem. Abs., 65, 17085
(1966),

B.P. 1034346 (1966); Chem. Abs., 65, 13898
(1966).

B. P. 1040935 (1966); Chem.Abs., 65, 20245 (1966),
Neth, Appl. 6608767 (1966); Chem. Abs., 66,

105 827 (1967).

B.P.1092604 (1967); Chem. Abs., 68, 22358 (1968).
US P. 3649561 (1972); Chem.Abs., 77, 6960 (1972).
Japanese P, 17733 (1962); Chem, Abs., 65, 10687
(1966).

J.Durden, H.Stansbury, and W. Catlette, J. Amer,
Chem, Soc., 82, 3082 (1960).

V.S.Etlis, L.N,Grobov, and G.A.Razuvaev, Dokl,
Akad. Nauk SSSR, 140, 623 (1961),

G.A.Razuvaev, V.S, Etlis, and L, N, Grobov, Zhur.
Obshch. Khim., 33, 1366 (1963).

G.A.Razuvaev, V.S. Etlis, and L, N,Grobov, Zhur.
Obshch. Khim., 32, 994 (1962).

V.S.Etlis, L.N.Grobov, and G. A,Razuvaev, Zhur.
Obshch. Khim., 32, 2940 (1962).

US P. 3687976 (1972); Chem,Abs., 77, 152831
(1972),

Neth. Appl. 6 506 490 (1965); Chem. Abs., 64, 15843
(1966).

B.P.1092610 (1967); Chem.Abs., 68, 21823 (1968).
B.P. 1135800 (1965); Chem.Abs., 70, 47278
(1969).

117,
118,
119,
120,

121,
122,

123,

124,

125,

126,
127,

128,

129,

130,
131,

132,
133.
134,
135,
136.
137.
138.
139.
140,
141,
142,
143.
144,
145.

146.
147.

148.
149,
150.

Russian Chemical Reviews, 45 (1), 1976

French P, 1515077 (1965); Chem, Abs., 70, 96782
(1969).

French P, 1505715 (1965);
(1969),

US P. 3409635 (1963); Chem, Abs., 70, 20047
(1969).

J.Durden, H,Stansbury, and W, Catlette, J.Org.
Chem., 26, 836 (1961),

US P. 3213108 (1965); Chem,Abs., 64, 3483 (1966).
French P, 1390207 (1965); Chem. Abs., 63, 1768
(1965).

V.S. Etlis, A.P.Sineokov, and G, A. Razuvaev,

Khim, Geterotsikl. Soed,, 223 (1967).

V.S.Etlis, A, P.Sineokov, and G, A.Razuvaev,

USSR P. No. 176 397 (1965); Byul. Izobret., No. 22,
27 (1965).

A, P.Sineokov and V.S.Kutyreva, Khim,. Geterotsikl.

Soed., 1651 (1971).

Zh,D, Chernova, G, P. Belonovskaya, B.A.Dolgoplosk,

and L, S, Andrianova, USSR P, No, 204585 (1965);
Byul. Izobret., No.1 (1967).

Zh.D, Chernova, G, P, Belonovskaya; and
{:".A.Dolgoplosk, Dokl. Akad. Nauk SSSR, 178, 376
1968),

Zh, D. Chernova, G, P. Belonovskaya, and

B. A.Dolgoplosk, Vysokomol.Soed., 11B, 144 (1969).
G. P. Belonovskaya, L.A.Korotneva, Zh.D.Chernova,
and Yu. P.Kuznetsova, in “Sintez, Struktura i

Svoistva Polimerov” (The Synthesis, Structure, and
Properties of Polymers), Izd, Nauka, Leningrad,
1970, p. 71,

Zh,D, Chernova, A, L Kol'tsov, G, P.Belonovskaya,
L.S.Andrianova, and B, A, Dolgoplosk, Vysokomol.
Soed., 14B, 521 (1972).

Zh,D. Chernova, G.P. Belonovskaya, L.S.Andrianova,
and B. A. Dolgoplosk, Vysokomol, Soed., 14B, 543
(1972).

German P. 631026 (1936); Chem. Abs,, 31, 6008
(1936),

N. F.Albertson and R. O. Clinton, J. Amer. Chem.
Soc., 67, 1222 (1945).

R. O. Clinton, V.J.Salvador, and S. C. Laskowski,
J.Amer. Chem. Soc., 70, 950 (1948).

H.Gilmann and L. A.Woods, J.Amer.Chem. Soc.,
67, 1843 (1945).

B. Hansen, Acta Chem.Scand., 11, 537 (1957),

B. Hansen, Acta Chem.Scand., 13, 151 (1959).
H.R.Snyder, J.Stewart, and J. Ziegler, J. Amer,
Chem, Soc., 69, 2672 (1947).

S,D, Turk, R.P. Louthan, and R, L. Cobb, J.Org.
Chem., 29, 974 (1964).

R. L. Jacobs and R.D. Schuetz, J.Org, Chem,, 26,
3472 (1961),

H.Takeda, J.Pharm,Soc. Japan, 92, 1117 (1972);
Chem, Abs., 77, 164335 (1972).

J.M. Stewart, J.Org.Chem., 28, 596 (1963).

J. M. Stewart, J.Org.Chem., 29, 1655 (1964).

B.P. 823482 (1959); Chem. Abs., 54, 9956 (1960).
A.Oddon and J.Wylde, Bull.Soc.chim. France, 1603
(1967).

N.S.Isaacs, Canad.J.Chem., 44, 395 (1966).
F.Yu.Rachinskii, N. M. Slavachevskaya, and
D.V.Ioffe, Zhur.Obshch.Khim., 28, 2998 (1958).
R.J.Wineman, M. H. Gollis, and J.C. James, J,

Org. Chem., 27, 4222 (1962).

French P. 1504 888 (1966); Chem. Abs., 70, 19909
(1969).

US P. 3231617 (1966);

Chem, Abs., 70, 19908

Chem. Abs., 64, 9594 (1966).



Russian Chemical Reviews, 45 (1), 1976

151,
152.
153.
154.
155.
156.
1517,
158,
159,
160,
161,
162,
163,
164,
165,
166,
1617,
168,
169,
170.
171,
172,
173,
174.
175,
176,
171,
178,

179,

180,
181,
182,
183.
184,

185,
186.

C.0.Guss and D, L. Chamberlain, J. Amer. Chem.
Soc., T4, 1342 (1952).

D.D.Reynolds, M. K, Massard, and D, L. Fields, J.
Org. Chem., 26, 5109 (1961).

D.D.Reynolds, D, L, Fields, and D. L. Johnson, J.
Org. Chem., 26, 5111 (1961).

Yu.K.Yur'ev and L.S.German, Izv. Moskov.Gos.
Univ., Ser. Fiz.-Khim., 197 (1956).

Yu. K. Yur'ev and S.V.Dyatlovitskaya, Zhur.Obshch.
Khim., 27, 1787 (1957),

Yu. K. Yur'ev, S,V.Dyatlovitskaya, and L.G.Bulavin,
Zhur.Obshch.Khim., 27, 3271 (1957).

K. Yu. Novitskii, Yu.K. Yur'ev, and A. F. Oleinik,
Zhur, Obshch, Khim., 33, 65 (1963).

L.G. Bulavin, Izv.Akad.Nauk SSSR, Otd.Khim. Nauk,
2103 (1961),

L.G.Bulavin, Zhur.Org.Khim,, 7, 2086 (1971),
L.G. Bulavin; Zhur.Org.Khim., 7, 2604 (1971),
E.D, Bergmann and A, Kaluszyner, Rec, Trav, chim,,
78, 289 (1959).

H. M.Woodburn and B.G. Pautler, J.Org.Chem.,

19, 863 (1954),

J.R.Schmolka and P, E. Spoerri, J. Amer. Chem.
Soc., 79, 4716 (1957).

J. W, Haefele and R.W. Brode, Amer. Parfum. and
Aromatics, 75, 39 (1960),

E.V.Kuznetsov and A. I, Sitnikova, USSR P. No.

148 406 (1962); Ref, Zhur,Khim., 3N272 (1963),

US P, 3369019 (1963); Chem. Abs., 69, 43938
(1968),

US P, 2323409 (1943); Chem. Abs., 38, 212 (1944),
US P. 2442957 (1948); Chem.Abs., 42, 7328 (1948).
US P. 2453333 (1948); Chem.Abs., 43, 1799 (1949),
W.R. Brasen, H.N. Cripps, C.G. Bottomley,

M.W, Farlow, and C.G.Krespan, J, Org, Chem., 30,
4188 (1965).

French P, 1459 812 (1964); Chem. Abs., 67, 22726
(19617).

M. Mousseron and M, Canet, Bull,Soc, chim. France,
18, 792 (1951).

M. Mousseron, R.Jacguier, and M.Mousseron-Canet,
Bull, Soc, chim, France, 19, 1042 (1952),

F.G. Bordwell, H. M., Andersen, and B. M. Pitt, J.
Amer, Chem, Soc., 76, 1082 (1954),

C.G.Moore and M, Porter, J.Chem.Soc., 2062
(1958).

R. L. Jacobs and R. D. Schuetz, J.Org. Chem,, 26,
3472 (1961),

G.K, Helmkamp and N. Schnautz, Tetrahedron, 2,
304 (1958),

A, M. Creighton and L, N, Owen, J, Chem.Soc., 1024
(1960).

J.F.McGhie, B.A.Ross, F.J.Juliett, B.C.Girm-
wood, G.Usher, and W.M.Waldrom, Chem. Ind.
(London), 1980 (1962).

J. M. Lalaucette and M, Laliberte, Tetrahedron
Letters, 1401 (1973).

S. Matsumura, T.Nagai, and N, Tokura, Tetrahedron
Letters, 3929 (1966).

H.R.Snyder and W. Alexander, J, Amer, Chem, Soc.,
70, 217 (1948).

N. L. Delyagina, E.Ya.Petrova, and L. L.Knunyants,
Izv. Akad. Nauk SSSR, Ser.Khim., 376 (1972),

M. G. Lin'kova, Doctoral Thesis, Institute of Organic
Derivatives of the Elements, USSR Academy of
Sciences, Moscow, 1972,

W, Davies and W, E, Savige, J. Chem.Soc., 317 (1950).
W.Davies and W. E, Savige, J. Chem.Soc., 774 (1951).

181,
188,
189.
190,
191,

192,

193,
194,
195,
196,
197,
198,
199,
200,
201,
202,

203,
204,

205,
206,
2017,
208,
209,
210,

211,
212,

213,
214,
215,
216,

211,

218,
219,

220,

41

G.Yu. Epshtein, I,A,Usov, and S, Z,Ivin, Zhur.
Obshch, Khim., 33, 3638 (1963).

A,Oddon and J.Wylde, Bull,Soc, chim, France, 1607
(1967).

E. Kamejana and N. Nakajiama, Bull. Chem. Soc.
Japan, 45, 1244 (1972).

J. M, Stewart and H. P. Cordts, J. Amer. Chem.Soc.,
74, 5880 (1952).

A.V.Fokin, A.F.Kolomiets, and T. . Fedyushina,
Izv, Akad, Nauk SSSR, Ser.Khim., 670 (1975).

K., Furukawa and R. Oao, Bull. Inst. Chem.Res.,
Kyoto Univ., 30, 50 (1952); Chem.Abs., 47, 3661
(1953).

K. Furukawa, M, Nomura, and R, Odo, J.Chem, Soc.
Japan, 56, 189 (1953).

A.Y.Merril and P. P. Perkins, J. Amer. Chem.Soc.,
51, 3508 (1929).

M, Mousseron, M. Bousquet, and O. Marett, Bull.
Soc. chim, France, 84 (1948).

G.Hesse, E,Reichold, and S, Majumdar, Chem.,
Ber., 90, 2106 (1957).

D. 8. Dittmer and C. C. Levy, J,Org. Chem,, 30, 636
(1965).

B.B. Jarvis, S.D.Dutkey, and H. L. Ammon, J.
Amer. Chem, Soc., 94, 2136 (1972),

E,E,van Tamelen, J, Amer, Chem, Soc., 73, 3444
(1951).

I. M. Slobodin, S.S.Al'tman, and K, D, Tammik,
Proizv, Smaz. Mater., 5, 58 (1959).

A,V.Fokin, A.F,Kolomiets, and T.I.Fedyushina,
Izv. Akad. Nauk SSSR, Ser.Khim., 2126 (1975).

L. Thijs, J.Strating, and B. Zwanenburg, Rec.Trav.
chim., 91, 1345 (1972).

US P.2212141 (1940); Chem,Abs., 35, 463
(1941).

K, Takeda, T.Komeno, and J, Kawanami, Chem,
Farm, Bull, (Tokyo), 8, 621 (1960); Chem, Abs.,
55, 12451 (1960),

T.Komeno, Chem. Farm. Bull. (Tokyo), 8, 672
(1960); Chem. Abs., 55, 17685 (1960).

S.Z.Ivin, Zhur, Obshch, Khim., 28, 177 (1958).

S. Z.Ivin, Zhur, Obshch, Khim., 22, 267 (1952),
N.K. Bliznyuk, A.F.Kolomiets, R.V,Strel'tsov, and
S. L.Varshavskii, USSR P. No. 249 370 (1966); Ref.
Zhur. Khim., 16N741 (1970).

K. A, Petrov and G. A. Sokol'skii, Zhur. Obshch.
Khim., 27, 2711 (1957).

E.P.Adams, K.N. Ayad, and F. P,Doyle, J. Chem,
Soc., 2665 (1960).

B.P. 819688 (1960); Chem. Abs., 54, 8849 (1960).
G. Yu, Epshtein, I.A, Usov, and S. Z. Ivin, Zhur.
Obshch, Khim., 34, 1954 (1964).

H.Ringsdorf and C.G. Overberger, Macromol,
Chem., 1418 (1961),

J.M. Stewart, US P.2774794 (1956); Chem, Abs,,
51, 7400 (1957).

G. Yu. Epshtein, I.A.Usov, and S, Z. Ivin, Zhur.
Obshch, Khim., 34, 1948 (1964),

G.K. Helmkamp and D. J. Pettitt, J.Org, Chem., 27,
1942 (1962),

A.V.Fokin, A.F.Kolomiets, N.K. Bliznyuk, and

R, N.Golubeva, Izv.Akad. Nauk SSSR, Ser.Khim.,
2124 (1975).

G. Yu. Epshtein, I. A, Usov, and S. Z. Ivin, Zhur.
Obshch. Khim., 34, 2347 (1964).

G.Yu, Epshtein, L. A, Usov, and S. Z. Ivin, Zhur,
Obshch, Khim., 34, 1951 (1964).

US P, 2862949 (1958).



42

221,
222,
223,
224,
225,
226,
221,

228,
229,
230.
231,

232,

233.

234.

235.

236,
2317,
238,
239.
240,

241,

242,
243,

244,
245,

246,

US P. 2866809 (1958); Chem.Abs., 53, 19 879
(1959).

US P. 2866808 (1958); Chem.Abs., 53, 12176
(1959).

O.N, Nuretdinova, Izv.Akad.Nauk SSSR, Ser.Khim.,
1255 (1966),

O. N, Nuretdinova and L. Z. Nikonova, Izv.Akad, Nauk
SSSR, Ser.Khim., 1125 (1965).

O. N. Nuretdinova, Azv.Akad,Nauk SSSR, Ser.Khim.,
1901 (1965),

S.2.Ivin and L D. Shelakova, Zhur, Obshch, Khim,,
35, 1220 (1965).

L. E.Dmitrieva, S, Z.Ivin, and K.V.Karavanov,
Symposium, “Khimiya Organicheskikh Soedinenii
Fosfora” (The Chemistry of Organophosphorus
Compounds), Izd. Akad. Nauk SSSR, Leningrad,
1967, p. 1557.

K.V.Karavanov, 8,Z.Ivin, and V,V, Lutsenko,
Zhur, Obshch, Khim., 35, 737 (1965).

J.K, Stille and J. A. Empen, Amer. Chem. Soc.
Polymer Prepr., 6, 619 (1965).

J. K, Stille and J. A. Empen, J, Polymer, Sci., 5,
A-1, 273 (1967).

G.Yu, Epshtein and S, Z. Ivin, Zhur. Obshch. Khim.,
34, 2355 (1964).

A.F.Kolomiets, G.S. Levskaya, and N.K.Bliznyuk,
USSR P. No, 196 823 (1966); Byul. Izobret., No. 12,
21 (1967).

A, F.Kolomiets, G.S. Levskaya, and N.K.Bliznyuk,
USSR P. No, 192 809 (1966); Byul. Izobret., No. 6,
24 (1967),

A.V, Fokin, A, F.Kolomiets, and G.S, Levskaya,
Izv. Akad, Nauk SSSR, Ser.Khim., 406 (1975).
A.V.Fokin, A, F,Kolomiets, Yu, N.Studnev, and
A, I Rapkin, Izv, Akad, Nauk SSSR, Ser.Khim,, 2348
(1974).

G.K. Helmkamp and D. J. Pettitt, J.Org.Chem., 25,
1754 (1960).

G.K. Helmkamp and D. J. Pettitt, J.Org.Chem., 29,
3258 (1964),

R.D.Schuetz and R, L, Jacobs, J.Org.Chem., 26,
3467 (1961).

A,Noshay and C. C. Price, J.Polymer,Sci., 54, 533
(1961),

B. A, Arbuzov and O, N, Nuretdinova, Izv. Akad. Nauk
SSSR, Ser,Khim., 927 (1963).

G.K.Helmkamp, D, J.Pettitt, J.R, Lowell,
W.R.Mabey, and R.G.Wolcott, J. Amer. Chem, Soc.,
88, 1030 (1966),

O. Yoshiki, M. Toru, Y.Kiyoshi, and A, Toshio,
Tetrahedron Letters, 259 (1969).

H. Staudinger and J.Siegwalt, Helv, Chim, Acta, 3,
833 (1920).

A,Schonberg, Ber., 58, 1793 (1925),

A,.Schnberg, A, Fateen, and A.Sammour, J.Amer.
Chem, Soc., 79, 6020 (1957).

G.P. Hagen and R. M, Burgison, J. Amer. Pharm.
Assoc., 39, 7 (1950),

241,
248,
249,
250,
251,
252,
253.
254,
255.
256,
251,
258,
259,

260,
261,

262,
263,

264.
265,
266,
2617,

268.
269,

270.
271,

272,

273,

274,

275,

216,

Russian Chemical Reviews, 456 (1), 1976

D, Seyferth, W, Tronich, and K. S, Marmor, J.0rg,
Chem., 37, 1537 (1972).

?.Scl)x&nberg and L.V.Vargha, Annalen, 483, 176
1930).

A,Schénberg and L,V,Vargha, Ber., 64, 1390
(1931),

D. J. Pettitt and G. K. Helmkamp, J,Org. Chem., 28,
2932 (1963); 29, 2702 (1964),

S.Kambara, K, Okita, and S, Tayima, High Poly~
mers, 5, 376 (1948).

K.Kondo, M. Matsumoto, and A. Negishi, Tetra-
hedron Letters, 2131 (1972).

G. Opitz and K. Fischer, Angew, Chem,, 77, 41
(1965),

L.V.Vargha and E, Kovacs, Ber,, 75, 794

(1942),

L. A, Carpino and R. N.Rynbrandt, J, Amer. Chem,

Soc., 88, 5682 (1960),

L. A. Paquette and L.S.Wittenbrook, Chem, Comm.,

471 (1966),

L. A, Carpino and L. Y.McAdams, J, Amer. Chem,

Soc., 87, 5804 (1965),

N. P. Neureiter and F.G. Bordwell, J, Amer, Chem,

Soc., 81, 578 (1959).

R.D.Schuetz and R. L. Jacobs, J.Org, Chem., 23,
1799 (1958),

R. E.Davies, J.Org, Chem,, 23, 1768 (1958),

M. J. Boskin and D, B, Denney, Chem, Ind. (London),
330 (1959).

M. J. Boskin, Diss. Abs., 20, 4273 (1960).

D.B.Denney and M. J. Boskin, J.Amer. Chem.Soc.,

82, 4736 (1960).

J.E, Christensen and L.Goodmann, J, Amer, Chem,

Soc., 83, 3827 (1961),

US P. 2950337 (1960); Chem. Abs., 55, 1440
(1961),

A,Schénberg, W.Knoefel, E, Frese, and K.Praefeke,
Chem, Ber., 103, 949 (1970).

H.Klosterziel and H. J. Backer, Rec.Trav.chim,,

71, 1235 (1952).

B.P.949 374 (1962); Chem. Abs., 60, 5460 (1963).
US P. 3136744 (1964); Chem, Abs., 61, 4312
(1964).

E. C.Sabatino, Diss, Abs., 24, 4408 (1964),

K. Ueno, H.Tsukamoto, K, Hayashi, and S,Okamura,
J. Polymer Sci., B5, 395 (1967).

?.Sug)a and T. Hakajama, Nippon Kagaku Kaishi, 4779
1972),

V. A, Zakrevskaya and E, E, Tomashevskii,
Vysokomol, Soed., 8, 1295 (1966),

M. S. Malinovskii, “Okisi Olefinov i Ikh Proizvodnye”
(Epoxyalkanes and their Derivatives), Gos, Nauchno-
Tekhn, Izd, Khim, Lit., Moscow, 1961,

L. A, Kalutskii, N.K, Bliznyuk, and A, F.Kolomiets,
USSR P. No. 215965 (1967); Byul. Izobret., No, 14,

26 (1968).

R.Ketcham and V.P.Shah, J. Chem. Eng.Data, 11,
106 (1966),



Russian Chemical Reviews, 45 (1), 1976
Translated from Uspekhi Khimii, 45,106 -137 {1976)

Xylitol and Its Derivatives

43

U.D.C. 547.427.2

A.N.Anikeeva, G.M.Zarubinskii, and S.N.Danilov

The literature data on the pentahydric alcohol xylitol are reviewed. The methods for the preparation of xylitol, its ethers,
esters, nitrogen-, halogen-, and sulphur-containing derivatives, acetals, ketals, anhydroxylitols, and their various derivatives
are examined and the spectroscopic methods for demonstrating the structures of certain xylitol derivatives are discussed.
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I. INTRODUCTION

Until recently xylitol was manufactured on an industrial
scale only in the Soviet Union, which has adequate
reserves of pentosan-containing raw material. The
introduction of xylitol as a commercial product, its
physiological activity, and its high reactivity (due to the
presence of five free hydroxy-groups) led to its being
investigated by chemists, biochemists, and pharmacolo-
gists. It rapidly became popular in the food industry,
where it began to be used directly, and as a sugar substi-
tute in food products for diabetics. An extensive litera-
ture on the chemistry of xylitol, the synthesis of its
derivatives, the methods for its analysis, and therapeutic
properties exists in various journals, compilations, con-
ference proceedings, and patents, However, so far there
has not been even a brief survey of this research.

In the present review the authors attempt to survey the
literature data published up to 1974, which makes it pos-
sible to assess the advances achieved in the study of the
chemistry of xylitol and to outline new promising applica-
tions of this polyol.

II. METHODS FOR THE PREPARATION OF XYLITOL

The laboratory and industrial methods for the synthesis
of xylitol are based on several of the usual methods in the
chemistry of polyols.

The Reduction of Xylose

Syrupy xylitol was obtained for the first time by
Bertrand ' and Fisher *’° by the reduction of D~ and
L -xyloses with sodium amalgam. Aqueous solutions of
D-xylose were also hydrogenated in the presence of
platinum oxide *, Raney nickel®~®, nickel ° and nickel —
cobalt—chromium catalysts on calcium triphosphate '°,
nickel on kieselguhr ***?, nickel —iron carbonate ' and
nickel —copper catalysts on bentonite ', and titanium —
niobium or vanadium —nickel catalysts!®, Ashida reduced
monoses on an aluminium —nickel alloy *® in non-aqueous

solvents: cyclohexanol **’'"’*® and tetrahydrofuryl

alcohol'®.  The hydrogenation of aqueous methanol solu-
tions of xylose '°~* in the presence of Raney nickel and its
reduction with aqueous solutions of sodium tetrahydro-
borate ¥ and lithium tetrahydroaluminate ** has been
described. Under these conditions, the pentitol was
obtained quantitatively from D-xylo-y -lactone and
D-xylityl pentanitrate **°,

Karabinos and Ballun * developed a convenient method
for the preparative synthesis of polyols by the reduction
of aldoses and ketoses with Raney nickel, Greighton '°
described an electrochemical reduction of xylose to
xylitol. D-Xylitol has also been obtained from 4-0 -
methylglucuronoxylan ¥,

Other Methods

Multistage syntheses of xylitol from divinylmethanol *
and acrolein *** have been described. The oxidation of
the terminal glycol group of a hexose or a hexitol followed
by reduction yields monoses ***** with a smaller number of
carbon atoms., 2,4:3,5-Di-O -ethylidene-L-xylitol was
synthesised in this way from industrial D-sorbitol *°.
Hydrogenolysis of sorbitol * yielded a mixture of polyols
containing xylitol. X_ylitol has been obtained by a micro-
biological procedure *' ™% and has been isolated from plant
material *™° and from peat %%,

In solutions of anhydrous hydrogen fluoride other
pentitols isomerise to xylitol *****,  Xylitol derivatives
can be obtained by benzoate exchange from sulphonyl
derivatives of other pentitols .

III. THE STRUCTURE AND PHYSICOCHEMICAL
PROPERTIES OF XYLITOL, THE STEREOCHEMISTRY
OF XYLITOL AND ITS DERIVATIVES, AND COMPLEX
FORMATION

The structure of xylitol was demonstrated by
Bertrand ®, Fischer *’°, and Neuberg®. Bertrand
obtained 2-iodopentane from xylitol and thus demonstrated
the linearity of the hydrocarbon chain and the fact that it
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consists of five atoms. Fischer and Neuberg oxidised
xylitol to DL -xylose and established that this does not
entail isomerisation, so that the configurations of the

hydroxy-groups of xylitol and xylose are identical. Two
crystalline forms of xylitol have been described: a meta-
stable monoclinic form melting at 61—61,5°C, *!** which

is spontaneously converted into the stable orthorhombic
form melting at 94—94,5°C.*»*%°7%  Apart from two
studies '?**, other instances of the synthesis of the
xylitol melting at 61—61.5°C have not been described.

Like other polyols, xylitol is soluble in a limited
number of polar solvents: in concentrated sulphuric and
hydrochloric acids, water, pyridine, dimethylformamide
(DMF), dimethyl sulphoxide (DMSO), and hexamethyl-
phosphoramide and to a limited extent in methanol and
ethanol, The temperature variation of 1ts solublhty in
96% ethanol and water has been studied *®’"°, which is
important for the technological processes involved in the
synthesis of xylitol """, The thermal 83,8 " radiation-
induced *, and photochemical *® degradation of xylitol has
been studied. Mai® calculated the dissociation constants
of the OH groups; the Taft constants and the transport
numbers of xylitol in a membrane and in solutions have
also been evaluated®. The conductonetric titration®
and the cathodic overvoltage in the electrolysis * of
aqueous xylitol solutions have been investigated.

The reactivities of individual OH groups of unsubsti-
tuted xylitol have been scarcely characterised., The
synthesis of 1,5-di-O -tritylxylitol confirmed the higher
reactivity of the primary OH groups '¥®, which is char-
acteristic of all monoses and polyols. Esterification of
xylitol by aliphatic Cs—C3o acids in the presence of acid
and basic catalysts leads to mixtures of monoesters
(60—175%) and diesters (20—35%). %% An increase of the
temperature of duration of esterification is accompanied
by the formation of anhydro-derivatives *’°”’%, The
kinetics and mechanism of the sulphonation reaction have
been studied by Yamazaki ®®, It has been found by X-ray
diffraction ' that the xylitol molecule is an asymmetric
conformer with a non-planar zig-zag chain owing to the
interaction between Cn—O and Cp+2—0O bonds. Indeed,
the study of models showed that interactions via 1,3-bonds
lead to rotation about the C(a)—Cm bond with dlsplacement
of C(s from the zig-zag plane *"»'%»%  The distortions of
the planar conformer are manifested particularly clearly
in the presence of bulky charged substituents, as con-
firmed by NMR.’

It has been suggested that there ,are no intermolecular
hydrogen bonds in the crystals '™

CH, OTs

TsDHQ(’
CH NH,
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Some information about the structure of xylitol is
provided by the study of complex formation. Xylitol
forms complexes with acids, bases and salts. The stable
crystalline complex CsHi205.Ca(OH)2.4H-0 has been
described'®. Copper(Il) complexes '® are used for the
analysis and separation of mixtures of polyols. Xylitol
forms complexes with boric acid '*'%, with alkali and
alkaline earth metal borates '™, with cerium(IV)
salts “2"“4, with pyridine, and with nicotinic and other
organic acids ™ The complexes with iron(IIl) salts and
with citrate '*® are physiologically active. It is believed
that the complexes are formed via adjoining OH groups.

The conformations of cyclic acetals of xylitol have been
more thoroughly investigated!'”. Danilov and Zarubin-
skii ¥'®7*! showed that 2,4 - O -methylenexylitol and its
derivatives exist in the C -conformations stabilised by the
equatorial CH:OH groups. Presumably the conformation
is additionally stabilised by the intramolecular hydrogen
bond between the axial C(3OH group and the oxygen atoms
of the acetal ring '*’. The reactivity of the C(3OH group
has been studied and it has been found that in esterification
by acid anhydrides the equatorial OH group (vibo -con-
figuration) reacts faster, while the axial OH group (xylo-
configuration) reacts faster with acid chlorides*

The formation of an imine when 2,4-0 -methylene-1,5-
di- O -tosylxylitol is treated with ammonia *** should involve
an inversion of the conformation. The C(3OH group in
the imine forms part of two rings simultaneously: in one
of these it is axial and in the other equatorial, which
makes it difficult to interpret the NMR spectra of these
compounds.

IV. DERIVATIVES OF XYLITOL

1. Esters (Table 1)
Esters '*™'*° are obtained by the usual methods:
esterifying the polyol with an excess of acid, acid
anhydride, or an acid chloride in the presence of a cata-
lyst or a base. The first xylitol derivative, the penta-
acetate, was synthesised in this way 11153201%5-129 © pyer
ification may be accompanied by the formation of
anhydro-derivatives **'*™'%_ For a 1:1 ratio of the
polyol and the acid, the reaction proceeds with formation
of a mixture of a monoester and diesters in proportions of
2:1-3:1,%7%!* (2) By the reduction of the correspond-
ing xylitol derivatives; 2,3,5-tri-O-benzoyl-D- '* and
5-deoxy-5-fluoro-L-xylitols ** were obtained in this way.
(3) With intermediate protection of some of the OH groups.
For example, 1-O-esters have been obtained by the
esterification of di- O -isopropylidenexylitol with subse-
quent hydrolysis of the ketal protecting group **’**®, Tri-
fluoroacetlc acid has been suggested as the hydrolysing
agent *

D1rect interaction with inorganic acids yielded xylityl
pentanitrate *’!%~'*! (stable below 5°C) and sulphate
esters '*'?°,  When xylitol is heated with concentrated
hydrochloric acid, the product is a mixture of 5-chloro-
5-deoxyxylitan as the main component ™, The interaction
of xylitol with phosphorous, hypophosphorous, and
phosphonous acid 973145145145 Legults in the formation of a
mixture of xylitol and xylitan derivatives. The structure
of eyclic xylitol phosphotriesters " has been determined
with the aid of the Arbuzov reaction.

(1) By
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2. Ethers

Xylityl ethers are also obtained by standard methods.
Interaction with alkyl and aryl halides in the presence of
bases yielded 1,5-di-O -tritylxylitol *>***'*® penta-0-
allylxylitol **°, and trimethylsilyl ******' and g-cyanoethyl
ethers "%,

Table 1. Esters, ethers, and mixed ether-esters of
xylitol.
Name M.p. (b.p.)/mmHg, References
°C

1-0-Octanoylxylitol 59-60 137
1-0-Decanoylxylitol 60-64 137
1-0-Myristoylxylitol 75-78 137
1-O-Palmitoylxylitol 86-88 137
1,2,3,4,5-Penta-0-acetylxylitol 62.5-63 11,32,125-129
1,2,3,4,5-Penta-O-propionylxylitol Syrup 132
1,2,3,4,5-Penta-O-butyrylxylitol ! Syrup 132
1,2,3,4,5-Penta-O-lauroylxylitol b 33.5-35 132
1,2,3,4,5-Penta-O-myristoylxylitol ! 45.5-47 132
1,2,3,4,5-Penta-O-palmitoylxylitol | 56-59 132
1,2,3,4,5-Penta-O-stearoylxylitol ! 66-68 132
2,3,5-Tri-0-benzoyl-D-xylitol, [a]p = 8.5° (chloroform) ! 141-142 135
Penta-O-benzoylxylitol [ 105-106 13,64,135
Tetra-O-benzoylxylitol ! 162-163 13
Penta-O-nicotinoylxylitol H 185-190 133,481
1-0-Methylxylitol | 167-169/0.5 119,157
2-0-Methylxylitol | Syrup 155
3-0-Methylxylitol i Syrup 154
1,4,5-Tri-0-methylxylitol | 97-99/0.5 157
2,3,4-Tri-O-methylxylitol | Syrup 158
1-0-Methy [-5-O-tritylxylitol f 87-88.5 119
2,3-Di-O-ethylxylitol { 67-68 156
Penta-O-allylxylitol ! 125-127/0.01 149
1,5-Di-O-tritylxylitol i 152-156 13,91
1,5-Di-O-acetyl-2,3,4-tri-O-methylxylitol i Not stated | 158
2,3,4-Tri-0-acetyl-1,5-di-O-trityIxylitol 204-206 13,91
2,3,4-Tri-O-benzoy!-1,5-di-O-tritylxylitol 197-198 13
2,3,4,5-Tetra-O-benzoyl-1-0-methylxylitol 121-122 157
1,2,3 ,4,5-Pentakis-O-trimethylsilylxylitol 112-113/1 160,162
2,3,4-Tri-0-benzyl-1,5-bis-0-p-nitrobenzoylxylitol f 98 153

2,3,4-Tri- O -benzylxylitol %3, 2- and 3-0O -methyl-D-
xylitol **#'** and 2,3-di- O -ethyl-D-xylitol '*® were syn-
thesised by reducing xylose derivatives. 1-0-Methyl-
xylitol was synthesised from the di-O -isopropylidene
keta] 12915 Kochetkov et al.'*® synthesised 2,3,4-
tri- O -methylxylitol by shortening the chain of D-gluco-
pyranosidouronamide with subsequent reduction of the
product. 2-0-(4-0-Methyl-a -D-glucopyranosyl)-D-
xylitol has been isolated from natural products *® and other
similar derivatives have been identified *'**®,

3. Amino-derivatives (Table 2)

1-Amino-1-deoxy-D-xylitol has been synthesised by the
reductive amination of D-xylose ***°° and by the hydro-
genation of D=xylose phenylhydrazone '®* or oxime 2,
The bis(phenylhydrazone) of D-threopentulose was reduced
similarly to 1,2-diamino-1,2-dideoxy-D-xylitol **3,
Ammonolysis of 2,3-anhydroribose yielded 3-amino-3-
deoxyxylitol '**, Hydrogenation of N-amino-D-xylo-
piperidinose or its dimer, obtained by the acid hydrolysis
of 5-deoxy-5-hydrazino-1,2-0-isopropylidene-D-xylo-
furanose, leads to 1,5-imino-1,5-dideoxy-D~xylitol 1371,
Haskell and Hanessian '°"?'®® synthesised 5-acetamido-5-
deoxy-D- and -L-xylitols from derivatives of iditol
mercaptals.
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Deamination of 1-deoxy-1-methylaminoxylitol with
nitrous acid '**~'"* 1ed to 1-deoxy-1-methylnitrosamino-
D-xylitol instead of the expected xylitan'™, Veksler and
coworkers '"*"'"® obtained the quaternary ammonium salts
RN(CH3):AlkBr (R is a xylitol or xylitan residue and Alk is
a long-chain Ci0—Cis alkyl group) from 1-deoxy-1-
dimethylaminoxylitol by alkylation with alkyl bromides.

Table 2. Nitrogen-containing derivatives of xylitol.
Name; [a]p Mp.,°C References
1-Amino-1-deoxy-D-xylitol (HBr salt); {a]% = 13° 167-168 159-162
” (HC1 salt) 128-129 159-162
1-Methylamino- Syrup 172
1-Dimethylamino- 102-104 173
1-Salicylideneamino- 131-133 160,162
1-Decyldimethylainmonium (HBr salt) Amorphous 173
1-Dodecyldimethy lammonium- (HBr salt) 145-147 173
1-Dimethylpentadecylammonium (HBr salt) 125 173
1-Hexadecyldimethy! jum- (HRBr salt) 88-89 173
1-Dimethyloctadecylammonium- (HBr salt) 89-93 173
5-Acetamido-5-deoxy-D-xylitol; lal;z)s =+73.2° Syrup 168
5-Acetamido-5-deoxy-L-xylitol; [} = -41.4° Syrup 168
5-Acetamido-5-deoxy tetra-O-acetylxylitol Syrup
1-Deoxy-1-(methylnitrosamino)xylitol 121-122 169,170,172
1,2-Dideoxy-1,2-bis-salicylideneamino-D-xylitol;
lalp’ = -106° 140 163
1,5-Dideoxy-1,5-iminoxylitol (HCl salt) Syrup 165,166
1,5-Acetimido-1,5-dideoxyxylitol 192-194 165, 166
2,3,4-Tri-0-acetyl-1,5-dideoxy-1,5-iminoxylitol 11952121 165
Tetra-O-acetyl-1-deoxy-1-deoxy-1-methylamino- 75-76 172
N-nitrosoxylitol
N-Methyl-N-tetrahydroxyxylopentylhydrazine- (HCI salt) 116-117 172
N-Benzylidene-N-methyl-N-tetrahy droxyxylopentyl-
hydrazine 126-127 172
[4-Bis-(2'-chloroethyl)aminobenzylidene]-N-methyl-NV-
tetrahy droxyxylopentylhydrazine 143-144 172

4. Deoxy-derivatives (Table 3)

Deoxy-derivatives have also been synthesised by the
usual methods of carbohydrate chemistry, Hydrogenation
of xylose derivatives yielded 3-acetamido-3,5-dideoxy-D-
xylitol ***, A series of consecutive reactions RCHOH ~—
RCH:OTs — RCH.I — RCH: '”" or the elimination of
sulphur from diethyl mercaptal '’® (R is a xylitol residue)
have been used to synthesise 1-deoxyxylitol.

Table 3. Deoxy-derivatives of xylitol,

Name M.p.,°C References
1-Deoxyxylitol Syrup 177,178
Tetra-0-acetyl-1-deoxy-D-xylitol 62-63 177,178
2-Deoxy-D-xylitol i Syrup 180,181
2-Deoxy-D-tetraphenylcarbamoylxylitol i 200-201 180,181
3-Deoxy-D-xylitol i 70-71 182,184
3-Deoxy-D-tetraphenylcarbamoylxylitol H 205-206 181
Tetra-0-benzoyl-3-deoxy-D-xylitol i 104 184
3-Acetamido-1,2,4-tri-O-acetyl-3,5-dideoxy-D-xylitol | Syrup 164

By shortening the chain of 3-deoxy-D-galactose, a
2-deoxyxylitol derivative was synthesised '*™**, 3-Deoxy-
xylitol has been obtained from the epoxides of L-arabinose
and D-ribose '%27%,
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Hurd and Bonner **~**" and then Gertsev and Makarov-
Zemlyanskii '* obtained 1,1-deoxy~1,1-di-C -phenyl-D-
xylitol and its analogues by the C -glycosylation of acetyl-
B-D-xylose using benzene in the presence of aluminium
chloride. Zhdanov and coworkers **®*~!* yged the organo-
magnesium synthesis for the same purpose.

Table 4. Thio-derivatives of xylitol.
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Table 5 (continued).

Name MOD M.p. (b.p.)/mmHg,|{ References
*c

1-Thio-L~ylitol -2.9 (methanol) 170/0.01 199
1-Thio-D-xylitol +2.4 (methenol) 170/0.01 199
S-Beney!l-1-thio-L-xylitol +32 (chloroform) 46-59 199
S-Benzyl-1-thio-D-xylitol «3$ (chloroform) 52-63 199
2,3,4,5-Tetra-O-acetylsS-benzyl-

1-thio-L-xylitol +11.5 (chloroform) 180/0.01 199
2,3,4,5-Tetra-O-acotyl-S-benzyl-

1-thio-D-xyHtol =12 (chloroform) 180/0.01 199
2,3,4,5-Tetra-O-acotyl-S-acetyl-

1-thio-L~xylitol +34 (chloroform) - 199
2,3,4,5-Tetra-O-acetyl-S-acetyl-

1-thio-D-xylitol -35 (chloroform) - 199
S-Auro-1-thio-L-xylitol - 180 (decomp.) 199
S-Auro-1-thio-D-xylitol - 180 (decomp.) 199
Bis(tetra-O-acetyl-S-dehydro-1-

thio-L-xylitol) +28 (chloroform) 97-98 199
Bis(tetra-O-acetyl-S-dehydro-1-

thio-D-xylitol) =28 (chloroform) 97-98 199

5. Thio-derivatives (Table 4)

Stanek and coworkers*® obtained tetra-0 -acetyl-1-
benzylthio-1-deoxy-L-xylitol from 1,2-0 -isopropylidene-
5-0-tosyl-D~-xylofuranose, debenzylated it to 1-deoxy-1-
thio-L-xylitol, and characterised it in the form of the
octaacetyldisulphide and S-auro-1-deoxy-1-thio-L-xylitol.
Derivatives of the D-series were obtained similarly,

Table 5. Cyclic xylitol acetals and their derivatives.
Di- and mono-methylene acetals of xylitol, 2,4:3,6-Di-
0 -methylenexylitols.

Name; [a]p, Mp.,°C References
2,4:3,5-Di-0-methylene-DL-xylitol 201-202 216,217,220
1-Deoxy-D-; +16.5° (chloroform) 154-155 178
1-Deoxy-DL- 155-156 178,216,221
1-0-Methyl- 148 286
1-0-Acetyl- 156~187 216
1-0-Benzoyl- 164-165 216
1-0-Tosyl- 145-146 121,216
1-0-Methanesulphonyl- 127.5-129 121,216
1-0-Chloromethanesulphonyl- 135.5-137,8 121
1-0-Phenylcarbamoyl- 196-197 216
Bir(2,4:3,5-di-0-methylene-DL-xylit-1-yl)amine 234-240 224
1-Dimethylamino-1-deoxy- 112-113 173-176
1-Amino-1-deoxy- 120-121 224
1-Deoxy-1-dimethyldod jum-1- (bromide salt) 95-94 176
1-Deoxy-1-dimethyloctadecyl jum- (bromide salt) 102-103 176
1-Deoxy-1-dimethyipentad fum- (b de salt) 116-118 173
1.Deoxy-1-phenyiamino- 133 224
1-Benzamido-1-deoxy- 214-215 224
1-Deoxy-1-(N-phenyl)toluenesulphonamido- 176 224
1-Deoxy-1-(N-phenyl)benzamido- 178 224
1-Deoxy-1-thiocyanato- 147-148 221
1-Chloro-1-deoxy- 129 224

Neme; [a]p, M.p.,°C References
1-Deoxy-1-iodo- 144-145 216
1-O-Nsphthylcarbamoyl- 211-212 221
Bis-(2,4:3,5-dimethylene-Di-xylityl disulphide 192-193 221
NN-Bis(2,4 : 3,5-d1-0-methylene-DL-xylit-1-yl)benzamide 261-262 224
NN-Bis(2,4 : 3,5-di-0-methylene-DL-xylit-1-y])tol P
sulphonamide 211-212 224
1-0-Allyl- 146 220
1-0-Methylally)- 133-135 220
1-0-Methacryloyl- 157 225,237
1-Deoxy-1-methacrylamido- 198 228
1-Deoxy-1-(N-phenyl)methacrylamido- 193 224
NN-Bls-(2,4 : 3,5-d1-O-methylene-DL-xylit-1-yl)-acrylamlde 206 225
NN-Bis~(2,4 : 3,5-di-0-methylene-DL-ylit-1-yl)-methacrylamide 217 224,225
1-Cinnamamido-1-deoxy- 197-198 225
1-Deoxy-1-a-methylcinnamamido- 193 225
1-0-(1'-naphthylcarbamoyl)- 211-212 221
2,4:3,5-Di-O-methylene-L-xylitol; -25.3° 217-219 43
1-0-acetyl-L-; +2,8° (chlaroform) 153-154 43
1-0-Benzoyl-L-; -23.8" (chiorofc 170-177 215
1-0-Tosyl-L-; -2.7* (chloroform) 146147 176,215
1-Deoxy-1-iodo-L-; -35.9° (chloroform) 166-167 215
2,4-0-Methylene-DL-xylitol 108-109 43,119,216
1-0-Methyl- 58.5-59 223
1,3,5-Tri-0-methyl - 119
1,5-Di-O-trityl- 207.5-209 120,124
3.0-Methyl- 109-111 124,217
3-0-Methyl-1,5-di-O-trityl- 230-231 119,124
3-0-Acetyl-1,5-d1-O-trityl 204-206 217
1,3,5-tr1-0-acetyl- 87-88 216
1,5-Di-0-acetyl-3-O-methyl- 121-123 217
3-0-Acetoxymethyl-1,5-di-O-acetyl- 138-139 119,216,226
139-140 43
3-0-Acetoxymethyl-5-O-acetyl-1-0-methyl- 83-84 223
1-0-Tosyl- 128-129 121,221
3-0-Towyl- 134-135 121
1,3-Di-O-tosyl 75.5-71.5 121
1,5-Di-O-tosyl 122-124 121
1,3,5-Trl-0-tosyl 198-199 121,216
3.0-Methyl-1-0-tosyl 84-85 121
1-0-Tosyl-5-O-trityl- 146-147 121
3-0-Methyl-1,5-di-O-tosyl- 137-138 121,124,223
1-0-Methyl-3,5-d{-O-tosyl 114-115 223
3-0-Methyl-1-0-tosyl-5-O-trityl- 162-163 121
3-0-Tosyl-1,5-di-O-trityl- 89-90 124
3.0-Acetyl-1-O-tosyl-5-O-trityl- 160-162 121
3-0-Benzoyl-1-O-tosyl-5-O-trityl- 194-196 121
3-0-Benzoyl+1,5-di-O-tosyl- 128-129 223
1,5-Di-0-benzoyl- 140.5-141
3.0-Acetyl-1,5-di-O-benzoyl- 174-175 121
1,3,5-Tri-0-benzoyl 117-118 216
1,5-Di-0-benzoyl-3-O-methanesulphonyl- 130-132 121
1,5-Di-0-benzoyl-3-O-tosyl- 140-141.5 121
3-0-Acetoxymethyl-§-O-acetyl-1-O-methane -sulphonyl- 112-118 221
1,5-Di-O-methanesulphonyl- 109-110 121
3-0-Acetyl-1,5-di-O-methanesulphonyl- 134-136 121
1,3,5-T1i-0O-methanesulphonyl- 152.5-153.5 121
1,3,5-Tri-O-chloromethanesulphonyl- 115-117 121
3-0-Acetyl-1,5-di-O-methanesulphonyl- 134-136 121
1-Deoxy- 52-53 221
1-Deoxy-5-O-tosyl- 145-146 221
1-Deoxy-D-; +5.9° (chloroform) 70-72 178
3-0-Acetyl-1-deoxy-D-; -5.3° (chloroform) 101-102 178
3.0-Acetoxymethyl-5-O-acetyl-1-deoxy-D-; -18° (chloroform)} 110-111 178
1-Deoxy-5-O-tosyl-D-; -2.1° (chloroform) 62-68 178
1-Deoxy-3,5-di-0-tosyl-D-; -18.8° (chloroform) 99-100 178
1,5-Dideoxy-5-iodo-3-O-tosyl- 123-125 178
3-0-Acetyl-1,5-dideoxy-5-iodo- 51-52 178
3,5-Di-O-acetyl-1-O-chloromethanesulphonyl- 101-109 121
1<Chloro-1-deoxy-3-O-methyl- 104-105 217
1.Chloro-1-deoxy-5-O-trityl- 203-204 217
3-Acetylmethyl-S-O-acetyl-1-chloro-1-deoxy- 141-143 217
1,2,5-Trichloro-1,2,5-trideoxy-3-0-methyl- 67-68 217
1-Chloro-1-deoxy-3-0-methyl-5-O-trityl- 156-157 217
1-Chloro-1-deoxy-3,5-di-O-tosyl- 124-125 221
3,5-0-Benzylidene- 187-188 221
1-0-Acetyl-3,5-0-benzylidene- 155-156 221
1-0-Benzoyl-3,5-0-benzylidene- 173-174 221
3,5-0-Benzylidene-1-O-tosyl- 149-150 221
,5-0-Benzylidene-1-iodo-1-deoxy 165-166 221
3,5-0-Benzylideno-1-deoxy- 140-141 221
1-Deoxy-3,5-d1-O-tosyl- 112-113 221
1,3-Anhydro- 104-105 221
1,3-Anhydro-5-O-tosyl- 82-83 221
1,3-Anhydro-S-deoxy-S-iodo- 99-100 221
1,3-Anhydro-S-deoxy- 64-65 221
1,5-Dideoxy-1,5-imino-3-0-methylxylityl oxalate 159-161 124
1,5-Dideoxy-1,5-imino-3-0- ylxylityltol P 152-1583 124
1,5-Dideoxy-1,5-imino-3-O-methylxylityl picrate 230-231 124
1,5-Diamino-1,5-dideoxy-3-O-methylxylitol 120 124
1,5-Dideoxy-1,5-diphthalimido-3-O-methylxylitol 279-280 124
1,3,5-Tris-0-(trimethylsilyl)xylitol 15-16 150
3,5-Anhydro-1-deoxy-2,4-0-methylene-D-xylitol; +28.6° (water) 84-85 178
3,5-0-Benzylidene-1-deoxy-2,4-O-methylsne-D-xylitol;
+26.3° (chloroform) 160-162 178
3,5-0-Methylene-D-xylitol; -16.5° (water) 119-120 218
1,5-Di-0-Benzoyl-2,4-0-methyiene-3-xylulose 115-116 226
2,4-0-Methylene-3-xylulose 95.5-97 226
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6. Acetals and Ketals (Tables 5—11)

The methods for the synthesis of cyclic acetals and
ketals of xylitol and for the demonstration of their struc-
ture are well known., Simple empirical rules have been
formulated for the formation of acetals**»**°™*”, based on
the fact that the rings must cause the minimum distortion
of the zig-zag polyol chain. It is necessary to consider
the stereochemical stability of the molecule as a whole,
when the differences between the eclipsed groups
C—C/C—H and C—H/C—H and the electrostatic repulsion
between the gauche C—0O/C—0 bonds begin to play the
main role®®, The structures of pentitol ketals agree
fairly well with these conclusions “*°,

Table 6. Ethylidenexylitol and its derivatives;

1,3:2,4-di- O -ethylidenexylitols.
Name; fa]p, M.p.,°C References

1,3:2,4-Di-O-Ethylidene-D-xylitol; -3.5° (water) 164-165 45

5-0-Benzoyl-D-; -5.0° (chloroform) 155-156 45

5-0-Phenylcarbamoyl-D-; +15.7° (chloroform) 215-217 45

5-0-Tosyl- 71-74 45

1,3:2,4-Di-O-Ethylidene-L-xylitol; +5.6° (chloroform) 161-162 227

Table 7. Di- and mono-benzylidenexylitols;
O -benzylidenexylitols.

2.4:3,5-di-

Name; [a]p, M.p.,°C References
2,4:3,5-Di-O-Benzylidene-DL-xylitol 180-190 1,2,11,17
215,229,230
1-0-Methyl- 156-157 119
1-0-Allyl- 157 220
1-O-Methylallyl- 148-149 220
1-0-Acetyl- 179.5-180 215,230
1-0-Benzoyl- 173-175 119
1-O0-Tosyl- 155-157 176,215,236
1-0-Methacryloyl- 158 225,237
1-Deoxy- 174 215
1-Deoxy-1-iodo- 207-208 215
1-(2’-Cyanoethyl)-1-deoxy- 140-141 236
1-Deoxy-1-dimethylamino- 154-155 176
1-Deoxy-1-decyldimethylammonium- (bromide salt) 122 176
1-Deoxy-1-dimethyldodecylammonium- (bromide salt) 111 176
1-Deoxy-1-dimethylpentadecylammonium- (bromide salt) 109-111 176
1-Deoxy-1-dimet hy ium- (bromide salt) 125 176
1-Deoxy-1-dimethyloctadecyl i (bromide salt) 121-122 175,176
1-Butylamino-1-deoxy- 146 224
1-Deoxy-1-piperidino- 166 236
1-(2'-Butylacrylamido)-1-deoxy- 146-147 225
1-(N-Buty p-sulph ido)-1-deoxy- 126-127 224
2,4:3,5-Di-0-benzilidene-D-xylitol; -36.9° (pyridine) 187-188 238
1-Deoxy-D-; ~34.5° (chloroform) 175-176 178
1-Acetamido-1-deoxy-D-; -38.6° (DMF) 250.5-252.5 238
1,1-Dimethy)-D-~; ~32.7° (chloroform) 170-173 238
1,1-Diphenyl}-D-~; +98.8° (chloroform) 183 238
1,1-Diethy)-D-; -25.1° (chloroform) 170-173 238
2,4-0-Benzylidene-DL-xylitol 144 231,235
3-0-Acetyl-1,5-di-0-benzoyl- 128-129 239
1,3,5-Tri-O-acetyl- 148-149 42
1,5-Di-O-benzoyl-3-0-(methylthio)methyl- 160-161 239
2,4:3,5-Di-O-benzylidene-1-deoxy-
D-xylit-1-yl-D-xylitol; -22° (pyridine) 179-180 242
(1-R)1,5-Di-O-acetyl-2,4-O-benzylidenexylitol
1,3-0-Methylene-(1-hydroxy-L-xylitol); +51.4° (chloroform) 160-161 241
(1-8)1,5-Di-O-acetyl-2,4-O-benzylidene-1,3-O-methylene-
(1-hydroxy-L-xylitol); 64.6° (chloroform) 144-146 241
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The bulk of the groups adjoining the carbonyl groups
play a decisive role in the formation of ketals. One of the
authors of the review failed to obtain the hexachloro-
isopropylidene ketal of xylitol under the conditions for the
synthesis of trifluoroisopropylidene ketals. The influence
of temperature on the reaction has been little studied,
although it is known that an increase of reaction tempera-
ture accelerates the formation of dioxolans*”*'', There
have been no studies of the role of the solvent, which
might form hydrogen bonds ?*** and thus influence the
structure of the product.

Table 8. Di- and mono-acetylsalicylideneacetals;

2,4: 3,5-di-O-acetylsalicylidenexylitols, 2,4-0 -acetyl-
salicylidenexylitols, and the corresponding salicylidene
acetals of xylitol.

Name M.p.,°C References
2,4:3,5-Di-O-acetylsalicylidene-DL-xylitol 219-220 243
1-0-Trityl- 159-160 243
1-0-Acetyl- 209-210 243
1-0-Benzoyl- 205-206 243
1-0-Tosyl- 206-207 243
1-Deoxy- 222 243
1-Deoxy-1-thiocyanato- 175-176 243
1-Deoxy-1-iodo- 214-216 243
2,4-0-Acetylsalicylidene-L-xylitol 218-219 243
1,3,5-Tri-0-acetyl- 126-127 243
2,4 : 3,5-Di-O-Salicylidene-DL-xylitol 202-204 244
1-0-Trityl- 235-236 244
1-Deoxy- 148-150 243
2,4-0-Salicylidene-DL-xylitol 155-156 j 243

Table 9. Xylitol ketals and their derivatives; di- and
mono-isopropylidenexylitols; 2,4:3,5-di-0 -isopropyl-
idenexylitols.
Name; [a]D M.p. (b.p.)/mmHg, References
°C
2,4 :3,5-Di-O-isopropylidene-DL-xylitol 34-36 5,157,177,
250
1-0-Methyl- 78-80/0.5 157
1-0-Trityl- 73-15 250
1-0-Acetyl- 45-15 177
1-0-Benzoyl- 61-62 177,250
1-0-Tosyl- 77-18 5,105,177
1-0-Octanoyl- 124-126/0.03 137
1-O-Myristoyl- 29-30 137
1-0-Palmitoyl- 46-49 137
1-0-Allyl- 106/0.5 220,245,246
1-0-Methylallyl- 154/0.8 220
1-0-Methacryloyl- 33-33.5 225,237
1-Deoxy- 88-90/6~7 177
1-Deoxy-1-iodo- 57-59 177
1-0-Chloroformyl- 120/09 249
1-O-Phenylazobenzoyl- 110-114 249
Bis-(1,2:3,4-di-O-isopropylidene-DL-xylitol) 5,5'-carbonate 204-206/0.5 249
5-0-Fluoroformyl-1,2 : 3,4-di-O-isopropylidene-DIl-xylitol 41-42
95/05 249
1,2:4,5-Di-O-isopropylidenexylitol Syrup 250
3-0-Benzoyl 114-116 64,250
2,3-O-Isopropylidenexylitol 145-147/0.5 157
1-0-Methyl- 109-111/0.5 157
1,4,5-Tri-O-methyl- 69-71/0.5 157
2,3:4,5-Di-0-isopropylidene-L-xylitol; +12.5° 103-104 157
1,4,5-Tri-O-benzoyl-; ? (alcohol) 96-98/0.03 252
1-0-Tosyl-; +16.3° (alcohol) 65,66 252
5-0-Benzoyl-1,4-dideoxy-2,3-O-isopropylidene-D-xylitol;
-25.6° (chloroform) - 253
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The resistance of the acetal linkage to acid hydrolysis
increases with increase of the negative inductive effect in
the acetal group. This has been confirmed by the stabil-
ity series of the acetal linkages as a function of the acetal
group: (CF3):C> CF3;—C—~CH; > CH, > CHsCH >
(CH3):C = CeHsCH.

Table 10. Trifluoroisopropylidenexylitols.

Name M.p. (b.p.)mmHg, | References
°C

2,3:4,5-Di-O-Trifluoroisopropylidene-DL-xylitol 83-84/0.4 119
1-O-Methyl- 79.5-80/0.5 119
1-0-Trityl- 105-106 119
1-0-Acety)-; isomer I 104-106 119

isomer 11 116-118 119
3-0-Methyl- 75-76/0.5 119

Table 11. Cyclohexylidene-DL -xylitols.

Name M.p. (b.p.)/mmHg, References
°c

2,4 :3,5-Di-0-cyclohexylidene-DL-xylitol 193/0.5 220
1-0-Methyl- 183/0.5 243
1-0-Trityl- 108 220
1-0-Allyl- 152/0.6 220
1-0-Methylallyl- 144-147/0.5 220
1-0-Tosyl- 86 243
1-Deoxy-1-thiocyanato- 74-15 243
1-Deoxy- 102.5/0.02 243

3,5-0-Cyclohexylidene-2,4-O-methylenexylitol 103-104 243

3,5-0-Cyclohexylidene-2,4-O-methylene-1-O-tritylxylitol 182 243

3,5-0-Cyclohexylidene-2,4-O-methylene-1-O-tosylxylitol 153-154 243

The structures of the acetals have been demonstrated
by various methods: by selective hydrolysis, chemical
modification, and the study of physicochemical constants;
for example, the study of the solvolysis constants ?*
helped in confirming the cis -decalin structure for di-O-
benzylidenexylitol. It is interesting to note that in the
synthesis of this diacetal the monoacetal could not be
isolated from the reaction mixture, although it has been
stated in the literature that this is possible®’. Conse-
quently the rate of formation of the second ring greatly
exceeds the rate of formation of the first in dibenzylidene-
acetals of xylitol.

2,4:3,5-Di-0 -methylene-

Methyleneacetals.
1‘43,215

xylitol was obtained for the first time by Ness et a
from tri-O-methylene-D-sorbitol by selective hydrolysis
with subsequent shortening of the chain. The acetal was
then synthesised by treating xylitol with formaldehyde **¢
or paraformaldehyde **” in the presence of concentrated
hydrochloric acid. Acetolysis of the diacetal leads to
2,4-0 -methylenexylitol, which does not contain o -glycol
groups. Schmidt and Nieswandt **® synthesised 3,5-0-
methylenexylitol by the selective oxidation of the 1,2-0-
methylene group in 1,2: 3,5~di-O -methylene-D~-xylo-
furanose to the carbonate group with its subsequent
hydrolysis and reduction of the reaction groduct.
reaction may be of general applicability **°,

This
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Numerous derivatives of di-0 -meth;rlenexylitolm’”‘”220
and mono- O -methylenexylitol 1192124217221 =225 have heen
obtained. 1,5-Di-O -benzoyl-2,4-0 -methylenexylitol has
been oxidised to the corresponding 3-xylulose derivative;
it has been shown ?*° that this greatly reduces the resis-
tance of the acetal ring to hydrolysis and the free ketose
isomerises to a mixture of erythro- and threo-2-ketoses.

Ethylideneacetals. Ness and Fletcher *°
obtained 2,4 : 3,5~di- O -ethylidene-L-xylitol by shortening
the chain of 1,3:2,4-di~- O -ethylidene-D-sorbitol. Foster
et al. " synthesised the D-analogue by a similar proce-
dure. The monoacetal derivative has also been
obtained **°,

Benzylideneacetals. 2,4:3,5-Di-0-benzyl-
idenexylitol was obtained for the first time by condensing
xylitol with benzaldehyde in the presence of concentrated
hydrochloric acid in order to purify the xylitol'’*, Its
solubility in organic solvents has been determined **°; it
has been shown that the diacetal contains one free OH
group 2***°,  2,4-0-Benzylidenexylitol has been synthe-
sised by shortening the chains of 3,5-0 -benzylidene-D-
gluco-D-gulo-heptitol ?*, 2,4-0 -benzylidene-D-sorbitol **,
and 2,4-0 -benzylidene-D-glucuronomercaptal ** and by
the reduction of the diethgl mercaptal of 2,4: 3,5-di-0-
benzylidene-D-xylose 2%+,

Various derivatives of the diaceta
236-238 5nd the monoacetal ?**%* have been described and
the kinetics of the esterification of the diacetal have been
studied #°. It has been found that the acetylation of
1,5-di-0 -benzoyl-2,4- O -benzylidenexylitol in DMSO **
proceeds with formation of methylthiomethyl derivatives.
Angyal and James ** obtained (1R)- and (15)-1,5-di-O-
acetyl-2,4-0-benzylidene-1,3-0 -methylene~(1-hydroxy-
L-)xylitol from 2,4-0 -benzylidene-D~sorbitol. On
treatment with aluminium isopropoxide, 2,4:3,5-di-0-
benzylidene-D-aldoxylose gives rise to 2,4: 3,5-di-O~
benzylidene-1-deoxy-D-xylit-1-yl-2/ 4’ : 3’,56'-di-O-
benzylidene-D-xylonate via the Claisen—Tishchenko
reaction *%,

] 1185120,175,176,215,225,

Acetylsalicylidene- and Salicylidene-
acetals. Rusanova et al,?%** obtained acetylsalicyl-
idene- and salicylidene-acetals by condensing xylitol with
the corresponding aldehydes and achieved their intercon-
version,

Isopropylideneketals. Among the methods for
the synthesis of ketals, the condensation of xylitol with
acetone in the presence of concentrated sulphuric acid is
most frequently used ®*'*"/*%%%_ Derivatives formed via
the free OH group have been identified !771220:225,237,247=248
It was shown later that the crystalline 2,3:4,5-isomer is
mainly formed **?*%?*!,  An admixture of 10-30% of the
1,2 :4,5-diketal has been detected by NMR. .The isomers
have been separated by preparative gas—liquid chroma-
tography (GLC).

A diketal of the L-series has been obtained by short-
ening the chain of 1,2 : 3,4-di-0 -isopropylidene-L-
iditol**®*, Foster and coworkers® converted
1,2:4,5-di- O -isopropylidene-3-0 -tosylribitol into
1,2:4,5-di-0 -isopropylidenexylitol by benzoate substitu-
tion. Kochetkov and Usov *° obtained 5-0 -benzoyl-1,4-
dideoxy-2,3-0 ~isopropylidene-D-xylitol from the diethyl
mercaptal of 5-0 -benzoyl-2,3- 0-isopropylidene-L-
arabinose by treatment with methyltriphenylphosphonium
iodide.
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Trifluoroisopropylideneketals. Zarubinskii
and Danilov ''®"?*? synthesised 2,3 :4,5-bis-0 -(trifluoro-
isopropylidene)xylitol by condensing xylitol and trifluoro-
acetone in concentrated sulphuric acid solution.,  The
presence of 1,3-dioxolan rings was established in the
model derivatives which the above workers obtained:

1,2- O-(trifluoroisopropylidene)glycerol and 3-0O -methyl-
1,2 :4,5-bis- O -(trifluoroisopropylidene)xylitol **
1,3-Dioxan rings are characteristic of trifluoroacetone-
xylitan derivatives '*'. Thus the condensation of xylitol
and trifluoroacetone results in the formation of the

2,3 :4,5-diketal, consisting of a mixture of several
diastereoisomers owing to the non-equivalence of the
substituents at the carbonyl carbon atom 2%,

Cyclohexylideneketals. Anikeeva and
Zarubinskii *° obtained a diketal containing a primary OH
group by condensing xylitol with cyclohexanone **°, The
reaction of 2,4- O -methylenexylitol with cyclohexanone
led to the synthesis of 3,5~0-cyclohexylidene~-2,4-0 -
methylenexylitol, which is formed more slowly than
di-O -cyclohexylidenexylitol. I it is possible to assign a
definite structure of the derivative to the rate of its
formation®®, then the last diketal is probably a mixture
of the 2,3:4,5- and 1,2:4,5-isomers, by analogy with
di-O -isopropylidenexylitol.

Table 12.
litol and its derivatives.
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Table 12 (continued).

Anhydro-derivatives of xylitol; 1,4-anhydroxy-

Name; [a]D M.p. (b.p.)/mmHg, | References
°C

1,4-Anhydro-D-xylitol; -11.2° (water) 160-170/0.02 62
2,3,5-Tri-O-acetyl-D-xylitol; +31.5° (dichloroethane) 90-98/0.04 62
2,5-Anhydro-D-xylitol; +10° (water) 150-155/0.2 282
2,5-Anhydro-3,4-di-O-tosylxylitol; +33.8° (chloroform) 112-113 281
2,5-Anhydro-1-0-benzoyl-3,4-di-O-tosylxylitol;

+66.6° (chloroform) 141-142 281
2,5-Anhydro-1,3,4-tri-O-tosylxylitol; +38.5° (chloroform) 118-119 281
3,4-Di-0-acetyl-2,5-anhydro-1-O-tritylxylitol;

+6° (benzene) 153 282
1,3,4-Tri-0-acetyl-2,5-anhydro-D-xylitol; -45.5°

(chloroform) 90/0.02 282
1,4-Anhydro-DL-xylitol 140-145/0.01 259

M.p. 38

2-0-Methyl- 122/0.8 279

2,3,5-Tri-0-ethyl- Syrup 280

5-0-Trityl- 135-137 268

2,3,5-Tri-0-allyl- 105-106/0.8 220

2-0-Methyl-5-O-trityl 124-125 279

3-0-Acetoxymethyl-5-O-acetyl-2-O-methy |- 148-149/2 279

2-0-Methyl-5-O-tosyl- 71-72 117

2-0-Methyl-3,5-di-O-tosyl- 104 279
2,3-Di-O-acetyl-5-O-trityl- 147-148 279
2-0-Methyl-3-O-tosyl-5-O-trityl- 94-95 279
2,3,5-tri-O-(trimethylsilyl)- 106 271
2,3-Ethylene-5-0-oleoyl- Syrup 283
3,5-Di-0-benzyl-2-0-methyl- 58-59 279
2,3-Di-0-benzyl-5-0O-tosyl- 114-116 268
2,3-Di-0-benzyl-5-O-trityl- 140-142 268
2,3-Di-O-acetyl-5-O-trityl- 134-135 259
2,3,5-Tri-0-benzoyl- 79-80 259
2,3,5-Tri-O-(trimethylsilyl)- 90-97/1 150
3,3,5-Triphenylcarbamoyl 193-194 259
3,5-0-Thionyl- 83-84 271
2-0-Acetyl-3,5-0-thionyl- 104-105/0.05 271
2-0-Benzoyl-3,5-O-thionyl- 96-98 21
3,5-0-Thionyl-2-O-tosyl- 60-61 271
5-0-Hexylphosphonyl- Syrup 143
5-0-Nonylphosphonyl- Syrup 143
3,5-0-Methylene- 83-84.5 271
2-0-Methyl-3,5-0-methylene- 46-48 286
2-0-Ethyl-2,5-0-methylene- 90-92/3 287
2-0-Hexyl-3,5-0-methylene- 84-85/3 287
2-0-Decyl-3,5-0-methylene- 76-71/3 287
2-0-Allyl-3,5-0-methylene- 88/1 220
2-0-Benzoyl-3,5-0-methylene- 113-114 271
3,5-0-Methylene-2-O-palmitoyl- 61-62 92
3,5-0-Methylene-2-O-tosyl- 85-86 271

Name; |a}y, M.p. (b.-g-)/mmHS References
2-0-Methacryloyl-3,5-0-methylene- 77-18 225,236
2-Deoxy-3,5-0-methylene-2-phenylamino- 34-35 224
2-(N-Butyltoluene-p-sulphonamido)-2-deoxy-3,5-0-

methylene- 100 224
2-Deoxy-3,5-0-methylene-2-phenylamino- 123-124 224
2-Deoxy-3,5-0-methylene-2-(N-phenylbenzamido)- 128 ) 224
2-Deoxy-3,5-0-methylene-2-(N-phenylacrylamido)- 103 i 224
2-Deoxy-3,5-O-methylene-2-(N-phenylmethacrylamido)- 114 224
3,5-0-Ethylidene- 96 - 97 289
3,5-0-Ethylidene-2-0-methyl- 73/3 289
2-0-Benzoyl-3,5-O-ethylidene- 103 ~ 104 289
3,5-0-Ethylidene-2-O-tosyl- 86 289
3,5-0-Ethylidene-2-O-methacryloyl- 97-98 289
3,5-0-Ethylidene-2-O-phenylcarbamoyl- | 150 - 151 289
3,5-0-Benzylidene- ‘ 65— 66 271
3,5-0-Benzylidene-2-O-methyl- 40 - 41 286
2-0-Ally1-3,5-0-benzylidene- I 157 - 158/0.8 | 220
3,5-0-Benzylidene-2-O-benzoyl- 133 i 271
3,5-0-Benzylidene-2-O-tosyl- I 110 Loom
3,5-0-Benzylidene-2-O-methacryloyl- 138 | 225,237
3,5-0-Benzylidene-2-0-phenylcarbamoyl- 197 - 198 1 271,225,237
3,5-O-Isopropylidene- 65-66 | 271
3,5-O-1sopropylidene-2-O-methyl- 69-70/0.2 286
2-0-Allyl-3,5-O-isopropylidene- ] 105-106/0.8 220
2-0-Benzoyl-3,5-0-isopropy lidene-~ | 79.5-80 271
3,5-0-1sopropylidene-2-O-tosyl- 84 271
3,5-0-1sopropylidene-2-O-methacryloyl- 56-57 225,237
3,5-0-Isopropylidene-2-O-phenylcarbamoyl- 107-108 271
3,5-0-Cyclohexylidene- J 155-158/0.5 271
3,5-0-Cyclohexylidene-2-O-methyl- 103-104/0.5 286
2-0-Allyl-3,5-O-cyclohexylidene- 105-106/0.8 220
2-0-Benzoyl-3,5-0O-cyclohexylidene- | 104-105 271
3,5-0-cyclohexylidene-2-O-tosyl- 1 96 271
3,5-0-Trifluoroisopropylidene- 102.5-104 120
2-0-Methyl-3,5-O-trifluoroisopropylidene- 46.5/0.5 120
2-0-Methyl-3,5-O-trifluoroisopropylidene- 62-62.5/0.6; 120

M.p.32-34°
3,5-0-Methylene-2-O-polymethacryloyl- 172 (softening) 288
3,5-0-Isopropylidene-2-O-polymethacryloyl- 136 (softening) 288
5-Chloro-5-deoxy- 48-49 176,269,271
5-Chloro-5-deoxy-2-O-methyl- 108-109/2 222
5-Chloro-5-deoxy-2-0-methyl-3-O-tosyl- 76-11 222
5-Chloro-5-deoxy-3-0-methyl-2-O-tosyl- 88-88.5 117,197
5-Chloro-5-deoxy-2,3-di-O-tosyl- 104 271
2,3-Di-0-benzoyl-5-chloro-5-deoxy- i 114-115 269
5-Chloro-5-deoxy-2-O-tosyl- 95-96 222
5-Chloro-5-deoxy-2(3)-phenylcarbamoyl- 137-138 27
5-Chioro-5-deoxy-2,3-diphenylcarbamoyl- 151-152 2N
5-Deoxy-5-fluoro- 117-119/0.02 291
2,3-Di-O-benzoyl-5-deoxy-5-fluoro- 72-73 291
5-Deoxy-5-fluoro-2,3-di-O-tosyl- 112 291
5-Amino-5-deoxy- (HCl salt) 134 283,292
5-Deoxy-5-ethylamino- 130/1 292
5-Deoxy-5-dimethylamino- 162-165/14 176
5-Deoxy-5-dimethylamino- (oxalate) 72-73 176
5-Deoxy-5-diethylamino- 127/1 292
5-Deoxy-5-phenylamino- 134-135 292
S-Deoxy-5-piperidino- ; 115-116 292
S-Deoxy-5-dimethylhexadecylammonium- (bromide salt): 98-99 176
5-Deoxy-5-decyldimethylammonium- (bromide salt) Amorphous 176
S-Deoxy-5-dimethyldodecylammonium- (bromide salt) 90-92 176
(2,3-Di-0-tosyIxylitanyl)toluene-p-sulphonamide 146-147 292
N-Ethyl-(2,3-di-O-tosylxylitanyl)toluene-p-sulphonamide 120-121 292
N-Pheny!-(2,3-di-O-tosylxylitanyl)toluene-p-sulphonamide 141-142 292
§-Deoxy-5-diethylamino-2,3-di-O-tosyl- 154-155 292
5-Deoxy-5-piperidino-2,3-di-O-tosyl- 130-132 292
1,5-Anhydroxylitol 116-117 276,271
2,3 ,4-Tri-O-acetyl- 122-123 276,277
1,4 :3,5-Dianhydro-DL-xylitol 7 269,271
2-0-tosyl- 114-116 269,271
2-0-Methyl- 51/2 269,271
2-0-Acetyl- 92/4 271
2-0-Benzoyl- 84 27
2-Phenylcarbamoyl- 114 271
2-Phenylamino- 177 274

7. Anhydroxylitols (Table 12)

Mono- and di-anhydro-derivatives of xylitol have been
synthesised by two main methods,

Synthesis by intramolecular nucleophilic
substitution. The reaction is carried out under acid
or alkaline conditions. Various acids are used as the

acid catalysts *°7?%°, The acid-catalysed conversion of
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pentitols into anhydro-derivatives leads to the formation
of 1,4-anhydro-derivatives, which has been explalned by
the favourable steric disposition of the OH groups®**, The
anhydro-derivative usually retains the conflguratlon of the
initial polyol. However, Hudson and Barker *** showed
that in the presence of acids D-arabitol is converted into
the 1,4-anhydro-derivatives of D-arabitol (62.6%),
L-ribitol (7.6%), D-ribitol (3.3%), L-xylitol (11.7%),
D-xylitol (4.3%), D-lyxitol (6.2%), and L-lyxitol (0.7%).
Assuming that the reaction proceeds via an SN2 mecha-
nism, it is possible to explain the formation of anhydro-
derivatives with the D-arabo- and D-lyxo-configurations
by the attack of the O~ anionic group at C(z) or C) on
carbon atoms with primary OH groups and the formation
of derivatives with L-xylo~ and L-ribo-configurations

can be accounted for by the attack of the O~ group at C1)
or C(s on carbon atoms with secondary OH groups. In the
latter case the configuration is inverted. The relative
rates of cyclisation increase in the following sequence:
lyxitol < arabitol < xylitol < ribitol < 1-deoxy-D-
arabitol < 2-deoxy-D-arabitol, Barker ** determined the
rates of conversion of hexitols into 1,4-anhydro-deriva-
tives and arranged them in the following sequence:
mannitol < gulitol < galactitol < altritol < sorbitol <
iditol < talitol < allitol. In the two series the qualitative
dependence of the rate of cyclisation on the configuration
of the OH groups at the first four carbon atoms is the
same 143,256J

1-Phosphate esters of xylitol readily form xylitans.
By treating 1-amino-1-deoxy-ribitol with a mixture of
hydrochloric and nitric acids, Kuhn and Wendt obtained
ribitan *2, Similarly 1-deoxy-1-nitrosaminoxylitol can
serve as the starting material for the synthesis of
xylitan'®®. Similar mechanisms have been proposed for
these reactions **®, Fletcher and coworkers ®* found that
ribitan trlacetates and tribenzoates form a mixture of
ribitan, lyxitan, ribitol, xylitol, and arabitol in ligquid HF
solution, while the corresponding D-xylitan derivatives
give rise to ribitan alone.

A second method for the synthesis of a wide variety of
anhydro-derivatives involves intramolecular substitution
of sulphonate esters. The reaction proceeds via an SN2
mechanism and, when the sulphonyl group is attached to a
secondary carbon atom, the closure of the oxygen-con-
taining ring proceeds with Walden inversion at this carbon
atom, The intramolecular substitution of sulphonates
proceeds under the influence of the usual basic agents,
although the formation of anhydro-derlvatives in an acid
medium has also been described *°

Hartman and Barker **’ determmed the characteristics
of the formation of anhydro-derivatives for different posi-
tions of the tosyl and OH groups. Gray et al.”®*® showed
that the presence of the benzyloxy-group at the C(4) atom
in 1-O-tosyl derivatives promotes the substitution of the
tosyl group. It is suggested that the reaction involves the
formation of an oxonium ion stabilis€d by the aryl substi-
tuent. The rate of cyclisation depends on the configura-~
tion of the OH groups responsible for the steric inter-
actions in the transition and ground states,

1,3-Anhydro-2,4-0 ~-methylenexylitol was obtained by
treating 2,4~ O-methylene-l-o-tosylx litol with an aqueous
or aqueous acetone solution of alkali'™?*, Under the
same condltlons, the 3-0 -tosyl derlvatlve remained
unchanged '* Danilov and Kazimirova **° and then
Wiggins %7° synthesmed the 1,4 : 3,5-dianhydroxylitol, the
structure of which was estabhshed by Ustyuzhanin,
Sidorova, and Danilov'®"??"?"2_ 1 4:2 3-Dianhydroxylitol
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was obtained from 1,4-anhydro-5-chloro-5-deoxy-2-0-
tosylxylitol "*?™ and 1,4 : 2,5-dianhydroxylitol was
synthesised from 2 5-anhydro-3 4-di-O -tosyl-D-xylitol *™°,
Synthesis by reduction methods. Fletcher
and Hudson *® hydrogenated 2,3,4-tri-0 -acetyl-D-
pyranoxylal or eliminated sulphur from 1-phenylthio-3-D-
xylopyranoside triacetate and obtained 1,5-anhydro-2,3,4-
tri- O-acetylxylitol. The same product was obtained by
eliminating sulphur from 1-thio-§-D-xylopyranose * 27 o
B-D-glucopyranosyl-NN -dim ethyldithiocarbamate *’
Raney nickel.

1,4-Anhydroxylitol (xylitan) and its
derivatives. Xylitan has been manufactured in the
Soviet Union since 1950 and has been studied more thor-
oughly than other anhydro-derivatives. It was described
for the first time by Grandel **° and Carson and Maclay **,
who isolated crystalline hygroscopic xylitan, melting at
38°C, and showed that it contains one primary and two
vicinal secondary OH groups, which confirmed the
1,4-anhydro-structure.

A wide variety of ethers, esters, and thio-derivatives
of xylitan are known 6251435150,163,220,259,268,279 ~283 Among
the sulphonates of the anhydro-derivative, unsaturated
com.pounds have been synthesised in the presence of DMS
solution of KI and zinc dust 261,284,285 Methylene 92,220,224,
225,237,271,286-288’ ethyiidene 289’ and benzylidene 220,225,237,
271,286 gcetais and isopropyhdene 220 224,87,271,286,288
cyclohexylidene **%°%"19*% and tr1f1uor01sopropy11dene
ketals '*° and their derivatives, including polymeric
derivatives ***?®° have been described. Halogeno-
19792229269,271 201 and amlno-derlvatives 274,2834292,293 have been
obtained.

The structures of cyclic acetals and ketals of 1,4-
anhydroxylitol (V) have been studied mainly by the authors
of the present review. It has been established ’® that the
acetal and ketal groups occupy the same 3,5-positions
[compounds (VI)]. Examination of the xylitan model showed
that the tetrahydrofuran ring fixes rigidly the {vans -dis-
position of the C(2)—C(3 hydroxyls and therefore the
formation of acetal and ketal linkages involving these
groups is apparently hindered. 1,4-Anhydroribitol, in
which there is a cis-disposition of the hydrox@xls at C(z
and C(s is known to form 2,3-ketals readlly

117,176y

HC-0,

H O, °CH,0H

'‘Ne HO '
2] 3| H
OH H
v (vn)
Danilov and coworkers showed that the second anhydro-
ring in 1,4-anhydroxylitol is also formed via the 3- and
5-hydroxyls andthe product is therefore 1,4 : 3,5-dianhydro-
xylitol and not the 1,4 :2,5-derivative as had been believed
previously 26912711272, The nucleophilic substitution of the
tosyl group at C(z in dianhydroxylitol proceeds via an Sy2
mechanism with inversion of the configuration at this atom
and the formation of lyxitol derivatives *"®
Xylitol derivatives in which the substituent is linked to
the polyol molecule via a carbon—carbon bond have been
synthesised. These compounds (Table 13), which have
been obtained from xylose, do not have an aldehyde gxeup
and we have therefore classified them as xylitol deriva-~
tives, although in the original studies the authors called
them xylose derivatives. For this reason, two names are
quoted for these compounds in the Table.
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V. PHYSICAL METHODS FOR THE DETERMINATION
OF THE STRUCTURES OF CYCLIC ACETALS

The experimental determination of the structures of
acetals is usuvally difficult: in the course of chemical
reactions occurring during partial acid hydrolysis, there
is a possibility of the isomerisation and migration of the
acetal and acyl groups. Hydrolysis is inapplicable to
stable rings and the structures of the diastereoisomers of
acetals with various groups attached to the carbonyl
moiety cannot be determined by purely chemical methods.
Numerous studies using model acetals showed that spec-
troscopic methods are the most promising for the deter-
mination of the structures of cyclic acetals. They
require small amounts of the test substance, the analysis
is carried out under neutral conditions, and both the
structure and conformation of the derivative are deter-
mined.

Table 13. C-Substituted xylitol derivatives.

Name Mp.,°C References

167-168
163.5-164.5

1-Deoxy-1,1-di-C-phenyl-D-xylitol
1-Deoxy-a-C-phenyl--C-p-tolylxylitol
2,3,4-Tri-O-acetyl-1-C-anisoyl-1-deoxy-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-C-anisoyl-1-deoxy-
D-xylitol)
2,3,4-Tri-O-acetyl-1-C-chloropheny|-1-deoxy-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-C-chlorophenyl-
1-deoxy-D-xylitol)
2,3,4-Tri-O-acetyl-1-C-chloroanisoyl-1-deoxy-D-xylose
(2,3 ,4-tri-0-acetyl-1,5-anhydro-1-C-chloroanisoyl)-
1-deoxy-D-xylitol)
2,3,4-Tri-O-acetyl-1-C-bromoanisoyl-1-deoxy-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-C-bromoanisoyl-
D-xytitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-nitroanisoyl-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-
nitroanisoylxylitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-phenethyl-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-
phenethyl-D-xylitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-pitrophene thyi-D-xy lose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-
nitrophenethyl-D-xylitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-diphenyl-D-xylose
(2,3 ,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-
diphenyl-D-xylitol)
2,3,4-Tri-O-acetyl-1-C-allyl-1-deoxy-D-xylose
(2,3,4-tri-O-acetyl-1-C-ally}-1,5-anhydro-1-deoxy-
D-xylitol) Syrup 190
2,3,4-Tri-O-acetyl-1-deoxy-1-C-thienyl-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-

185,186
185,186

129.5-130.5 189

149.5-150.5 189

151-153 189

159-160 189

155.5-156.5 189

130.5-131 189

165.5-167 189

191-192 190

thienyl-D-xylitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-o-tolyl-D-xylose
(2,3 ,4-tri-O-acetyl-1,5-anhydro-1-deoxy-1-C-0-
tolyl-D-xylitol)
2,3,4-Tri-O-acety}-1-deoxy-1-C-dibromophenethyl-D-xylose
(2,3,4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-
dibromophenethyl-D-xylitol)
2,3,4-Tri-O-acetyl-1-deoxy-1-C-dichlorophenethyl-D-xylose
(2,3,4-tri-O-acetyl-1,5-anhydro-1-deoxy-1-C-
dichlorophenethyl-D-xylitol) Syrup 195
2,3,4-Tri-0-acetyl-1-deoxy-1-C-dibromoallyl-D-xylose
(2,3 4-tri-0-acetyl-1,5-anhydro-1-deoxy-1-C-

151-182 190

110-111 195

80-81.5 195

dibromoallyl-D-xylitol) 123-124 195
2,3,4-Tri-O-acetyl-1-deoxy-1-C-dithiocyanatoally -D-xylose

(2,3,4-tri-0-acetyl-1,5-anhy dro-1-deoxy-1-C-dithiocyanato-

allyl-D-xylitol) 95.5-98 195
1-Deoxy-1-C-g-indol-D-xylitol 140-145 194
1-Deoxy-1-C-hexachlorocyclohexyl-D-xylitol Syrup 194
1-Deoxy-1-C-phenyl-D-xylitol 168-169 188,196
1,5-Anhydro-1-deoxy-1-C-phenyl-D-xylitol 148-148.5 187,196
2,3,4-Tri-O-benzoyl-1-deoxy-1-C-phenyl-D-xylose

(1,5-anhydro-2,3,4-tri-0-benzoyl-1-deoxy-1-C-phenyl-

D-xylitol) 168 196

Infrared spectroscopy ** of acetals and ketals of aldo-
and keto-pentofuranoses, aldo- and keto-hexofuranoses,
saccharic and uronic acid salts, lactones, and polyols did
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not reveal the presence of the characteristic bands of
1,3-dioxolans, Bands at 2820—2830 cm™ * and at 2770
and 1030 em™,**" which characterise O—C—O stretching
vibrations, have been found for 1,3-dioxans. It has been
shown that xylitol derivatives with methylene acetal

rings 12%°***® are algo characterised by a band in the
region of 2800 em™'. Infrared spectra are used to demon-
strate the presence of various functional groups in xylitol
derivatives 1°9*21221732% 54 for the detection of the forma-
tion of hydrogen bonds **°.

NMR is used to determine the structures and stereo-
chemistry of the cyclic acetals of monoses and polyols.
Evidently 1,2~ and 1,3-acetals should be formed in each
case in the form of a mixture of two isomers with respect
to the positions of the groups at the carbon atom of the
acetal bridge. The possibility of the diastereoisomerism
of cyclic benzylidene acetals was suggested for the first
time by Fischer ** and later such isomerism was actually
observed '¢?3%23% Model substituted and unsubstituted
trans - and cis -5-hydroxy-2-phenyl-1,3-dioxans (benzyl-
idene glycerols) have been paricularly thoroughly
investigated *®~*

The structures of the mono- and di-O -acetals of
monoses and polyols have been established by 'H NMR. 2’
315,318 In particular, the signals of the acetal protons of
di- O -benzylidenexylitol **" have been found at 7 = 4.79 and
4.85, which confirms the presence of 1,3-dioxan rings
with a cis-disposition of the groups and the 2,4: 3,5-
structure. The 'H NMR spectra of monomethylene-
xylityl acetates made it possible to demonstrate the
existence of one axial and two equatorial acetyl groups *&,

The proton signals in the NMR spectra of the methyl
groups in ketals depend on the relative positions of these
groups *®,  This made it possible to show that di-O-
isopropylidenexylitol is a mixture of two isomers—one
giving rise to signals of methyl protons at = 8.78 and
8.73 with an intensity ratio of 1:3, which corresponds to
the 2,3 :4,5-structure, and another with signals of equal
intensity at 7 = 8.81 and 8.73 corresponding to the
1,2 :4,5-structure.

The relation between the structure of the ketal rings
and the chemical shift of the fluorine nuclei in trifluoro-
isopropylidene derivatives has been described 1271212545319
It has been found that the influence of the steric environ-
ment on the chemical shift of the fluorine nuclei in the CF3
group exceeds by a factor greater than 50 the correspond-
ing value for CHs groups. These spectra established the
quantitative proportions of the diastereoisomers. The
NMR and infrared spectra are usually investigated at the
same time "'®#7*** " NMR with Fourier transformation

yields more information than the proton spectra 3°,

VI. METHODS FOR THE ISOLATION AND IDENTIFICA-
TION OF XYLITOL AND ITS DERIVATIVES

Laboratory methods for the column chromatography of
xylitol on neutral sorbents **!***° and the chromatography
in aqueous ethanol on ion-exchange resins in salt-
forms ***%** have been described. Ion-exxhange methods
are used much more frequently to remove salts from
xylitol solutions both in laboratory practice %8:8'23259328 5pnq
in industrial manufacturing processes®’%*’, Complexes
of xylitol and its derivatives are chromatographed on ion-
exchange resins %5938

Thin-layer chromatography of xylitol and its deriva-
tives '"®**® and GLC of methyl ethers *°, trimethylsilyl
derivatives 7% trifluoroacetates 3% 3’34, methylated
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acetates *®, acetates **, methyl ethers *’, acetals, and
ketals °*® are widely used, Methods have been developed
for GLC of biological media containing xylitol **® and for
quantitative GLC of polyols with automatic integration of
peak areas ¥*°, Paper chromatography of xylitol 80, 317347
and its derivatives "*®**8*° and molybdate *° and borate **
complexes has been used and quantitative gaper chroma-
tography of xylitol has been developed %'%3,

Xylitol can be identified on the basis of the mobility of
germanate **, phenylboronate '*****, and copper com-
plexes in paper electrophoresis'®, Mass-spectrometric
techniques have been developed for the acetates '?%%%,
methylated acetates *°, methyl ethers *¢, benzylidene
and trimethylsilyl derivatives *°%° cyclic xylityl phenyl-
boronates !'°, and trisaccharides containing xylitol %!,
Xylitol can also be identified by colour reactions *? and
Kofler microscopy *°. Methods have been proposed for
the determination of the OH groups **, Quantitative and
qualitative analytical methods for xylitol **® include
colorimetric and polarimetric techniques whereby the
polyol can be determined in preserved food ****7 and in
atmospheric dust *2,

3575358

VII. THE USES OF XYLITOL

1. In Medicine

Studies on the metabolism and clinical applications **°"
%9 biochemistry, and the mechanism of the action of
xylitol *®* ~** have been published. It has been shown by
the tracer atom method that in the organism xylitol may
be formed **® by the decarboxylation of D-glucuronic acid.
The pentosephosphate, glucuronoxylulose **, and glycero-
phosphate metabolic cycles ***** are thus related.

The lethal dose **"~**° and rational norms for the con-
sumption of xylitol have been determined, since the
introduction of excessive amounts of xylitol into the
organism entails an increase in weight *® %% although
the number of calories produced by xylitol is lower than
that produced by glucose ¥, The maximum permissible

harmless xylitol contents in water have been established **°.

The intravenous injection of an excess amount of a 10%
xylitol solution (in excess of 4.4 g kg™") produces poisoning
symptons **, which vanish when the administration is
terminated. It has been established that the elimination of
xylitol from blood is a first-order process **,

Since it has been found that xylitol increases the level
of insulin in animals *™#%7»3%-4% " 5 detailed study has been
made of the physiological action of the polyol on the human
organism*'®, A scheme has been proposed for the bio-
synthesis of proinsulin and insulin in the presence of
xylitol **™*'®,  Its influence on the carbohydrate and lipid
metabolisms of healthy *'2’*'®"%* and sick human beings ***
425-430 ot different ages has been investigated. It has been
found that xylitol is readil‘y assimilated even by premature
and newly born infants ***7***,  Peroral and intravenous
administration of xylitol lowers the concentration of
lactates **¥** glucose, and acetoacetic acid in blood and
increases the insulin content 3%:%06,413:422,4%5=441 = A the
same time there is an increase in the amount of glycogen
in the liver ¥, a fall of the level of acetone, and a
change in the amount of aminoacids in urine**?,

Xylitol stimulates gastrosecretion **!’**3 the biosynthe-
sis of uronic acids **»** ATP,*" corticosteroids hor-
mones I H4647T - yroteing 448, and growth hormones ***
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and chalcogenetic, choleretic, and pancreatic activ-

ities *4°~*5%,  Xylitol has a favourable effect on the func-
tioning of healthy 72%76>444:45345%4 3p4 cirrhotic liver *%®*%
454,455~ reduces haemolysis under the influence of prima-
quine **®, stabilises the level of bilirubin *®***  lowers the
content of aliphatic acids in the blood ***#3%48:%57 ' gtimy-
lates the activity of dehydrogenases *'****®"**° and inhibits
isomerases *®®, It is used to inhibit the suppression of
adrenocortical activity in hormonal treatment 7244754617463,
On the other hand, the introduction of adrenalin suppres-
ses the secretion of insulin caused by xylitol***, Thus the

effect of xylitol presumably depends on its concentration a8t

It has been found that xylitol is assimilated more
slowly than glucose **®, since the organism must become

adapted to its assimilation ¥***%%%%  Xylitol may serve
as a source of energy for cardiac muscle **’*®, Intra-
venous administration of xylitol during anaesthesia *®’
causes smaller shifts in blood composition than the intro-
duction of glucose., It has been noted the xylitol causes
caries to a lesser extent *®®, since cariogenic strepto-
cocci * require a considerable time to become adapted to

the assimilation of xylitol1*®®, It has been shown that it
B "% and has a

increases the level of aminopeptidase
favourable effect during stress***”® and in parenteral
feeding 394,473-475

Even prolonged administration of xylitol does not alter
the frequency and depth of respiration, arterial pressure,
and cerebrocortical activity (up to 1 g kg™") *' and does
not affect the level of uric acid, triglycerides4i glycerol,
o - and B-lipoproteins, and total cholesterol***, D-Xylose
or its possible metabolic products, including xylitol, are
capable of causing cataract in rats ',

Xylitol has been recommended for use in gastro-
enterology *”", in duodenal tubage **°, and in diabetic

diets 3929424478460 Cerebral scleroses, hypertonia, and
pellagra are treated with xylityl pentanicotinate, which
exhibits a vasodilating activity 13548 Xylitol derivatives
of hydroxycinnamic *** and 2-hydroxy(acetoxy)-5-iodo-
benzoic acids **® exhibit anti-inflammatory activity.
Aminoderivatives **® are analgesics **,

Xylitol solutions containing h4ydroxymethylaminomethane
are administered intravenously *** and the xylitol— Fe* —
citrate complex *®, which increases the level of haemo-
globin, is administered intramuscularly. alcium
deficiency is compensated by medicinal compositions
based on xylitol and calcium carboxylates®®®. The com-
patibility of xylitol solutions with various combinations of
36 medicinal substances used in infusion has been
studied*®, Quaternary ammonium salts based on xylitol
exhibit bacteriostatic activity'’>'™, Xylitol is introduced
into ointment bases *® and into compositions for the
pressing of tablets *®,

Methods have been developed for the quantitative deter-
mination of xylitol in blood 48%:%%° and in urine **®*, which
make it possible to diagnose hepatitis*** and cirrhosis of
the liver **, Xylitol is an effective blood preservative,
which protects it from haemolysis and the formation of
methaemoglobin, reduces methaemoglobin®®™*%, and
promotes the coagulation of blood**®. The metabolism of
xylitol in erythrocytes has been studied**”. Xylitol solu-
tions stabilise bacterial cultures in lyophilisation *°*® and
plant cells in freezing with liquid nitrogen *%°7%90499:500
The latter behaviour is attributed to conformational
changes in the plasma —membrane system °*.,  Xylitol
inhibits ****°% or promotes ***5% the germination of various
plant seeds.
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2. In the Food Industry

Xylitol is being used increasingly to sweeten food
products **®°* together with other synthetic sweetening
agents, which are usually employed in low-calorie
diets®®, It is interesting that the maximum sweetness of
xylitol is achieved following the addition of 0.06% NaCl;
mixtures of xylitol with sodium glutamate, saccharin, and
organic acids have been studied *®”*%, Xylitol ****® and
surfactants based on xylitol and Cio—C 3o aliphatic acids®®,
which can be readily blended with dough, are used in the
bread baking industry and in preserving fruit *®*°, Milk
with added xylitol has been recommended for the feeding
of infants*'. The taste, colour, bouquet, and stability
of alcoholic drinks are improved by the addition of 0.5—3%
of xylitol®*2,

Xylityl esters of saturated and unsaturated acids
are relatively non-toxic and can be added in large concen~
trations (up to 10 wt.%) °% to food products, in which they
serve as dispersing, emulsifying, and surface-active
agents. Such esters are soluble in oils, are dispersed in
warm water **?, do not cause allergy, and are used as
stable non-ionogenic emulsifying agents in cosmetic
preparations **!7°**~%!¢ gand for the stabilisation of food
fats 7,
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3. In Engineering

Xylitol replaces %lgcerol as a regulator of foaming sie
and as a plasticiser **°, In aqueous solutions it protects
metals from corrosion®****?, Xylitol-containing fluores-
cent pigments have been prepared®**, Varnishes, drying
oils**, dyes, adhesives, resing®’'%11820524=529  etting
and surface-active agents 92‘96’13“’”3'””228’38"’5,30,
ionogenic ** and ionogenic emulsifying agents'’*"'"¢
de-emulsifying agents **~°*, polyurethane foam
plastics **”°% film-forming polyurethanes **"***® poly-
phthalates °*, and hardening agents for water-soluble
polymers **° are manufactured from xylitol derivatives.

Synthetic tanning agents have been obtained by the
condensation of xylityl esters with benzaldehyde and
formaldehyde ®** and the condensation of the esters with
epoxyethane yielded surfactants with bacteriostatic activ-
ity %. The product of the electrochemical alcoholysis
with xylitol of natural fatty acid triglycerides (linseed oil)
is used in the paint and varnish industry***, The mono-
esters of fatty acids and xylitol are employed in dying
polyamide fibres®**, in the treatment of viscose staple
fibre ***** and as deflocculating and flotation agents 137
946,547 Mixtures of methyl and ethyl ethers of xylitan 5**
and mixtures of xylityl esters of resin and tall oil acids **°
have found technical applications. Hardening acrylate
oligoesters **°~*°*, polymethacrylate esters **°, and poly-
condensation resins **® have been synthesised on the basis
of xylitol.
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Synthesis and Properties of Interpenetrating Networks

Yu.S.Lipatov and L.M.Sergeeva

The preparation and the properties of interpenetrating networks are described. Data are reported on the effective density
of branch points, and the dependence of viscoelastic characteristics on temperature, proportions of initial components, and
mode of preparation. Results are reported for the morphology and mechanical strength indices. The physicochemical
properties of interpenetrating networks can be influenced by inorganic fillers previously introduced into one of the compo-

nents. A list of 35 references is included.
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I. INTRODUCTION

A promising method for modifying the properties of
polymers is to prepare mixtures, which may yield mate-
rials combining the properties of diverse component poly-
mers. A special place among investigations of such mix-
tures is occupied by recent studies'™° on the production
and properties of interpenetrating networks. These are
complicated systems comprising two or more three-
dimensional network polymers, not chemically combined
but inseparable because of mechanical interlocking of
chains resulting from the conditions of preparation.

Interpenetrating networks have now been obtained from
analogous® or chemically related? polymers, as well as
from systems differing completely in chemical structure
and in mode of preparation °™®, Thus their preparation can
be regarded as a new method for “mixing” not only defi-
nitely incompatible but also network polymers, which
enables the properties of the latter to be modified. The
production of interpenetrating networks from polymers of
the most diverse chemical structure is especially pro-
mising, since their combination should give materials with
a wide range of properties.

II. PREPARATION OF INTERPENETRATING NETWORK
POLYMERS

Two methods are available for obtaining interpenetrating
networks., The first method consists in swelling a network
polymer (first network) in a liquid polymer or oligomer
capable of subsequently setting to form a network of a
different chemical type (second network) (Fig.1). Chemi-

- cal reaction cannot occur between chains of the two net-
work polymers; it is responsible solely for mechanical
interlocking of the unlike chains. This method was
applied to poly(ethyl acrylate) and polystyrene?: the cross-
linked polyacrylate (network 1) was obtained by photopoly-
merisation in the presence of benzoyl peroxide and diethyl-
‘ene glycol dimethacrylate as cross-linking agent; the
resulting sheets were then swollen in styrene with addition

of the above initiator and cross-linking agent, and subse-
quent photopolymerisation gave cross-linked polystyrene
(network 2) embedded in network I. Interpenetrating
networks were obtained similarly on the basis of poly(ethyl
acrylate) and poly(methyl methacrylate) (with tetraethylene
glycol dimethacrylate as cross-linking agent) ***'%, poly-
styrene and polybutadiene'®, and also a styrene-divinyl-
benzene copolymer®. In the last case the copolymer was
first prepared in the presence of benzoyl peroxide (first
network), and specimens were swollen in a mixture of
styrene and divinylbenzene with subsequent polymerisation
to give a second network embedded in a matrix of the first
network of the same nature.
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Figure 1. Diagram of first method of generation of
interpenetrating networks,
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The second method consists in the simultaneous cross-
linking of two different polymers already mixed in the
same solvent or in suspension. The polymers are
selected to ensure mutually independent formation of net-
work structures and to exclude chemical interaction
between unlike chains. Frisch et al.®™'° have used this
method to obtain interpenetrating networks consisting of
polyurethane based on tolylene di-isocyanate, polyoxy-
propylene glycol and a polyacrylate, polyurethane and
polybutadiene—styrene, and polyurethane and polychloro-
prene: 50% agueous emulsions of the polymers containing
a cross-linking agent and a stabiliser were stirred vigo-
rously for 1 h, after which films were poured from the
resulting composition and kept at a fixed temperature.

The first method of preparation is the more promising,
firstly because it permits a more uniform distribution of
unlike chains. Secondly, interpenetrating networks can
be obtained from the same pair of polymers but with pro-
perties varying between wide limits depending on which
component is obtained first. This has been shown for
cross-linked poly(ethyl acrylate) (network 1) and a coll)oly-
mer of styrene with methyl methacrylate (network 2).'2
If network I is synthesised first, and then swollen in a
monomer serving as intermediate for the second network,
the properties of the resulting interpenetrating networks
differ considerably from the “inverse” product obtained
when network 2 is synthesised first. We shall discuss
the properties of such networks in a later Section.

II. EFFECTIVE DENSITY OF BRANCH POINTS

A fundamental characteristic of the structure of a
network polymer is the effective density of branch points,
which must therefore first be determined and compared
with those in the individual network polymers in order to
describe the properties of interpenetrating networks.

Shibayama and Suzuki made such an investigation on
interpenetrating networks comprising styrene-divinyl-
benzene copolymers’ obtained by the first method to give
Ws/W) ratios of 1-2 (where W1 and W2 are the weights of
the first and second networks). The effective density of
the network ve, determined by means of the equation

v.=FE[3dRT,

where E is the modulus of rubberlike elasticity and ¢ the
density of the specimen, was compared with the density
of the network vT calculated from the ratio of the mono-
mers in first and second networks. Fig. 2 illustrates
the dependence of ve on vT for the first network (line 1)
and for the interpenetrating networks (line 2). Values of
ve are evidently higher for the latter, which was attri-
buted' mainly to an increase in the number of mechanical
contacts on interpenetration of the two networks. The
swelling of these specimens in toluene and in acetone was
less than those of the individual polymer networks, which
confirms the increase in ve for the interpenetrating net-
works. Similar results were obtained by Millar'' for the
same system.

Frisch et al. ®*"°® have studied the density of cross-
linking of interpenetrating networks obtained from chemi-
cally different polymers. They determined ve by means
of the Cluff-Gladding relation’

v, = 2 oS

¢ 8 BART’
where % is the height of the undeformed swollen cylindrical
polymer specimen, 4o its cross-sectional area, S the
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slope of the linear dependence of the compression of the
specimen on the applied stress, R the universal gas con-
stant, and 7 the absolute temperature. Frisch suggests
that, if ve for the interpenetrating networks is greater
than the arithmetic mean calculated from the ratio of the
initial polymers, the networks should exhibit interpene-
trability: i.e. he regards ve for the mixed system as a
measure of the degree of interpenetrability of the networks.

10™%p,, moles g™!
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o
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Figure 2. Dependence of Ve on v for: 1) first network;
2) interpenetrating networks based on styrene-divinyl-
benzene copolymer.

Table 1. Densities of cross-linking Ve of interpenetrating
networks and of individual components.
10t.v,, 104
System € 3| @ %l System e Ds. %
mole cm" mole cm-3
Poly(butadiene -styrene) 0.094 —_ Polyuréthane + polyacry-
Polyacrylate 0.385 — late 0.392 9.5
Polyurethane 0.350 — || Polyurethane + poly-
Polychloroprene 0.306 — (butadiene- styrene) 0.055 —
Polyurethane + poly-
chloroprene 0.390 21.9
Polyacrylate + poly(buta- 0.342 425

diene ~styrene)

The mixed system is considered to comprisethree phases—
networks I and 2 with an intermediate region 3—the total
network density of which is defined as

Ve = @; (Ve)y + Dy (ve)o + D [(ve)y + (Veols

where (veh and (ve): are the network densities of the
individual polymers, and the ® are the fractions by volume
of the different regions, with &1 + ®2 + &3 = 1. If 41 = &5,
we have vg = %g(ve)l + (ve)z2] (1 + ®3), and therefore @3 =
[ve - (ve)o]/(Ve)o, where (vel, the density of cross-linking
of the system in the absence of interpenetrability, is given
by the arithmetic mean of the ve for the individual com-
ponents. Thus &3 represents the degree of interpenetra-
bility. Table 1 lists values of ve obtained by Frisch et al. °
for the system and for the individual components. In
several cases ®3 > 0, which suggests interpenetrability,
but for the polyurethane-poly(butadiene-styrene) system
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%, < 0, since ve < (ve)o. Thisis explained by the plasti-
cising action of poly(butadiene-styrene) on the polyure-
thane network., It was also found that this interpenetrated
system swells considerably more than did the individual
polymers, which confirms the observed diminution in ve
relative to the components.
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Figure 3. Dependence of effective density of cross-
linking of interpenetrating networks on polyacrylate con-
centration c: 1) experimental; 2)theoretical.

Interesting results on the composition dependence of
the density of cross-linking were obtained by Frisch® for
a polyurethane~polyacrylate system. Fig.3 shows an
extremal dependence of density of cross-linking of the
interpenetrating networks on the polyacrylate content.
Maximum Ve is observed at 70% of the latter. The
absolute densities of cross-linking are considerably
greater than those calculated from the stoichiometric
composition. This system will be considered in greater
detail in connection with mechanical properties,

IV. EFFECT OF TEMPERATURE ON VISCOELASTIC
PROPERTIES

A considerable proportion of research on interpene-
trating networks has been concerned with mechanical
properties and their temperature dependence. Such an
approach provides information on temperature transitions,
as well as some indication of the compatibility of the
components. '

Investigation of the temperature dependence of Young's
modulus for the poly(ethyl acrylate)—poly(methyl meth-
acrylate) system® has revealed a broad transition region,
and dilatometric examination shows also a glass point.
Curves representing the variation of the modulus during
stretching under creep conditions obtained* for the same
system show a broad transition region. The range of
dispersion of Young's modulus is greater for interpene-
trating networks. From the results obtained for this
system Sperling suggests that poly(ethyl and methyl meth-
acrylates) are partly compatible components in the forma-
tion of interpenetrating networks.
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Examination of the relaxation properties of polymer
mixtures, e.g. for 50 : 50 mixture of poly(vinyl chlorid(lez
and SKN-40 [butadiene—acrylonitrile] synthetic rubber™",
also revealed a single broad transition region.

=50 50 150

Figure 4, Temperature dependence of Young's modulus
for interpenetrating networks containing different quanti-
ties (%) of polystyrene: (a) first: 1) 0; 2)24.4; 3)61.6;
4) 75.7; 5) 100; (0) second: 1) 0; 2)25.6; 3) 56.9;

4) 72.4; 5) 100,
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Interpenetrating networks based on poly(ethyl acrylate)
and polystyrene? exhibit different properties from the
above system: the temperature dependence of Young's
modulus reveals two transitions, corresponding to the
respective polymers (at —16 and 75°C). The occurrence
of two glass points clearly indicates the formation of two
polymer phases in systems of this type. The transition
temperatures do not correspond to the glass points of the
homopolymers: that of poly(ethyl acrylate) is —22°C, and
that of polystyrene 100°C. This was attributed to incom-
plete phase separation and the existence of an intermediate
region in the interpenetrating networks.

Interesting results on the temperature dependence of
Young's modulus E were obtained by Sperling for inter-
penetrating networks based on a crystallising and a non-
crystallising homopolymer—res(gectively polybutadiene
and polystyrene—first series'®™®, A second series of
specimens was obtained from non-crystallising polybuta-
diene with polystyrene. The temperature dependence of
the modulus (Fig. 4) reveals for the first series two tran~
sition regions, with the glass point corresponding to poly-
butadiene in the interpenetrating networks higher than in
the homopolymer, and that corresponding to polystyrene
in the mixed system lower than in the pure polymer.
Similar results were obtained for interpenetrating networks
based on polystyrene and a polyacrylate.

Incidentally, closer approach.of maxima in binary
systems was observed when the method of dielectric losses
was used to investigate polymers containing polymeric
fillers'®, which was attributed to the mutual influence of
the components on the molecular mobility of the polymer
chains.

Table 2. Incompatibility numbers for first and second
series of interpenetrating networks.
Series Sty;«:ne, LN. ﬂ Series Sty;ne, LN.
First 61.6 0.81 | Second 56.9 0.62
75.7 0.90 2.4 0,65

Interpenetrating networks based on crystallising poly-
butadiene do not crystallise over the temperature range
investigated (Fig. 4a), exhibiting merely a steeper fall in
modulus with temperature than for the second series.

The transition ranges are broader in the latter than in the
first series. Sperling suggests that the degree of incom-
patibility should be assessed from the results. He intro-
duces the concept of “incompatibility number (I.N.)”,
which can be calculated from the temperature dependence
of the modulus by means of the equation
~1 -1

IN—1—2*5%

2X;*
where X = d(lg¥)/dT, the subscripts I and 3 correspond
to the two transition ranges, and 2 denotes the plateau
between the transitions. The incompatibility number
varies from zero for a compatible system to unity for an
incompatible system. The values listed in Table 2 show
that the components of the first series are more incom-
patible than those of the second series. The reason is
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that the polybutadiene in the former series crystallises;
the possibility of crystallisation or increase in the degree
of order in this series tends to increase the incompati-
bility number.

E' E",dyn cm™2 E' E", dyn cm™

10 " 10 "0 I f’ ®)
.
o
109 w3
i £
104 08—
10 7 L —— Y4 1 L 1 ]
=50 9 S50 100 150 -50 0 S50 100 150
t,;0 t;C
Figure 5. Temperature dependence of E’ and E' for

interpenetrating networks of: a) 48.8% of poly(ethyl acry-
late) plus 51.2% of polystyrene; ) 47.1% of poly(ethyl
acrylate) plus 52.9% of poly(methyl methacrylate).

Interpenetrating networks of poly(ethyl acrylate) and a
copolymer of styrene and methyl methacrylate, with
tetraethylene glycol dimethacrylate as cross-linking
agent, were chosen'® for the investigation of viscoelastic
properties because the components of the copolymer were
chemically different and incompatible polymers, while the
polyacrylate and the polymethacrylate were partly com-
patible, as noted above. It was supposed that the degree
of compatibility of the interpenetrating constituents would
vary considerably with composition. An additional
reason for the choice was that polystyrene and poly(methyl
methacrylate) have closely similar glass points (100 and
105°C), so that their copolymer would have a similar
glass point, which would simplify analysis of the experi-
mental results. Interpenetrated specimens were obtained
with different contents of methyl methacrylate in the
copolymer and also with different proportions of the con-
stituent polymers, yielding diverse properties. The
temperature dependence of the complex modulus of elas-
ticity for the systems based on poly(ethyl acrylate) and
polystyrene reveals two transition ranges for both real
and imaginary parts E’ and E'" (Fig.5a). The transition
corresponding to the former polymer is 10 deg above that
for the polystyrene homopolymer., In Sperling's view
this indicates some molecular compatibility, With inter-
penetrating systems based on the polyacrylate and the
copolymer the peak in the temperature dependence of E '’
becomes broader in the copolymer, and the second tran-
sition gradually disappears, Interpenetrating systems
comprising the polyacrylate and the polymethacrylate
exhibit only one transition in the temperature dependence
of E' and E' (Fig. 50), covering a temperature range
around 100°C; these results support the earlier conclu-
sion concerning the compatibility of this system.
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With a high content of the elastomeric component—
poly(ethyl acrylate)—the real part E' drops rapidly after
a low-temperature transition (I'ig. 6a), but with a low con-
tent it varies little with temperature (Fig.6b). From
this Sperling deduces that the elastomer forms the con-
tinuous phase in the first case, whereas the plastic phase
is continuous in the second case.

E' E" dyn cm™?

10"
- 134
)
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Figure 6. Temperature dependence of E' and E'' for
interpenetrating networks of poly(ethyl acrylate) and poly-
styrene: @) T4.4% + 25.6%; b) 23.9% + 76.1%.

This worker showed also'® that the components of the
complex modulus and their temperature variation depend
on the mode of preparation of the system, The experi-
mental results plotted in Figs. 5 and 6 relate to inter-
penetrating networks in which the elastomeric part had
been synthesised first, and the second network had been
polymerised in it (after the monomeric mixture had
swollen). But if the second network is prepared first,
and then the first network—poly(ethyl acrylate)—is poly-
merised in it, the resulting “inverse” network exhibits a
different temperature dependence of the modulus, The
“inverse” system was more rigid than a system obtained
by the first method, which indicates the continuity of the
polystyrene phase in this network.

Thus investigation of the viscoelastic properties of
these systems has shown that those based on poly(ethyl
acrylate) and polystyrene are almost incompatible, where-
as those comprising the polyacrylate and poly(methyl
methacrylate) exhibit considerable miscibility. Materials
having different degrees of compatibility are obtained by
varying the ratio of the components and the content of the
polymethacrylate.

In the investigation of the viscoelastic properties of
interpenetrating networks of polyurethane and the poly-
acrylate, Frisch tried to apply to the results a model
developed by Takayanagi?® for mixtures of polymers.
The polyacrylate was regarded as a matrix in which the
polyurethane was dispersed. He used the equation

E:x(—‘?—.‘—ii)ﬂ +(1—NEp
Epu ra /

in which E*, E¥,,, and Ef,a are the complex moduli of the
system, polyurethane, and the polyacrylate respectively.
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The parameters ¥ and A are related by the formula YA =
®pu, the fraction by volume of polyurethane in the sys:tem.
The closest agreement with the experimental results is
obtained by assigning to X the values 9.45, 0.620, and 0.88,
and to ¥ the values 0.667, 0.806, and 0.795 for percentage
ratios of the polyacrylate to the polyurethane of respec-
tively 70/30, 50/50, and 30/70. The experimental results
were satisfactorily described by one of the models
developed for mixtures of polymers.

Sperling et al.*® also showed that the experimental
viscoelastic results for the interpenetrating networks "
were described satisfactorily in terms of Bauer's model™,
in essence a modified Takayanagi model®. The applica-
bility of mechanical models developed for mixtures com-
prising one polymer dispersed in a matrix of another
provides additional indirect evidence that interpenetrating
networks constitute a two-phase system.

V. MECHANICAL STRENGTH CHARACTERISTICS

In the preparation of interpenetrating networks it is
important to compare their mechanical strength indices
with those for the individual polymers, and it is also
necessary to monitor the variation of these indices with
the ratio of the initial network polymers.

Investigation of the strength properties of the systems
based on crystallising and non-crystallising polybutadienes
with polystyrene (the first and second series above) has
shown'® that a system having a low polystyrene content
behaves as a reinforced elastomer, exhibiting high
strength and elongation. Increase to 50% of polystyrene
is accompanied by an increase in strength to tenfold that of
cross-linked polybutadiene. The maximum elongation at
rupture is also greater for the interpenetrating networks
than for cross-linked polybutadiene. The former are
comparable in strength with a block copolymer of styrene
and butadiene, but considerably stronger than the random
copolymers. The first series are rather stronger than
the second series, as a consequence of the ability of poly-
butadiene in the former to crystallise when stretched.

The impact strength of interpenetrating networks having a
high polystyrene content exceeds those of a graft copolymer
of the same nature and of a styrene homopolymer by fac-
tors of 4 and 15 respectively.

The strength properties of interpenetrating networks
of poly(ethyl acrylate) and a copolymer of styrene and
methyl methacrylate'® depend on which network was the
first to be obtained. The “inverse” system (with the
copolymer obtained first) is considerably stronger than the
“straight” system, but maximum elongation at rupture is
greater with the latter. Systems of this type, containing
a large proportion of the copolymer, have properties
almost unaffected by variation in the composition of the
copolymer, i.e. by change in the ratio of styrene to methyl
methacrylate in it. Such behaviour has been interpreted
in terms of the morphology of the networks, as will be
described below.

Frisch et al.®”® obtained several interpenetrating sys-
tems that were usually intermediate in strength between
the component networks. In most cases the experimental
strength and maximum elongation were smaller than the
theoretical values calculated from the composition. The
system formed by polyurethane and a polyacrylate was an
exception: its experimental strength exceeded the calcu-
lated value, and was almost equal to that of pure polyure-
thane. However, interpenetrating networks of polydime-
thylsiloxane and a polyacrylate are stronger than either of
the component polymers.
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Interpenetrating networks of polyurethane and a poly-
acrylate showed an unexpected variation in strength pro-
perties with the content of the latter polymer (Fig.7): the
strength passed at 10% of the polyacrylate through a mini-
mum, and at 75% through a maximum considerably above
the strength of pure polyurethane. Frisch attributed the
minimum to a decrease in the concentration of hydrogen
bonds resulting from introduction of the less polar poly-
acrylate, which is then functioning as a plasticiser.
Subsequent increase in strength is due to a greater number
of tangles (contacts) in the system, which tend to “over-
come” the diminished concentration of hydrogen bonds.
The tangles are assumed to reach a maximum at 75% of
the polyacrylate. This is supported by the maximum
density of cross-linking at 70% of the polyacrylate (Fig. 3).
The density of cross-linking then diminishes, and hence
the strength falls, The presence of polyurethane confers
great stretchability on this system; in most cases the
maximum elongation at rupture determined experimentally
exceeds the calculated value.
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Figure 7. Dependence of tensile strength of interpene-
trating networks of polyurethane and a polyacrylate on the
content of the latter: 1) experimental, 2) calculated.

The above non-monotonic variation in strength proper-
ties and density of cross-linking has been observed in the
properties of polyurethanes as functions of the content of
inorganic fillers (Aerosil and carbon blacks).® In the
case investigated by Frisch, the polyacrylate might be
regarded as a polymeric filler for the polyurethane.
Regarding the properties of interpenetrating networks as
those of polymer—polymerlc filler systems has been an
extremely fertile approach®, which we shall discuss in
detail in connection with the properties of filled interpene-
trating networks.

VI. STRUCTURE

Electron-microscopic investigation of the morphology
of various types of interpenetrating networks undertaken
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by Frisch et al. and also by Sperling et al.***® confirms

the presence of two polymeric phases deduced from the
viscoelastic properties.

Electron micrographs obtained by Frisch et al.”” for a
polyacrylate and for polyurethane separately revealed no
clearly defined structures, whereas those for the inter-
penetrating networks exhibited regions differing in optical
density, which were regarded as indicating the presence
of two phases corresponding to the individual components.
Furthermore, the distance between regions of polyure-
thane embedded in the polyacrylate matrix diminished as
the polyurethane content increased from 30% to 50%, and
at 70% polyurethane had become the matrix, in which poly-
acrylate regions were embedded: i.e. inversion had
occurred. In this last case the strength was at a mini-
mum (Fig.7). Increasing the content of the “rigid” phase
(the polyacrylate) produces an initial increase in strength,
as noted earlier, to reach a maximum at a 70% content.
Unfortunately, micrographs were not obtained at higher
polyacrylate contents, so that further comparison of the
mechanical characteristics with the morphology of the
interpenetrating networks is impossible.

Sperling has made an electron-microscopic examination
of ultrathin sections of interpenetrating networks of poly-
(ethyl acrylate) and a copolymer of styrene with methyl
methacrylate'®. The micrographs reveal a complicated
cellular structure with cells of ~ 1000 A, containing a fine
structure with regions of ~ 100 A. With equal quantities
of the polyacrylate and polystyrene, the cell boundaries
consist of the polyacrylate, while the intracellular region
is filled with polystyrene. With equal quantities of the
polyacrylate and of the copolymer, the cell boundaries
become less well defined with increase in the content of
methyl methacrylate in the copolymer, and the regions of
fine structure become larger. When the polystyrene units
have been completely replaced by poly(methyl methacry-
late), no cellular structure is evident on the micrographs,
but the system consists of two phases, exhibiting regions
of the polymethacrylate and of the polyacrylate. When the
ratio of polyacrylate to copolymer is 75/25, i.e. with
elastomeric interpenetrating networks, two polymer phases
are observed. Initially, when pure polystyrene enters the
system, the dimensions of its regions vary between 800
and 1500 A while the polyacrylate particles are 100 Ain
diameter. On the introduction of poly(methyl methacry-
late) units the copolymer particles contract to 200-750 A
and a fine dispersion of polyacrylate particles in the poly-
methacrylate is observed when their ratio is 75/25; no
cellular structure is detected. When the ratio of poly-
acrylate to polystyrene (or the copolymer) is 25/75, the
morphology varies little with the content of polystyrene
or copolymer having a variable quantity of poly(methyl
methacrylate). The cellular structure is considerably
less well defined than in the previous cases. The strength
characteristics remain practically unchanged in the last
case, as noted above.

In all the systems poly(ethyl acrylate)—the polymer
formed first-—constitutes a matrix in which particles of
the second polymer phase are disseminated. However,
with inverse systems-—in which polystyrene, poly(methyl
methacrylate), or a copolymer thereof has been formed
first—the matrix is a plastic polymer phase in which are
distributed particles of the polyacrylate of mean size
150 £. Thus the morphology of the system is determined
by the network produced first, which forms the matrix,
Furthermore, the nature of the matrix governs the
mechanical strength parameters: if the matrix is the
elastomeric polyacrylate, the system is deformed to a
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greater extent; conversely, if the rigid component—poly-
styrene, the polymethacrylate, or the copolymer —was the
first to be produced, the resulting system undergoes less
deformation.

Investigations of the morphology of polymer mixtures
in general have revealed only in certain cases™ such small
particles of polymeric phases (< 100 A) as observed by
Sperling for the above systems, This is a specific effect
of the first method for obtaining interpenetrating networks,
which permits the heterogeneity of the complex system to
be diminished. In the second method, used by Frisch
et al., °® considerably larger polymeric phase regions are
obtained. These results confirm the above considerations
on the advantages of the first method.

Thus the morphological investigations combined with
the mechanical properties of the systems indicate that the
strength characteristics are determined by the polymer
network that forms the matrix. This has been clearly
shown by Sperling '***® in an examination of the morphologi-
cal, viscoelastic, and other mechanical properties of inter-
penetrating networks of poly(ethyl acrylate) and a copoly-
mer of styrene with methyl methacrylate.

Nevertheless, the morphological investigations support
the two-phase character of the systems deduced from the
viscoelastic properties. The heterogeneity depends on
the composition and the mode of preparation; in some
cases it is very slight, as noted above. However, these
methods of investigation cannot give a criterion of the
true, thermodynamic compatibility of the components.

Yet hardly any study has been made of the changes in
thermodynamic functions accompanying the mixing of net-
work polymers,; a few data only are available on the
temperature dependence of heat capacity for interpene-
trating networks.

VII. CALORIMETRIC AND SPECTROSCOPIC STUDY

The application by Frisch of differential scanning
calorimetry to interpenetrating networks of polyurethane
and a polyacrylate indicated some interaction between the
component polymers ®. This method gave glass points
for the individual polymers identical with those obtained
from mechanical relaxation data. In contrast to dynamic
mechanical results, however, a single continuous transi-
tion was observed for the interpenetrated system, not
two glass points. Frisch explained this by specific fea-
tures of the two methods: whereas mechanical relaxation
involves the movement of chain segments, large units—
whole molecules or groups of molecules—must be con-
sidered in calorimetric measurements. In other words,
the presence of a single glass point indicated by visco-
elastic results was attributed by Frisch to compatibility
or interpenetration of segments, whereas the presence of
a transition established from heat-capacity measurements
represented mixing of small groups of molecules. In the
opinion of the Reviewers the explanation given by Frisch
can hardly be accepted as satisfactory. It is more
probable that such divergence in the results obtained by
the two methods is due to a difference in their resolving
power.

No new absorption bands were detected on the applica-
tion of infrared spectroscopy to interpenetrating networks
of polyurethane and the polyacrylate °: only bands charac-
teristic of the individual polymers were observed. Hence
chemical interaction does not occur between the mixed
three-dimensional systems.
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VII. FILLED INTERPENETRATING NETWORKS

It has been noted above that interpenetrating networks
can usefully be regarded as containing a polymeric filler.
Investigation of the effective density of branch points in
network polymers into which inorganic fillers have been
introduced at the stage of formation of the three-dimen-
sional network showed? that the network is more imper-
fect in the presence of the large surface area than when
polymerisation occurs in the absence of a filler. The
reason is that the strongly developed filler surface at the
beginning of the reaction may increase the rate of termi-
nation of reaction chains at the surface, with a consequent
diminution in the frequency of network formation, which
becomes more imperfect. Adsorption of growing polymer
chains on the filler surface at later stages in the reaction
produces a considerable decrease in their mobility, which
affects the rates both of growth and of termination. All
this tends to result in a more imperfect structure of the
three-dimensional network.

In view of the above considerations the Reviewers have
compared ' the properties of individual network polymers
containing inorganic fillers with those of filled interpene-
trating networks and of such systems filled with Aerosil
introduced into one of the polymers. Polyurethane was
the first network, and was then swollen in a mixture of
styrene and divinylbenzene with addition of benzoyl per-
oxide and further polymerisation of the second, copolymer
network. Determinations were first made of the densi-
ties of the specimens and the effective frequencies of
branch points both in the initial components and in the
interpenetrated system. The experimental densities were
intermediate between those of the individual networks,
in agreement with results obtained by some workers **° but
contradicting those obtained by Millar'', who found that
the density of the interpenetrating networks had increased
relative to those of the initial components. The experi-
mental densities were in several cases, in particular with
small Wz/W; ratios, less than the additive values, With
increase in this ratio and in the filler content the experi-
mental density approaches the theoretical value and then
exceeds it, which is especially noticeable at high Wz/W)
ratios and the maximum filler content,

Flory's method** was used for the quantitative assess-
ment of the variation in frequency of interpenetrating net-
works, Dioxan was used for swelling, since the tempera-
ture dependence of the volume fraction vz of the polymer
in the swollen gel showed that the parameters for inter-
action of the individual network polymers with this solvent
were very closely similar at Y = 0.30. Hence this value
can be used to calculate the network frequency in the
interpenetrated system. The results listed in Table 3*
show that the experimental effective network densities
ve/v are always smaller than the additive values calcu-
lated from those of the individual networks.

The effective density of branch points for the system
investigated is “intermediate” between those of the indi-
vidual networks: it exceeds the density of polyurethane
and is less than ve/v for the copolymer. These results
were explained on the basis of the above views and earlier
ideas on the structure of filled polymers®*’*°, Interpene-
trating networks can be regarded as filled systems in
which one of the networks is a continuous network poly-
meric filler for the other. An attempt can then be made
to describe the properties by the effect of a filler on the
structure of a network formed in its presence. It had
already been established that the structure of a polymer
network produced in the presence of a solid surface always
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Table 3, Theoretical and experimental values of 10*v¢/v for interpenetrating networks of poly-
urethane (first) and a styrene—divinylbenzene copolymer (second).
1o (v.) Individual
v/ networks, 1% Divinylbenzene 2% Divinylbenzene 3% Divinylbenzene
Aerosil, expt. w, W, w,
4 2 second i v, Ve Av, i Ve Ve Avy i Ve Ve Ave
+ 3% divi- Ye ve Ve o Ve e ave e Je o SV
first f;l;en:i:;w W(v)expt. w*(ﬂ)them. lo* — . 10 (v)expt.lo.(v)lhcox. w‘( v) m-(")expz m(u)mem 10t —
0 5.0 | 14.0 30.0[0.305| 5.4 7.0 —1.6 [0.283 6.2 7.8 —1.6 [0.280| 6.8 1.9 | —5.39
- - — [0.348] 5.1 7.4 —2.0 |0.268) 5.9 7.9 —2.0 [0.308] 6.2 12,2 | —6.0
- 0.412] 4.0 6.1 —2.4 [0.175] 4.6 6.0 —1.4 [0.242] 5.0 9.8 | —4.8
05 | 40 9.0 12.0 [0.447| 3.9 6.4 —2.5 [0.256] 4.7 6.3 —1.6 [0.240 4.4 9.8 | —4.4
0.305| 4.2 6.6 —2.4 lo.207] 4.5 10.7 | —6.2
0.494] 4.7 7.7 | —2.0 |o.500] 4.7 13.7 | —9.0
0.492| 5.9 7.5 —1.6 [0.289] — 7.8 0.328) 5.9 12.3 | —6.4
1.0 | 5.0 | 10.0 18,0 |0.554] 5.5 7.5 —2.0 [0.462| 6.6 8.6 —2.0 |0.666] 6.2 6.3 |-10.4
2.985 7.1 2%.6 175
0.425| 6.3 7.5 —1.2 lo.149) 6.7 7.0 —0.3 {0.44( 6.9 8.5 [—1.6
15 [ 6.0 11.0 18.0 |0.498| 6.3 7.7 —1.4 [0.443 7.2 8.6 —1.4 (0.697] 6.7 16.4 | —9.7
0.501 7.0 8.9 —1.9

differs from that of an unfilled polymer: for example,
the effective network density of a polymer formed in the
presence of a dispersed filler is usually less than the
network frequency of the unfilled polymer. In the pro-
duction of interpenetrating networks the second network,
i.e. the styrene~divinylbenzene copolymer, is formed in
the presence of an existing first network (polyurethane),
i.e. in the presence of a solid surface. As in a filled
polymer, therefore, defects may appear here in the net-
work owing to a diminished quantity of chemical branch
points and the generation of “free ends” in the network.
The effective density of branch points in the second net-
work, formed in the presence of the first network, will
therefore be smaller than the frequency of the individual
second network.

Nevertheless, chain entanglements are formed during
polymerisation, which act as additional network branch
points, and hence increase the total density of branch
points in the interpenetrating networks. The experimen-
tal ve/v will be greater or less than the additive value
depending on which of the effects predominates, and in
some cases equality may be expected. In view of the
above considerations the suggestion by Frisch that ve/v
be regarded as an index of the compatibility of the com-
ponents in the interpenetrating networks cannot be
accepted unreservedly: the components may be partly
compatible even when (ve/v)exp < (ve/V)theor-

Inspection of Table 3 shows also that the difference
between experimental and theoretical values of ve/v
increases with the content of cross-linking agent in the
second network, and especially with the content of the
latter in the system, i.e.with increase in W2/W,. A
similar type of variation in ve/v is found for interpene-
trating networks containing an inorganic filler previously
introduced into the first network: the difference between
experimental and theoretical values increases with the
content of the second network and with its “hardening”
resulting from increase in its content of cross-linking
agent—divinylbenzene,

Both these factors—increase in the content of divinyl-
benzene in the second network and increase in the ratio
Wa/Wy—tend to increase the number of rigid phenyl
groups in unit volume, which prevents formation of

chemical branch points in the interpenetrating network
and also “hardens” the chain segments between the
branch points, preventing formation of physical branch
points by the interaction of polar groups. The latter
effect is very significant, since it had been established
earlier ? that the proportion of physical links in polyure-
thane networks is very large. However, the introduction
of rigid blocks, as occurs in the system described here,
decreases this proportion. All these increase the diver-
gence between experimental and calculated ve/v. Thus
the effective density of cross-linking of interpenetrating
networks is determined by the chemical structure of the
initial components and also by their proportions.

Temperature transitions in these systems have been
studied by measuring dielectric losses at 300 Hz over a
wide temperature range (from ~130 to +120°C)**, The
styrene~divinylbenzene copolymer does not exhibit a
maximum value of tan 8 within this range. Results are
therefore reported for the temperature dependence of
tan 6 for the polyurethane network and for the interpene-
trating networks with a constant W2W) ratio and different
quantities of filler (Fig.8). A maximum in tané corre-
sponding to dipole—segmental losses of cross-linked poly-
urethane (Table 4) is observed at —10°C, and shifts to
-4°C on introduction of the maximum quantity of filler,
owing to the restriction of segmental mobility of the
chains between the branch points of the polyurethane net-
work, This is consistent with effects observed earlier *.

Increase in the filler content in the interpenetrating
networks displaces tan 6max to higher temperatures.
A similar effect is produced by increasing the degree of
cross-linking in the second network. Thus an analogy
can be drawn between the effects of the filler and of rigid
blocks of the second network on the molecular mobility of
the chains between branch points of the first network.
The combined effect of these factors shifts the maximum
losses from —10to 0°C: i.e. a considerable decrease in
segmental mobility of the chains occurs between branch
points in the first network. The absolute value of tan &
is greatly diminished, which also indicates increased
chain rigidity in the first network.

A structural investigation of this system was made
also under a UEMV-100V electron microscope by the
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10%tan §

Figure 8.

Temperature dependence of tan for interpenetrating networks of polyurethane

and a styrene—divinylbenzene copolymer for different ratios W,/W, and Aerosil contents (%):

1) 0.3 +0; 2) 0.3 +0.5; 3)0.3+1;

Table 4. Dependence of temperature of maximum losses
Tmax (°C) on quantity of filler in polyurethane (first net-
work) and in interpenetrating networks with Wa/Wh = 0.5.

4) 0.7 + 1.

Aer;sﬂ, First Divinylbenzene, Ae‘}rsosil, l First Divinylbenzene,
1% | 3% | 1% 3%

0.0 —10 —11 —5 1.0 ’ —5 —8 —1
0.5 —3 —9 —3 5,0 —4 —2 0

replica method with preliminary treatment in the oxygen
plasma of a high-frequency discharge?®; the individual
networks were also examined. A polyurethane rubber is
characterised (Fig. 9a) by clearly defined globules of size
0.2 um and by the presence of interglobular regions. The
styrene—divinylbenzene copolymer exhibits smaller glo-
bules (0.05 pm), which are considerably less well defined
(Fig.9b). Specimens of the interpenetrating networks
contain coarser globules (0.4 pm) than in the first network,
separated by interstructural regions (Fig.9¢c). The
globules are considerably farther apart than in the first
network,

From these results it was concluded that formation of
the second network in the presence of the first is accom-
panied by an increase in the distance between the globules
in the latter as the interglobular regions become filled
with the copolymer. At the same time the globules them-
selves become larger (Fig.9c). Thus during swelling of
the first network in the mixture of monomers, the latter
penetrates not only into the interglobular regions but also
into the globules themselves, in which copolymerisation
also takes place. Thus introduction of the second network
has a significant influence on the structure of the first,
leading to increased heterogeneity of the system.

In contrast to the structural investigations made by
Sperling and by Frisch, the Reviewers examined'* the

Figure 9. Micrographs of platinum-carbon replicas of
the surfaces of: a) polyurethane rubber; o) styrene-
divinylbenzene copolymer; c ) interpenetrating networks
of (¢) and (b).

effect of a filler (Aerosil) on the structure of the first
network and on the interpenetrating networks obtained
from it. Introduction of 1% of Aerosil into polyurethane
suppresses the formation of large globules in the first
network (Fig. 10a), so that the resulting system containing
the filler previously introduced into the first of the con-
stituent networks differs from the unfilled system (Fig.
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100) in having less clearly defined structural inhomogen-
eity, Thus the introduction of a filler into interpene-
trating networks may change significantly the structure
and probably the physicomechanical properties.

Figure 10. Micrographs of platinum-carbon replicas of
surfaces of: a) polyurethane rubber filled with 1% of
Aerosil; b) interpenetrating networks of polyurethane and
of a copolymer, filled with 1% of Aerosil, of styrene and
divinylbenzene.

The physicochemical and mechanical properties of a
polymer are largely determined by the density of packing
of the macromolecules. When applied to network poly-
mers, this becomes the density of packing of chain seg-
ments between chemical branch points. Any change in
intermolecular interactions in the system leads to a
change in the density of packing of the macromolecules.

Table 5. Specific surfaces and cohesive energy densities
of individual and interpenetrating networks containing
various quantities of Aerosil.

Network (W,/ W1) plus Aerosil Surface, Energy
m? g'l cal cm”
First (polyurethane) 24.20 841 1.5
Second (styrene~-divinylbenzene) 4.96 95+ 1.5
Unfilled 0.3 21.10 100+ 1.5
0.3+0.5% 16.12 100 1.5
03+1% 11.16 -
0.3 +0.5% 8.37 -
0.66 + 1% 4.03 -
298+ 1% 2.03 -
Unfilled 0.443 - 100 1.5

The variation in the porosity of the interpenetrating
networks of polyurethane and the styrene-divinylbenzene
copolymer, both filled and unfilled, was investigated by
the Reviewers'®., Since the second network is formed in
the presence of the already formed first network (filled
and unfilled), the process obviously being accompanied by
adsorption of growing chains at the surface of the filler
and of the first network, changes must be expected in the
porosity and other parameters of the polymer.

Russian Chemical Reviews, 45 (1), 1976

The variation in the porosity was assessed from the
sorption of hexane, which is inert towards the interpene-
trating networks, and can thus be used to determine the
specific surfaces of these polymers®®, Fig. 11 shows
that all the isotherms are sigmoid. The BET equation can
be applied to such isotherms to calculate the specific
surface, which serves here as a measure of porosity =,
The calculated resulis (Table 5) show that the first network
has a considerably larger specific surface than has the
second. Values for the interpenetrating networks are
intermediate between those for the individual networks,
but closer to the specific surface of the second network.

L /s
0|

0 20 30 40 50 60 70 60 S0 Iﬁﬂp/gg

Figure 11. Isotherms for the sorption of hexane vapour
by individual and interpenetrating networks with different
¥eW1 ratios and contents (%) of Aerosil: 1) unfilled poly-
urethane; 2) 0.3+ 0; 3)0.3+0.5; 4)0.3+1; 5)0.3+5;
6) 0.66 +1; 7)2.98 + 1; 8) unfilled copolymer of styrene
with 3% of divinylbenzene.

The specific surface decreases, i.e. the porosity dimi-
nishes, with increase in the ratio Wz/W: and in the Aerosil
content of the first network. The specific surfaces of the
system and of the second network are so small that these
polymers can be regarded as non-porous sorbents in
Kiselev's classification*, whereas polyurethane appears
as a finely porous sorbent.

Thus entanglements of chain segments of these two
networks with a high content of the second network polymer
have a considerable effect on the porosity of the system.
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This may cause an increase in the density of specimens at
high W2/W, ratios, so that the experimental density
becomes greater than the theoretical value, as noted
above. On the other hand, the density of cohesive energy
for the interpenetrating networks is rather greater than
those of the individual networks (Table 5). Hence inter-
molecular interaction is greater in such systems than in
the separate networks.

Comparison of the properties of filled and unfilled
interpenetrating networks indicates that, if interpene-
trating networks are regarded as a filled system in which
one component network is a filler for the other, the ideas
developed by the Reviewers *?>'? on the effect of a filler
on the structure of a polymer network can be applied to
such systems. We must remember that we are then
dealing with a polymeric filler, and must bear in mind
that, in contrast to systems with mineral fillers, not only
are the properties of the polymer matrix influenced by the
filler surface but the properties of the polymeric filler
itself also change®®.

The above account shows that the problem of preparing
interpenetrating networks and studying their properties is
only in an initial stage of development, although the possi-
bilities of the practical application of such materials can
already be foreseen, Solution of the fundamental problems
of production still lies in the future. In conclusion,
therefore, we would like to discuss briefly certain aspects
suitable for immediate investigation.

---000---

The primary problem in the synthesis of interpene-
trating networks is the mechanism of formation of the
second network in the matrix of the first, in view of the
chemical and structural heterogeneity of any network
polymer®®. If our model based on the analogy with filled
polymer systems is accepted, the matrix will clearly
change significantly the conditions of formation of the
second network at the interface with the first, and hitherto
this has been almost entirely ignored. It is quite obvious
that the second network, produced in the first, will never
be identical in structure with the network of the same
polymer obtained under comparable conditions (of tem-
perature, proportions of components, etc.). Formation
of the second network takes place from the very start in
the highly viscous medium of the swollen first lattice,

i.e. actually under gel conditions. Thus the second net-
work will begin to be formed immediately at the gel point,
as it were, but how the gel of the second network will
actually be formed, what will be the parameters of this
gelation (the extent of reaction at the gel point, the molec-
ular-weight distribution, etc.), is still obscure. By
analogy with filled systems the supermolecular structure
of the first network will also influence formation of the
second network. Therefore additivity of the properties
of the two networks cannot in principle be expected:
where it is observed, the reasons must be sought.

If the second network is formed by a polymerisation
mechanism, chain transfers to molecules of the first net-
work are entirely probable, so that chemical bonding of
the two networks is possible even when such bonding should
not occur in view of the nature of the two systems. The
role of such reactions and the degree of bonding of the
networks are still to be elucidated.

The process is complicated also by thermodynamic
incompatibility and separation into two phases during
formation of the second network. The morphological data
reported indicate that the second network is actually

73

formed in interstructural regions of the first, so that
structure formation is taking place under complicated con-
ditions. The diagrammatic representation of the struc-
ture (Fig.1), therefore, does not correspond to the actual
situation, and perhaps we should speak not of interpene-
trating networks but of “parallel” or “coexisting” networks.
The structural approach to network formation developed
previously **** will therefore be especially fertile,

An important task of research on structure and pro-
perties is to establish the effect of the extent of swelling
of the first network, the temperature, and the thermo-
dynamics of the “solvent”, monomers of the second net-
work, etc. It is necessary also to assess the thermo-
dynamic interaction between the two networks and the
possibility of formation of a transition layer and combined
supermolecular structures (structural incompatibility),
since many properties are determined by the inhomogen-
eity of the resulting system; as with mixtures of poly -
mers, optimum properties will develop at a certain
degree of structural heterogeneity.

Thus we have been the first to detect by reverse gas
chromatography the formation of a transition region in
interpenetrating networks of polyurethane and a styrene—
divinylbenzene copolymer, and have estimated the enthal-
py of mixing as a function of the ratio of the networks %,
However, formation of this region does not indicate com-
patibility of the component networks, since the experi-
mental enthalpy of mixing was positive., We must there-
fore speak rather of forced compatibility in such systems.
The appearance of a transition region is probably con-
nected with the mechanism of the formation of interpene-
trating networks.

Further research is thus required to elucidate specific
aspects of the formation and the structure of interpene-
trating networks which govern their properties and poten-
tial applications.
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Published information is surveyed on the behaviour of low polymers of diverse chemical structure and on their dilute and
concentrated solutions. Consideration is given to the important role of terminal groups, to the |nﬂuen5:e of the hyd_ro.-.
dynamic permeability of a coil on polymer -solvent interaction, to the enhanced mobility of short chains, their flexibility,

etc. A list of 108 references is included.
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I. INTRODUCTION

Interest in the properties of polymers with low degrees
of polymerisation has recently grown considerably, owing
to the importance of their practical applications. These
compounds are widely used in the manufacture of poly-
meric paints, coatings, varnishes, special adhesives,
plastic foams, reinforced plastics, thickening additives
for lubricating oils, plasticisers, cements and various
compositions containing a solid filler, and diverse inter-
mediates' ™, Such polymers are also employed in the
synthesis of several high polymers. The ability of low
polymers to undergo deformation at low shear stresses
is exploited to simplify the technology of the production
of several polymeric materials.

Thus it is not fortuitous that research papers on them
have appeared during recent years. However, the
structure and the properties of low polymers and their
solutions, in contrast to macromolecular compounds, have
been insufficiently studied to date, and published informa-
tion is fragmentary as to the component composition of the
specimens investigated and contradictory as to results.
For this reason polymers with low degrees of polymerisa-
tion have not yet been fully utilised. Nor has the tech-
nology of the production of macromolecular compounds
from them been adequately developed.

II. BEHAVIOURAL FEATURES OF LOW POLYMERS
AND THEIR SOLUTIONS

The term ‘“oligomers” is applied to compounds of
molecular weight below 10000, whether homogeneous or
inhomogeneous in composition. Low polymers occupy
a special position, in a transition region between com-
pounds of low and of high molecular weight. The study of
short-chain polymers may therefore indicate the molecu-~
lar weight at which a molecule acquires the properties of
a polymer and when a substance can be said to be macro-
molecular. Low polymer systems and their solutions,
while having relatively low molecular masses, possess
characteristic rubberlike elasticity®®. Nevertheless,
they do not obey many of the rules that have been dis-
covered for high polymers. The past study of the struc-
ture of solutions of polymers™? of low molecular weight

has been relatively slight, whether theoretical or experi-~
mental. Molecular -weight determinations on such
polymers and investigation of the properties of their dilute
solutions have been accomplished by the modified methods
used for high golymers (low-angle X-ray scattering®,
viscosimetry'®, osmometry’*™"), as well as by methods
developed solelly for short-chain polymers (cryoscopy and
ebullioscopy™*~™®, end-group analysis'’, isothermal dis-
tillation'®).

Light scattering provides a most sensitive and accurate
method for obtaining reliable information on the structure
of macromolecules in dilute solutions'®, 1t is interesting
in the relative simplicity of the measurements combined
with the fairly rapid provision of very accurate data on the
conformational properties of macromolecules, size,
molecular weight, degree of chain branching, structure-
forming processes, etc. However, light scattering can be
used to examine polymers only of sufficiently high molecu-
lar weight, when the particle size exceeds significantly
the wavelength. This method has therefore been regarded
as inapplicable to oligomers.

During recent years, in connection with progress in
computer techniques, it has become common to investi-
gate model systems of oligomers with computer experi-
ments®°"*®, by particular Monte Carlo methods®*°™®, The
results obtained for model systems not only provide an
idea of the structure of the macromolecule and its
behaviour in solution but also permit analysis of earlier
theoretical views.

Published information on the properties of low poly-
mers and their solutions shows that, unlike compounds
with high degrees of polymerisation, these systems
possess several characteristics that cannot be interpreted
by the usual theory of polymer solutions: (i) terminal
groups of short-chain macromolecules have a significant
role, and such macromolecules are able to interact not
only among themselves but also with solvent molecules,
which may reasonably be expected to influence the shape,
size, and permeability of the coil; (ii) these compounds
have a transition region of conformations between coil and
rod, from compounds of low molecular weight to poly-
mers; (iii) the hydrodynamic permeability of the coil
affects polymer-solvent interaction, and the permeability
varies with decrease in the length of the macromolecular
chain in the transition region; (iv) the effect of long-
range interaction diminishes; (v) short chains show
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enhanced mobility and are capable of orientation and
interaction in the field of longitudinal and transverse
velocity gradients at low shear stresses; and (vi) oligo-
mers show almost the same capacity for elastic deforma-
tion, which is due to the presence of short, flexible
chains, relatively unstable intermolecular bonds, and a
mobile, fluctuating network. Many investigations have
shown that these factors have a significant influence on the
hydrodynamic, conformational, thermodynamic, and
rheological properties of oligomers.

I1I. PROPERTIES OF DILUTE SOLUTIONS

The interaction between macromolecules in dilute
solutions is d1v1ded into short-range and long-range
interactions®®, between repeating units respectively com-
paratively near together and far apart in the polymer
chain, Such interactions of units in the same chain are
one of the factors responsible for the excluded-volume
effect.

One of the main characteristics of a macromolecule in
SOIuthn is its thermodynamic (equilibrium) flexibility

hé/hén)"?, where the (k3)/* are the unperturbed dimen-
s1ons of the coils, when the effect of long-range inter-
actions is balanced by interaction with the solvent (second
virial coefficient A> = 0), and (kf;)'/® are the corresponding
dimensions with free rotation of the units in the chain.

The dimensions of a macromolecular coil depend on the
character of the intra- and inter-molecular interactions,
and can be estimated as

a0 = EYR)",

in which a, is Flory's coil-swelling coefficient® and the
(#*)"'* are the dimensions of the coil in an actual solvent.

For oligomers little experimental study has been made
of the effects of the nature of the solvent and of the degree
of polymerisation on the dimensions of the coil and its
properties. Coil size and shape have been determined by
optical and viscosity measurements in studies of the
properties of dilute solutions of low polymers®*®3~%,
Tsvetkov, Frisman, et al. 373 examined the dependence of
the intrinsic dynamic birefringence onthe molecular weight
of polyoxypropylene glycols and polystyrene of lowmolecular
weights. From the resultsthe persistent lengths of macro-
molecules of the oligomers and the molecular-weight depen-
dence of the intrinsic viscosity could be determined. In an
investigation of the properties of dilute solutions of polyure-
thanes and of butadiene-acrylonitrile rubbers of low molecu-
lar weight in various types of solvents use of the Stockmayer—
Fixman theory enabled the dimensions and the swelling
coefficients of real coils to be determined and the flexi-
bility of the macromolecular chain to be estimated by
light scattering'®®%, The depolarisation factor, char-
acterising the form of a macromolecular coil of polypro—
pylene glycol, was investigated® as a function of the
molecular weight and the concentration of the polymer by
the use of light scattering. The low-angle scattering of
light and of X-rays was used® not only to determine the
molecular weight and the shape of macromolecules of
cellulose nitrate with low molecular weight but also to
establish the presence in dilute solution of association
complexes, which break down with time.

In contrast to these fragmentary results, a considerably
larger number of theoretical studies have been made on the
conformational properties of oligomer macromolecules,
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e.g. on the effect of terminal groups (to which a signif-
icant role was assigned, in contrast to high polymers).
However, conclusions reached from different theories are
often mutually contradictory. Experimental results can-
not be used for an objective assessment of theoretical
predictions, since an exact analytical relation between the
measured parameters and the conformations of the macro-
molecules is lacking. In this situation the application of
modern computer experiments and numerical methods has
permitted a close approach to solving important problems
in connection with the properties of the macromolecules

of oligomers.

The majority of results obtained by the Monte Carol
method in computer experiments have led to a dependence
of the mean distance between end-groups #y and the mean
radius of inertia Ry on the number of segments N of the
form

<Ry = ANYn (1)
(RY> = BNR, (2)

where A, B, Yn, and YR are empirical constants, The
results in most papers lead to the condition Yn = YR =

= 1.2 for all lattices. Simulation by a continuum®®
g1ves Yn # YR, which shows that representation of (hfy )"
as a multiple of <R{{>"* is not always correct: these
parameters increase at different rates with increase in the
degree of polymerisation. Equations (1) and (2) were
deduced from the condition that the interaction potential of
the segments is represented by a rigid sphere:

‘J)(r):{o' r>d;

oo, r< d, @)

where 7 is the distance between the centres of the seg-
ments and d is the sum of their van der Waals radii.

The functional dependence (1) and (2) is preserved for
interaction between segments of a different type, but

Yn and YR vary with @ (). With increase in the energy of
attraction the index Yn decreases, to reach unity at some
&(7) (the 6 point). Equations (1) and (2) are inapplicable
in worse solvents than the 6 solvent. The interesting
result was also obtained that the 8 conditions do not corre-
spond to a single point but occupy a region m which most
of the conformational parameters, e.g. (h and RN>
assume their own 6 values. Computer methods yielded

ak = <hR)IN; (4)

iy = AN/ (5
where afq and oz? N are the increases in the distances
respectively between the terminal segments and between seg~
ments separatedby;j other segmentsinamacraomolecule

compnsmgN segments. Themethod of dimerisation was
used*® to construct chains contammg up to 4096 segments

Values of a N were calculated for j = 16, 32, ..., 3N.
The results showed that
al o< N7, (6)
as suggested by Flory®, and that the relation
oy —1 « N, )

which follows from Fixman's theory*’, is incorrect.
Knowledge of the coordinates of each segment for the
whole time of a computer experiment permits not only
calculation of the quantities of Eqns. (4) and (5) but also
determination of the number of various types of contacts

E=Ey+ Eim+ Emm (8)
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between segments of the same and different macromole-
cules in solution, where Emm, E1m, and E1j are the
numbers of intramolecular contacts between respectively
internal, terminal and internal, and terminal segments.
An analogous expression can be written for the number of
intermolecular contacts k2 between macromolecules.
Fig.1 illustrates the dependence of the number of the
various types of contacts on the degree of polymerisation
P found in a computer experiment, For a model of a
macromolecule based on a simple cubic lattice the varia-
tion in the total number of intramolecular contacts was
given! as

E=0.292. P —1.15. (9)

Emmy. (Erm)-(E;
R

<EY'E)g ¢
o2
a3
05
1 A
0 5 0 15 P

Figure 1. Dependence of number of polymer—polymer
contacts on the degree of polymerisation P for a model
based on a simple cubic lattice: 1) (Emm) / E);

2) (Eimp/<E ); 3 {Eu)/{E ).
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Figure 2. Dependence of coefficients of expansion on

degree of polymerisation for a model based on the
graphite lattice: 1) ap (poor solvent); 2) ap (good

solvent for terminal groups); 3) ag (good solvent for
internal groups).

(a) Effects of Terminal Graoups and of Coil Permeability
on Hydrodynamic Properties

Fig. 2 illustrates the dependence of the coefficient of
expansion of the macromolecule on the degree of polymer-
isation and the quality of the solvent, obtained by the
Monte Carlo method. This experiment clearly reveals
the effect of terminal groups and their relationship to the
solvent. The coefficient of expansion always increases
with the degree of polymerisation, but most rapidly in a
good solvent for terminal and internal segments.
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The Mark-Kuhn—Houwink equation®”*?
[n]=KMm-

expresses the relation between the intrinsic viscosity [n],
from which the hydrodynamic volume of the coiled macro-
molecule in dilute solution is estimated, and its molecular
weight M, where K and a are constants for a given homo-
logous series. The parameter a, representing the form
and the density of the coil, depends on the nature of the
solvent and on the hydrodynamic interaction within the
space of the coil, and varies mainly from 0.5 to 1.
Experimental study of this dependence for several oligo-
mers has established that, for a series of polymer—
solvent systems, a decreases as the molecular weight
diminishes: i.e. the dependence of 1g[n] on lgM is non-
linear (Fig.3).

Y977
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Figure 3. Dependence of 1g[n] on 1gM for poly(methyl

methacrylate) in benzene at 30°C.

Thus it was shown, for the binary systems formed by
benzene with poly(methyl methacrylate)** and by water
with polyethylene glycol®®, that a is independent of the
nature of the solvent for small molecular weights, and is
close to 0.5 (which is characteristic of a 9 solvent). A
possible explanation is that the swelling coefficient oo
approaches unity in the absence of 6 conditions: i.e. long-
range interactions are absent. This contradicts all
existing theories of solutions, which predict that oo =1
only at the ¢ point with either the second virial coefficient
A» or the molecular weight approaching zero. The results
indicate also that, with decrease in chain length in macro-
molecules of these oligomers, a small hydrodynamic
permeability appears, which is typical of macromolecules
under @ conditions. This effect can be attributed to the
possibility of interaction between end-groups of small
macromolecules, which will change the form of the coil,
by decreasing its dimensions (making it more compact),
which explains the diminished viscosity.

Several other studies'®**™*°, on oligourethanes, rub-
bers of low molecular weight, polyethers, polyethylene
glycols, etc., showed that a varies from 0.5 to 1 depending
an the nature of the solvent, as with high polymers. But
several other investigations®™°® revealed a tendency for «
to increase—not to decrease—as the molecular weight
fell. Hydrodynamic theories of polymer solutions suggest
that, for permeable Gaussian chains®®, such behaviour is
probably due to an increase in the permeability of the coils
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with decreased molecular weight of the polymer. Asa
consequence, the slope of the plot of 1g[7] against 1gM
should increase with fall in molecular weight. The
Debye—Bueche™, Kirkwood-Riseman®*®, and Zimm-
Kuhn®""® theories predict, with increase in permeability
(weakening of hydrodynamic interaction) and short chains,
direct proportionality between viscosity and molecular
weight ({y] = KM, where a = 1), and decrease in the
shielding coefficient o.

Long-range effects (non-ideality of solutions), like
short-range effects (chain rigidity), influence the confor-
mations of flexible chains®’®. High values of the expo-
nent a obtained in a 6 solvent (in the absence of the
excluded-volume effect) indicate a loose structure and
permeability of the coil, and hence enhanced rigidity of the
chain. Nevertheless, volume effects in non-ideal sol-
vents lead to swelling of the coil and to a corresponding
increase in a. In order to determine the true flexibility
of a macromolecular chain, therefore, the influence of
volume effects should be excluded.

Calculation then becomes useful, since the excluded~
volume effect can either be disregarded or estimated.
Thus at high degrees of polymerisation 32% of terminal
groups occur within a sphere described by the radius of
inertia of the macromolecule’”. Nevertheless, taking
into account excluded-volume effects lowers the number
of end-groups in this sphere to 18%.%® Thus the excluded-
volume effect leads to the removal of terminal groups
from the sphere of the macromolecule.

[q]/mM% z.5-lm3 7?" 2.2:.[5-70"M
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Figure 4, Dependence of [5])/M*® on M*® for poly-
ethylene glycol in: a) methanol; b) benzene; c) water
at: 1) 20°C; 2) 30°C.

The theories of Kuhn®®®°, Hearst®, etc. are applied to
rigid chains, With relatively flexible macromolecular
chains, which are coiled quite compactly even in good
solvents, the flow effect is almost absent, and the
Stockmayer—Fixman equation is used**. With such
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molecules volume effects can be eliminated by extra-
polating the hydrodynamic parameters to low molecular
weights by means of the theory of the excluded volume*® %,
Stockmayer and Fixman suggested the formula

ml=KM**+ FM,

for the molecuiar-weight dependence of intrinsic viscosity,
in which F and K, both independent of molecular weight,
represent respectively short-range and long-range inter-
actions. The constants are found by plotting the depen-
dence of [5]/M°*® on M*® by means of the Stockmayer—
Fixman graph, and thus these interactions are determined
for wider molecular-weight limits than is possible from
the Mark-Kuhn~Houwink equation.

ow‘ 25-10° 10% 225-10% 4-10%m
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fo T T T
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2 4 = — 37 CHy 0N
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g 50 100 150 200 Mm%
Figure 5. Dependence of []/M°® on M** for the mono-
phenyl ether of polyethylene glycol in methanol at 25°C.

Experimental viscosity results obtained for solutions of
polyethylene glycol in methanol, benzene, and water and
for its monophenyl ether in methanol*®® together with
other results*”*®, have revealed more clearly the applica-
bility of the Stockmayer—-Fixman equation. Positive and
negative departures from the equation are usually
observed at a molecular weight of 3000, independent of the
nature of the solvent and the end-groups (Figs.4 and 5).
This is apparently due to the effects both of the polymer
chain and of the terminal groups. The value of K is
independent of the solvent, which indicates that short-
range interaction is independent of solvent and end-groups.
Positive departures from the equation in methanolic and
aqueous solutions of polyethylene glycol are caused by
increase in size of the oligomer macromolecules resulting
from interaction between terminal hydroxyls and the
solvent. Negative deviations, which are observed both in
benzene solutions of polyethylene glycol and in methanolic
solutions of its monophenyl ether, are apparently caused
by coiling of the macromolecule under the influence of
repulsive forces between end-groups and solvent mole-
cules. This range of molecular weights is regarded
as the region of oligomers, possessing the properties of
compounds of low molecular weight.

The general Stockmayer—Fixman equation shows that
the intrinsic viscosity of oligomers is proportional to the
square root of their molecular weight, which is confirmed
by several investigations. Nevertheless, this principle
does not hold for certain oligomers: here there is an
approximately linear variation with the molecular weight®,

“The Huggins constant K’ in the equation

Tgp/€ = ] + K’ [nPPe

is a measure of the affinity between polymer and solvent.
On the basis of data for high polymers K’ is now regarded
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as independent of molecular weight®®.  In 9 solvents it is
usually approximately 0.5 (or greater), and in good
solvents K’ = 0.2-0.3.

However, experiments on oligomers indicate that in
most cases the Huggins constant agssumes anomalous
values. Several studies showed that the constant increases
with decrease in the molecular weight of the oligomers‘"'"g,
and may even exceed those for high polymers™ "™, In
certain cases a considerable increase occurs (to several
units) with decrease in the chain length™. This is
governed by the structure of the macromolecules and the
nature of the solvent. The variation of K’ with molecular
weight is usually less marked in poor than in good solvents.
Another study showed™ that the experimental values
correspond to the Huggins equation only within a narrow
range of molecular weights. The formula

K’ = eM™ + by,

was proposed, in which do and b, were independent of
molecular weight.

A complicated dependence of K’ on molecular weight
has been found in several studies™. Values of K’ are
largest at very low molecular weights. Increase in M to
2000-3000 is accompanied by a rapid fall in K’, and
further increase by a smooth decrease, which then slows
down (Fig.6). The increase in K’ with decrease in molec-
ular weight is attributed by some authors to an increase in
the density of the coiled macromolecule. Molecules of
greater chain length are regarded as more prolate and
less spherical than those with short chains. This is
apparently because short molecules are densely packed,
weakly solvated coils, relatively impermeable to the
solvent. This is consistent with diffusion results.
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Figure 6. Dependence of the Huggins constant K’ on the
molecular weight of poly(methyl acrylate) in: 1) acetone;
2) 6 solvent.

Dimensions of macromolecular coils approaching the
unperturbed values were determined™ " from the mea-
sured diffusion coefficients of polystyrene in solutions,
which enables the Flory coefficient® to be calculated. The
chain rigidity thus found for the oligomer macromolecule
approached that of high polymers, which was attributed to
an increased effect of thickness on the chain dimensions™,
Other workers™" also obtained for certain oligomers
(polyoxypropylene and polyoxyethylene glycols) values of
q in the equation D = KoM~ 4Q closely similar to the corre-
sponding values for long chains. This indicates that the
hydrodynamic characteristics of oligomer molecules in
solution can be described quite accurately by hydrodynamic
theories based on the model of an impermeable Gaussian
coil exhibiting slight thermodynamic interaction with the
solvent.
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(b) Conformational Transitions in Macromolecules of
Oligomers

The second virial coefficient A, represents the inter-
action between polymer and solvent:

n/c=RT(I/M+ Ac+ ...,

where R is the universal gas constant, T the absolute
temperature, c the concentration, M the molecular weight,
and 7 the osmotic pressure. According to Flory's
theory®”® A, is independent of the molecular weight of the
polymer. In practice, however, agreement with theory
is found only at the 8 point or with slight departures from
ideality. The greater the deviation from 8 conditions, the
more marked is the dependence of the second virial
coefficient on the molecular weight.

An equation for this dependence based on many experi-
mental results was®

A, = a /M 1 b,

where a: and b1 were theoretical constants independent of
the molecular weight. Research showed that the equation
was valid for exothermic and endothermic systems, as
well as for # conditions over a wide range of molecular
weights. In the study of solutions of polystyrene in
benzene, toluene, and naphthalene (exothermic systems),
for example, a linear dependence was observed for molec-
ular weights from 500 to 5 x 10° (Fig.7).'* The corre-
sponding range for an endothermic system (poly(methyl
methacrylate) in acetone) was from 200 to 7.8 x 108, %°
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Figure 7. Dependence of second virial coefficient 4, on
molecular weight M for the exothermic systems compri-
sing polystyrene in: 1) naphthalene; 2) benzene;

3) toluene.

Nevertheless, polystyrene® and poly(methyl meth-
acrylate)® in good solvents showed departures from the
suggested equation at low degrees of polymerisation
(Fig.8). In particular, the second virial coefficient was
found® to be negative for dimers, to reach a positive
maximum when P = 4, and then gradually to decrease
with increase in molecular weight (Fig.9). These results
indicate that the equation holds up to the maximum, where
the substance possesses polymeric properties. The
presence of a maximum indicates a transition in the form
of the macromolecule from coiled to rod-shaped, which
can apparently be interpreted as a transition to compounds
possessing the properties of polymers.
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The above considerations are consistent with the
dependence of the entropy contribution Bg on the degree
of polymerisation P in the polystyrene~benzene system
(Fig.10).'* The entropy is approximately zero for the
dimer, reaches a maximum when P = 4, and then gradu-
ally diminishes with increase in molecular weight. It is
known to have its maximum value when the molecule is
elongated into a rod, and its minimum value when the
molecule is coiled into a sphere. Maximum entropy was
therefore interpreted as the transition point between
extended and coiled states of the molecules.
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Figure 8. Dependence of second virial coefficient A, on

molecular weight M for the endothermic system compri-
sing poly(methyl methacrylate) in acetone, obtained by:

1) osmometry; 2) light scattering; 3) X-ray examination.
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Figure 9. Dependence of second virial coefficient A; and
of enthalpy coefficient By on degree of polymerisation of
oligostyrene in: 1) naphthalene; 2) benzene.

Application of a calorimetric method®® to polystyrene
in benzene and cyclohexane, poly(methyl methacrylate) in
acetone, and polyvinylcarbazole in benzene showed® that,
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at the initial degrees of polymerisation, the enthalpies of
mixing almost always pass through maxima (as do the
second virial coefficient and the entropy). Further
increase in molecular weight produces hardly any change
in the enthalpy (Fig.11). This effect was explained in
terms of the interaction energy of end-groups in the
oligomer macromolecules.
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Figure 10. Dependence of entropy coefficient Bg on
degree of polymerisation P for oligostyrene in: 1) naphth-

alene; 2) benzene.
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Figure 11. Dependence of enthalpy coefficient B on

degree of polymerisation for: 1) poly(methyl meth-
acrylate) in acetone; 2) polyvinylcarbazole in benzene;
3) a polycarbonate in dioxan.

(c) Structure Formation in Solution with Increase in
Concentration of Low Polymers

With increase in the concentration of dilute solutions of
polymers the macromolecules interact and form associa-
tion complexes or aggregates. Staudinger®” first formu-
lated the concept of the lowest concentration—the critical
concentration cep—at which the polymer molecules begin
to come into mutual contact. Many studies have shown
that this concentration depends on the molecular weight of
the polymer and its chemical structure, the nature of the
solvent, and the temperature. The critical concentration
usually increases with decrease in molecular weight,
deterioration in the quality of the solvent, and rise in
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temperature, which is a consequence of the weakening of
interaction between the macromolecules under these con-
ditions. It can be determined from the break in the linear
concentration dependence of viscosity, intensity of light
scattering, optical density, and other Properties of the
polymer. However, some studies’”® of the concentration
¢ dependence of the reduced viscosity ngp/c revealed a

breakdown of the linear dependence at subcritical concen-

trations. These anomalies were attributed to supercoiling

of the macromolecules at high dilutions’”®, and by other

workers to decrease in the effective radius of the capillary
resulting from adsorption of the polymer on its walls®*®,

Association begins sooner in oligomers than in high
polymers. Incipient structure formation was observed,
in solutions of butadiene~acrylonitrile rubbers having
molecular weights of (1.4~2.7) X 10%, at concentrations of
0.1-0.5 g/100 ml.* Critical concentrations in benzene
solutions of polystyrene of molecular weight (1.5-33) x 10°
varied from 0.5 to 1.5 g/100 ml. *

In several studies’®® anomalies were absent up to
fairly high concentrations of low polymers in solution.
This applied to poly(methyl methacrylate) and poly(ethyl
acrylate) of molecular weight (1-20) X 10° up to 0.2 g/100
ml,'® Investigation of dilute solutions (¢ < 0.1 g/100 ml)
of SKN-18 [butadiene—acrylonitrile synthetic rubber] at
20-60°C showed that the intensity of light scatter ing by
the solutions remained unchanged with rise in tempera-
ture, which indicated that association had not occurred®.
In solutions containing macromolecules of high polymers
at corresponding concentrations, however, the apparent
molecular weight decreased at 60°C; this was attributaed
to the breakdown of association complexes®.

IV. RHEOLOGICAL PROPERTIES

Considerably less study has been made of the structure
of low polymers and their concentrated solutions than of
dilute solutions. Only comparatively recently have pub-
lications appeared on the rheological properties of certain
polyethers and polyisobutylenes of low molecular weight
and on those of their solutions. The structural features
of polymers and their solutions (great size of macro-
molecules, formation of network structures, etc,) are
responsible for several flow anomalies, e.g. departure
from Newton's viscosity law?®, This is apparent in the
rubberlike elasticity possessed by solutions of several
polymers,

Unlike high polymers, oligomers possess almost the
same capacity for rubberlike elastic deformations, which
are in the nature of relaxation processes involving change
in the conformations of the macromolecules under the
influence of shear stresses. This feature is attributed
to great flexibility of the macromolecules and the pres-
ence of a mobile, fluctuating network with temporary
contacts produced by intermolecular interaction. The
systems are mainly thixotropic in character, with rela-
tively unstable bonds and long relaxation times. They can
be regarded as a new type of cross-linked systems,
occupying a position intermediate between concentrated
solutions, polymer jellies, and solutions of substances of
low molecular weight capable of cross-linking® ®¥%,

Many methods have now established that several con-
centration ranges exist in solutions of polymers, differing
in degree of order of the chains, conformational proper-
ties of the macromolecules, and their interaction. This
is responsible for differences in rheological properties®®,
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The concentration ranges can be arbitrarily divided as
indicated below.

1, Very dilute solutions, in which macromolecules are
present as isolated coiled coils. With increase in concen-
centration the chain molecules straighten out, interact,
and form structures.

2. More concentrated solutions, in which, as a con-
sequence of intermolecular contacts, the macromolecules
in the form of prolate coils form the ideal three-dimen-
sional network described by Biiche® or are arranged in
isolated association complexes or aggregates. A struc-
tural network appears at higher concentrations of oligomers
than of high polymers.

3. Concentrated solutions, in which the ideal network
may be consolidated by the formation of new bonds with
other macromolecules (¢ > cer). The macromolecules
then have small free volumes and are characterised by
considerable mutual penetration of segments.

4. Highly concentrated solutions, in which ordered
structures are formed, different for polymers in different
physical states and of different chain lengths®®, The
mutual interlacing of segments of the macromolecules
produces a continuous network of bonds, with a consequent
considerable increase in viscosity‘“.

All the above ranges for transformation in polymer
solutions are reversible with change in concentration.
Examination of the viscoelastic properties of such solutions
over all concentration ranges will give an idea of the
nature and the rates of redistribution of conformations of
chain molecules, as well as of their mutual arrangement,
i.e. of the structure of the solutions®”'®,
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Figure 12. Flow curves for polyesters—poly(ethylene
glycol adipates)—of molecular weight 2050 and 790
(unprimed and primed curves respectively) at (°C):

1) 20; 2) 30; 3) 40; 4) 50; 5) 60.

Study of the flow of certain oligomers and their con-
centrated solutions has shown a difference in rheological
behaviour between these compounds and high polymers.

For example, investigation of polyethers— polyoxolanyloxy-
propylene glycols— and polyester s— poly(diethylene glycol
adipates)—and their concentrated solutions has shown'™
that the viscosity of the system in a longitudinal velocity
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gradient (in a capillary viscometer) increases with the
shear stress, in some cases reaching a maximum., These
antithixotropic effects degenerate with rise in temperature
and with dilution. They were attributed to intensified
interaction of the macromolecular chains of the oligomers
on orientation in the flow. The viscosity is then affected
by the molecular weight. With several oligomers such
antithixotropic effects develop only at low stresses. When
the shear stress arises above a critical value, thixotropic
breakdown of the previously formed structure occurs, and
the usual process of flow is observed, as with high poly-
mers'®,  Other studies'®™'%, using both capillary and
rotary viscometers, revealed in the oligomers investigated
and their concentrated solutions, together with thixotropic

breakdown, a region of antithixotropy at low shear stresses.

This phenomenon is also connected with intensified inter-
action of oriented macromolecules under the influence of
transverse and longitudinal velocity gradients. Anomalous
viscosity effects are more marked with oligomers of lower
molecular weight, which can be explained by the enhanced
rigidity of shorter chains and their greater mobility
(Fig.12).

Biiche'® used the concept of free volume to develop
theoretically the resistance to the flow of polymers, which
arises from interaction between segments, mutual friction
of segments during movement of the polymer chain, and
the formation of a network structure by the meshing of
segments and macromolecular chains, Relative move-
ment of macromoiecules is facilitated with decrease in the
molecular weight of the polymer or dilution of its solution,
and flow becomes more intense. This is apparent in a
decrease in viscosity and in the heat of activation of vis-
cous flow'°™'® which, after certain fairly high degrees of
polymerisation have been reached, remains constant and
independent of molecular weight', The smaller the
macromolecules the higher the concentrations at which
intermolecular interaction and departure from Newtonian
flow become apparent.
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The literature data on the use of immobilised enzymes in analytical chemistry are reviewed and the fundamental conditions for
the creation of kinetic methods in enzymatic analysis are described. The types of enzyme electrodes and the factors influencing
the response of such electrodes, their stability, and sensitivity are discussed in detail. The possible pathways towards further
development of enzyme electrodes for use in laboratory and technologica! practice and for monitoring the environment are

considered.
The bibliography includes 69 references.
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I. INTRODUCTION

The last decade has been marked by a vigorous devel-

" opment of research in the field of the immobilisation of
enzymes and their use for technological, analytical, and
scientific purposes, The conversion of enzymes into a
water -insoluble state with retention of catalytic activity
made it possible to extend greatly our ideas concerning
the possibility of using bio-organic catalysts in a wide
variety of different fields of chemistry, fine chemical
engineering, pharmacology, and medicine, Because of
their high specificity, enzymes have already been used for
many years in analytical chemistry; hundreds of studies
devoted to kinetic methods in enzymatic analysis are pub-
lished annually, The use of immobilised enzymes for
these purposes stimulated the creation of methods of
“reagent-free” analysis whereby continuous analysis of
aqueous solutions of organic (and in many instances inor-
ganic) compounds is possible in principle.

In their turn, the achievements in this field have pro-
moted the development of effective methods for monitoring
the state of the environment, clinical diagnosis, etc.
Finally, the so called “enzyme electrodes”, developed in
recent years, permit rapid automatic analysis of multi-
component systems on the basis of combined “electrode-
enzyme” electrochemical systems which exhibit a high
selectivity in the determination of individual compounds or
classes of compounds.

The attention devoted at the present time to the devel-
opment of enzyme electrodes and to the study of the pros-
pects for their application in analytical chemistry is partly
due to the vigorous development of methods for the iso-
lation, purification, and identification of enzymes.
According to data presented at the Symposium on Biotech-
nology and Bioengineering in Henicker !, the number of
enzymes which have been discovered and characterised
has increased from 80 in 1928 to 1500 in 1969, and con-
tinues to grow exponentially with a ten-year doubling
period.

The present review is an attempt to summarise and give
a systematic account of studies on the use of immobilised
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enzymes in analytical chemistry published up to April
1974, and to assess the immediate prospects in this field.

II. THE SPECIFICITY OF ENZYME ACTION

The most characteristic feature of enzymatic catalysis
is the specificity of enzyme action. At least three general
qualitative types of specificity have now come to be differ-
entiated from this extremely comprehensive term: speci-
ficity with respect to the medium, specificity with respect
to the reaction, and substrate specificity (specificity with
respect to the structure of the substrate). The first two
types of specificity are usually expressed in the fact that
the enzyme catalyses a reaction of a particular type under
specified conditions and constitutes the basis for the sub-
division of enzymes into the corresponding classes (oxido-
reductases, transferases, hydrolases, lyases, isomer-
ases, and ligases or synthetases)?, The substrate specificity
of the enzyme is its most characteristic feature, which
has not yet found adequate analogies in non-enzymatic
catalysis, and makes it possible to characterise unambig-
uously and to identify the given enzyme among hundreds
and thousands of others. The usual phenomenon in enzy-
matic reactions is that the enzyme catalyses the reaction
of only one stereochemical form of the substrate, being
completely inactive in relation to other stereoisomers
(the so called stereochemical specificity of the enzyme).

In many instances the enzyme exhibits absolute speci -
ficity, catalysing the reaction of only one substance and
not reacting with its derivatives or homologues. Thus,
butanediol dehydrogenase catalyses the conversion of
butane-2,3-diol into acetoin, but altogether fails to oxidise
ethylene glycol, glycerol, ethanol, isopropyl alcohol,
isobutyl alcohol, isopentyl alcohol, or glucose3, Lact-
aldehyde reductase, which catalyses the reversible con-
version of D-lactaldehyde into propane-1,2-diol, is com-
pletely inactive in relation to L-lactaldehyde, acetaldehyde,
propionaldehyde, glycolaldehyde, acetol, glyoxylic acid,
pyruvic acid, D-galactose, D-mannose, D-fructose, D-or
L-arabinose, and L-rhamnose¢, Mannitol dehydrogenase,
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which catalyses the conversion of D-fructose into
mannitol, does not act on D-glucose, D-mannose, or
D-ribose®, The activity of glucose oxidase, which oxi-
dises B-D-glucose with formation of gluconic acid, is four
times lower with respect to 2-deoxy-D-glucose, 50 times
lower with respect to 6-methyl-D-glucose, 100 times
lower with respect to D-mannose and D-xylose, and 200
lower with respect to a-D-glucose; the enzyme altogether
failed to have any action on the remaining 80 sugars which
had been tested as substrates®, Formaldehyde dehydro-
genase, which oxidises formaldehyde to formic acid, does
not react with acetaldehyde, glycolaldehyde, and benzalde-
hyde’. Benzaldehyde dehydrogenase, which converts
benzaldehyde into benzoic acid, altogether fails to oxidise
acetaldehyde, propionaldehyde, crotonaldehyde, formalde-
hyde, and DL-glyceraldehyde® Among all the aliphatic
aldehydes, aminobutyraldehyde dehydrogenase acts only
on 4-aminobutyraldehyde, oxidising it to 4-aminobutyric
acid®,

On the other hand, many enzymes exhibit broad speci-
ficity without the imposition of stringent requirements on
the structure of the substrate. Thus a large number of
compounds having the general formula R,CH(R,)COR,,
where the substituents R;, R,, and R; can have virtually
infinitely variable structures, can serve as substrates for
a-chymotrypsini®, The extremely broad specificity of
a-chymotrypsin may be illustrated by the fact that this
enzyme is capable of catalysing the hydrolysis of proteins,
peptides, esters, amides, hydrazides, alkylamides, acid
anhydrides, acid chlorides, hydroxamides, anilides, thio-
esters, oxazolones, cyclic peptides, cyclic phosphates,
lactones, and sultones; in some cases it is also capable
of cleaving the C-C bond. Aldehyde oxidase exhibits
group specificity with respect to aliphatic aldehydes,
catalysing the oxidation of formaldehyde (1.0), acetalde-
hyde (4.6), propionaldehyde (5.1), butyraldehyde (12.2),
valeraldehyde (2.4), and crotonaldehyde (7.6); the relative
reactivities of the aldehydes in this enzymatic reaction are
indicated in brackets %,

The high enzyme specificity (absolute or group speci-
ficity) in combination with favourable factors such as the
high rate of enzymatic processes, the mild reaction con-
ditions (room temperature, atmospheric pressure, neutral
pH of the medium, etc.), and a fairly wide selection
of available enzymes have ensured the development of a
new trend in analytical chemistry—kinetic methods in
enzymatic analysis. Enzyme-catalysed reactions are used
to determine substrates, inhibitors, activators, and in
many instances the enzymes themselves (this applies
primarily to the analysis of biological liquids in clinical
laboratories), The use of enzymes in analytical chemistry
has been considered in a number of reviews and mono-
graphs 2-1®, However, despite a number of the evident
advantages of kinetic methods in enzymatic analysis, their
use in laboratory practice has so far been fairly limited.
One of the main reasons for this is still the high cost of
the majority of enzymes, which virtually precludes the
large-scale application of enzymatic analytical methods
(because enzymes can be used only once owing to the
extremely laborious procedures needed for their regenera-
tion from the mixture). This disadvantage is compounded
also by the low stability of the majority of enzymes, which
frequently leads to their complete inactivation in several
days, and sometimes in several hours under the optimal
conditions for analytical purposes.

Thus, in order to increase the “technological applica-
bility” of enzymes, it is necessary to increase their sta-
bility, on the one hand, and to ensure the possibility of
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their repeated use on the other. In principle this is
achieved by converting enzymes into heterogeneous cata-
lysts by immobilising them.,

III. THE IMMOBILISATION OF ENZYMES

The immobilisation of enzymes is a procedure whereby
they are converted into a water-insoluble state with reten-
tion (partial or complete) of catalytic activity. Immobil-
ised enzymes are usually obtained by the following methods
(see the relevant reviews 20-24);

1, The covalent attachment of enzyme molecules to a
water-insoluble carrier (cellulose, agar, dextran, glass,
paper, fabrics, polystyrene, nylon, metals, ion-exchange
resins, etc).

2, The entrainment of the enzyme in a gel or polymer
network.

3. The covalent cross-linking of enzyme molecules
with one another using a di- or poly-functional reagent.

4, The adsorption of the enzyme on water-insoluble
carriers (as a rule ion-exchange resins).

5. Microencapsulation (the enclosure of an enzyme
solution in semipermeable capsules 5-300 um in size).

The first two immobilisation methods are most often
used. The covalent binding of the enzyme to a carrier
leads to a stable system in which the protein cannot be
desorbed when the temperature, pH, or the ionic strength
of the reaction medium are changed, and also when the
substrate is added to the reaction medium, The method
based on the entrainment of the enzyme in a gel is dis-
tinguished by simplicity and the absence of appreciable
influences on the active centre of the enzyme. In any case
the immobilisation of enzymes makes possible their
repeated use in practice when catalytic processes are
carried out in periodic or continuous operation “enzyme
reactors”, Furthermore, the immobilisation of enzymes
frequently increases their stability. According to the data
quoted in Melrose's review?!, in thirty out of fifty different
variants of immobilisation the stability of the immobilised
enzyme was higher than that of the corresponding soluble
enzymes, in eight cases the stability decreased on immo-
bilisation, and in twelve cases the stability hardly changed
following immobilisation.

Bearing in mind that the stability of immobilised
enzymes is influenced to a high extent by the nature of the
carrier, the nature of the grafting agent, and the method
and conditions of the immobilisation (in all instances there
is a possibility of a large number of different variants), it
is clear that the possibilities of stabilising enzymes on
immobilisation have been by no means exhausted. As an
example, one may quote the data of Kaplan and coworkers?s
according to which lactate dehydrogenase, which loses
1009, of its activity after incubation for approximately 1 h,
retains its activity fully under the same conditions for at
least 35 days following immobilisation on porous glass
with the aid of glutaraldehyde.

IV. THE APPLICATIONS OF IMMOBILISED ENZYMES
IN ANALYTICAL CHEMISTRY

The use of immobilised enzymes, whereby routine
chemical analyses can be carried out on individual samples
or ina stream (with repeated en.ploynient of the sanie enzymue
preparation), has to a large extent solved the problem of
the high cost of enzymatic analytical methods and has
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frequently increased the accuracy of the analytical pro-
cedure. There exist two general approaches to the ana-
lytical deter mination of the concentrations of reagents
(substrates) in the test system. In one of them the enzy-
matic reaction is continued until the complete exhaustion
of the substance to be determined (or until the attainment
of an equilibrium in the system between the initial reac-
tants and products), while recording at the same time the
change in a suitable physical or chemical property of the
system, the amount of substrate in the initial specimen
being calculated from the amount of product formed. In
the second approach use is made of kinetic analytical
methods, the rate of appearance of the product or of the
disappearance of the substrate in the enzymatic reaction
being determined and the initial substrate concentration
being calculated from the corresponding calibration curve.
This method is also applicable to the determination of the
concentrations of effectors (inhibitors or activators),
which are present in the reaction system. Both approaches
have been applied in practice using immobilised enzymes.

The first study in which the use of immobilised enzymes
for analytical purposes was described was carried out in
1965 by Guilbault and coworkers ¢, who found that cholin-
esterase entrained in a starch gel and deposited on a foam
plastic plate (to increase the mechanical strength of the
immobilised enzyme) retained its activity for 12 h, The
activity of the enzyme in the hydrolysis of butyrylthio-
choline iodide was determined electrochemically using
platinum electrodes between which a direct current was
passed. Depending on the rate of the enzymatic reaction,
the potential of the system changed from 150 mV (the oxi-
dation potential of the reaction product-thiocholine) to
350-400 mV (the potential of the oxidation of the iodide of
the substrate to iodine), which made it possible to inves-
tigate the influence of the added effectors on cholinester-
ase under continuous conditions. In the same year
Guilbault and Kramer 27 used similarly immobilised cho-
linesterase to detect small amounts of organophosphorus
insecticides in air. Foam plastic plates impregnated with
starch gel containing immobilised cholinesterase have
been used recently to devise a continuous analyser for
water designed to detect rapidly subtoxic concentrations
of anticholinesterase compounds 28,

A common disadvantage of all these devices is their
instability due to the appreciable elution of the enzyme
from the starch gel. Coprecipitation of cholinesterase
with aluminium hydroxide and suspension of the resulting
preparation in a starch gel with subsequent impregnation
of a foam plastic plate enabled Goodson et al.?® to obtain
a stable enzyme system capable of functioning for 56 h
without appreciable loss of enzyme. During this period,
2700 litres of water were passed through the carrier with
the immobilised cholinesterase, According to the results
of Goodson et al.?®, the immobilised enzyme gives a
response after 3 min when water contains 0.2 part per
million of 2,2-dichlorovinyl dimethyl phosphate. Gutknecht
and Guilbault % also reported the development of an enzyme
system for the continuous monitoring of cyanide ions in
drainage waters, which is based on the specific reaction of
immobilised injectase (8-cyanoalanine synthase).

Hicks and Updike 3! determined glucose and lactic acid
by means of a column with glucose oxidase and lactase
dehydrogenase immobilised on a polyacrylamide gel. The
substrate specimens were passed through columns filled
with gel-enzyme particles of standard size and subjected
to lyophilic drying, mixed with indicators changing colour
on interaction with the corresponding products of enzy+-
matic reactions, and passed through the spectrophotometer

89

cuvette, The authors 3! noted an appreciable increase of
the stability of lactase dehydrogenase following immobil-
isation in the gel. Thus at 37°C the activity of soluble
lactase dehydrogenase decreases to 109 of the initial value
after 2 h, while that of the gel-enzyme remains completely
unchanged for 10 h under the same conditions. Guilbault
and Das % made a comparative study of starch and poly-
acrylamide gels as carriers for the immobilisation of
cholinesterase and urease., Noting that immobilisation in
the starch gel can be carried out under milder conditions,
the authors 32 point out the higher stability of enzymes in
the polyacrylamide gel.

Hornby et al. 32 developed a method for the automated
analysis of solutions for glucose having immobilised glu-
cose oxidase on the inner surface of a polystyrene tube
(375 cm long, with an internal diameter of 2 mm). The
activity of the enzyme was recorded at 35°C and pH 5.6 by
the calorimetric determination of hydrogen peroxide (the
product of the enzymatic reaction) using potassium iodide.
The apparatus permitted 40 analyses per hour, glucose
being determined quantitatively over the concentration
range 5% 104 M-10"2 M. According to the authors'
data 3, the tube with immobilised glucose oxidase did not
exhibit an appreciable loss of catalytic activity in the
course of 1.5 months,

Subsequently Hornby and coworkers abandoned the poly-
styrene carrier because of its pronounced hydrophobic
properties; and their later studies on the immobilisation
of enzymes 3¢-38 were carried out using nylon, Thus
urease, bound via glutaraldehyde to the inner surface of
a partly hydrolysed nylon tube 34,3 (2 m long, with an
internal diameter of 1 mm), was used to determine urea
in the course of four months, more than 400 analyses
being carried out during this period. Urate oxidase,
immobilised on a nylon powder, was used to analyse
aqueous solutions of uric acid % in the concentration range
10-5-10"* M. However, carboxy-groups, ionised under
experimental conditions, remain on the carrier surface
after partial hydrolysis of the nylon, which makes the
carrier unsuitable for the immobilisation of many enzymes.

In order to extend the scope of the proposed method,
Hornby et al. % converted the carboxy-group of the carrier
into an amide form by treatment with NN-dimethyl-1,3-
propylenediamine and used the modified carrier to immo-
bilise lactate dehydrogenase, malate dehydrogenase, and
alcohol dehydrogenase, which permitted the analysis of
aqueous solutions for pyruvic acid, oxaloacetic acid, and
ethanol respectively, According to their data 3¢, the
method is suitable for the quantitative deter mination of
4x 107%-2 x 10~* M pyruvate, 2 X 1075-1,6 X 10~¢ M
oxaloacetate, and 0.01-0.1 M ethanol. All the immobil-
ised enzymes fully retained their activity in the course of
20 days. During this period, each was used to perform at
least 1000 analyses. Under these conditions, the soluble
enzymes lost more than 90% of their activity.

In a recent study by Weibel et al.?", a general method
was developed, in relation to the analysis of solutions for
their glucose content, for quantitative determination of
compounds in the course of the enzymatic conversion of
which oxygen dissolved in water is absorbed. In the deter-
mination of glucose, the solution analysed is passed with
the aid of a micropump through a 5 X 35 mm column con-
taining glucose oxidase bound covalently to porous glass
and is passed through a cell containing a Clark oxygen
electrode, The analysis can be carried out either under
kinetic conditions or on the basis of the degree of reaction
established following the completion of the enzymatic pro-
cess. A single analysis takes 2 min and the error in the
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determination of glucose does not exceed 1-29%. According
to the results %, the column functions for more than 2
weeks when used daily in the course of 8 h.

Mosbach and coworkers % described the use of flow
microcalorimetry in kinetic methods for enzymatic analy-
sis using immobilised enzymes. The advantages of the
method are the possibility of analysing opaque solutions
and high sensitivity (down to 10™® M of the substance to be
determined).

An interesting and very promising approach to the
selective determination of small amounts of metals was
demonstrated recently by Stone and Townshend %,%,
Fungal polyphenol oxidase was immobilised by being bound
covalently to Enzacryl AA (obtained by reducing a copoly-
mer of acrylamide, p-nitroacrylanilide, and NN’-methyl-
enebisacrylamide) and was then dialysed until the complete
removal of copper(Il) ions forming part of the enzyme
active centre. The resulting inactive apoenzyme is reac-
tivated reproducibly and very selectively on being incu-
bated with trace amounts of Cu?* (10-200 ng), the observed
rate of the enzymatic reaction being unambiguously related
to the Cu?* concentration in the solution being analysed (a
linear relation between the rate of reaction and the con-
centration of copper ions in solution was observed in the
concentration range 10°7-2 x 10 M Cu?'). The authors ¥
noted that, in relatively large volumes of solutions being
analysed, it is possible to determine 10-5 mg/ml of Cu?*
ions with the aid of this method. The stability of the
immobilised polyphenol oxidase makes it possible to store
it for 3 months in aqueous solution at pH 7.0 and 6°C.

In all the analytical applications of immobilised enzymes
described above, the enzyme activity was determined by
the reaction of the biocatalyst with the corresponding sub-
strates or by the reaction of products of the enzymatic
reaction with the corresponding indicators specially intro-
duced into the test system. However, “reagent-free”
enzymatic analytical methods, based on the use for this
purpose of the so called “enzyme electrode” consisting of
electrochemical devices on the sensor element of which an
immobilised enzyme is deposited, have been developed to
the greatest extent at the present time. Such an electrode
possesses the fundamental properties required for the
analytical system—specificity to the given reaction and
the reagent being determined (provided that the latter is a
specific substrate of the given enzyme)—and permits rapid
analysis of the reaction mixture (generally speaking, the
rate of analysis depends both on the characteristics of the
electrochemical system itself and on the values of the
kinetic parameters of the enzymatic reaction).

When the enzyme electrode comes into contact with the
test solution, containing, in particular, the specific sub-
strate of the given enzyme, the enzymatic reaction takes
place in the layer near the electrode. If the product (or
the substrate) of the reaction is electrochemically active,
then the rate of the absolute change in electrode potential
is a measure of the amount of the reagent being deter-
mined in the mixture subjected to analysis. The advantage
of this analytical method is that it can be automated and
continuous quantitative determination of the given reagents,
including those in complex chemical or physiological sys-
tems, is possible,

The first enzyme electrode, constructed for a contin~
uous determination of the concentration of glucose with the
aid of immobilised glucose oxidase, was described by
Updike and Hicks ¢! in 1967, The same authors introduced
the term “enzyme electrode” ¥ for a system consisting
of the polarographic oxygen electrode on the surface of
which a layer of polyacrylamide gel 25-50 um thick with
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entrained glucose oxidase has been deposited. When the

electrode prepared in this way is immersed in a solution
containing glucose, the substrate and oxygen diffuse from
the solution into the layer of the gel-enzyme. The enzy-

matic oxidation of glucose

B-D-glucose + O, D-glucono-§-lactone + H,0,, (1)

which takes place in the immediate vicinity of the electrode
surface, reduces the diffusional flux of oxygen through the
plastic membrane of the Clark oxygen electrode, which in
turn leads to an increase of the electrode current. Thus
the change of the current in the electrode system depends
on the rate of the enzymatic reaction and hence on the con-
centration of glucose in the mixture being analysed. By
plotting the appropriate calibration curve, the authors 44
were able to determine glucose quantitatively also in bio-
logical solutions and tissues.

A similar principle served as a basis of the design of
other enzyme electrodes (see the next Section), the cha-
racteristics of which are compiled in Table. Each elec-
trode is specific either to one particular compound (urea,
L-asparagine, L-glutamine, D-glucose, etc.) or exhibits
group specificity (L- or D-aminoacids, primary alcohols,
various penicillins). Naturally, the nature of the selectiv-
ity of the enzymatic reaction determines the region where
the given enzyme electrode can be applied.

The use of coupled enzymatic reactions for analytical
purposes leads to fundamentally new possibilities in the
preparation of selective enzyme electrodes. This approach
has so far been demonstrated only on a single example—
the determination of L-phenylalanine with the aid of L-
aminoacid oxidase and peroxidase, immobilised in a poly-
acrylamide gel on the surface of an electrode sensitive to
iodide ions %4, The operation of the electrode in the
coupled enzyme system is based on the following reactions}
L-aminoacid oxidase (2)

L-aminoacid + O, 2-oxo-acid + NH;+ H,0,;

peroxidase

H,0,+2H" +2I" I+ 2H,0. (3)
During the enzymatic reaction, the steady-state concen-
tration of iodide ions at the electrode surface decreases,
the rate of decrease of the I” concentration depending on
the amount of L-phenylalanine in the solution being ana-
lysed 44,

V. THE DESIGN OF ENZYME ELECTRODES

All enzyme electrodes consist of an electrochemical
sensor of one type or another, on which a layer of immo-
bilised enzyme is deposited. Apart from the polarographic
oxygen electrode, which has been used for the analytical
determination of glucose with the aid of immobilised glu-
cose oxidase 41743, this reaction has also been followed by
an enzyme electrode based on a platinum disc coated with
a thin layer of glucose oxidase bound chemically to a poly-
acrylamide gel%,%, The electrode is immersed in the
solution to be analysed and a potential of 0.6 V is estab-
lished in the system (with respect to the saturated calomel
electrode). Glucose diffuses tothe layer of the gel-enzyme
on the electrode, where it reacts in accordance with Eqn.
(1). The hydrogen peroxide formed is oxidised on the
platinum electrode, so that the observed current is pro-
portional to its concentration and hence to the initial con-
centration of glucose. Wingard et al.*, who used a differ-
ent design of the platinum electrode, determined by a
similar method the concentration of glucose with the aid of
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immobilised glucose oxidase, Polarographic enzyme
electrodes have also been used by Clark for the analytical
determination of glucose® and L-aminoacids ® with the
aid of immobilised glucose oxidase and L-aminoacid oxi-
dase. Recently Clark?! developed a method for the deter-
mination of methanol and ethanol in aqueous solutions and
vapours with the aid of a polarographic enzyme electrode
containing immobilised alcohol dehydrogenase., The sensi-
tivity of the enzymeelectrode is such that it gives an
appreciable response to human breath 16 h after the con-
sumption of alcoholic drinks.

Williams et al.5° described an enzyme electrode in
which glucose oxidase immobilised in a gel was deposited
on a platinum electrode and covered by a dialysis film to
prevent the diffusion of the enzyme into the solution. The
glucose in the solution being analysed diffuses into the
layer of gel-enzyme in an amount proportional to its bulk-
phase concentration, A distinctive feature of the enzyme
electrode employed in this investigation®° is that benzo-
quinone was used as the oxidant instead of oxygen. It was
shown 5° that benzoquinone can also oxidise glucose under
the influence of glucose oxidase, so that the reaction
mechanism in the layer near the electrode and on the elec-
trode can be formulated as follows:

glucose oxidase . . .
——————— gluconic acid + hydroquinone;

(4)

glucose + benzoquinone + H,0

Pt
hydroquinone — benzoquinone + 2H" + 2e.

(5)

The advantage of this method is that the concentration of
benzoquinone in the reaction mixture can be readily fol-
lowed, In addition, there is a possibility of measurements
over a longer linear range of glucose concentrations com-
pared with the method in which the oxygen content in the
aqueous solution is recorded during the reaction. By
carrying out the reaction in a buffer solution (to keep the
pH constant during the reaction) and by recording the cur-
rent in the electrode system, it is possible to determine
quantitatively the glucose content in the mixture being
analysed.
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A similar approach was used by Williams et al. % for
the analytic determination of lactic acid with the aid of
immobilised lactate dehydrogenase:

CH,—CH—CO0" 4 2Fe (CN)j~ —tate dehydrogenase CHy~C~C00™ 4 2Fe (&4 21

oH o (6)

2Fe (CN)&~ 25 2Fe (CN)- + 2e.

(M

The oxidation of lactate by hexacyanoferrate(lIl) is cata-
lysed by a preparation of yeast lactate dehydrogenase con-
taining cytochrome B, as the cofactor.

Ion-selective electrodes, on the basis of which a major
proportion of enzyme electrodes have been constructed,
are fundamentally distinctive electrochemical sensors.
The first enzyme electrode of this type was proposed in
1969 by Guilbault and Montalvo5!,52 for the quantitative
determination of urea in aqueous solutions, It was pre-
pared by depositing a layer of polyacrylamide gel contain-
ing urease on the surface of a glass cation electrode
sensitive to ammonium ions., When the enzyme electrode
is immersed in a solution containing urea, the substrate
diffuses into the layer of immobilised enzyme, which
catalyses the hydrolysis of urea via the following mecha-
nism:

H,;N—CO—NH, 4 2H,0 + H+ *Z2%_— oNH? 4 HCO; (8)
Ammonium ions, which are products of the hydrolytic
reaction, are recorded by the cation electrode, so that
the observed potential is proportional, within certain
limits, to the concentration of urea in the sample being
analysed,

This approach was subsequently developed by Guilbault
and coworkers for the determination of L~ and D-amino-
acids 53758 asparagine®, and glutamine®®, However, the
authors noted %6,57,%° that the selectivity of commercial
cation electrodes so far precludes their use for the analy-
sis of biological liquids without a preliminary removal of
the interfering K* and Na* ions by ion exchangers. The
modification of enzyme electrodes is therefore directed at
the present time mainly towards an improvement of the
selectivity of their electrochemical response (see the
next Section).

Characteristics of enzyme electrodes.

T T
Enzyme : Me'l};;;:;g(’znmo_ Su:::::;?;:dbe Sensitivity Re:ipn? :se Stability Conditions of determination| Refs.
i : _],
Urease entrainment in gel | urea 10-3-1 mg mr'? 25-60s - (Elp= 175 mg mr-! 51
entrainment ingel | urea 5x10-5-10-2 M| 40-60s 2 weeks [Elp = 175 mg mi1,25°, 52,56,67
pH 7.0 (tris-buffer)
i entrainment in gel urea 5x105-1002 M - 3 weeks at 25° without  ditto 52,56,57
i and enclosure in appreciable decrease ] i
cellophane film of activity . |
entrainment in gel urea 11-81 mg % - - in blood serum 56
and enclosure in '
celiophane film H
entrainment in gel urea 0.55-3.50 g/100 - - ! in urine 56
and enclosure in ml i
cellophane film !
entrainment in gel urea 10-5-102 M 60-180 s 1 week without i (E]p=175 mgmr1,25°, 57
appreciable loss of i pH 7.0 (tris buffer)
activity
enclosute between urea 5x10°5-102 M - - [E)o= 100 mgmI-1, 25°, 61
electrode and i 0.1 M NaCl,pH 7.0 '
dialysis film i (tris buffer) !
entrainment in gel urea 10-5-103 M 15 min more than 2 weeks i 37°, pH 7.4 (physiological l} 61
! saline soln.) ]
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Table (contd.).
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Enzyme M hition | Sirancotabe | sensitvy | Retponso Stability Conditions of detemmination | Refs,
L-Amino- entrainmentingel | L-phenylalanine [104-5x103M | 60-120¢ more than 1 week [Elg= 200 mgmr-l, 25°C, k3,54
acid oxidaso pH 7.2
! b L-phenyl - 30-80s 2 weeks (Elg= 100 mg mi-l 56
electrode and
cellophane film
! b L-phenylat 104-5x103 M | 60-120s 2 weeks [Elo= 100 mg mI-! 25°, 54
electrode and pH 7.2-7.5 (tris buffer)
cellophane film
LAeucine 104-5x 103 M - - - 54
L-methionine 104-5x 103 M - - - 54
L-alanine 103-5x 103 M - - - 54
L-proline 103-5x103 M - - - 54
chemical binding to | L-phenylalanine  |104-10-2 M 60-180s - 25° 58
gel (azo-coupling
with polymer of
o-aminoanilide of
acrylic acid)
L-Aminoacid ditto Lphonylalanine {5 x 10-5-10-3 M { fess than decreasc of activity by 125", pH S.0 [KI]=5x105M 58
oxidase- 30s 4-5% after 3 weeks
peroxidase LAeucine 3x104-103 M - - -
L-methionine 3x10-3-103 M - - -
(2% reproduci-
bility)
DA d ingel | D-phenylal - - - -
oxidase D-alanine - - - -
D-valine, 5x105-102 M - 3 weeks without sppre-  |25°, pH 8.2 (tris buffer) 55
D-methionine, ciable loss of activity
D-leucine, D-nor-
Jeucine, D-iso-
leucine
enclosure between appreciably less stable 55
clectrode and than previous electrode -
dialysis film - - -
Penicillinase entsainment in gel | benzylpenicillin, (104-5 x 1002 M 15-30s 2 weeks (after this the {{Elg= 125 mgml'l,pH6.4. | 62
ampicillin, naf- (reproducibility time required for reading{ room temp.,\(not measured)
cillin, phenoxy- varied from 9 to increases by a factor of
methylpenicillin, [ 17%in 3 days fol 3-5)
cyclicillin, dicloxa-| different elec-
cillin trodes)
enclosure between | benzylpenicillin |5 x 104-102M | 2min 3 weeks {Elo= 50 mgml-}, pH 6.8 61
electrode and (phosphate buffer), 0.1 M
dialysis film NaQ
A in gel L-asparagine 5x106-102M - 28 days without appreci- }{E)o = 25 units m1, 25°, 55
able loss of activity pH 8.0 (tris buffer)
1 b L-asparagi: - - 50% loss of activity after Jditto 55
electrode and 4 days
dialysis film
Ghu i in gel* - - - - - 59
1 t L-glutami 104-101 M 1-2 min 12h {Elp= 150 mg mI-L, 25°, 59
electrode and pH 5.5 (tris buffer)
dialysis film
#Glucosid ingel | amygdalin 10:5-102 M 15-40's 3 days [Elo= 100 mg mI'1, 25°, 64
pH 104
entrainment in gel amygdalin 5x106-10-3M | 1 min crystalline membrane [E]g= 50 mg mI1, 25°, 63
and enclosure in dissolves after 200 hours | PH 12.7
cellophane film of continuous operation
Glucose oxidase | entrainment in gel glucose - - - 37°,pH 3.2-10.3 47
entrainment ingel | glucose 0.15~2.0mgml-l| 30-180s +10% change in activity |[E]g= 1 mgmr! or 10 mg 41
after the fist 24 hat  [mi-1, pH 7.4 (phosphate
room temp. buffer)
enclosure between ) glucose 103-101 M - - {Elg™ 200 mg mi-L, pH 6.9 61
electrode and (phosphate buffer), 0.1 M
dialysis film NaySO4
enclosure between glucose 2x103- 3-10 min - pH 4 (phosphate buffer) or 50
electrode and 2x102M blood; (E]g=1 mgmi!
dialysis film ‘
chemical binding to | glucose 5x104- 12 s (from increase of activity ata  {pH 6.0 or 6.6 (phosphate r$,46
gel 2x102M init. veloci- rate of 1.4% in 20 days | buffer), 30°
ties or 1 min followed by a decrease
steady-state atarate of 0.3-0.7%
current) per day for 300 days
entrainment in gel glucose 5x104- ditto increase of activity from |pH 6.6 (phosphate buffer), 46
2x102M 0 to maximum in 40 30
days followed by a de-
crease at a rate of
0.3-0.4% per day for
160 days
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Table (contd.).

Method of immo-  |Substance to be . Response » L
Enzyme bilisation determined Sensitivity time Stability Conditions of determination Refs.
entrainment in co- glucose - 1 min 1.5% decrease of activity] [E]g= 1-10mg mi-l, pH 7.2 69
polymer of ethylene per day at 25°C (phosphate buffer), 25°
glycol methacrylate
and ethylene glycol
dimethacrylate (in
proportions of
100:1)
enclosure between glucose 5x104-2x 102 M | I'min decrease of response pH 6.6 (phosphate 46
electrode and at a rate of 2-3% per buffer), 30°
cellophane film day
Lactate dehydro- enclosure between lactic acid 104-2x103M |3-10min - blood 50
genase electrode and
dialysis film
Alcohol dehydro- | enclosure between methanol, 109-2.5 x 10-8 M | 2 min decrease of activity by physiological buffer soln., 1
genase electrode and ethanol a factor exceeding 2 in pH 8.5
cellophane film 12h

*The electrode was completely inactive.

In studies by Mosbach and coworkers 8 and
Papariello et al.®2 enzyme electrodes were prepared by
depositing a layer of the immobilised enzyme on a glass
pH electrode, with the aid of which the concentration of
hydrogen ions, formed as a result of the enzymatic reac-
tion, was recorded. Enzyme electrodes for glucose’!
[reaction (9)], urea® greaction (8)], and various penicil-
lins 84,52 [reaction (10)] have been developed on the basis
of this method:

glucose + O, + H,0

glucose oxidase
e

gluconic acid + H,0,; (9)

PP penicillinase o .
penicillin + H,O —— penicilloic acid.

(10)

Finally in 1971 Rechnitz and Llenado®3,%¢ described a
new type of enzyme electrode in which a non-glass mem-
brane was used as the electrochemical sensor. They
developed®3,8¢ an analytical method for the deter mination
of amygdalin using for this purpose a solid electrode con-
sisting of a crystalline cyanide sensor coated by a layer of
B-glucosidase immobilised in polyacrylamide gel, In the
enzymatic hydrolysis of amygdalin [reaction (11)] the
cyanide ions formed near the electrode as the reaction
product diffuse through the layer of gel to the surface of
the crystalline membrane and are recorded potentiometri-
cally by the electrode system:

lucosid
@—?HCN + oo BElcosidase ) 00, + @—cno +Hen L (11)

OCy3Hy 010

The Table shows that the principal method used to
immobilise the enzyme on the electrode involves its
entrainment in a gel (in many cases the layer of the gel-
enzyme was also covered by a cellophane film to reduce
the diffusion of the enzyme from the gel into the solution).
Approximately one-third of enzyme electrodes have been
prepared by the simple entrainment of the enzyme between
the electrode surface and the dialysis film. Finally,
covalent binding of the enzyme to a carrier was used as
the immobilisation method in only three investigations®,%,5¢
but the authors noted a somewhat higher stability of
enzyme electrodes with chemically combined enzymes
compared with electrodes based on gel-enzymes.

The simplest method for the preparation of an enzyme
electrode involves the mechanical entrainment of the
enzyme between the sensor element of the electrode and
the film membrane which retains the enzyme near the
electrode but is permeable to substrate and product mole-
cules (a dialysis film with definite pore dimensions is
usually employed for this purpose)., As a rule this enzyme
immobilisation procedure does not impair the character-
istics of the enzyme electrode relative to an enzyme
immobilised in a gel on the surface of the sensor (see
Table), Furthermore, it has been noted 54,58 that, in the
determination of L-aminoacids with the aid of L-amino-
acid oxidase, the gel-enzyme electrode was less stable
and had a longer response time compared with the elec-
trode coated by a thin layer of enzyme solution enclosed in
a dialysis film, In addition, the authors?¢ point out that
riboflavin, added to the acrylamide solution as the poly-
merisation catalyst, inhibits L-aminoacid oxidase, which
also impairs the electrode characteristics. On the other
hand, the immobilisation of the enzyme in a polyacryl-
amide gel for electrodes based on D-aminoacid oxidase
and asparaginase greatly increases their stability 55 (see
Table), The attempts to immobilise the enzyme in a
polyacrylamide gel for the glutaminase electrode resulted
in a complete loss of activity by L-glutaminase®®, while
the electrode covered by a dialysis film with an entrained
thin layer of enzyme solution exhibited the normalresponse
to the presence of L-glutamine in the mixture being ana-
lysed. Thus the available literature data so far do not
allow one to give preference a priori to any one immobil-
isation procedure in the preparation of enzyme electrodes.

Almost all gel-enzyme electrodes about which there is
at present information in the literature were prepared by
immobilising enzymes in a polyacrylamide gel{. The

tIn the study by J.Kulis and B.Panavo, which is being
carried out at the present time at the Institute of Bio-
chemistry of Lithuanian SSR, an enzyme electrode has
been developed for glucose in which glucose oxidase is
immobilised on the surface of a polarographic platinum
electrode in a copolymer of ethylene glycol methacrylate
and ethylene glycol dimethacrylate acids (see Table)®e,



94

differences consist only in the method of polymerisation
(chemical or photoinitiated) used to prepare the gel-
enzyme. The advantages of polyacrylamide gels are that
the polymer formed can be readily granulated, the poly-
merisation is rapid, and, dpending on the reaction condi-
tions, it is possible to obtain gels with different porosi-
ties24, The methods for the immobilisation of enzymes

in a polyacrylamide gel on the electrode surface have been
described in detail by Montalvo and Guilbault %5,

VI. KINETIC ASPECTS OF THE OPERATION OF
ENZYME ELECTRODES. FACTORS INFLUENCING
THEIR RESPONSE

The quantitative determination of reagents in mixtures
being analysed with the aid of enzyme electrodes can be
achieved in principle in three different ways: (a) by con-
tinuing the enzymatic conversion of the substrate until
completion and by recording the total change in electrode
response as a result of the reaction; (b) by measuring
the rate of change of the electrode response in the initial
period of the enzymatic reaction (in other words by deter-
mining a quantity proportional to the initial reaction
velocity); (c) by recording the change in electrode
response from the beginning of the reaction to the attain-
ment of a constant response (in consequence of the estab-
lishment of a steady-state concentration of the reaction
product in the layer near the electrode).

The first procedure is probably the most accurate; it
is not subject to the influence of effectors (enzyme inhibi-
tors or activators), which may be present in the reaction
mixture; the inactivation of the enzyme immobilised on
the electrode occurring during the reaction does not affect
the analytical results, merely increasing the time required
for the analytical determination; finally, the calibration
plot for this method should be linear regardless of the
initial concentration of the reagent being determined.
However, for a comparatively rapid analysis, it is neces-
sary in this case to have electrodes with a low diffusional
resistance of the reaction layer with respect to the sub-
strate and the product and a very high concentration of the
enzyme in the layer adjoining the electrode, which is
usually difficult and frequently impossible under real
conditions. This factor probably explains why this method
has never been used for analytical determinations with the
aid of enzyme electrodes.

The main disadvantage of the second analytical method
is that the initial velocity of the enzymatic reaction
depends hyperbolically on the substrate concentration:

ka¢ [Elo [Sho
T Kyt (12)
where k¢gt is the catalytic constant and K, the Michaelis
constant for the enzymatic reaction proceeding in accord-
ance with the general mechanism

E+SomES 2 E4p . (13)

Eqn. (12), called the Michaelis~Menten equation, shows
that the initial velocity of the enzymatic reaction is a
linear function of substrate concentration only in the region
where [S], < Kp,.

Guilbault and Lubrano®, who used the “initial velocity”
method to determine the concentration of glucose with the
aid of immobilised glucose oxidase, noted the speed of
this method (the measurement of the initial velocities took
4-12 s under the experimental conditions ) and its repro-
ducibility (the error was less than 2%). The advantage of

Russian Chemical Reviews, 45 (2), 1976

the “initial velocity” method has also been noted by
Guilbault and Nagy 58,

In the vast majority of different versions of analyses
carried out using enzyme electrodes (see Table), the
method based on recording the steady-state electrode
response in the system has been used. The essential fea-
ture of the method is that the steady-state concentration of
the enzymatic reaction products in the layer of immobilised
enzyme on the electrode, which is recorded by the electro-
chemical sensor, is attained after a definite period from
the instant of immersion of the electrode in the solution
being analysed.

Consider the following model. We have a plane mem-
brane with a thickness I covering the sensor element of
the electrochemical device and containing the immobilised
enzyme at a concentration [E],, The electrochemical
device with the membrane is immersed in a substrate
solution at a concentration [S],. The partition coefficients
of the substrate and enzymatic reaction product between
the membrane and solution are 6g and 6p respectively. It
is necessary to find the relation between the steady-state
electrode potential in the system and the initial concentra-
tions of the substrate and the immobilised enzyme (taking
into account diffusion factors). According to Fick’s second
law, the rates of diffusion of the substrate and product
within the membrane in a direction x at right angles to its

2
surface are Dg 4[] and -Dp d_g

dx? dx?
the diffusion coefficients of the substrate and product
respectively. The rate of the enzymatic reaction in the
membrane is determined by the Michaelis—Menten equa-
tion [Eqn.(12)]. In the steady state (with respect to diffu-
sion) of the system, the rates of these two processes
should be the same:

, where Dg and Dy, are

DS _ Feat Eb1S] (14)
S =
dx Ky +18]
_p @] At [Eb[S]
D, de* K, +I[8] (15)

where [S] and [P] are the concentrations of the substrate
and product in the membrane.

Blaedel et al.®® carried out a detailed analysis of this
model. They showed that, at low substrate concentrations
[S] « Ky, the steady-state concentration of the product in
the layer of the membrane near the electrode is defined by
Eqn. (16), provided that the reaction does not alter the
concentration ratio in the overall bulk of the solution
before the attainment of the steady state:

oD s'sp s

DS
sinhal + —D—cosh al — —

[P] = £ £ L [S]o:

h aD,
coshal + ..’_‘- sinhal
s

(16)

8,

s

where ¢g and tp are the corresponding mass-transfer

coefficients, and
Foat [E]
a= ‘/ “'I?""[Ds“ . am)

At high substrate concentrations [S] > K, the steady-
state concentration of the product is
kicn [El, 2 Bpk'cat [Elo !

2D, t,

P} = (18)
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Thus in the region where [S] < K, the steady-state
concentration of the product in the layer near the electrode
and hence the steady-state response of the enzyme elec-
trode vary linearly with substrate concentration in solu-
tion [Eqn.(16)], while in the region where [S] > Ky, the
steady-state concentration of the product is independent of
the initial substrate concentration [Eqn.(18)]. Further-
more, it is seen from Eqn. (16) that the enzyme concen-
tration in the membrane influences the steady-state con-
centration of the product only up to a certain limit., For
high values of [E],, the steady-state electrode response
ceases to depend on the concentration of the immobilised
enzyme, in this case we have the limiting value [P] =
(6pts/tp)[So]. Finally, the steady-state electrode response
depends also on the Michaelis constant and the catalytic
constant for the enzymatic reaction (which are in their
turn influenced by pH, temperature, ionic strength, etc.),
on the diffusion coefficients of the substrate and product,
and on the thickness of the reaction layer.

According to the Nernst equation, in the presence of
charged products of the enzymatic reaction the potential
of the electrode system should vary logarithmically with
the activity of the product. Assuming that the steady-
state concentration of the product defined by Eqn. (16) is
approximately equal to its activity under the experimental
conditions, the Nernst equation can be written as follows:

aD, D, D,
RT ; sinhal 4 Do coshal — D
E=F'+ —In{—2 =B, £~ [Shoy» (19)
nF cosh af + S ginhal
6 _[ s1 a

s s

or, in the case of a singly-charged ionic product (» = 1):

E = E° + 0.0591 log |S],. (20)
It follows from Eqn. (20) that at low substrate concentra-
tions one may expect a potential change of 59.1 mV for a
tenfold change in the initial substrate concentration (at
25°C). However, for the majority of real systems the
electrode response is not fully of the “Nernst” type. As
examples, one may quote the experimental slopes of plots
of E against lg [S],, which are 0.055 (determination of
urea®), 0.050 (determination of urea®’), and 0.048 (deter-
mination of amygdalin®¢), In the determination of various
penicillins (see Table), the slope varies from 0.052 for
ampicillin to 0.038 for dicloxacillin®?; the authors were
unable to explain this finding, but suggested that the dif-
ferences between the responses of enzyme electrodes with
respect to various penicillins may be due to the different
thicknesses of the gel layer on the electrode surface.

In the determination of glutamine with the aid of an
enzyme electrode®®, this slope was found to depend on the
pH, varying from 0,048 (pH 6.0) to 0.040 (pH 5.0), which
indicates, according to the authors, the influence of hydro-
nium ions on the ion-selective electrode. Guilbault and
Montalvo 87 found that the response of the electrode, on the
surface of which immobilised urease had been deposited,
in relation to a standard ammonium chloride solution
actually exceeded the response of the usual glass electrode
reversible with respect to ammonium ions, The authorss?
explained the higher sensitivity of the enzyme electrode by
the fact that, under the experimental conditions (pH 7.0),
urease is negatively charged, so that the enzyme immo-
bilised on the electrode behaves similarly to a cation
exchanger.

When the solution being analysed contains “interfering”
ions, which also influence the electrode potential®’, the
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dependence of the potential on substrate concentration can
be formulated as follows:

. DS DS
sinhal + o coshal — —

E=E°+£1:7;lﬂ P p P [Sl;/n+2 qa}/z '(21)

coshas @D
T +
s

aD 8,

sinh al
where 7 is the ratio of the selectivities with respect to the
ions, aj the activity of the interfering ion, and z its
charge. The potential of the enzyme pH electrode should
in fact vary in accordance with this law if the hydrogen
ions formed as a result of the enzymatic reaction are
determined in buffer solutions.

Mossbach and coworkers®! who investigated the opera-
tion of enzyme pH electrodes in buffer solutions at differ-
ent concentrations, showed that urea may be determined
with the aid of the urease electrode at phosphate buffer
concentrations not exceeding 0.01 M. It is seen from
Eqn.(21) that, when the substrate concentration is reduced,
the electrode potential tends to the constant value

E—p+ Ry (2 na,‘/’). (22)

F i

The electrode potential tends to the same value when the
concentration of the enzyme immobilised on the electrode
is reduced. Thus, the S-shaped relation between the
potential of the enzyme electrode and the logarithm of the
concentration of the substance being determined in solu-
tion, which is usually observed experimentally, can be
readily accounted for with the aid of Eqns.(16)~(22).

A considerable proportion of enzyme electrodes described
in the literature (see Table) are sensitive to ammonium
ions %, A significant disadvantage of these electrodes is
their response to virtually all univalent cations 3¢, which
can be described by the following sequences®: Ag*>H*>
K'> NH7 > Na' > Li*. The low selectivity of cation elec-
trodes with respect to ammonium ions has so far precluded
the quantitative analysis of biological liquids for amino-
acids and urea (with the aid of immobilised aminoacid
oxidases, asparaginase, glutaminase, and urease) without
their preliminary treatment using exchangers -5, How-
ever, Guilbault and Nagy recently reported an improvement
of the selectivity of electrodes based on urease® and L-
aminoacid oxidase %8 by the addition of the antibiotic nonac-
tin to the layer of gel-enzyme. Under these conditions,
the selectivity of the electrodes was expressed by the
ratios [NH]/[K*] = 6.5 and [NH}]/[Na*| = 750. Montalvo®é
also reported an appreciable increase of the selectivity of
the cationic glass cation electrode following the deposition
on its surface of a thin hydrophobic membrane (a silicono-
polycarbonate film) which is permeable to ammonium ions.

Guilbault and Montalvo®” studied in detail the factors
influencing the response of the urease electrode. Almost
all the observed effects are consistent with Eqns.(16)~(22).
The authors®” also showed that, when urease is immobi-
lised in a polyacrylamide gel on the surface of a cation-
responsive electrode, the thickness of the gel and its
composition have almost no influence on the steady-state
response of the enzyme electrode. Thus, when the thick-
ness of the gel is reduced from 350 to 60 pm, the steady-
state response diminishes only by 29%; variation of the gel
concentration from 5 to 17.6% for a constant ratio of the
concentrations of the monomer and the cross-linking agent
leads to a change in the response smaller than 2%; finally,
variation of the concentration of the cross-linking agent in
the system from 5 to 199 at a constant gel concentration
also leads only to a very small change in the response of
the enzyme electrode®’.
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VI. THE STABILITY OF ENZYME ELECTRODES

The stability of enzyme electrodes or their ability to
retain the catalytic activity of the immobilised enzyme over
a period of time varies over fairly wide limits depending
on the type of enzyme and the nature of its immobilisation.
The main disadvantage of the immobilisation of the enzyme
in a gel is its gradual “elution” into the solution surround-
ing the enzyme electrode5?,57,%¢ which leads to a gradual
decrease of the activity of the electrode. As a rule, the
stability of such electrodes can be increased by placing
around the layer of the gel-enzyme a thin cellophane
(dialysis) film, which is readily permeable to substrate
and product molecules, but not to enzyme molecules 52556,87,
Electrodes with a higher enzyme concentration in the layer
deposited on them are usually more stable54%, The sta-
bility of enzyme electrodes containing immobilised D-
aminoacid oxidase greatly increased when they were stored
in a solution of flavin-adenine dinucleotide, which is a
cofactor of the enzyme5%,%°, When asparaginase was
immobilised in a polyacrylamide gel, the stability of the
corresponding electrode greatly increased compared with
that of the homogeneous enzyme (see Table); on the other
hand, the stability of L-aminoacid oxidase immobilised in
a gel was significantly lower than that of the soluble
enzyme5¢, Finally, the immobilisation of glutaminase in
a polyacrylamide gel, carried out in a study by Guilbault
and Shu%®, led to the complete inactivation of the enzyme.
Thus both these and other available literature data (see
Table) do not allow an a priori choice of the immobilisation
procedure for the preparation of a stable enzyme electrode.

The most detailed and systematic study of the stability
of gel-enzyme electrodes prepared under different condi-
tions has been carried out by Guilbault and Montalvo®7,
The following factors influencing the stability of the urease
electrode were noted: (a) the concentration of urea in the
test solution; (b) the concentration of the enzyme in the
gel; (c) the initial activity of the immobilised enzyme;

(d) the thickness of the layer of the gel-enzyme on the
electrode; (e) the light intensity during photopolymerisa-
tion; (f) the duration of photopolymerisation in the prepa-
ration of the gel-enzyme,; (g) the temperature of the gel-
enzyme during photopolymerisation; (h) the type of enzyme
electrode.

Guilbault and Montalvo®? found the optimal conditions
for the preparation of the gel-enzyme under which the sta-
bility of the immobilised urease is highest (the enzyme
works periodically for 3 weeks without appreciable loss of
activity). It was shown that the stability of the electrode
depends on the urea concentration in the solution being
analysed, becoming impaired with increasing substrate
concentration. According to a number of data58:%,% an
increase of the stability of the enzyme electrode is
observed with increase of the thickness of the gel-layer
(from 60 to 350 um), with increase of the enzyme concen-
tration in the reaction layer, and, finally, when the layer
of gel-enzyme on the electrode is covered by a thin cello-
phane film. :

Guilbault and Lubrano“ made a comparative study of
the stabilities of three types of electrodes with immobi-
lised glucose oxidase—bound chemically to derivatives of
polyacrylic acid, entrained in a polyacrylamide gel, and
immobilised in a thin layer of solution between the surface
of the electrode and a cellophane film. It has been noted*®
that the third type of electrode not only loses its activity
appreciably on storage in a buffer solution but also its
response diminishes in each successive determination of
the glucose concentration in solution. For this reason,
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this type of electrode has not been used for the analytic
determination of glucose (see Table). The response of
enzyme electrodes of the first two types reaches a maxi-
mum after they have been working for 20-40 days and then
diminishes during 200-300 days (see Table), the electrode
with chemically immobilised glucose oxidase being more
stable than the gel-enzyme electrode. The authors ¥ sug-
gest that the bell-shaped curve for the dependence of the
electrode response on time may be accounted for by the
superposition of two effects —the gradual formation of
diffusion channels in the matrix of the immobilised enzyme
and the simultaneous denaturation of the latter,

VIII. PROBLEMS AND PROSPECTS

The wide scale and effective application of immobilised
enzymes in analytical chemistry requires the solution of a
number of general biochemical problems (the development
of methods for the isolation and purification of enzymes,
the development of methods for the determination of the
catalytic activities of specific enzymes, the study of the
mechanisms of the action of specific enzymes, the eluci-
dation of factors influencing enzyme activity, etc.). Apart
from these problems, which have no direct bearing on the
subject of the present review, the following problems
must be solved for the development of highly specific and
economical enzyme electrodes suitable for the selective
determination of a wide range of chemical compounds:

(1) An increase of the stability of immobilised enzymes
to such an extent that they can function for several months
and years.,

(2) The determination of universal immobilisation
methods permitting immobilisation by standard procedures
suitable for all enzymes (or for specific groups of
enzymes),

(3) An increase of the specificity of ion-selective elec-
trodes with respect to particular ions (for example
ammonium ions), which will permit the quantitative deter-
mination of given reagents with the aid of the correspond-
ing enzyme electrodes in the presence of extraneous ions.

(4) An increase of the sensitivity of electrochemical
systems with respect to electrochemically active products
of the corresponding enzymatic reactions. This will make
it possible to extend the limits of the sensitivity of enzy-
matic analytical methods towards lower concentrations of
the given reagents.

In order to assess the possibilities of enzymatic ana-
lytical methods and the prospects of their development, it
is sufficient to quote a by no means complete list of
reagents the quantitative determination of which is of
interest for analytical chemistry and which can be deter-
mined with the aid of enzyme electrodes. These reagents
include aliphatic and aromatic alcohols, aldehydes, acids,
hydroxyacids, ketoacids, dicarboxylic acids, aminoacids,
esters, amides, carboxylic acid nitriles, primary,
secondary, and tertiary amines, diamines, glycols
(including ethylene glycol, propane-1,2-diol, and butane-
2,3-diol), glycerol, acetoin, acetoacetate, hydrazine,
hydroxylamine, ethanolamine, tyramine, nitroethane and
other aliphatic nitro-compounds, phenols, o- and p-
dihydroxybenzenes, xanthine, hypoxanthine, cholesterol,
androsterone and other 3-a -hydroxysteroids, testosterone
and other 3-8- and 17-8-hydroxysteroids, 20-dihydrocorti-
sone, penicillins, sugars, thiols, diisopropyl phosphoro-
fluoridate and other organophosphorus compounds, DDT,
hydrogen peroxide, nitrates, nitrites, sulphites, hydro-
gen sulphide, ammonia, nitric oxide, pyrophosphate,
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halides, cyanides, and metal ions (calcium, barium,
zinc, cadmium, copper, manganese, cobalt, and nickel
ions).

It is noteworthy that, in order to determine any of
these reagents, one can select, in principle, a suitable
chain of coupled enzymatic reactions, with the substance
to be determined at the beginning and the electrochemi-
cally active enzymatic reaction product at the end. In
other words, in principle, a suitable enzyme electrode
can be prepared for the quantitative deter mination of
virtually any of the reagents enumerated above.
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The Quenching of Singlet Oxygen

V.Ya.Shiyapintokh and V.B.lvanov

The kinetics and mechanisms of processes involving the quenching of oxygen in the singlet state (‘A,) are examined. The rate
constants for the deactivation of singlet oxygen in various solvents, for the reactions of singlet oxygen with unsaturated and
aromatic compounds, and for processes involving the quenching of singlet oxygen by amines, metal complexes, and certain
other compounds have been compiled. The influence of the polymer matrix on the reactivity of electron acceptors and the
efficiency of quenching agents is considered and the role of singlet oxygen in photochemical oxidation reactions of low- and
high-molecular-weight organic compounds is discussed.
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I. INTRODUCTION

It was shown in 1964'’® that many photosensitised oxi-
dation reactions proceed with participation of oxygen in an
electronically excited singlet state and that “singlet” oxy-
gen can give rise to oxidation products in nearly theoretical
yields. These studies aroused much interest and stimu-
lated theoretical and practical investigations of the pro-
perties and reactions of singlet oxygen. Among practical
problems, the possibility of using singlet oxygen in
preparative organic chemistry, the problem of smog and
the pollution of the atmosphere, and the problem of pro-
tection of biological systems as well as low~molecular-
weight and high-molecular-weight compounds from photo-
gensitised oxidation have attracted particular attention.

In connection with the problem of improving the resis-
tance of organic compounds to photochemical oxidation,
questions concerning the efficiency of the quenching of
singlet oxygen and the mechanism of the action of quenching
agents are considered here. A number of recent
reviews *™® of the properties and reactions of singlet oxy-
gen may be recommended.

I. KINETICS OF PHOTOCHEMICAL OXIDATION BY
SINGLET OXYGEN

In photosensitised oxidation reactions the main source
of singlet oxygen (*Oz) is believed to be the reaction
involving the quenching of the trisplet state of the sensitiser
%S by oxygen in the ground state *O;:

3§ %0, — 15, 4-10,, (1)
where 'S is the ground singlet state of the photosensitiser.
Other reactions are also known:

18, +10, > 18, + 10, @)

18; 420, — 5 4-10,, (3)
where 'S is the excited singlet state of the photosensitiser.

However, the probability of these reactions is as a rule
lower than that of reaction (1).

1. Characteristic Reactions of Singlet Oxygen

(a) Oxidation of olefins containing an allylic hydrogen
atom to hydroperoxides. A characteristic shift of the
double bond to the allylic position takes place in the reac~
tion, for example:

AN X

hv,S,0 \/
0=,

where X is a substituent.
(b) The addition of 02 to diene hydrocarbons with for-
mation of cyclic peroxides, for example:

Z hv,S, 09 (5)

(c) Addition to olefins having an excess electron density
at the double bond with formation of 1,2-dioxetans, for
example:

0-0
LA S CH,O—(‘Z—(!——OCHa . (6)
CHO OCH,

(d) The interaction of 'Oz with reducing agents, for
example phenols’®, sulphur-containing compounds **!#2,

and amines*”*™'® ‘for example:

Ho%} 5 oo, @

/OCH,
\OCH,

CHO
i >c=c
CH,0

2(CHy), S — 252 2(CHy), SO, (8)
2(CH,), S0 —¥2%_, 3 (cH,), SO, (9)
H,NCH,CH, —=>°%— H,NCH (OOH) CHj, (10)
H. OH H. ,OH
N/ N/
/ N
o | | cHs S0 cmy || cHs (11)
CHy” \N7"\CH, cHy” \1\;/ \CH,

i &
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2, Kinetics of Oxidation in the Absence of Quenching Agents

The oxidation of compounds containing double bonds by
singlet oxygen is hardly influenced by effective inhibitors
of radical-chain oxidation processes, for example 2,6-di-

t-butyl-4-methylphenol. On the other hand, tert1ary
aliphatic amines, which are typical '0; quenchmg agents,
do not inhibit the radical-chain oxidation of tetralin by
molecular oxygen“’ Thus, the oxidation by singlet oxygen
of compounds with double bonds does not proceed via a
radical-chain mechanism,

The kinetic scheme for the oxidation of an acceptor A
can be formulated as follows:

&,
Yo —e 30,

e o —| a (12)

FA > A0
Hence

1 1 ky 4

Aot 14—,

D0, P10, ( k [A]) (13)

where A0, and $!Q, are the quantum yields of the oxida-
tion product AO: and of the formation of singlet oxygen
respectively. Mechanism (12) can be used not only to
describe reactions involving the addition of singlet oxygen
to unsaturated compounds [reactions (4)-(6)] but also other
reactions of singlet oxygen. Thus, it has been shown
recently that the reactlons of smglet oxygen with secondary
and tertiary amines’ , in which a free valence is produced,
are also fully described by scheme (12).

It is clear from Eqn. (13) that the yield of product is
determined by the ratio of the rates of deactivation of 'O
and of the interaction of 0, with the acceptor A. The
maximum yield $A0, = €0, is reached under the following
condition:

kAl S Ry

The use of Eqn. (13) makes it possible to determme ky/kRd—
the relative reactivity of the acceptor towards '0z—from
the dependence of the quantum yield on the concentration

of the acceptor.

3. Kinetics of Oxidation in the Presence of Quenching
Agents

In the presence of a quenching agent Q for singlet oxy-
gen, the kinetic scheme for the oxidation of the acceptor
becomes

by

—=— 30,
ss 20 10, 155> A0y (14)
i_, 30, +Q
+Q 2
whence
ot AT\
®ro, Oro, [1+ (k, K, ) [A]]‘ (15)

1t follows from Eqn. (15) that the variation of ®AQ, with
[A] should be represented by a straight line when 1/®50,
is plotted against 1/[A], and the parameters kr/kq and
kr/k characterising the relative reactivities of the
acceptor and the quenching agent in relation to 'O= respec-
tively, may be determined from the dependence of the
slope on [Q].

In the kinetic schemes (12) and (14) it was assumed that
o, = $3g. However, these quantities are not equal
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when A or Q mteracts with °S, I, for example, Q
quenches only °S (with a rate constant kQ) and not Oz, then

1t [ Y P
Dy, D (1 + ko, [0s] ) (1 + k,[A)) .

Like Eqn. (15), Eqn. (16) represents a linear plot of
1/®A0. against 1/[A]. However, in contrast to Eqn. (15),
the intercept on the ordinate axis depends on [Q(]. Fur-
thermore, the slope of the plot defined by Eqn. (16) depends
on [Oz]. Quenching of the triplet state of the photosensi-
tiser can be distinguished from the quenching of singlet
oxygen by means of these features.

The use of Eqns. (13) and (15) makes it possible to obtain
the kinetic parameters ky/kq and kq/kq from the concen-

tration variation of the quantum yield and kr/kq from the
concentration variation of the rate of oxidation,

(16)

4. The Efficiency of Quenching Agents in Liquid-Phase
Systems

In order to obtain absolute values of the kinetic con-
stants characterising the efficiency of quenching agents
and the reactivities of singlet oxygen acceptors, the
kinetics of the oxidation reactions were 1nvestigated and
measurements were made of the lifetimes of singlet oxygen
in various solutions using flash photolysis'”~%®,

Table 1. The constants 24 for various solvents.
Solvent 10‘.311; o | Refs Solvent iy ::k ao| Refs.
s
Water 350 21 Cyclohexane 41 21
D20 350 21 Iscoctane 40 22
Dimethylformamide 140 19 4:1 benzene-methanol 38 23
Methanol 100 21 Pyridine 31 23
100 11 t-Butyl alcohol 30 23
(a) 88 23 Dioxan 29 23
® 97 23 Benzene 28 21
200 19 80 19
1: 1 Methanol-t-butyl
alcohol (c) 60 26 Acetonitrile 23 21
Chloroform 12 21
Ethanol 58 21 Methylene chlotide 73 22
180 19 Carbon tetrachloride 1 21
n-Butyl alcohol 52 23
4:1 Bromobenzene-
methanol 43 23

Note: a) and b) Methylene Blue and Rose Bengal were used
respectively as photosensitisers; c) estimated from data
in this Table and those of Higgins et al.?®

It follows from mechanism (12) that there is competition
between reactions involving the spontaneous destruction
of 'Oz and its interaction with acceptors. Table 1 shows
that the values of k4 change very markedly on passing
from one solvent to another. These constants are large
and correspond to the lifetimes of 'Oz in various solvents
ranging from a microsecond to a millisecond, For
effective oxidation, the oxygen must be able to react with
acceptors during this period; consequently, the rate con-
stant 2y must also be large. It is seen from Eqn. (13) that
the fraction 7 of singlet oxygen interacting with the accep-
tor is 0.5 when kg = ky[A] or

[Aln=o,a = f:- . (17)
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Eqn. (17) shows clearly at which acceptor concentration or
for which values of the kinetic constants the spontaneous
destruction of oxygen and the oxidation process proceed at
comparable rates.
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The rate constants for the quenching of singlet oxygen
by amines and their derivatives as well as by organometal-
lic compounds are compiled in Tables 4 and 5. The rate
constants for quenching by B-carotene are listed in the last
rows of Table 2; the tables show that the rate constants
for quenching by B-carotene and certain organometallic
compounds are equal or close to diffusional constants.

The constants kg are very large for many amines. They
can be describeg by the Hammett equation (see, for
example, Young and coworkers *7%°),

Table 2, The constants £y for the reactions of singlet
oxygen with olefins in solutions.

Compound Solvent ky, litre moted s1 | Refs.
Non-l-ene Methanol (a) 7.5 x 102 27
4-Methylcyclohexene Methanol (a) 5 x 103 27
Cyclohexene Methanol (a) 7.5 x 103 27
2,3-Dimethylbut-1-ene Methanol (@ 1.5 x 104 27
Hex-2-ene Methanol (a) 6.5 x 104 27
Cyclopentene Methanol (a) 1 x 105 27
2,3-Dimethylcyclohexene Methanol () 3.5 x 105 21
1-Methylcyclohexene Methanol (a) 3x 103 27
2-Methylbut-2-ene 1:1 Methanol-t-butyl alcohol (b) 5 x 105 26
2-Methylpent-2-ene Pyridine () 6 x 105 28
p-Chlorotrimethylsty rene t-Butyl alcohol (d)6 x 103 26
1-Methylcyclopentene Methanol (e) 8 x 105 29
Cyclohexadiene 1:1 Methanol-t-butyl alcohol (b)5 x 105 26

Methanol (a) 2.5 x 106 27
Cyclopentadiene Methanol €)1 x107 30
1,2-Dimethylcyclohexene Methanol e 3x 107 30
2,3-Dimethylbut-2-ene Methanol @2x 107 27
Methanol (a) 4 x 107 27
Methanol (¢) 3x 107 30
Methanol () 2x 107 31
Methanol - tbutyl alcohol (b)2 x 107 26
p-Carotene Benzene ® 1.3 x 1010 25
Benzene © 2x 1010 21
4:1 Benzene~methanol ® 3 x 1010 11

Note: a) Recalculated directly from relative values based
onky =4 % 10° for 2,3-dimethylbut-2-ene; b) recalculated
on the basis of ¥4 = 6 X 10*; c) recalculated on the basis
of kg = 1 X 10" for triethylamine; d) recalculated on the
basis of kg = 3 X 10*; e) recalculated on the basis of kd =
1x 10%; f) the value of kg.

11

I S 1 [

a -2z -04 -06 a
Figure 1. Dependence of the logarithms of the rate con-
stants for the reactions of olefins with singlet oxygen on
the on constants of the substituents; 1) acyclic olefins;
2) cyclohexene derivatives.

The values of 2y for certain olefins and aromatic com-
pounds are listed in Tables (2) and (3). It is seen that
they depend very markedly on the structure of oxygen
acceptors. On the other hand, the dependence of £y on the
nature of the solvent is comparatively slight. Fig.1 shows
that the influence of substituents on 2r can be described
by the Hammett equationt.

T In the example quoted, the on constants of the substi-
tuents were used to construct the correlation plot,

Table 3. The constants 2y for the reactions of singlet
oxygen with aromatic compounds in solutions.

Compound Solvent ky, litre mole-1 "1 Refs.

Anthracene Benzene (a) 7 x 104 33

Benzene @) 5x 104 34

8:1 Benzene-—ethanol (b)9 x 104 58

9,10-Diphenylanthracene Benzene (@) S x 105 33

Benzene (@ 6 x 105 34

Pyridine (c) 8x 106 35

Naphthacene Methylene chloride 1.8 x 107 36

8:1 Benzene-ethanol ()7 x 106 15

9,10-Dimethylanthracene Pyridine (c) 4 x 106 35

Rubrene Pyridine © 9 x 107 35

—_ 7 x 107 22

Benzene (a) 3 x 107 37

Benzene (a) 2 x 107 33

2-Phenylfuran Methanol (d)6 x 107 31

2-Methylfuran Methanol (@9 x 107 31

2,5-Diphenylfuran Methanol @1x108 31

Methanol 4.5 x 107 23

2,5-Dimethylfuran Methanol (d)4 x 108 31

Methanol (d)1x 108 30

1:1 Methanol~t-butyl alcohol (&) 5 x 107 26

Water 1.5 x 109 38

1,3-Diphenylisobenzofuran t-Butyl alcohol 0.6 x 109 23

4:1 Bromobenzene -methanol 0.7 x 109 23

n-Butyl alcohol 0.8 x 109 23

4:1 Benzene-methanol 0.9 x 109 23

4:1 Benzene-methanol 1.5 x 109 25

Methanol 13 x 109 23

Methanol 0.7 x 109 17

Pyridine 2.1x109 23

Note: a) Recalculated on the basis of kd = 2.8 X 10°%;

b) recalculated on the basis of kr = 4 X 107 for dimethyl-
anthracene; c) recalculated on the basis of kr = 4 x 107
for 2,3-dimethylbut-2-ene; d) recalculated on the basis of
kg = 1x 10°; e) recalculated on the basis of kd = 6 x 10°%,

In contrast to the constants ky for olefins and aromatic
compounds, the constants kg for amines can depend
markedly on the solvent. However, the nature of the
dependence is determined by the structure of the amine,
For example, NN -dimethylaniline and methylamine quench
!0z in methanol more effectively than in Freon 113
(C2ClsF3) by three orders of magnitude. On the other hand
the rate constants for quenching by diethylamine and tri-
ethylamine differ only by a factor of several units in the
same solvents,

Above it was already noted that phenols, azides, and
sulphur-containing compounds can behave as quenching
agents for singlet oxygen. The kinetic constants for a
very small number of compounds of these classes are
known. Thus kq = 2.2 X 10° for NaNs in methanol®, kq <
7 % 10"f for hydroquinone in a 4 : 1 benzene—methanol

’

1 Quenches also °S,
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mixture'!, kq = 6 X 10° for diethyl sulphide in the same
solvent'®, and ky = 1 X 10°§ for lpoic acid

(CHz2){COOH

S-S
in benzene ¥,
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in a reaction involving the substance being oxidised (excited
by light) and then itself interacts with the latter are well
known and have been investigated in detail *¢:

Aig+70; — [Aus - %0,] ox [Ass, - 104 o Ay,
(s1) ”m)

Ag, +10,

30,. .

Ag,+ '0{‘.0) As,‘f"(;: (18)-(23)

1
O,a.»)

Table 5. The rate constants kq for the quenching of
singlet oxygen by organometallic compounds in the liquid

phase*,

Table 4. The rate constants kg for the quenching of sing-
let oxygen by amines and their derivatives in the liquid
phase.
Compound Solvent kq,
litre mole-1 s1 Refs.
Isopropylamine Methanol 4.5 x 104 39
Cyclohexylamine Methanol 8x 104 39
Pyrrolidine Methanol 2x 105 39
Benzylamine Methanol 2.5 x 103 39
t-Butylamine Methanol 6.5 x 105 39
Piperidine Methanol 9 x 105 39
Piperazine Methanol 1x 106 39
Nicotine Methanol () 1.5 x 106 28
Diethylamine Methanol 2x 10 39
Diphenylamine Methanol 6 x 106 39
Diazabicyclo[2,2,2]octane (DABCO) Methanol 7.5 x 108 39,40
4:1 Benzene-methanol 1.5 x 107 11
n-Butyl alcohol 4.5 x 106 40
Isooctane 3.5 x 107 22
Methylene chloride 3.5 x 107 22
Triethylamine Methanol () 1.x 107 40
4-Hydroxy-2,2,6,6-tetramethyl-
piperidin-1-yloxy-radical 1:1 Benzene-methanol (b) 1.5 x 107 41
4-Hydroxy-1,2,2,6,6-pentamethyl-
piperidine Methylene chloride ()5 x 107 36
1,2,2,6,6-Pentamethylpiperidin-4-yl-
nonadecanoate 1:1 Benzene-ethanol (¢) 3 x 107 42
1,2,2,6,&Penta:peﬂlylpiperidin#yl- "
(3,5-di-t-butyl-4-hydroxyphenyl)- 1:1 Benzene-ethanol €)7x10 42
ﬁ-;nopionate Methanol 1x 108 39
(a) 7.5 x 107 23
_Dimethylanilin CyCl13F 3 (Freon 113) 2x1 20
NN-Dimethy’ e 2C13F3 @ 8 x 107 3
8-Naphthylamine Ethanol 3.5x108 44
N-1sopropyl-N'-phenyl-p-phenylene-
(gsmil;e P Isooctane ) 6x 108 43
NNNN'-Tetramethylphenylene-
diamine Methanol 6x 108 39
N-CyclohexylsN-phenyl-p-phenylene-
CZimnine P Ethanol %) g x igg %
jami 2-Butoxyethanol x
o-Phenylenediamine Eant © 3x 108 o

Note: a) solvent not indicated; b) obtained on the basis

of (¢q)DABCO = 1 X 107; c) according to Smith*, in
pyrigine (kq)DABCO = (kq)triethylamine; d) obtained on
the basis of kq = 7.3 X 10%; e) estimated from Felder and
Schumacher's data®® on the basis of (¢q)DABCO = 1 X 107;
f) recalculated from the relative rates on the assumption
that kg = 5 X 10® for N -cyclohexyl-N -phenyl-p-phenylene-
diamine; g) the rate constants have been adopted on the
basis of data in the greceding two rows; h) obtained on the
basis of kq = 4 X 10° for 2-butoxyethanol %,

5. The Influence of the Polymer Matrix on the Kinetics of
the Quenching Processes and Their Rate Constants

In the kinetic schemes for oxidation by singlet oxygen
considered above, it was assumed that !0; is formed as a
result of interaction with the photosensitiser. However,
photochemical reactions in which singlet oxygen is formed

§ It has not yet been established whether lipoic acid
reacts with 'Oz or whether it behaves as a quenching
agent ¥,

Quenching agent Solvent kq, litre Refs,
mole1 g1
Nickel(II) 3,5-di-t-butyl-4-hydroxy-
benzoate 1:1 Benzene-ethanol 8 x 106 42
Ferrocene Benzene 9 x 106 25
Bismuth(III) dimethyldithiocarbamate Methylene chloride 1x107 36
Nickel(1I) bis(butyl-3,5-di-t-butyl-4-
hydroxybenzylphosphonate) Methylene chloride 1.4 x 107 22
1:1 Benzene-ethanol 8 x 106%» 42
Methylene chioride 6 x 106 36
Zinc(II) bis(n-butyldithiocarbamate) Carbon disulphide 2x107 24
Nickel(II) acetylacetonate Methylene chloride 7.5 x 107 44
Nickel(II) bis{ 2,2"-thiobis(4-t-octyl
phenoxide)] Isooctane 1.3 x 108 22
(n-Butylamine)nickel(II) bis[2,2"-thio-
bis(4-t-octylphenoxide)] Carbon disulphide 1.5 x 108 24
Isooctane 1.8 x 108 22
Nickel(I1) bis{2,2’-thiobis-(4-t-actyl-
phenoxide)] Carbon disulphide 5x 108 24
Cobalt(Il) diisopropyldithiocarbamate Methylene chloride 1.9 x 109 44
Nickel{(II) bis-(2-hydroxy-5-methoxy-
phenyl-N-n-butylaldimine) Isooctane 2.4 x 109 44
Bis-(2-hydroxy-4-methylphenyl undecyl
ketone oximato)nickel(II)
(Negopex B) Benzene 2.7x 109 25
Bis-(2-hydroxy-4-methy P
oximato)nickel(II) (Negopex A) Benzene 3 x 109 25
Palladium(II) N-hydroxyformhepta-
decylimidoyl-4-t-butylp ide 6x 197 25
Nickel(Il) diisopropyldithiocarbamate Methylene chloride 3.4 x 109 44
Tron(11I) diisopropyldithiocarbamate Methylene chloride 3.8 x 109 44
Nickel(II) diisopropyl phosphorodithi Methylene chloride 5.4 x 109 44
Nickel(II) di-n-butyldithiocarbamate Carbon disulphide 4x 109 24
Isooctane 7 x 109 22
Methylene chloride 3.5 x 109 36

Note: * Several new studies, in which the values of kg were
determined for a large number of transitional metal com-
plexes, have been published recently ”~""; the most effec-
tive of these quench singlet oxygen with nearly diffusional
rate constants”".

** Egtimated from Felder and Schumacher's data*? on the
basis of (kq)DABCO = 1% 10",

Here singlet oxygen is formed in a reaction with the accep-
tor Ass in the excited triplet state. A characteristic fea~-

ture of this scheme is that the complex ASO.IOz, the pre-
cursor of the product AOz, is formed in two different
reactions: in reaction (18) within a cage, designated by
brackets (at the point of encounter of Asg and %02), and in
reaction (22) between an unexcited acceptor molecule and
singlet oxygen which has emerged from the cage into the
bulk phase.

It is readily seen that, for the specified values of the
kinetic constants, the kinetic law governing the reaction is
determined by the concentration of A. In the region of very
low values of [A] the complex As(,.'Oz is formed exclusively
via reaction (18) and the reaction involving the formation of
AQ:; is of first order with respect to the substance oxidised.



Russian Chemical Reviews, 46 (2}, 1976

The 'Oz species which have emerged from the cage
[reaction (21)] are destroyed in reaction (23) without having
sufficient time to react with A [reaction (19)], since the
distances between the species A are very small. In the
region of very high concentrations [A], the complex Ag,.'

is formed via reactions (18) and (22). Having emergeg
from the cage each species 'Oz reacts with A, and there-
fore the quantum yield is independent of [A]. In the region
of moderate concentrations the complex Ag,. 'Oz is also
formed via reactions (18) and (22), but the quantum yield
increases with increase of [A]; the order of the reaction
with respect to the substance oxidised is intermediate
between first and second.

It has recently been shown* ™*° that, when the photo-
chemical reaction is carried out in a polymer matrix, the
kinetics are different: the order of the reaction with
respect to the substance oxidised is much higher than the
second and the reaction is rapidly retarded. As an
example, Fig.2 presents kinetic curves for the variation
of the concentration of anthracene dissolved in a polysty-~
rene film, in photochemical oxidation under the influence
of light at a wavelength of 365 nm in air at room tempera-
ture. If irradiation is stopped at some instant, the speci-
men is heated at 95-100°C for 15-20 min in the dark,
cooled to room temperature, and then irradiation is con-
tinued, the reaction starts again (curve 2) and is again
retarded under the conditions of continuous irradiation.
With periodic and fairly frequent heatmg after irradiation
(thermal activation), the reaction is faster (curve 3) and
follows 11qu1d-phase kinetics.

40 ¢, min

Figure 2. Variation of the concentratlon of anthracene C
(initial concentration Co = 2.8 X 10™ M) in a polystyrene
film during irradiation in air with light at a wavelength of
365 nm: 1) continuous irradiation; 2) repeated irradiation
after 10-min heat treatment at 100°C; 3) periodic condi-
tions: after the determination of each experimental point
indicated on the curve, the system was heated at 100°C for
10 min,

In general terms, the effect involving the rapid inhibi-
tion and arrest of the reaction can be accounted for by the
fact that the polymer is an inhomogeneous system and
therefore the probabilities of photochemical oxidation are
not the same at various points within it. Species located
at the points where the quantum yield is highest react
initially, the quantum yield decreasing gradually in the
course of the reactions. In order to describe the inhomo-
geneity of the polymer and the influence of the polymer
matrix on-the oxidation kinetics, a model has been pro-
posed **® according to which the substrate molecules in
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the polymer are located together with oxygen molecules
in cages which differ in their permeability to oxygen.
Within the framework of this model, the probability of the
photochemical reaction is higher at low substrate concen-
trations for low permeability of the cage, since an
increase of the lifetime of the A-"0z pair corresponds to
a decrease of permeability. On the other hand, at high
concentrations of the acceptor A in the region correspon-
ding to the preferential occurrence of the bimolecular
reaction, species in cages with a high permeability react
first. In this model the inhibition of the reaction is
attributed to the gradual consumption of the species located
in the regions of the polymer matrix more favourable for
the reaction and thermal activation is accounted for by the
restoration of the initial distribution of the substrate
among the cages with different permeabilities as a result
of the increase of the intensity of molecular motion at
elevated temperatures. On the basis of the concepts
described above, a quantitative theory of such self-inhi-
biting processes, involving oxidation by singlet oxygen,
has been devised*® for various selected laws governing
the distribution of the cages with respect to permeability.

Table 6. Comparison of the kinetic constants for a solu-
tion (in methylene chloride) and a polymer (polystyrene) at
room temperature

Methylene chloride Polystyrene
(Ba/kdL | (krikglL
Compound ky-tg. kelkg, kylkg, kelkyg. T"_J/Td’—s [CRII
litre moie-1flitre mole-1{litre mole-Ulitre mole-|
f-Carotene 3.6-10¢ — 8103 — 450 -
Nickel dibutyldithio-
carbamate 4.7.108 - 1.1.103 — 420 —
Rubrene — 9-108 — 70 — 140
4-Hydroxy-1,2,2,6,6-penta-
methylpiperidine 7.3-108 — 4.2.103% — 17 —
Tetracene — 2.5-10% — 50 — 50
Bismuth dimethyldithio-
carbamate 1.5-108 — 2.4.10% — 6 —
Nickel(II) bis-(3,5-di-t-butyl-
4-hydroxybenzylphosphate) | 5.1.103 — 1.7.10% — 3 —
Anthracene — 1.8 — 0.25 —_— 7

Note: The subscripts L and S denote the liquid and solid
phases respectively (Ed. of Translation).

The first values of the rate constants for the quenching
and oxidation processes *® showed that the polymer matrix
has a significant influence on these processes (Table 6).
The correlation between the constants in the liquid and
solid phases and the levelling of the kinetic constants for
the solid phase are the most striking features. For
example, the highest value of kq/kd for polystyrene is 50
times higher than the lowest value, whereas the corre-
sponding values for methylene chloride differ by a factor
of 5000. In other words, the efficiencies of various
quenching agents differ much less in the solid phase than
in the liquid phase. A similar levelling phenomenon was
observed previously for the reactivities of various anti-
ox1dants in relation to peroxy-radicals in solid polysty~
rene’®. In this case the levelling was accounted for by the
dependence of the rate of the chemical reaction both on the
reactivity of the antioxidants and on the mobility of the
reactants in the polymer matrix. It is at present difficult
to say whether this mechanism can be extended also to the
02 quenching reactions, since there are few experimental
data,
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The data in Table 6 create the impression that the
efficiency of the most powerful quenching agent is dis-
proportionately reduced in the polymer matrix. Experi-
ments with rubrene, tetracene, and anthracene also
revealed that, on passing from the liquid to the solid
phase, the values of kq decrease less than those of %y.

In polystyrene the quenching of 'Oz by nickel(lI) dibutyl-
dithiocarbamate, bismuth(IIT) dimethyldithiocarbamate,
and the nickel(lls salt of 3,5-di-t-butyl-4-hydroxybenzyl-
phosphonic acid in polystyrene is not accompanied by a
change in the absorption spectra of these substances.
Their concentrations hardly change, which means that in
both the solid polymer and in solutions the compounds
quench '02 via a physical mechanism.

. THE QUENCHING MECHANISM

1. Quenching via Charge Transfer

Ideas about the quenching mechanism have been devel-
oped™ on the basis of the observed correlation between
the values of kq for the gas phase and the ionisation poten-
tials I'y of the quenching agents (amines). Later similar
correlpations were found for quenching by sulphur-con-
taining compounds in the gas phase (Table 7) and by amines
in the liquid phase (Table 8).

Table 7. The ionisation potentials of sulphur-containing
compounds and the rate constants for the gas-phase
quenching of 'Oz by these compounds %,

Quenching agent Ip, eV kg, litre mole~! 51
Methanethiol géé %(3):8:
Dimethyl disulphide . -0
Thioph:n e 8.86 3.6:10¢
Dimethyl sulphide 8.69 1.6-10%
Diethyl sulphide 8.42 4.1.108

These correlations led to the conclusion that quenching
takes place via the formation of a charge-transfer complex
in which 'Oz behaves as the electron acceptor®™. This
complex is formed only at the instant of collision and is
not in equilibrium with the reactants. This is evident
from the fact that the rate constant for the quenching of
102 by amines (A) in the gas phase increases with tem-
perature®™. For an “equilibrium” complex, one might
have expected the opposite relation, since an increase of
temperature leads to a decrease of its equilibrium con-
centration.

The overall equation for the quenching process

‘on+ lAn - 30, + ‘An (24)

shows that it takes place with a change in the overall spin
and therefore its probability should be reduced, according
to Wigner's rule, particularly since the system con-
gidered here does not contain either heavy atoms or para-
magnetic quenching agents or catalysts, which reduce the
degree of prohibition as a result of spin-orbit interaction.
However, it is believed® that, in a 'Oz2-quenching agent
system in the singlet state, even weak spin-orbit inter-
actions are sufficient to reverse the spin.
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The initial state of the *02="A, system can be regarded
as a superposition of the unperturbed singlet state of the
complex *0z."A¢ and the singlet state of the charge-trans-
fer complex A(“CT), where X indicates to what extent the
compound '0z."A has the properties of a charge-transfer
complex. Accordingly, the final state may be repre-
sented as a superposition of the triplet state of the com-
plex °02.'A, and the charge-transfer triplet state p(°CT).
Since the singlet and triplet states of the charge-transfer
complex differ little in energy, even a weak spin-—orbit
interaction between the singlet and triplet charge-transfer
states (involving, for example, nitrogen or sulphur atoms)
can convert the initial and final states into states with

mixed” multiplicity and thus allow at least partially the
transition

!0, - "A 4+ A ()CT) — (%0, - YA +p (°CT)). (25)

From this point of view, the observed correlation between
the quenching rate constants and the ionisation potentials
can be accounted for by the increase of the contribution of
the charge-transfer states in the initial and final systems
and by the corresponding increase of the mixing of states
with different multiplicities %,

Table 8. The rate constants for the quenching of 'Oz by
amines in methanol solution *,

’ kge10-9, . 100,
Quenching agent 10V itre hotel o] Quenchingagent | [pr eV litre moje 51
Cyclohexylamine 8.86 0.08 1,4-Piperazine 8.21 1,2
t-Butylamnine 8.83 0.66 Diethylamine 8.01 1.9
Isopropylamine 8.72 0.05 Piperidine 7.85 0.92
Benzylamine 8.64 0.26 DABCO 7.52 7.3
Pyrrolidine 8.30 2.4 Triethylamine 7.50 9.3
Hexamethylenetetramine 8.26 0.20 N-Methylaniline 7.30 27
NN-Dimethylaniline 7.10 120

The hypothesis that the 'Oz quenching processes proceed
via charge-transfer states was confirmed further in a
study *° of the quenching of 02 and of the fluorescence of
aromatic hydrocarbons by different amines, which takes
place in an electronically excited charge-transfer complex
formed by the aromatic compound and the amine. A
linear correlation between the logarithm of the quenching
rate constant and a quantity characterising the affinity of
the excited singlet molecule for oxygen was demonstrated *°
for each amine investigated. It is of interest that the
point characterising the rate constant for the quenching of
singlet oxygen also fits on the straight line plotted for data
on the quenching of the fluorescence of the singlet states
of aromatic compounds.

2. Quenching via Energy Transfer

The quenching of 'Oz via energy transfer proceeds in
accordance with the equation

10: 4 1Qq — %0z + *Qu. (26)

where 'Qo and Qo are the ground singlet and triplet states
of the quenching agent. This process does not require a
change in the overall spin and is therefore allowed. The
change in the multiplicity of the energy levels of oxygen
alone is forbidden by Wigner's rule and its probability is
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therefore low. In order that reaction (26) should have a
high rate constant, it is necessary that the condition

E‘Q2 z E 3Q0 holds for the energies of the corresponding
states of oxygen and the quenching agent. Since E*OZ is
only 22.6 kcal mole™, the energy of the triplet level of the
effective quenching agent for '0; must be very low.

The first investigation of a quenching agent operating
via an energy transfer mechanism was carried out by Foote
et al.,11 who observed a very marked (20-fold) decrease
of the rate of photosensitised oxidation of 2-methylpent-2-
ene (0.1 M) in the presence of a B-carotene concentration
smaller by a factor of 1000. The efficiency of this
quenching agent surpasses all others which have been
investigated. The quenching process results in the cis-
trens isomerisation of S-carotene. It was known that 8-
carotene quenches the low-energy (29 kcal mole™) triplet
state of chlorophyll with a diffusional rate constant, i.e,
EQ, < 29 kcal mole™. % The efficiency of the quenching

of '0; decreases when B-carotene, which contains a system
of 11 conjugated bonds, is replaced by other quenching
agents of this class but with shorter conjugated chains.
The compound with five conjugated bonds altogether failed
to inhibit the oxidation reaction.

Although the energy of the triplet level of B-carotene
was unknown, Foote et al.'! concluded on the basis of
these findings that the quenching of 0z by B-carotene pro-
ceeds via an energy transfer mechanism with a diffusional
rate constant. The value of kq Which they adopted is
listed in Table 2. The constant 24 calculated from it for
methanol proved to be 1 X 10° s"‘, which agrees very well
with subsequent direct measurements (Table 1).

The quenching of 102 by the transfer of the electronic
excitation energy to f-carotene was demonstrated by a
direct method in a study *® where singlet oxygen, obtained
by laser flash photolysis induced the formation of the
triplet state of B-carotene, and the kinetics of its accumu-
lation and destruction were investigated. The constant
kq was found to be close to the value obtained ! on the
hypothesis that the quenching proceeds in each encounter
between 'Oz and B-carotene. Other quenching agents with
low triplet levels were discovered by Farmilo and Wilkin-
son®, for example:

HO CH HO; CiH
N V] AN Pl
— CH, N=(.
CH;; O\N‘/N Cm 3 O\N./’\ ~ l
1 H I
=" \0 CH, C=N< \\ X cH, .
ey Dow CyHag’ O

These quench 'Oz with near diffusional rate constants—
3.0 X 10° and 2.7 X 10° respectively. The quenching by
these compounds apparently proceeds via the energy trans-
fer mechanism, This can also be confirmed by the fact
that, for example, the palladium complex having the same
structure but with a higher triplet level quenches with a
significantly lower rate constant (6 X 107).* Carlsson

et al.* obtained kq > 109 litre mole~! s-! (Table 5) for a
number of organometallic compounds and at least some of
them presumably function as energy acceptors. For less
effective organometallic compounds, it has not so far been
possible to establish any correlation between their
geometry, properties, and ability to quench '02.* How-
ever, in later investigations it was stated that diamagnetic
nickel chelates quench 'Oz and also the triplet state of
ketones more effectively than the paramagnetic chelates **.
1t has been suggested @ that the quenching mechanism may
involve the formation of complexes of different kinds
between the organometallic compounds and 0.
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IV. CHEMICAL REACTIONS OF QUENCHING AGENTS

The data presented above show that substances with
low ionisation potentials, which are typically reducing
agents, and substances with a low triplet level are able to
quench singlet oxygen, Presumably the reducing agents
react with singlet oxygen, since it is an oxidising agent
and the excited states formed after energy transfer to the
triplet levels of the quenching aqents react with both 'Oz
and °0z. The literature data'?"'® showing that certain
quenching agents, for example diazabicyclo[2,2,2]Joctane
(DABCO), ethyldiisopropylamine, NNNN'-tetramethyl-
ethylenediamine, and allylamine in bromobenzene and
thiophen and methanethiol in the gas phase do not react at
all with 'Oz should probably be understood as merely an
indication that the rate constants for the chemical inter-
actions of these compounds with 'O; are low in absolute
magnitude and are much smaller than the quenching rate
constants,

Apart from the reaction with 'Oz, in photosensitised
oxidation processes the quenching agent may interact with
the triplet state of the photosensitiser. The reaction of
the quenching agent (with 'Oz or 3S) whichbecomes dominant
under the given conditions depends on the nature of the
photosensitiser, the quenching agent, the medium, and the
concentrations of the quenching agent and oxygen.

The possible involvement of the triplet states of sensi-
tisers in the photochemical oxidation reactions of
quenching agents belonging to the class of amines has been
examined most fully and proved by Batholomew and David-
son®**®,  In the first of these investigations, a study was
made of the composition of the product and the quantum
yields of the absorption of oxygen and the formation of
products in the oxidation of primary, secondary, and ter-
tiary amines as well as N -alkylanilines photosensitised by
benzophenone were measured. Aliphatic amines reacted
with formation of carbonyl compounds (after the rupture
of the C—N bond) and imines, N -Alkylanilines formed
products resulting from the rupture of the C—N bond.

The involvement of amines in the direct reaction with 38
was demonstrated by measurements of the quantum yields
$Q, of the absorption of oxygen. The values of <I>()2 for

tertiary amines, for example triethylamine (0.1 M in
benzene) and tribenzylamine (0.1 M in benzene), exceed
unity, although these compounds are known to be powerful
quenching agents for '0O..  Additional confirmation was
obtained by investigating the composition of the products.
In vacuo and in the presence of oxygen, the dealkylation
reaction characteristic of N -alkylanilines takes place and
the same product (I) of the reaction of DABCO (II) is
formed:

Cﬂ "
N\7 —(PI), . N\>
) o

H an

In the second study®®, where the same reactions were
investigated but dyes were employed as photosensitisers,
the formation of the same products was observed, i.e.
the dyes behave like benzophenone, which acts typically
as a dehydrogenating agent. It was shown that the most
readily oxidisable tertiary amines effectively decolorise
the dye in the absence of oxygen and that the rate of photo-
chemical oxidation increases with decrease of the con-
centration of oxygen. Both these findings support the
involvement of amines in the direct reaction with °S.

Another mechanism, involving the direct interaction of
amines with 0z, was examined and its validity was proved
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in other investigations'*"*®, The authors observed a new

reaction of 'Oz—the formation of stable nitroxy-radicals

in the sensitised oxidation of secondary and tertiary
amines: homotropine, 1,1’- and 1,2’ -diadamantylamines,
2,2,6,6-tetramethyl- and 1,2,2,6,6-pentamethyl-4-hydroxy-
piperidines, 4,4’ -dimethoxy-, 4,4’ -dicumenyl, and 4,4’ -
di-t-octyl-diphenylamine, and 2,7-di-t-octylphenothiazine.
The oxidation was observed in liquid (8 : 1 benzene—ethanol
mixture, concentration 10™°-10 M) and solid [polystyrene,
poly(methyl methacrylate), and polycarbonate] solutions
irradiated with light corresponding to the absorption bands
of the photosensitisers—Bengal Rose or Methylene Blue.
The degree of conversion of amines in this process depends
on the structure of the amine and the stability of the
nitroxy -radicals and can reach several tenths, The
involvement of 'Oz in this reaction is confirmed by the lack
of dependence of the measured rate constant for the forma-
tion of nitroxy-radicals on the oxygen concentration and
the nature of the photosensitiser and also by the inhibition
of the oxidation reaction by ‘02 quenching agents, the
efficiency of which may be calculated beforehand from the
literature values of 2q.

In most studies on the photosensitised oxidation of
amines, the composition of the products and the rates and
stoichiometries of the reactions are considered, but not
the mechanisms of the primary photochemical processes.
Below we shall therefore speak of the reactions of
quenching agents in photosensitised oxidation processes
without discussing specific mechanisms.

Table 9. The stoichiometry of the photosensitised oxida-
tion of amines.

Amine Absorption of O3, moles References

per mole of substrate

Nicotine 1* 57
Methyl-, n-propyl-, isopropy!l-, isobutyl-,

and isopentyl-amines 1 13

Diethylamine, piperidine, pyrrolidine 2 13

Triethylamine 2.6 13

3.06 28

t-Butylamine No reaction 13

* Reaction in aqueous solution. The pyrrolidine component
of the molecule is oxidised. In methanol three moles of
O: are absorbed * instead of one.

The data on the stoichiometry of the photosensitised
amine oxidation reactions are presented in Table 9.
According to Schenck'®, the formation of @ -aminohydro-
peroxides corresponds to this stoichiometry, for example:

CHI‘?Hz

H H
HOO” N/ NOOH .
OOH |

H

CH,\
—CH~N
/CH (':H He

Accordingly, t-butylamine, which does not contain
hydrogen atoms in the a-position, does not undergo photo-
sensitised oxidation, However, as stated above, the
photosensitised reactions can lead to other products—
imines, carbonyl com?ounds, and products of the dealkyla-
tion of N-alkylamines>*’*, Products of this type have
been detected together with the formation of hydroperoxides
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in photosensitised oxidation reactions of primary, secon-
dary, and tertiary n-butylamines.®” Demethylation reac-
tions have been observed in the photosensitised oxidation
of steroid derivatives of the type R~N(CHs): (R = steroid
residue)® and codeine *:

In the reactions of the alkaloids *° pseudopelletierine (III)
and tropinone (IV) and the steroid derivatives R~N(CHs)z,™
the M -methyl groups were found to be oxidised to N -
formyl groups, for example:

.S,

am n=t
(V) n=0

There are as yet no literature data concerning the ability
of these compounds to quench '0z; they should probably
behave as strong quenching agents, like other tertiary
amines,

The absorption of oxygen by piperidine derivatives,

CH, CH,

where R' = R* = H or R* = H and R® = OH, has been
observed’. These compounds are probably oxidised
fairly rapidly, since the rate of absorption of oxygen in
the 3photochemical oxidation of 2-methylpent-2-ene (8 X
107° M), or 9,10-dimethoxyanthracene (8 x 107 M), or
9,10-dimethoxyanthracene (8 X 107% M) after the addition
of compound (V) at a concentration of 5 X 1072 M actually
increases somewhat, although compounds (V) are known
as quenching agents for 'Oz (Table 4).

The absorption of oxygen and the formation of oxidation
products were also observed in the presence of quenching
agents of another class—sulphur-containing compounds.
For example, analysis of the products of the oxidation of
dimethyl and diethyl sulphides by singlet oxygen in the
gas phase revealed the formation of sulphoxides'?, The
absorption of oxygen was observed in the photosensitised
oxidation in methanol of disulphides related to cystine ®.
In the oxidation of 2,5-dimethylthiophen (0.01 M) photo-
gsensitised by Methylene Blue two main products were
detected—the cis-sulphene (VI) and the traxns-diketone
(vi):

H, H, CH,
7 A o x
S 4v,S,0, — + O\ 0]
S 7
CH, CH, (VD) Ha v

The ratio of the concentrations of (VI) and (VII) depends
significantly on the solvent. In chloroform the yield of
(VI) is 56% and that of (VII) 28%, while in Methanol the
yields are 70% and 2% respectively. ®  The medium can
have a significant influence not only on the composition of
the product but also on the rate of oxidation. In this
respect the influence of the medium is clearly manifested
in the photochemical oxidation of S-carotene, which is
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Changes in the absorption spectrum during the joint oxidation of anthracene

(concentration 2.8 X 102 M) and h-carotene (concentration 0.67 X 10~2 M) in polystyrene;

duration of irradiation (min): 1) 0; 2) 15;

stable towards 'Oz in solution but interacts readily with

'0z2in a polymer matrix (polystyrene) with formation of an

oxidation product, whose spectrum is illustrated in
Fig.3.%

Table 10. The ratios of the rates of physical and chemi-
cal quenching of singlet oxygen.
Quenching agent Solvent No. of 102 Refs.
quenching steps
per reaction step
p-Carotene 4:1 Benzene-methanol >1000 11
B-Carotene 4:1 Benzene-methanol <250 64
Diethyl sulphide 4:1 Benzene-methanol 20 11
NNN'N'-Tetramethyl-p-phenylene-
diamine Methanol >100 39
Diethyl sulphide Gas phase >40 12
Dimethyl sulphide Gas phase >16 12
Dimethyl disulphide Gas phase >1 12
Triethylene Pyridine 9 28
Triethy lamine Gas phase >100 28
Nicotine Methanol 6 32
Mono-, di-, and tri-methylamines
and mono-, di-, and triethylamines Gas phase >100 51

The ratios of the rates for “physical” and “chemical”
quenching presented in Table 10 show that the number of
quenching steps per reaction step depends both on the
properties of the quenching agent and on the medium in
which the interaction takes place.

The mechanism of the effect of the solvent has not in
essence yet been investigated. The hypothesis put
forward by Smith® explains the tenfold increase of the
rate constant for the chemical interaction of 'O with tri-
ethylamine on passing from the gas phase to a pyridine
solution by the increase of the lifetime of the triethyl-
amine radical-cation in the polar solvent:

H,
< e [ o
N—C—H + '0, — | N—C—H:0,
! : [/ f J

" pd \\ o,
) —({—n + %0, /"_T" + OoH
H

3) 30; 4) 45; 5) 75; 6) 135; 7) 180.

Very few rate constants for the chemical interaction of
0, with quenching agents are as yet available. They are
listed in Table 11.

Table 11. The rate constants for the chemical interaction
of quenching agents with singlet oxygen.
Quenching agent Solvent ky, litre rlnole'l Refs.
4
Dimethyl sulphide Gas phase 1x104 12
Diethyl sulphide Gas phase 1x104 12
Dimethyl disulphide Gas phase 1x104 12
Diethyl sulphide 4:1 Benzene-methanol 3x 105 11
Nicotine Methanol 2x 105 32
Triethylamine Pyridine 1x 106 28
4-Hydroxy-2,2,6,6-tetramethyl-
piperidine 8:1 Benzene-methanol 2.9 x 103+ 15
4-Hydroxy-1,2,2,6,6-pentamethyl-
piperidine 8:1 Benzene-ethanol 2.3 x 103+ 15
Di-(4-t-octylphenyl)-amine 8:1 Benzene~ethanol 2.6 x 104+ 15

* The rate constant for the formation of the nitroxy-radical.

V. TRENDS IN FUTURE RESEARCH

1. Quenching Agents Acting via a Charge-Transfer
Mechanism

The most effective of the quenching agents investigated,
acting via a charge-transfer mechanism, have reaction
rate constants of about 5 X 108 litre mole™ s, There
is no doubt that compounds with maximum possible effi-
ciency, quenching ‘O in each encounter, can be obtained
within the framework of this mechanism by introducing
more powerful electron-donating substituents. However,
it 18 so far difficult to answer the question whether such
quenching agents would be suitable for practical use.
Unduly strong reducing agents may prove to be unstable
towards oxidation by oxygen in the ground state. Further-
more, the interaction of O with an unduly strong
reducing agent may lead to the formation of free radicals
and hence to a radical-chain reaction of the substrate.
Effects of this kind have been observed, for example, in
a study ®® where, in an oxidation reaction photosensitised
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by thionine, a transition was observed to a radical mecha-
nism after a change of substrate-——from 9,10-dimethyl-
anthracene and tetramethylethylene, which are weak
reducing agents, to thiourea, which is a much stronger
reducing agent. Finally, in order to be able to predict
the suitability of quenching agents with maximum efficiency
for practical employment,. it is necessary to know the
resulting ratio kr/k i.e. whether or not such quenching
agents would react too rapidly with '0.. Inorder to be
able to answer this question, one must investigate the
dependence of ky/kq on the ionisation potentials or ¢ con-
stants of the substituents in the quenching agents.

2. Quenching Agents Acting via the Energy Transfer
Mechanism

It is evident from the foregoing that several very
effective quenching agents, acting via the energy transfer
mechanisms and deactivating 'O in each encounter, are
now known. The energy transfer from 'O: to an electronic
level of the quenching agent probably takes place only on
direct contact between the electron shells of 'O and the
energy acceptor. Transfer over large distances, for
example via an inductive-resonance mechanism, is hardly
Possible since the probability of a radiative transition of
Oz to the ground state is very low. One must therefore
assume that the practical limit of the efficiency of the
quenching agent has already been reached. Of the two
types of quenching agents—compounds with a system of
conjugated bonds and complexes--the latter are preferable,
since the class of complexes is much larger and within
its limits there is a much greater scope for obtaining
stable quenching agents with the required properties.
B-Carotene and compounds having similar structures are
very reactive in relation to free radicals and are readily
oxidised by molecular oxygen ( °0z). There is therefore
little prospect for their employment as quenching agents,
although in plant orgamsms one of the functions of caroten-
oids is the quenching of '0z.*

One cannot rule out the possibility that carbon black,
which contains structures with fairly long chains of con-
jugated bonds, can act similarly to 8-carotene.

3. Quenching in Polymer Matrices and the Role of Singlet
Oxygen in the Photochemical Oxidation Reactions of
Polymers

It follows from the only investigation ** which has so far
been carried out that the efficiencies of quenching agents
in a solid matrix (polystyrene) are to a large extent
equalised. On the basis of general considerations, this
effect is presumably related to the limitation of the diffu-
sional mobility of oxygen and of molecular motion in the
matrix, which hinders the formation of the activated com-
plex. This is confirmed by data * showing that sharp
changes in the kinetic constants occur in the region of the
glass temperature (Tg). In order to elucidate the mecha-
nism of this phenomenon, systematic studies on various
polymers above and below Ty, combined with measure-
ments of the diffusion coefﬁcients of oxygen and of the
characteristics of molecular mobility, are now rec!uired.

As far as one can judge from the available data %, the
efficiencies of quenching agents in polymers at 7 < Tg
differ comparatively little and therefore in selecting
quenching agents one should be guided more by their
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stability during processing and under the conditions
obtaining in the employment of polymers, their solubility
in and compatibility with the polymer, their low volatility,
etc. rather than by their efficiency in the liquid phase.

In the measurements of the efficiencies of quenching
agents both in solution and in the solid phase, it is desir-
able to employ the formation of nitroxy-radicals during the
oxidation of secondary or tertlary amines by singlet oxygen
as the indicator reaction'®. The ESR method is highly
gensitive. It is therefore possible to measure the influ-
ence of quenching agents on the rate of accumulation of
radicals under the conditions of an almost constant con-
centration of the indicator substance. Furthermore,
measurement of the rate by ESR obviates the need to
determine the rate from absorption spectra, which is
sometimes difficult.

The possible involvement of 'Oz in the photochemical
oxidations of polymers began to be discussed in the litera-
ture in recent years“****~™,  Depending on the type of
polymer, two mechanisms are considered. The first
mechanism, which obtains in polymers contammg double
bonds, 1nvolves the direct interaction of 'Oz with the
macromolecule The second mechanism, which applies
to polymers without double bonds, presupposes the inter-
action of 'O with the unsaiurated compounds formed as a
result of the photochemical process. In both mechanisms,
the effect of "Oz reduces to the acceleration of the accumu-
lation of hydroperoxides giving rise to photochemical
branching. Processes involving the quenching by oxygen
of the triplet states of carbonyl or aromatic compounds,
which may be present as impurities or can form part of the
compositmn of the macromolecules, are considered as
sources of 'O:.

Neither the first nor the second mechanisms has yet
been proved. Very convincing experiments on certain
polymers (for example polymers containing double bonds)
established the possibility of their oxidation by the singlet
oxygen generated chemically, or photochemically, or in an
electric discharge. However the possibility, in principle,
of the involvement of Oz in the oxidation process does not
by itself imply that the 'O reactions really make any
considerable contribution to the photochemical oxidation of
polymers with double bonds in the absence of artificially
created sources of 'Oa.

The difficulty of proving this mechanism consists in the
fact that 'Oz does not oxidise directly polymers without
electron-accepting groups (unsaturated condensed aro-
matic, etc.). The effect of *O: must therefore be investi-

gated not by itself but against the background of the photo-
chemlcal reaction of the polymer, which generates groups
capable of accepting '0..

We believe that the problem of the involvement of ‘02
in photochemical oxidation reactions of polymers can be
usefully solved in two stages. The first stage involves the
study of the possibility, in principle, of the acceleration
of the photochemical oxidation of the given polymer with
the aid of an artificial source of 103 When a photosensi-
tiser dye is used as the source of Oz one can suggest for
the elucidation of the possible mvolvement of 'Oz experi-
ments with two light sources—-a short-wavelength source
whose light is absorbed by the polymer or the photosensi-
tising mixture and a long~wavelength source whose light is
absorbed only by the dye. After appropriate control
experiments with both sources, the acceleration of the
photochemical reaction of the polymer with periodic or
permanent inclusion of the additional long-wavelength
source could probably be regarded as proof of the involve-
ment of singlet oxygen.
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In the second stage of the investigation it is necessary to
measure the power of the internal source of singlet oxygen.
A conclusion concerning the role of oxidation by singlet
oxygen can probably be arrived at by comparing the power
of the internal source with that of an external source suffi-
cient for an appreciable acceleration of the photochemical
process.
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The review is devoted to the polarographic study of the reactions of aminoalkyl esters of of-unsaturated acids: electro-
chemical reduction, hydrolysis {including hydrolysis in a two-phase system}), partition, and isomerisation. Detailed
polarographic characteristics and equations for the polarographic wave and the kinetics and equilibria of the reactions
using the limiting polarographic current are presented. The corresponding analytical applications of the method are
considered. The kinetics and mechanisms of the processes are discussed from the standpoint of the structure of the
electrical double layer, the acid-base properties of the aminoalky! esters, and intramolecular hydrogen bonds in con-
junction with correlation analysis. A comparison is made with data obtained by pH-stat and spectrophotometric methods.
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I. INTRODUCTION

Interest in aminoalkyl esters of ap-unsaturated acids
has been aroused comparatively recently and for this
reason we shall consider briefly the problems concerning
the applications of these esters and also the methods for
their synthesis.

Aminoalkyl methacrylates and acrylates, monomers
with functional groups, are used in the manufacture of a
wide variety of polymeric materials: synthetm rubbers
rubber suitable for the manufacture of tyres?, latexes®,
vulcanising agents for rubbers®™® fibreglass"’ 8 anionic
polyelectrolytes and polyamphol tes!® 25 coatings®®~*,
modified cellulose materials®™*", and physiologically
active polymers® %, Certain other applications of the
esters have alsc been described®®~.

The following methods are used to synthesise esters of
methacrylic and acylic acids containing in the alkoxy-
radical a tertiary amino-group or a secondary amino-
group with a t-alkyl or aryl substituent at the nitrogen
atom®'~%, (1) Esterification of aminoalcohols by unsatu-
rated acids. The use of this method is limited owing to
the necessity to remove from the required monomers an
admixture of the salt of the initial acid and the amino-
alcohol and also owing to the inadequate yields of the
monomers. (2) Acylation of aminoalcohols by acid
chlorides. The latter method is more universal and
makes it possible to obtain high yields of the methacrylate

and acrylate derived from a wide variety of aminoalcohols.

However, owing to the low availability and high cost of
acid chlorides, the applications of this method are as a
rule limited to preparative laboratory syntheses.

(3) Transesterification of lower unsaturated acid esters
with aminoalcohols. Because of the low cost of the initial
methacrylate and acrylate esters, their high purity and
stability, and also the comparatively simple technology
and high yields of the required monomers, this method

is most widely used in practice. Alkaline metal, alkaline
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earth metal, and titanium alkoxides are used as effective
process catalysts.

Methacrylates and acrylates containing in the alkoxy-
group a primary amino-group or a secondary amino-
group with unbranched or only slightly branched alkyl
residues at the nitogen atom are as a rule obtained in the
form of hydrochlorides by the interaction of acid chlo-
rides with aminoalcohol hydrochlorides.

The aminoalkyl methacrylate and acrylate esters
discussed in this review were obtained mainly by trans-
esterification (method 3) and from acid chlorides.

In connection with the expanding use of aminoalkyl
esters of ap-unsaturated acids, studies of the physico-
chemical properties of these compounds and the develop-
ment of highly sensitive physicochemical methods for
their determination are assuming increasing importance.
This review is devoted to this problem and is concerned
mainly with results obtained by the:polarographic method:
polarographic studies of the hydrolysis, isomerisation,
and partition reactions and polarographic methods for the
determination of the aminoalkyl esters. A number of
important advantages of the polarographic method for the
investigation of the kinetics and equilibria of the above
reactions are noteworthy: (1) the possibility of recording
kinetic curves without sampling; (2) the comparatively
simple solution of the problem of the maintenance of a
constant pH and ionic strength owing to the high sensitivity
of the method, etc.

Since the polarographic method yields at the same time
valuable information about the mechanism of the electro-
chemical reduction of the test compounds, these data
have also been included in the review. Compared with
methacrylate and acrylate esters without an amino-group
in the alkoxy-moiety, the corresponding aminoalkyl esters
are of considerable interest as regards their electro-
chemical behaviour, since, depending on the pH of the
solution, they can exist in both protonated and non-pro-
tonated states. This factor makes it possible to investi-
gate the intramolecular catalysis in the hydrolysis of the
aminoalkyl esters as a function of the pH.
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II. POLAROGRAPHIC CHARACTERISTICS AND THE
MECHANISM OF ELECTROCHEMICAL REDUCTION

For comparison, we shall consider in this section also
certain data referring to unsaturated acid esters without
an amino-group in the alkoxy-moiety.

The possibility of the polarographic reduction of esters
with @ -conjugated double bonds (the carbonyl and
ethylene bonds) was demonstrated for the first time in
relation to methyl methacrylate®, The reduction wave of
methyl methacrylate (E,,» = —=1.92 V; here and hence-
forth the potentials are quoted relative to the normal
calomel electrode) was obtained in the presence of lithium
chloride or tetramethylammonium iodide in 25% ethanol
as the supporting electrolyte.

Data have been published®*~%? on the reduction of meth-
acrylates without an amino-group in the alkoxy-moiety
using non-aqueous and mixed solvents. The polarographic
behaviour of methacrylates with substituents other than
amino-groups in the alkoxy-moieties has been discussed®®®,
The reduction involves the ethylene bond with formation
of isobutyrate esters®~";

CH,=C (CHy)—CZ O oo 2 — CHy—CH (CHy—CZ ° 1
= 3)— \0R+ e+ - 3 \OR ( )

The reduction of methacrylates and acrylates containing
an alkylamino-group has been studied®~™ in both aqueous
buffer solutions®~%"™ and using non-aqueous solvents
(alcohol, dimethylformamide®®™™). The polarographic
characteristics of acrylate and methacrylate esters in
various supporting electrolytes are presented in Tables 1
and 2. To facilitate the comparison, the limiting current
constant I}jy is defined as the limiting current divided by
the characteristic of the capillary; the dimensions of
Nim are pA litre mole™ mg™? s"?, The limiting current
constant undivided by the capillary characteristic is
denoted henceforth by Kiim-

The reduction of aminoalkyl methacrylates is irre-
versible like that of methacrylates containing alkoxy-
moieties without an amino-group®®; the slopes of the
E - 1g[7/(ia —7)] straight lines is 75—-85 mV for neutral
buffer solutions and 60—67 mV for alkaline solutions®®™,

Table 1.
[A=CH2=CHC<O-

; M=CH~C(CHJCCO; 25°C].
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In studies on the reduction of a number of aminoalkyl
acrylates and methacrylates in dimethylformamide it was
noted™ that the limiting current constant is smaller approx-
imately by a factor of two than in a protic solvent. How-
ever, the addition of proton donors (water, phenol,
propargyl alcohol) to dimethy formamide leads to an
increase of the limiting current to values approximately
equal to those in a protic solvent (Table 1). In conse-
quence of the differences between the properties of the
free radicals formed in the first stage of the reduction of
monomers, under these conditions the limiting current for
the methacrylates reaches constant values at much lower
concentrations of proton donors than for acrylates (see
below)*”. The increase of the limiting current in the
presence of proton donors has been explained” by the fact
that in non-aqueous dimethylformamide the process stops
at the stage involving the formation of radical-anions,

(2)

which probably dimerise subsequently. The one-electron
mechanism of the reduction of methacrylates in an aprotic
medium (dimethylformamide) has been confirmed® for
methyl methacrylate.

In the presence of proton donors, the radical-anion is
protonated™:

CH,=C (CHs) CCOR - ¢ — CH,—C (CH;) CCCR,

CH,—C (CHy) COOR + HA — CH,—CH (CHg) COOR (3)
which facilitates subsequent reduction. Calculation of the
number of electrons involved in the reaction by the
Il'kovich equation using the diffusion coefficients for com-
pounds of a similar type showed that the reduction process
involves the addition of two electrons®®®°°, However,

in the case of the dimethacrylate derived from triethylene
glycol the limiting currents in both anhydrous dimethyl-
formamide and in the presence of proton donors are almost
the same™, which indicates the absence of the radical-
anion protonation stage. This finding has been explained™
by the possible amination of the radical-anion (or the
dimeric biradical) by the tetraalkylammonium cations from
the supporting electrolyte.

The polarographic characteristics of the reduction of acrylate and methacrylate esters

0.05 M (CyH5)4NI in dimethylformamide 0.05 M (CaHs5)4N1in CH30H
1.
lim
Compound —Eyy v o M &M References ~EygV Lim References
DI (DMF + Hp0) DMF +phenol)

A—OCH,;CH:N (CH;—CH==CH,); 2.081 2.17 2,34 4,48 70 - — -
M—OCH;CH:N(CH;—CH=CH). 2.253 2.07 3.45 4.08 70 — — -
A—OCHCH:N (C;Hs)2 2.418 —_ 2.16 4.34 70 — —_ -
M~—OCH,CH;N (C;Hs) 2 2.269 - 3.84 4.70 70 2.07 5.60 9
a—occnn > 2.087 1.47 - - 5 - - -
M—ocHcHN 2.260 3.91 - - 57 2.04 5.56 &
A—OCH;, - — — — - 1.83* 3.23* 66
M—OCH; — — — — - 1.92* 2.60% 66
M—OC:H, - — —_ — - 1.94** 2.53%* 56
M—OCH,—CH=CH, — — — — - 1.97* 2.75%* 66
A—OCH, 2411 - 1.77 5.00 70 — — -
M—OCH,¢ 2.252 - 3.50 5.50 70 2.02** 2.08%* %

*In 0.02 M (C:H;).NI.
**In 0.1 M Li»SOs; 10% CH:OH.




Russian Chemical Reviews, 45 (2}, 1976

Table 2.
25°C; aqueous solution]

The polarographic characteristics of the reduction of methacrylate esters [M=CH.=C(CH;)C
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/0,
\’

PH 7.40, universal buffer (Li*), pH ~ 12 (LiOH); ionic strength 0.02
. ionic strength 0.05
No. Compound Ky
—Eyp V Nim References ~Byg V Jir References

1 M—~OCH,CH,N (CH;CH=CH). 6.93 — — — 1.976 — 65

2 | M_OCH,CH:N (CHy) CH,CH=CH, 7.39 - — _ 1.958 2.35 po

3 M—OCH:CH;N (CHs)2 7.94 1.666 3.60 65 1.934 2.87 66

4 M—OCH (CHs) CH;N (CH), 7.86 1.678 3.46 [ — 66

5 M-—OCH,CH,N (CH,)C(Hy 8.28 1.632 3.43 65 1.926 2.35 65

6 M-—OCH (CHs) CH.N (CzHs) 2 R.865 1.645 3.35 65

7 M—OCH,CH;N (C,Hs)» 8.66 1.645 3.50 [ 1.912 2.76 66

8 M—OCH,CH;N (CgHy- iso)2 8.77 1.713 3.30 3

9 M—OCH,CH,NHC(CH3)s 9.12 1.775 3.20 65 1.898 2.68 66
10 | M—OCH.CH,C=N - - - - 1.885 2.62 6
11 | M—OCH,C=CH - - — - 1.908 2.62 63
12 | M—OCH,CH.N*(CHi)s - - - - 1.743 — 63
43 | M—OCH;CH,Cl - - - - 1.930 2.78 &
14 M—OCH,C¢Hs - — — — 1.954 2.89 63
15 M—OCH,CH,0OCH3, - — — - 1.963 2.62 63
16 M—OCH,CH;0C;Hs - - - — 1.963 2.62 63
17 M-—OCH,3 - — — - 1.968 2.76 63
18 M-—-OC.Hs - - - - 1.973 2.62 63
19 M—OCH, — — - - 1.993 2,70 5]

*K, are the acid dissociation constants of the aminoesters taken from the literature™ ™,
**The currents [jjy, in the alkaline pH range were found by extrapolation to zero time™.

The protonation of the radical-anion observed in the
presence of proton donors is evidently very rapid, since
the values of Ey; and K}y, for methacrylates and
acrylates without an amino-group in the molecules are
independent of the pH (pH 7.5-12.5).°"

The limiting current for the reduction of aminoalkyl
methacrylates in an aqueous buffer solution at a pH close
to that of the neutral medium is diffusional®®™ (the slope
of the 1gZ)im ~ lgHHg straight lines is 0.5; temperature

coefficient 0.95-1.37% per degree), as for methacrylates
without an amino-group in the alkoxy-moiety®. The
values of Eyz and K}y, in the range pH < 8,5-9.5 are
almost independent of the pH; FE\, is also independent of
the concentration of the aminoalkyl ester and ¢jjpy is
directly proportional to its concentration.

In the alkaline pH range (pH > 8.5-9.5), the reduction
process has a kinetic mechanism® (the slope of the
lgﬁim-lgHHg straight lines is 0.26-0.39; temperature

coefficient 2,5-3.9% per degree), which may in fact
explain the decrease of the limiting current constant
(Table 2). The kinetic mechanism of the reduction pro-
cess in alkaline solution has been accounted for®® by the
influence on this reaction of the protonation of the neutral
aminoalkyl ester molecule (at the nitrogen atom) preceding
the electrochemical stage proper. The limiting current
for the analogous esters without an amino-group remains
diffusional also in the alkaline pH range®®. The protona-
tion of aminoalkyl esters proceeds in a very thin reaction
layer at the surface of the electrode®®. Under these con-
ditions, the main proton donors are hydronium ions; on
the other hand, with increase of pH and the acid dissocia-
tion constant of the aminoalkyl ester (K), water molecules
may also be involved in the protonation stage®. In the
region of kinetic waves, Kjjm decreases with increasing
pH and E,,: shifts towards negative values.

The following mechanism of the above electrode pro-
cess has been proposed®®:
i

3
<~ RN

HNE

g ’ (4)

RN 2 RNH*

RNH* —5~
T Pl
f%'

including the occurrence in the general case of simultane-
ous reactions involving the reduction of the non-protonated
(RN) and protonated (at the nitrogen atom; RNH*) forms
of aminoalkyl esters. In the region of the rise in the
wave, there is then also electrochemical inhibition (the
process is irreversible) in both simultaneous electron
transfer stages.

Like methacrylates without an amino-group® ™ and
aminoalkyl esters of other acids™, aminoalkyl methacryl-
ates®®™ are adsorbed on the mercury electrode®®,;
however, at potentials more positive by 0.4—0.5 V than the
half-wave potential, they are desorbed®®. Bearing in
mind the high negative reduction potential of aminoalkyl
methacrylates, the influence of their adsorption on the
chemical electrode reactions can probably be neglected.

In alkaline solutions (pH = pKj) the simultaneous
reduction reactions (II) and (III) take place [mechanism (4)].
If only reactions (I) and (II) occur (slow protonation), they
are described by the kinetic equation”’

10~2aSF
n nSFRY,

Eyy=-RL_|

an, —1 RT ,  [HY] RT iy
v, S.CH O Ll IS P
an F ¥ ( an, )+ an,F m K, + an,F In i

(5)

Lim

where a is the transfer coefficient, ng the number of
electrons involved in the potential-determinin% reaction,

S the surface area of the mercury drop (in cm®), k‘él the
rate constant for the electrochemical stage (in cm s ') and
¥, the potential in the outer Helmholtz plane.
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When only reaction (III) takes place [ mechanism (4)],

E,,: is given by the equation™
10-2nSFES
El/, = ‘—a-%:‘?ln ———Kh:—l + ‘Irl. (6)

It follows from Eqns. (5) and (6) that in alkaline solutions
(ang = 0.8-0.9) in the presence of Li*(LiOH) the relative
influence of reactions (I) and (II) will be greater than in a
solution at the same pH but in the presence of the (Alk),N*
cation (the ¥, potential is more negative in the case of
Li*).”® The observed shift of E,,» towards negative values
(Fig. 1) with increase of K3 in 0.02 M LiOH solution has
therefore been explained®® by the dominant influence on
E,,> of the term of Eqn. (5) containing Kj.

-E,,V
.
2
1.9 J 5 7 a
g
1.8} b
3
do
17} ;
4 7
5 3
1.6 L i ! A i
7 7.5 8 8.5 g phy
Figure 1. Variation of £,/ > with the acid dissociation

constants of aminoalkyl esters®®: a) 0.02 M LiOH;

b) universal buffer solution with LiOH + 0.03 M LiCl (pH
7.4; ionic strength 0.05). The numbers against the
symbols correspond to the numbers of the esters in
Table 2.

-E,,V
195 - \
*\ﬁ\ !
2
1851+
x=d
_x—
~
175+
/ 4
185y 1 I ) L1
=15 =03 0.5
gl
Figure 2. Variation of E,,, with the ionic strength I of

the supporting electrolyte®’; 0.02 M LiOH + LiCl; 1) M-
OCH:CH:N(C:Hs)z; 2) M~OCH:CH:N(CH;)(CH,=CH-CH,) ;
universal buffer solution with LiOH + LiCl (pH 7.4);

3) M—OCH.CH:NHC(CH3)3; 4) M=OCH,CH,N(CHs): (M =

CH,=C(CH)CZ© throughout).
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An increase of the ionic strength of an alkaline solution
(pH 12) leads® to a shift of E,;, towards less negative
values (Fig. 2), as for esters with other uncharged alkoxy-
groups®®., The replacement of Li* by (Alk).N* in these
solutions also greatly facilitates the reduction of the
aminoalkyl esters (Fig.3). The observed phenomena have
been explained®® by the increasing influence of reaction
(1II) [ mechanism (4)] as a result of its acceleration due to
the decrease of the absolute value of the ¥, potential™,
According to Eqn, (6), the change in the rate constant for
the electrochemical stage kg in solutions with (Alk),N*
assumes a considerable importance.

-L,,V

6 a a
1951°%°

4o

Ja

2A
1.90 + I= Bcl

s
[geca
[ ]
o
1.65 ﬁnA
- b
T n L .

151"
A o °
170

Yo

Lt C(CHy)N*  (CoMslyN*  (CyHglyNT
Figure 3. Variation of E;,» with the nature of the cation

(Kt*) of the supporting electrolyte®®:. a) 0.02 M KtOH;

b) universal buffer solution with the corresponding KtOH
(pH 7.4; ionic strength 0.02): 1) M~OCHCH-NHC(CH3)s;
2) M—OCHzCHzN(Csz)z; 3) M—OcﬂchzN(cHg)C4H9;

4) M—OCH,CH:N(CH3)s; 5) M~OCH,CH;N(CHs)CH,~—
CH=CH,; 6) M~OCH.CH,N(CH:—CH=CHo).

As in the case of methacrylates without an amino-
group®, the values of E,,» for aminoalkyl esters in a non-
protonated form are displaced towards less negative values
with increase in the size of the cation of the indifferent
electrolyte (Fig. 3):

Li*; (CHg)g N*; (C;Hg)o N*+; (CgHy)o N*.

This is qualitatively consistent with the corresponding
shift of the ¥, potential®”® but the displacement of E,»
exceeds the value expected as a result of the ¥ ,-effect®
and depends to a considerable degree on the size of the
substituent in the ester molecule. This has been
explained® on the basis of the concept™ ® of specific
interactions of the organic depolariser in tetraalkylammo-
nium salt solutions where the electrolyte cation is adsorbed
(this leads to the formation of a cationic complex in the
adsorption layer). As a result of this interaction, the
depolariser is “drawn into” the double layer by the
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strongly adsorbed tetraalkylammonium cation, which leads
to an additional acceleration of the electrode process and
a positive shift of E,,2.

When the pH approaches the value of pKa, reactions (I)
and (II) predominate [mechanism (4)] for partly protonated
aminoalkyl esters, and, taking into account the quasidif-
fusional wave, E1,, is expressed by the following equation
under these conditions®:

-8, T 40 _
RT 1 10 ”Serl+\¥l (ann 1) A+ RT n [H*]

Fijy = —— .
a an,F n an, an,F K, + [H*] (7)

Kiim o

1t follows from Eqn. (7) that, when the nature of the
aminoalkyl ester changes, Ei, : begins to experience the
ogposite influence of Ky in addition to the influence of
ka)- As aresult of this, the plot of —E,,, against pKa
passes through a minimum®® (Fig. 1).

For fully protonated aminoalkyl esters (pH <« pKg),
E ;2 corresponding to the diffusional wave is described by
the following equation’® [reaction (II) in mechanism (4)]:

RT 10~2nSFA%) an,—1

By = R ST oy, (T, (8)
In this pH range, the half -wave potential E;,; virtually
ceases to depend on the pH of the solution®® (Fig.4). The
considerable positive shift of E;,» with decrease of pky
(pH 7.4) (Fig.1) can be explained by the polarising
influence of the substituents in the protonated aminoalkyl
esters, which becomes enhanced owing to the intramolec-
ular hydrogen bond (see below).
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Figure 4. Variation of E;,, with pH of the universal
buffer solution (LiOH) ®® [ionic strength 0.02 (+ LiCD)]:

1) M—OCH2CH2N(CzH5)2 (pKa = 7.94); 2) M-~OCH.CHs;.
.NHC(CHs); (pKa = 9.12); a) points calculated by Eqn. (7).

When Li* is replaced by (Alk),N* in the indifferent
electrolyte in neutral buffer solutions at pH 7.4 (in con-
trast to alkaline solutions at a pH 12), Ej,» for the amino-
alkyl esters shifts towards negative values (Fig. 3), ¢®
which is consistent with Eqns. (7) and (8) (ang = 0.7-0.8).
A similar influence of the indifferent electrolyte has been
observed for an aminoalkyl ester with a quaternary nitro-
gen atom [-CH:CH:N*(CHs)s], which is also consistent with
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the theory®. E, . for protonated aminoalkyl esters®® and
the ester with a quaternary nitrogen atom®® shifts in the
same direction with increasing ionic strength [Eqns. (7)
and (8)].

A tendency towards a negative shift of E1,> with increase
of the molecular weight of methacrylates (methyl, ethyl,
and butyl methacrylates) as been noted®, which the
authors explained by the positive inductive effects of the
alkyl group, increasing from the methyl to the butyl group.
This leads to an increase of electron density at the vinyl
bond and hinders its reduction. This question has been
examined qualitatively®® on the basis of the correlation
equation®

ABy, = Pro%, (9)

where py is the constant defining the sensitivity of E,,»
for the given Eroup of compounds to the influence of the
solvent and oR is the Taft constant. A satisfactory
cg_rrelation has been obtained in the range of values of

oR from -0.13 to 0.8, characterised by the following
parameters: pj = 0.114 + 0.008; S = +0.007; 7 = 0.977.
Since the ester with a non-protonated amino-group does
not deviate from the general correlation, this permitted
the conclusion®® that the inductive effect of the non-pro-
tonated amino group has a dominant influence on the elec-
trochemical activity of the aminoalkyl esters and made it
possible to explain the small experimental negative
shift®”® of Ei,, following the introduction of an alkyl-
amino-group into the alkoxy-moiety of acrylates and
methacrylates.

E,. for the ester derived from g-trimethylammonium-
ethanol was found to deviate®® from the E1/2—of linear
relation, which was explained by the electrostatic effect of
the field.

It is interesting to note that, in an alkaline solution
(pH 12), E,,. for the aminoalkyl esters is also satisfac-
torily correlated with the oﬁi constants of the substituents

at the nitrogen atom in the alkylamino-group (py = —0.110=
0.006; S = +0.002; 7 = 0.995).™ However, under these
conditions py is negative, suggesting the dominant influ-
ence in this series of the nitrogen protonation stage, which
is accelerated with increasing positive inductive effect of
the alkyl substituent at the nitrogen atom.

It has been noted®” that, on passing from acrylate esters
to the corresponding methacrylate esters, E,, . for the
esters shifts by 0.1-0.15 V towards more negative values
owing to the positive inductive effect of the a-methyl
group (Table 1).

III. THE KINETICS AND MECHANISM OF HYDROLYSIS

1. Kinetic Characteristics

The kinetics of the hydrolysis of the aminoalkyl esters
of acids containing tertiary and certain secondary amino-
groups in the alkoxy-moiety have been studied. The
presence of a primary amino-group and in many cases also
of a secondary amino-group leads predominantly to the
O-N migration of the acyl group (see below).

Since in the acid pH range the rate of hydrolysis of
aminoalkyl methacrylates is very low, data for the
hydrolysis in neutral and alkaline pH ranges are mainly
considered below.

The first most detailed information about the kinetics
of the alkaline hydrolysis of esters of N-alkylaminoalco-
hols was reported by Agren et al.?”, Hansen®, Zaslawsky
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and Fischer®®, and Higuchi et al.®, Isolated and con-
flicting data concerning the mechanism of this reaction
are quoted in other communications® ~* and the influence
of the structure of the esters on their reactivity has been
examined®”. Later studies®™'°°) on the one hand,
confirmed and greatly expanded the available information
concerning the kinetics of the alkaline hydrolysis of the
aminoalkyl esters and, on the other hand, made it possible
to treat this reaction from the standpoint of the nature of
the interaction of the functional groups (the amino- and
ester groups); despite the hypotheses put forward®”'%!%,
this problem remained open for a long time.

Many studies of the kinetics and mechanism of the
hydrolysis of the aminoalkyl esters were made by [gH-
stat®8%%%1% and spectrophotometric®”®? %1019 102,107 pyath
ods; in a few instances chromatography  and colori-
metry'”” were used. However, in the case of esters
capable of being reduced at a dropping mercury electrode,
the polarographic method proved to be the most convenient
and promising®® (see Section I). The reaction is then
followed on the basis of the time variation of the limiting
current, proportional to the concentration of the amino-
alkyl ester. The only complication which may arise when
the polarographic method is used to investigate the kinetics
- of the hydrolysis of esters on the basis of the wave for the
initial ester is the possible influence of the hydrolysis
product on this wave: adsorption or other effects. An
appropriate test is therefore necessary in each instance.
The hydrolysis products derived from the aminoalkyl
esters of ap -unsaturated acids considered in the present
review did not influence the polarographic wave of the
initial ester®”'%, It is noteworthy that the polarographic
method has been used successfully also in the study of the
kinetics of the hydrolysis of many other esters'®®~™%,

Since, depending on the pH of the solution, the amino-
alkyl esters can exist both as neutral molecules (RN) and
as species protonated at the nitrogen atom (RNH'), in the
general case the hydrolysis of such es{ers can be described
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by the sum of the following reactions®” %%
A OH'(‘)_’ OH"("’)_'
koH- koH-
RN —— i  RNH* , (10
oM HOv)
*H,0 #4,0

where %’ and k” are the rate constants for the reactions
of the non-protonated and protonated forms of the esters
respectively.

Bearing in mind that the rate of hydrolysis of the amino-
alkyl esters is very low in the acid pH range’’®, the
influence of reaction (IV) [mechanism (10)] may be
neglected at pH > 7.% Therefore the hydrolytic process
to which mechanism (10) refers can be described by the

following kinetic equation®™ ®%;
4 Cest ( ‘ K: ’ Kg
st -Con- k
dt kor-Con KS + oo/ Fonms Fhuo K.“+EH+/fRNH++ (11)
- e/ Pros _
+ kou-Con- Kot o /’RM-N) Cest = RexpCest ,

where ka_, kiIzO’ and k6H- are the corresponding rate

constants, Kj is the thermodynamic acid dissociation con-
stant of RNH* (since Tur'yan and coworkers™ " obtained
K, at a comparatively low ionic strength, inthe calcula-
tions below it was assumed that K3 = Kj), fRNH* the
activity coefficient of RNH", kexp = const. at a constant pH,
and Cegt is the analytical concentration of the ester. In
relation to the polarographic method, when the limiting
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current 7 |jy, of the aminoalkyl ester is directly proportion-
al to the sum of the concentrations of its protonated and
non-protonated form, i.e. to Cegt, Eqn. (11) becomes at a
constant pH

d":.I.im
Tat
The suitability of a pseudofirst-order equation [ Eqns.

(11) and (12)] for the description of the kinetics of the
hydrolysis of the aminoalkyl esters has been confirmed in
a number of studies®®®°»'%  On the other hand, the fact
that the hydrolysis of the aminoalkyl esters constitutes the
sum of the reactions of the protonated and non-protonated
forms of the ester has not been always taken into account®,
The experimental psuedo first-order rate constants kg
can be found graphically on the basis of Egn. (11) or (15‘3

(12)

= kexpilim .

lgk

exp

1 1 T T
nm 1 12 13
pH

Figure 5. Variation of the experimental hydrolysis rate
constant with pH. * Curves—experimental data; sym-
bols—data calculated by Eqn. (13) (Table 3): 1) M—OCH..
.CH,NHC(CHs)5; 2) M—~OCH.CH,N(C:Hs)z; 3) M—OCH..
.CH,N(CH;3)CsHs; 4) M—~OCH,CH:N(CHs);; 5) M=OCH..
.CHzN(CHs)CHz—CH';CHz; 6) M—OCHzCHzN(CHz—CH=CH2)2.

The contribution of reactions (I)—(III) [mechanism (10)]
depends on the pH of the medium in which the ester is
hydrolysed and this determines the characteristic form of
the 1g kexp—pH curves obtained®”*’®® in studies of the rate
of hydrolysis of the aminoalkyl esters over a wide pH
range. These curves (Fig.5) have two steep sections with
an intervening low-slope section. Fig,5 shows that, in
the region where pH > pK3, reaction (I) predominates (the
upper steep section represents the linear dependence of
Ig kexp On pH with a slope close to unity): at pH values

close to pKy, the rate constant kexp varies insignificantly
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with pH, which suggests a dominant contribution of either
stage (II) or stage (III), since in both cases there should

be a low-slope section of the g kexpn—pH relation, i.e. these
stages are kinetically mdistinguishable“’ * [Eqn. (11)]

In agreement with experimental data and the theory®

[Eqn. (11)], the low-slope section of the 1g kexp—pH curves
is displaced more towards lower values oOf kg, and pH

the lower the value of pK3. At pH <« pK§ the lower steep
linear section is observed in the plot of 1gkeyp against pH

with a slope close to unity, which shows that stage (I)
predominates in this instance [Eqn. (11)], provided that
RN has been almost completely converted into RNH*,
aminoalkyl esters with a low value of pK3, it proved
impossible to observe experimentally the lower steep
section (Fig.5).

For

117

One should note that, in the study of the kinetics of the
hydrolysis of the aminoalkyl esters in buffer systems,
general alkaline catalysis is sometimes possible, The
effect of acetate and phosphate ions on the kinetics of the
hydrolysis of choline esters and esters with a tertiary
alkylamino-group has been mvesﬂgated. However, in
the case of choline esters® °"® 17 a5 well asg esters with
a tertiary amino-group®’'?" this effect could be observed
only under conditions where the influence of more effective
catalysts is glight (pH 5—6) and for esters with a tertiary
amino-group the contribution of the catalytic effect of the
components of the buffer mixture to the overall hydrolysis
rate constant was insignificant™ %9t 118118

Table 4. The rate constants and activation parameters
for the alkaline hydrolysis of the aminoesters CeHs.
.COOCH(R)(CH2),NR4 (60°C; 30 wt.% aqueous ethanol;

Table 8. The rate constants for the alkaline hydrolysis of ionic strength 0.1; spectrophotometric method'®’'®),
the aminoesters CH,=C(CH3)COOCH,CH,R (H;O; 25°C; . .
ionic strength 0.5; polarographic method®® %), o | g By ar| ot 1 | Face v
v P grap n R R litre m‘;&l 1 fkeal mole-] Iz  litee m‘:fm 1 lkcat mote] '®
R PRy Ho Kopi-litre mole-1 1| H CH, |7.2416.75+0.00 [12.6:x1.1| 7.3| 9000=1200( 111 | 9.4
litre mole™! min! min-1 1| H &}-f. 7.78 | 7.9%0.2 [12.5x2.0 7.3| 5900480 | 141 | 41.1
Pl E | G |m| e ey e | e
HC (CH, 9.12 4.5:£0.5 + 2 ; 730, 16£0.3) 6. .
Nicrig e 8.86 3.4%0.6* S30agse 1] Ch | B, |630]1.84=0.08 [11.520.2] 6.0|78000£8400| 173 | 14.2
N{CHy Cits 8.28 3.4£0.3 87050 1| G, s | 7.00 [ 1:52+0.03 [ 931 | 4.3[26400:1800| 10%2 | 9.5
N(CH 7.94 2.50.1 99040 2 | CeHs CH, |7.32]1.450.02 | 9.40.2| 4.4| 2580120 | 162 | 12.1
N (CHj) CH,CH=CH, 7.39 3.4£0.2 128090 2 | GH, cgi. 8.07 | 0.86+0.06 | 6.22.0| 2.2| 46942 | 7+ | 5.4
N (CH;CH=CH,); 6.03 3.9:£0,2 1450100 3| CH, C 8.00 | 0.82+0.02 | 7.0=1.5{ 2.7| 2210240 | 43%4 | 10.0
H 2.4:£0.0 = — | chgeoocn,cH, 3.6820.06
+
N(CHs)s 35.9:+0.3 —
4 . —
*Eget(kop-) =12.1 £ 0.4; 1gA' =17.6 + 0.5 (Eyct is the
activation energy in kcal mole™ and A4 is the pre-exponen-
tial factor). Table 5. The rate constants for the alkaline hydrolysis

WEy ot (kGp-) =19.9 £ 2.3; 1gA” =16.0 + 1.6.

In the solution of the problem of the separate deter-
mination of the rate constants for the kinetically indis-
tinguishable stages (II) and (III), it has been shown® on
the basis of a comparison with the kinetics of the hydroly-
sis of 2-dialkylaminoethyl bromides that the influence of
stage (II) may be neglected. Comparison of the rates of
hydrolysis of acetylcholine, ethyl acetate, and diethyl-
aminoethyl acetate in neutral and alkaline solutions also
led to the qualitative conclusion® that stage (III) pre-
dominates. A similar conclusion has been arrived at by
a more rigorous procedure (by analysing the influence of
the ionic strength of the solution on the kinetics of the
hydrolysis). *® Thus in the general case the hydrolysis of
the aminoalkyl esters is described by reactions (I) and
(1) [mechanism (10)] and Eqn. (11) can be written as
follows:

. Ky
kexp = kOH-COH

K°+aH+l'fRNH+

Syelfrnms

+ kon-Con- Ko F ool Trnans”

13)

The applicability of Eqn. (13) has also been confirmed®
by comparing the experimental and calculated kinetic
curves (Fig. 5).
The second-order rate constants, calculated by Eqn.(13)
for aminoalkyl methacrylates®”'®, and most reliable
data®7-8% #s1051% 15 s6r other aminoalkyl esters are listed
in Tables 3-5.

of the aminoesters RCOO(CHz)nN(R')2 (25°C; H:0;
pH-stat method).

—— — -
n R R’ litro mole] | Titrecrote-1 1:::311\ References
min-1 min-1
2 CHq CH, 8.0 2560 0.07 88
3 CH CH 8.4 350 0.07 P
2 &1’4. GH 2.5 1580° — P
2 A CHs = 31000°° 0.006 ®
2 CgHg CH, — 14 400 0.1 92
— | GHCOOC=CCH,(GHy), | 7.46%%] 167 — I us

* Spectrophotometric method.

**¥60°C.
*** Aqueous ethanol,

2. Hydrolysis of Aminoalkyl Esters in the Non-Protonated
Form. The Influence of the Structure of the Ester

hydrolysis of the ester (Table 3).

The introduction of an amino-group into the ethyl
methacrylate molecule leads to an acceleration of the

Such acceleration

relative to analogues without an NR. group in the alcohol
residue has also been observed for esters of azobenzene

carboxylic
acids.

120

, glycolic®, acetic
However, the influence of the amino-group on
the reactivity of the esters is small and cannot be

explained by the postulated®® ®® %

88,88y 96

, and benzoic

bonyl bond by the intramolecular interaction of the

activation of the car-

87, 83, 101
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B-nitrogen atom with the carbonyl carbon atom, i.e.

N: — C=0. It was concluded®?®%-10:105121 that there is
no nitrogen-carbonyl interaction and that the inductive
effect of the non-protonated alkylamino-group predomi-
nates. This conclusion was based on the following
characteristics of the influence of the structure: (1) as
regards the general relation between 1g 2oy - and oﬁ
obtained for methacrylates with various alkoxy-groups,
the aminoalkyl ester behaves in the nonprotonated form
as an ordinary alkyl ester in accordance with the value

of its ofy; '™ (2) a change in the basicity of the amino-
group does not affect significantly the rate of hydrolysis
of the non-protonated forms of the aminoalkyl esters, as
shown by the absence®'® of an appreciable influence of
the nature of the substituents at the nitrogen atom in the
alkoxy-group (Tables 3 and 4); (3) the influence of the
basicity of the carbonyl group on the reactivity of the non-
protonated forms of aminoalkyl esters with a variable acid
component and of the ethyl esters of substituted benzoic
acids is approximately the same'®®; (4) studies on infrared
spectra showed'® that the frequencies and intensities of
the band associated with the vibrations of the C=0 bond in
aminoesters and their analogues without an amino-group
in the alkoxy-moiety do not differ appreciably from one
another, while in the case of the postulated nitrogen—
carbonyl interaction the differences should have been
significant.

1t is interesting to note that an appreciable variation of
the activation energy with the number of methylene units
and with the nature of the substituent at the nitrogen atom
has been noted for esters of secondary benzyl alcohols
containing a tertiary amino-group in the alkyl chain, in
contrast to esters of primary aminoalkyl carbinols'®,
These data can be accounted for'® by the nucleophilic
catalysis by the amino-group, i.e. by the direct interac-
tion of the amino- and ester groups. However, since
spectroscopic evidence was not obtained for such interac-
tion, the authors'® suggested that the interaction is mani-
fested mainly in the transition state and not in the initial
state.

Other structural characteristics of esters in the non-
protonated form which have been observed'® include a
distinct decrease of reactivity on passing from esters of
primary aminoalcohols to those of secondary amino-
alcohols and further to esters of tertiary aminoalcohols as
well as a decrease of reaction rate with increase in the
length of the hydrocarbon chain by a CH; group in the
alcoholic component of the ester® "' which has been
explained by steric hindrance®,

3. Hydrolysis of Aminoalkyl Esters Protonated at the
Nitrogen Atom. The Influence of the Structure of the
Ester

It has been shown for esters of various acidg® 8% 910115
that the protonation of the amino-group increases the
reactivity of the esters by 2-3 orders of magnitude com-
pared with the initial non-protonated esters and their
analogues without an NR, group in the alkoxy-moiety
(Tables 3-5).

Such acceleration of the hydrolysis of the protonated
ester can in general be a result of three effects: (a) the
powerful inductive effect of the + NHR’R” group via the
chain of carbon atoms (o* = 3); '** (b) the electrostatic
effect of the positive charge on the nitrogen atom (the
interaction of N* with the C=0 group); (c) the effect of the
intramolecular hydrogen bond (IAHB) *NH...O=C.
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These effects can be separated and their contributions
to the overall acceleration of the hydrolysis can be
estimated quantitatively with the aid of correlation analy-
sis'?*® using the principles described by Palm et al.'** and
assuming that each effect is independent of the structure
of the acyl residue. In this case the inductive effect,
calculated from the data of Ignat'eva et al.'™, accelerates
the reaction by a factor of 4-5 and the electrostatic effect,
determined for the *N(CHs); group, accelerates it by a
factor of 5-6. Bearing in mind that the values of ¢* and
the electrostatic effects for the *NR; and *NHR'R” groups
are approximately the same, the difference by a factor of
15-40 between the values of kOH" for compounds with the

*NR: and *NHR’R” groups can be regarded asaresultof the
catalytic effect of the intramolecular hydrogen bond. The
inductive effect and other factors have been shown by a
computational procedure to exert their influence in the
same order® %1%, :

The hypothesis of the intramolecular interaction of the
carbonyl and protonated amino-groups via hydrogen bond-
ing, put forward for the first time by Shiitzle et al.®’, has
been used by many investigators®” ®24~128 {5 explain the
acceleration of the hydrolysis of the protonated forms of
the aminoesters. However, convincing evidence for such
interaction was obtained only in studies of the structural
influences on the reactivities of the aminoesterg®3 %1%
10291154127

The following characteristics of the influence of the
structure confirm this hypothesis. (1) An increase of

ki')H- with decrease of pK, for the aminoester has been
observed® ®»'°2,  Since the energy of the hydrogen bond

depends on the acidity of the dialkylammonium groups, it
was natural to suppose that the decrease of pKy should
lead indirectly to an increase of the strength of the intra-
molecular hydrogen bond and hence to an enhancement of
the catalytic effect of the "NHR’R” group, causing the
increase of 2. ... This has been confirmed by the linear

variation of 1g%” _ _ with pK3, observed by Tur'yan et al.*.

It has been suggested'® that, following the introduction of a
phenyl residue into aminoethyl ester molecules (in contrast
to aminopropyl esters, the —I effect in the a-position of
the alkoxy-group accelerates the reaction for the same
reason, while the inductive effect of the C¢Hs group on the
carbonyl atom should be the same regardless of the length
of the chain between the carboxy- and amino-groups.

(2) The increase in the length of the chain between the
nitrogen atom and the ester group by one CH, unit
decreases k<”) - by a factor of 4-8, while the expected

decrease due to the inductive effect is by a factor of
7-15.'2, (3) The effect of the spatial proximity of the
ammonium and ester groups, discovered by Babaeva

et al.'®” on comparing the rates of hydrolysis of esters of
the ethylene and acetylene series,

Algkon- = BRyy tompn B Ron-icgy
is responsible for the increased reactivity of the proton-
ated forms of the aminoester. When such proximity was
hindered, the difference between the rate constants for
the *NR3 and *NHR’R” derivatives was not greater than by
a factor of 1.5-2. (4) The observed correlation'®

”n n + —_ ”n + -
between Alg kOH-(Alg kOH- (NHR'R") = g k- (NHR'R")
1g kOH'[fI(CHs)a]) and the sum of the Taft constants

Zc’l‘;‘. of the substituents at the nitrogen atom also con-
i

stitutes significant confirmation of the influence of the
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*NHR’R” group via intramolecular hydrogen bonding.
The similarity of the values of p* in the relations between
1g ka_ and oﬁ (for esters with a variable alkoxy-group)

and between Alg k(y - and Zo¥ led to the conclusion'® that
the efficiences of the transmission of influences via the
chain of carbon atoms and via the intramolecular hydrogen
bond are approximately the same.

Thus the intramolecular interaction between the car-
bonyl and ammonium groups, transmitted via the hydrogen
bond, is dominant in the acceleration of the hydrolysis of
the protonated aminoester. However, the mechanism of
this interaction between the functional groups cannot be
accounted for by a change in the electron density at the
carbonyl carbon atom, as suggested by some investiga-
tors® ', The study of the activation parameters (activa-
tion energy and the pre-exponential factor)””'% showed
that the acceleration of the reaction of the protonated
aminoester owing to intramolecular hydrogen bonding is
most probably associated with the interaction of the
solvent with the initial and transition states in the reaction
and that the main influence of the hydrogen bond is most
probably manifested in the transition state, where it
facilitates proton transfer from N'H to O~ [see the process
mechanism below; stage (II) in mechanism (17)], rather
than in the initial state. The latter factor leads to a
decrease of the degree of solvation of the transition state
and hence to a change in solvation entropy. Data obtained
in a study'®® of the infrared spectra in the region corre-
sponding to the vibrational band of the C=0 bond of amino-
esters, characterising the initial state of the ester
group, as well as the results of a 'H NMR study'?® of the
NH...O=C interaction agree with the conclusion that there
is no hydro§en bond in the initial state of the protonated
aminoester . Although the '"H NMR data were obtained
in chloroform and cannot be transferred mechanically to
aqueous solutions in which the hydrolysis was studied, they
also support the view that there is no intramolecular
hydrogen bond in the initial state of the aminoester mole-
cule (the earlier attempts at a direct determination of the
strength of the hydrogen bond'® were unsuccessful).

4, Kinetics of the Hydrolysis of the Aminoalkyl Esters in
a Two-phase Water —-Organic Liquid Emulsion

The study of the kinetics of chemical reactions in
muitiphase systems is of great theoretical and practical
interest'®~'*, The theoretical and experimental
principles of the application of the polarographic method
in the study of the kinetics of chemical reactions in a two-
phase emulsion system (water—benzene), including the
study of the kinetics of the hydrolysis of aminoesters in
such a system'®, were examined for the first time by
Tur'yan et al.'®, This type of system makes it possible
to simulate to some extent the conditions of emulsion
polymerisation'® and this is very important from the
practical point of view. On the other hand, owing to the
rapid establishment of the equilibrium distribution of the
components in the emulsion (large contact area), it is
possible to test important theoretical relations for the
kinetics of reactions in multiphase systems*.

A polarographic study of the kinetics of the hydrolysis
of aminoesters in a two-phase water—organic liquid
emulsion has been made * and data have been obtained
for the equilibrium distribution of the aminoester between
the aqueous and benzene phases, these being necessary
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for a theoretical interpretation of the kinetic measure-
ments and for the development of a polarographic method
whereby the aminoester can be determined (see below).

It has been shown'® that in the general case the dis-
tribution of the aminoester between the aqueous and
benzene phases is complicated by the dissociation of the
protonated aminoester in the aqueous phase and, regard-
less of the pH of this phase, virtually only the non-
protonated form of the aminoester is distributed in the
water —benzene emulsion. These conclusions have been
justified experimentally by the following findings: (1) the
dependence of the partition coefficient (K;)5 on the pH of
the aqueous phase; (2) the suitability for the calculation
of the partition coefficient of the expression

(Cru Ip(Kg + apa/frae)

Kt =
( )A K (c‘gst )H.O

' 14
where (K¢)A is the ratio of the equilibrium concentrations
of the non-protonated form of the aminoester in the
aqueous and benzene phases. Eqn.(14) has been obtained
taking into account the equilibrium between the protonated
and non-protonated aminoester forms; the concentration
of the latter is expressed in terms of the acid dissociation
constant of the aminoester and its experimental overall
concentration in the aqueous phase (CgSt)Hzo‘ The

partition coefficient calculated in this way (Table 6) was
constant.

Table 6. The partition coefficient and the rate constants
for the hydrolysis of diethylaminoethyl methacrylate in
thelgvsater—benzene system at 25°C (polarographic meth-
od) ™.

EM . -] )
, min kLM,min'l

Ke)a k i
(calc,)

1 kH,O' -1
(expt.)

2 min

210+1.6 9.9.10°8

9.3-10°8 I 1.1-10™2

Alkaline hydrolysis of aminoesters in the emulsion at
a constant pH is a pseudomonomolecular process and is
described by the equation for first-order kinetics with
respect to the aminoester'®,

A kinetic equation suitable for the polarographic study
of the kinetics of chemical reactions in a two-phase system
under the conditions of the equilibrium distribution of the
components has been obtained'* on the basis of the study
of Abramzon and Kogan'®®, The equilibrium conditions
are quite reliably realised in the case of an emulsion'*’'*®,
The above equation for the pseudomonomolecular alkaline
hydrolysis of the aminoester in the emulsion (bearing in
mind that the reaction proceeds virtually only in the
aqueous phase and the concentration of OH™ ions in the
benzene phase is insignificant) is of the following form'*:

1 ViRl
23 Vit Va(Kon

where ¢ is the duration of hydrolysis, V) and V, are the
volume%of the aqueous and benzene phases respectively,
and k?z is the rate constant for alkaline hydrolysis in the
aqueous buffer solution at the same pH and ionic strength
as in the aqueous phase of the emulsion.

1g Gjjm= const — ¢ = const — A7t (15)
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The sharg decrease of the effective rate constant in the
emulsion (£¥™),

(16)

[ UL
' 23 Vi+ Va(KJs

compared with the aqueous medium (Table 6) has been
explained by the redistribution of the reactants between the
phases: the aminoester passes almost completely to the
benzene phase [(K¢)s = 210], while the hydrolysis proceeds
in the aqueous phase. The validity of the theoretical
postulates has been confirmed by the similarity of the
experimental effective rate constant for the hydrolysis of
the aminoester in the water—benzene emulsion and the
value calculated by Eqn. (16).

5. The Mechanism of the Hydrolysis

The alkaline hydrolysis of the aminoalkyl esters (in
both protonated and non-protonated forms) by hydroxide
ions proceeds via a bimolecular By 2 mechanism (accord-

ing to Ingold's classification)'*® and, when account is taken
of the nature of the interaction of the functional groups
discussed above, the overall reaction can be described by
the following scheme”’%%1%;

o o———H
H+
R—C<o N R == R-c{ .
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R—C—0™ OH 2)"1\’2"

o H
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IV. THE KINETICS AND MECHANISM OF ISOMERISATION

1. Processy Kinetics

In a series of acryl derivatives of aminoalkanols,
aminophenols, and other compounds containing in the
molecule both the hydroxy-group and primary or certain
secondary amino-groups, the O-N mgg,ration of the acyl
group is a well known phenomenon®**™**4 put most
studies on the latter have been qualitative or semiquanti-
tative.

The results obtained at the beginning of the 1960s led to
the conclusion that esters containing a primary or second-
ary amino-group can as a rule exist only in the protonated
form, the free bases rearranging to the corresponding
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amides It has been established that the pro-
cess is intramolecular, the dependence of the rate of
reaction on the pH of the medium has been demonstrated,
and the hypothesis has been put forward that an interme-
diate compound of the type of hydroxyoxazolidine is formed
in the reaction.

A number of studies have been made on the reaction
kinetics®®'?®14°"47  The kinetics of the O—N isomerisa-
tion of O-acetylethanolamine to N -acetylethanolamine have
been studied by the pH-stat method in the pH range from
7.0t0 9.7.'* Using a spectrophotometric method, the
same reaction was studied in a buffer system at pH 7.9,
8.2, and 8.5."°

The O-N migration of the acyl group in a series of
aminoalkyl methacrylates in the pH range 8.0-10.5 has
been investigated in detail by the polarographic method®®'*’,
This method proved to be the most promising when the
aminoesters are capable of being reduced at a dropping
mercury electrode (as in the study of their hydrolysis;
see Sections I and IIT). The process in the buffer solu-
tion, where the aminoesters investigated give rise to
polarographic reduction waves, was followed directly from
the time variation of the limiting current, which is
directly proportional to the concentration of the amino-
ester (the sum of the concentrations of the protonated and
non-protonated forms).

The use of the polarographic method also made it
possible to elucidate the influence of the simultaneous
hydrolytic reaction, which was done using a different
supporting electrolyte: a buffer solution at pH 4.75 con-
taining 5% of formaldehyde'*®~'%%; the reduction wave of
both the initial aminoester and of the hydrolysis product
(the corresponding aminoalcohol) was observed in this
solution®*'*", Comparison of the results of the polaro-
graphic study in the presence and absence of formaldehyde
in the solution led to the conclusion®”'*” that the hydroly-
sis has an extremely insignificant influence on the iso-
merisation kinetics. The same conclusion concerning
2-aminoethyl acetate was reached in another study'®
based on pH-stat data.

It has been noted®® *?®'4® 7 that the acyl group does not
migrate in the protonated form of the aminoester, since
nucleophilic attack by the protonated amino-group on the
carbonyl carbon atom bearing a partial positive charge is
unlikely., The reaction is both catalysed by hydroxide
iong®» 2® 148147 4 ig subject to general base catalysis

The isomerisation kinetics at constant pH are described
by a first-order equation with respect to the aminoester®”
126146147 {jging the polarographic method, the experi-
mental rate constants kexp can be found by means of
Eqn. (12) from a plot of 1g7)j,, against {. Division by the
coefficient p = Ka/{Kky + [H']} (K3 is the acid dissociation
constant of the aminoester), defined as the fraction of the
non-protonated form of the aminoester, yields the rate
constant referred to the non-protonated form.

The variation of g (kexp/p) with pH is illustrated in
Fig.6. On the basis of Hansen's experimental results'®®,
it has been shown'*® that the above relation has a similar
form for the isomerisation of 2-aminoethyl acetate. The
complexity of the dependence of the rate of rearrangement
on the é’H could not be accounted for by Hansen's mecha-
nism*:

1465147

— /TN — /TN
s \;-,H :D_ o ) (:—_I% ¢ |~ 8 NH
N TN . S s, (18)
C= C— N4 0=C ¢
7/ VAN N
CH, CH; CH; OH CH,
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according to which stage (IH) is catalysed by hydroxide
ions and the rate-limiting stage varies with pH: stages
(IO) and (I) are rate-limiting at low and high pH values
respectively.

18 (K eyp /0)
0r 1

05

‘1,5_

! |
10.0 pH

Figure 6. Variation with pH of the experimental isomer-
isation rate constant referred to the non-protonated form
of the aminoester**”. Symbols—experimental data;
curves—calculated data: 1) M—OCH,CH.NHCHg;

2) M-OCH:CH,NH,; 3) M—OCH,CH.NHC.H;; 4) M-
OCHchzNHC4H9-n; 5) M"OCHzCHzNHCqu-iSO,'

6) M—OCH2CH2NHC3H7-iSO.

i
80 30

The most probable mechanism, which can account for
the O—-N migration of the acyl group®**”**® is analogous

to the mechanism of the aminolysis of esters'®*"'* and
can be described by the following scheme?2:147;
o
— ¥
e 56 e
\C=O PN
]
R £ oH
TH
amn (111-)[+(II) am (19)
_ A S
& w4 on- 2 SR +H0 o b w4 on-
N kg N\ /7
:
R R/\O‘ R

Mechanism (19) has been adopted'®® on the basis of

studies of the hydrolysis of iminoesters’®®, The hydrolysis
of iminoesters and the aminolysis of esters are accom-
panied by the formation and cleavage of the same types of
intermediates.
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In contrast to the studies by Hansen'?® and Martin etal.'*¢
in mechanism (19) account is taken of two forms of the
intermediate—the undissociated form (TH) and the anion
(T™). It has been shown'®® that the undissociated form is
not converted directly into the amide. Application of the
method of steady states with respect to [TH] + [T "] in
relation to the polarographic method yielded the following
kinetic equation®*":

Ky

gy BHEOHDE Lk
A 4. K e (20
bt @) Ty

where K, is the acid dissociation constant of TH; the rate
constants k4 and k; include the concentration of water.
ki includes not only the rate constant for the non-catalysed
stage but also the kinetic terms associated with catalysis
by the HPOZ™ and CH,COO" ions of the universal buffer
mixture'’. At pH 8-10.5 these terms are almost inde-
pendent of the pH, since the concentrations of the above
ions change insignificantly in this range; therefore the
rate constant k{ can be referred to by convention as the
rate constant of the non-catalysed stage. It has been
shown®”'*" that the catalytic effect of the borate anion may
be neglected.

Eqns. (12) and (20) with [H*] replaced by [OH"] yielded
the relation describing the experimental rate constant for
the migration of the acyl group in the non-protonated form

of aminoalkyl methacrylates'":

kexp _ (ky K [OH)) (sKu/kK,) [OH]

P (kg + ks) K

TER

where K,, is the ionic product of water. In conformity
with both experiment®® " and theory, kexp = const. at

constant pH. Eqn. (21) can be rearranged to the linear

’ (21)
[OHJ~.

relation
Fexe _ a+ b[OH™] —c¢ Rexp
PIOH"] : b (22)
where
. heKy
a==k kz 3 ' (23)
v ky¥y |
b=kt (24)
_ (k; + ky) Ky (25)
T RK,
Hence, taking into account mechanism (19), we have
’ @
b= —— (26)
)
b=y (2m

The kinetic parameters of the O-N rearrangement of
the acyl group in aminoalkyl methacrylates, including the
rate constants k{ and k{ (Table 7), have beencalculated!4?
on a computer from experimental data by Eqgns. (22)—(27)
(Fig.6). Solution'®® of an equation of type (20) yielded
k{ = 0.13 min~* and kf = 1.08 X 10* litre mole™" min™" for
aminoethyl acetate.

Mikhlin et al.**” (Fig. 6) and Schmir'%® showed that the
calculated lg (kexp/p)-pH curves agree satisfactorily with
the experimental curves. Like the kinetic curves for the
hydrolysis of aminoesters, these plots are characterised
by three sections: the lower and upper sections (which
are steeper and approach a straight line with a slope of
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unity) and the middle section (with a lower slope). This
type of kinetic relation has been explained [mechanism
(19)] ®»*" taking into account the different effects on the
process, as a function of the pH, of the non-catalysed
stage (I) and the simultaneous stage (IV) catalysed by OH"
ions and also taking into account the changes in the rate-
limiting stage as a function of the pH.

Table 7. The kinetic parameters of the O-N migration
of the acyl group in aminoalkyl methacrylates'*’

M=CH2=C(CH3)C<’O,

2., "o
Ester 103 ) 105 | 10kp| ki lie ;
min-! {mole-! min-}

M—OCH:CH;NH, 22.54+0.5 | 23.6:2.10 | 1.740.09 | 13.8 | 1450 |8.70
M_OCH,CH,CH;NH, | 2.34%:0.02 | 1,983:0.075] 032001 | 9.8] 830 [9.62
M-—OCH;CH,NHCH; 6.86+0.11 | 10.8+0.8 | 0.382:0.02 | 31.0 | 4900 8.96
M—OCH,CH,NHC;Hs 4.54£0.19 ) 10.1:20.9 | 2.27+£0.47 | 2.2 530 9.15
M—OCH,CH,NHC,Hqo-n | 7.8710.41 | 1.48:0,14 | 3.82+0.32 | 2.0 410 9.09
M-——OCH,CHNHCH,=CH,| 2.56-£0.11 | 2.41+0.47 | 1.31£0.11 | 2.1 200 8.36
M—OCH,CH,NHC Hy~iso | 4.96:£0.21 | 6.07£0.46 | 4.10£0.25 | 1.25 | 150  |8.91
M—OCH,CH,;NHCgH,-iso | 8.33:0.214 | 1.83+0.07 | 9.38:£0.27 | 0.91 20 9.13

*The values of K, were taken from Dokolina et al.”™

2. The Rate of Isomerisation and the Influence of the
Structure of the Aminoester

The influence of the structure of aminoalkyl meth-
acrylates on k{' has been analysed on the basis of the
results of Mikhlin et al."*" It has been established that the
nature of the alkyl substituents at the nitrogen atom has
the opposite influence on the isomerisation rate constant
compared with their influence on the nucleophilic reac-
tivity of the nitrogen atom in the amino-group. This
cannot be explained by hypothesis that the rate-determin-
ing stage involves the abstraction of a proton from the
amino-group, based on the Taft inductive effect'®”, because
the compound with the allyl substituent deviates appre-
ciably from the correlation, and, furthermore, the coef-
ficient p* is found to be unrealistically large.

This behaviour of the above compounds, as in other
reactions of amines with electrophilic agents'*®='® can
be explained by the influence of steric effects. It was
noted previously'* that the steric factor can have a
decisive influence on the rate of the O-N migration of the
acyl group and that aminoalkyl methacrylates with a
t-alkyl group at the nitrogen atom of a secondary amino-
group or with a primary amino-group at a tertiary carbon
atom do not undergo isomerisation at all'*'®*, The
ability of arylaminoalkyl methacrylates and acrylates to
exist without O—N isomerisation can be accounted for by
the steric effect in combination with the reduced nucleo-
philic}gX of the nitrogen atom in the secondary arylamino-
group .

The use of Eqn. (28), which takes into account not only
the Taft'®” steric effects'®”'% but also the steric effect of
the “sixth” atom, revealed®”?*" a satisfactory correlation
(Table 8) with respect to ki

lgki = 1gky + 070" -+ 8ES + yAo. (28)

Best results were obtained with E§ and Eg; the correla-
tion with Eg was much less satisfactory.
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A satisfactory correlation has also been obtained*’
using the Swain-Scott equation'®®:

lgk=a - sn=(—18,4 +3.9) + (42 + 0.8)n;
(r =0,935; S = 0.252).

The nucleophilicities in Eqn. (29) were taken from Hall's
paper'®® for the corresponding primary amines. The
aminoester with a primary amino-group deviates from the
correlation.

The rate constant for the isomerisation of 2-amino-
ethyl methacrylate is higher than for 2-aminopropyl
methacrylate, which can be explained by the more power-
ful influence in the former instance of the inductive effect
of the amino-group via the chain of carbon atoms.

In conclusion one should note that the rate of migration
of the acyl group in 2-aminoethyl methacrylate'’ is lower
than the rate of the analogous reaction for 2-aminoethyl
acetate'®'%? owing to the conjugation effect.

(29)

Table 8. The parameters of the correlation based on
Eqn. (28). 7

Steric

constant \ leko er 8 ¥ r S

E; 3.63+0.06 —2.10j:0.22| 1.75:£0.09 (0.144:0.011( 0.998 0.041
Es 3.64+0.07 |[—1.98+0.29| 1.9940.13 |0.1660.015] 0.997 0.055
Eq 3.20+0.26 {—8.133,54| 3.26+1.17 | 0.33+0.11 | 0.939 0.258

V. ANALYTICAL APPLICATIONS

The ability of aminoalkyl esters of af-unsaturated
acids to be reduced at a dropping mercury electrode has
been used in the development of polarographic methods for
the analysis of the esters. The polarography is usually
carried out with quaternary ammonium salts as the
supporting electrolytes in non-aqueous solvents (methanol,
ethanol, and dimethylformamide).

A polarographic method for the determination of mono-
meric aminoalkyl acrylates and methacrylates in the
presence of their polymers and copolymers with N-vinyl-
carbazole has been proposed®®®®; a 0.05 M solution of
(C:Hs),NI in dimethylformamide was used as the supporting
electrolyte.

The possibility of the polarographic determination of
diethylaminoethyl methacrylate in a mixture with acrylo-
nitrile using a 0.025 M solution of (C2Hs)4NI in methanol
as the supporting electrolyte has also been demonstrated®.
A method for the determination of the residual monomeric
diethylaminoethyl methacrylate in the latex has been
described®; it is based on the extraction of the amino-
ester from the reaction mixture with benzene and its
subsequent polarography in a solution of a tetraalkyl-
ammonium salt in a benzene—ethanol mixture. As stated
above, owing to the high partition coefficient, quantitative
extraction is simple and rapid®.

In contrast to non-aqueous solutions of tetraalkyl-
ammonium salts, a more readily available electrolyte—
the universal buffer solution (pH 7.5) in which NaOH has
been replaced by LiOH in order to obtain a more distinct
threshold of the wave—has been proposed® as the support-
ing electrolyte. The method is based on the sclection of
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the optimum pH, concentrations of the buffer components,
and the ionic strength of the supporting buffer solutions.
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Chemistry
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Experimental work on the dissociative capture of electrons by organic molecules is surveyed, and the main processes involved
in the interaction between such molecules and electrons are discussed. Special attention is paid to the specificity of mass
spectra. The mass spectrometry of negative ions not only supplements traditional mass spectrometry but also enables several
novel problems to be solved. A list of 100 references is included.
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I. INTRODUCTION

The formation of negative ions by interaction between
electrons and molecules has been less investigated than
has the formation of positive ions, although experimental
study of the capture of electrons by molecules with mass-
spectrometric recording of the negative ions was begun
as early as the 1930s, at the same time as study of
the formation of positive ions. This was due to the
absence of reliable methods for the mass-spectrometric
investigation of negative ions and the experimental diffi-
culties of working with such ions. However, discovery
of the ability of negative ions to excite vibrational and
rotational levels of molecules in radiation-induced reac-
tions, by the elastic and inelastic resonant scattering of
electrons, has caused the recent increase in the number
of publications on the formation of negative ions.

The study of negative ions has shown a general
tendency for increasingly complicated species to be
investigated. Whereas in the 1950s simple diatomic and
triatomic molecules were examined almost exclusively,
at the present time increasing attention is being paid to

complex molecules, including those of organic compounds.

It is also planned to use mass spectra of negative ions
to solve structural and analytical problems of organic
chemistry.

Progress in the theory of resonances accompanymg
interaction between electrons and molecules'™% as well
as development of electron-impact spectrometry’,
increased the interest taken in the capture of electrons by
molecules with the formation of negative ions. At the
same time advances in experimental technique promoted
the development of improved methods of examining nega-
tive ions. The monochromatisation of electrons®®,
enhancement of the sensitivity of the recording apparatus
and the development of ob]ectlve methods for calibrating
the scale of electron energies'®'’ have enabled reliable
and reproducible values to be obtained for the appearance
potentials of negative ions and the effective yield of ions
from electron—molecule interaction.

Several monographs'?>~'® and reviews'®'”, dealing
broadly with the problems of studying negative ions, have
appeared recently. However, they do not devote much
space to organic compounds, although the negative-ion
mass spectrometry of organic compounds is acknowledged
to be a promising and important trend.

The present Review examines published work on the
dissociative capture of electrons by organic molecules with
the formation of negative ions. It does not cover the large
groug of publications on the mass spectrometry of negative
ions™~® in which the experimental technique of the tradi-
tional mass spectrometry of positive ions is imitated.
While recognising the importance of this work, we must
note that the ambiguity in interpreting processes leading
to the formation of negative ions in these cases diminishes
the theoretical value of the results and prevents their
practical exploitation.

II. FORMATION OF NEGATIVE IONS. RESONANCES
IN SCATTERING CROSS-SECTIONS OF ELECTRONS
WITH MOLECULES

The main processes involved in the formation of nega-
tive ions by single collisions can be expressed

1) AB-e —» (ABP 4 e > A-+Bt+e

A=+ B

B-+A
2) AB+e — (AB) —

(AB)* - e melastlc} electron

(AB) 4 e elastic scattering

(dissociative electron capture)

The first process consists in dissociation of a mole-
cule, excited by electron impact, into two fragments with
opposite charges. The dependence of the effective yield
of ions on the energy of the electrons is the same as for
the formation of positive ions, i.e. a smooth increase in
yield with increase in energy from the threshold at which
ions appear to a maximum (when the energy of the elec-
trons exceeds the threshold by a factor of 3—4), which is
followed by a slow decrease in yield.

The second process—capture of an electron by the
molecule with formation of a short-lived negative molecu-
lar ion (AB) —is a resonance process occurring within
a narrow range of electron energies (0.01-2 eV). If the
law of the conservation of energy permits, the molecular
ion may dissociate into negative splinter ions: i.e. dis-
sociative capture of electrons takes place. If dissocia-
tion is impossible, the existence of the negative molecular
ion ceases with the ejection of the electron (autoionisation),
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and elastic or inelastic resonance scattering of electrons
is observedi. Autoionisation (autodetachment of an elec-
tron) always takes place, whether or not accompanied by
dissociation of the negative molecular ion (dissociative
electron capture), and in the former case competes with
the latter process. The mean lifetime of the negative
molecular ion with respect to autoionisation 7 is a char-
acteristic of the process of electron capture by a molecule.

The mechanism of establishment of the temporary
bond between molecule and electron may be that on impact
the electron loses its energy in the electronic excitation
of the target molecule and finds itself in a bound state
which has an energy below that of the excited state of the
target. The electron cannot be detached while the mole-
cule remains in an excited state; the lifetime of the
resonant state is relatively long, 107*°~107** s, Such
resonances have been termed “electronically excited
Feshbach resonances” *,

Vi
Vo P ————
En ] ]

n T2 r

Vioin = —

Figure 1. Typical interaction potential of electron and
molecule (atom) for shape resonance: Ej is the energy
of the trapped electron, and 7.—7, the range of effective
action of the barrier.

Another mechanism for formation of temporary nega-
tive ions, without necessarily entailing excitation of the
target molecule, involves the so called shape resonances
(single-particle resonance, if electron capture takes place
without excitation of the molecule, and electronically
excited shape resonance). With shape resonance the bond
between electron and molecule is established by the com-
bined action of polarisation and exchange forces attracting
the electron to the molecule and of the centrifugal force
of repulsion when the incident electron possesses angular

1 Reverting to the mass spectrometry of negative ions
by the technique used for positive ions (fixed electron
energy 50-70 eV, no control of the energy distribution of
electrons in the ion source), we note that two processes—
dissociative capture of electrons by molecules and the
dissociation of molecules into ion-pairs—yield negative
jons under these conditions. Dissociative capture takes
place with electrons that have lost part of their energy in
collisions with the walls of the ionisation chamber and with
electrons produced by secondary emission. The relative
contributions by these two processes to the ion current
depend on the material and the design of the ionisation
chamber, i.e. on the experimental conditions, which are
difficult to standardise. This explains the poor repro-
ducibility of the mass spectra of negative ions obtained in
this way 851926
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momentum relative to the target. The electron may be
trapped in a quasi-discrete level of the potential well
(Fig. 1) separated from the continuous spectrum by a
centrifugal barrier. The reverse ejection of the electron
takes place by tunnelling through the barrier. In contrast
to Feshbach resonances, the parent state of the target has
a lower energy, and ejection of the electron with transi-
tion of the molecule to the parent state (for the given
resonance) is not energetically forbidden. The lifetime
before autodetachment of the electron is determined for
shape resonances by the width of the centrifugal barrier
and the depth of the quasi-discrete level, and lasts 1074-
1077 s.

The so called vibrationally excited Feshbach resonance
is due to electron capture at vibrationally excited levels of
the molecular ion. If the electron affinity of the molecule
is positive, the ground state of the negative molecular ion
lies below that of the molecule. However, the vibrational
energy of the negative ion can exceed the electron affinity
of the molecule, and the vibrational levels of the ion will
lie above the ground state of the molecule. An electron
having positive energy may then be trapped at vibration-
ally excited levels of the ion. The kinetic energy of the
electron is converted directly (without electronic excita-
tion) into nuclear motion of the ion. Vibrationally
excited Feshbach resonance is due to breakdown of the
Born-Oppenheimer principle’. The lifetime before
autoionisation of negative molecular ions formed with such
resonance is extremely long in polyatomic molecules,
reaching several tens of microseconds'®'®,

With vibrationally excited Feshbach resonance auto-
ionisation of the negative ion may be prevented by a change
in molecular configuration on conversion into the ion.

A fairly long time would elapse before the configuration
of the molecule-electron system would return to or
approach the configuration before electron capture, from
which autoionisation is possible.

Dissociative electron capture can thus be regarded as
occurring in two stages: capture of an electron by a
molecule with formation of a negative molecular ion
(having a lifetime 75 characteristic of a given process) is
followed by dissociation along possible paths. According
to O'Malley® the effective formation cross-section of
negative ions in dissociative electron capture by diatomic
molecules is given by the formula

1/3T (E — Eq)?
1 Tg

? ~ s

T
d=e"C_2exp [
Ty

where I'yq =7 /74 is the so called autoionisation resonance
width, 75 the mean lifetime before autoionisation, I'q the
observed width at mid-height on the peak effective yield
of negative ions, 7q the mean time of dissociation of the
molecular ion into anegative ionic fragment and a neutral
atom (radical), E the energy of the electron, E, the
energy characteristic of the given process (closely similar
to the energy corresponding to the maximum yield of ions),
and 7 is Planck's constant.

This formula can be written ¢ = acpe'p » where g¢p is

the cross-section for capture of the electron by the mole-
cule and e™ the probability of dissociation into a negative
ion and a neutral fragment. The term e™ is called the
“survival factor”, since it determines the proportion of
molecular ions that have avoided autoionisation and have
dissociated with the formation of stable (for the given
experiment) negative ions. The dependence of 74 on the
reduced mass of the fragments that scatter on dissocia-
tion may be responsible for the so called isotope effect in
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the measurement of the formation cross-section of
negative ions®?". However, I'q also depends on the
reduced mass, and the change in ion-formation cross-
section on isotopic substitution is determined not only by
the survival factor®?®2®,

Lion

(@)

L1 | -

/) 2 4 6 § E eV

Figure 2.
(a) dimethyl sulphide: 1) S7; 2) SCHj;; 3) SCH;;

4) CH3; 5) CH; 6) SH™; and (b) di-isopropyl sulphide:
1) §7; 2) SC.H7.

According to O'Malley® the above formula for ¢ is
applicable also to polyatomic molecules, if all the quanti-
ties in it are assigned to separate normal vibrations of
the molecule. A consequence of the multichannel break-
down of negatively charged polyatomic molecules is the
formation of ions having different 7 /e ratios in the same
resonance range of electron energies. While remaining
within the same resonance region, the positions of the
maximum yields of individual ions on the scale of electron
energies Emax coincide neither with each other nor with
the energy corresponding to maximum formatioa of the
parent molecular ion. 1t follows from O'Malley’s
formula

Emoc= Bo— T3 (32 + 1) §2>0

that Emax for each channel of formation of an ionic frag-
ment depends on dp/dE, which in turn is determined by
the direction of dissociation of the molecular ion (p =
Td/Ta).

Curves of effective yields of negative ions for:
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Another reason for the difference in values of Epax
for ionic fragments may be the formation of ions having
different m /e ratios by consecutive decomposition of the
type

(ABCD)~ 2= (AB)* » A~ 4B .

The AB~ ions are formed in a vibrationally excited state,
and some of them, for which the energy of excitation
exceeds the energy of the A-B bond, dissociate into A~
and B. With increase in the energy of the trapped elec-
tron (within the resonance range) the number of AB~ ions
capable of dissociating increases: i.e.the maximum yield
of A” ions will shift to higher electron energies relative
to the maximum yield of AB~ ions. This can be illu-
strated by the curves for the effective yield of SC;H; and
S~ ions from di-isopropyl sulphide® (Fig. 2); the latter
ions are probably formed by the breakdown of excited
SC;H7 ions. (Raising the temperature in the ionisation
chamber, as would be expected, increases the yield of
S~ ions.)

It is appropriate here to examine the energy balance of
dissociative electron capture

AB+e — (AB)- —» A"+ B.

Denoting the appearance potential of A~ jons by Aptl(A7),
the energy of dissociation of A-B by D(AB), and the
electron affinity of an A atom (radical) by £A(A), we
have

Aptl (A™) =D (AB) + EA(A)+ e+ &

where €tr is the translational energy of the reaction prod-
ucts and €j¢ the energy of internal excitation of the
fragments. The corresponding expression for B~ is

aptt (B~)=D (AB) +EA (B) +eq+ey).

In a series of papers Franklin et al.*~*® obtained a
formula linking the mean translational energy €, = €*/aN
with the excess energy e* (the energy exceeding the
threshold for dissociative electron capture: €* = etr +
€ie) and the number of vibrational degrees of freedom of
the molecule N, in which a is a semi-empirical parame-
ter having the value 0.42 for such processes.

The chief experimental methods for studying reson-
ances in the scattering of electrons by molecules are
currently electron-impact spectroscopy and the mass-
spectrometric investigation of resonant processes in the
formation of negative ions. The former is characterised
by relatively high energy-resolving power, which ensures
accurate determination of the position of resonant levels
and the possibility of recording short-lived negative molec-
ular ions. The variety of experimental methods in elec-
tron-impact spectroscopy (each of which has its advan-
tages) can be regarded as a virtue, permitting a flexible
approach to solving a problem. Information on the
energy levels of atoms or molecules is obtained by
analysing the changes in momentum and energy of elec-
trons in single collisions between electrons in the primary
beam and atoms or molecules. A review has been pub-
lished on electron-impact spectroscopy’.

Negative-ion mass spectrometry involves a more
reproducible technique: the rigid requirements of mass
spectrometry do not permit wide variation in the design
of the ion source or the experimental conditions, How-
ever, the mass analysis of the ionic fragments and the
absence of a background of potential scattering (only
resonance processes are recorded) make it possible to
examine resonance phenomena in the interaction of elec-
trons with complex molecules, as yet inaccessible to
electron-impact spectroscopy.
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Experimental procedure in mass-spectrometric
investigations has been described repeatedly in reviews
and monographs'>™"*,  Study of dissociative electron
capture by recording negative ions is undertaken with the
usual mass spectrometers (static or time-of-flight).
Changing to the registration of oppositely charged ions for
the investigation of dissociative electron capture requires,
of course, not only simple reversal of fields (electric and
magnetic), but also several design modifications of the ion
source (connected mainly with the need to monochromatise
the electron beam and calibrate the electron-energy scale),
and the sensitivity of the instrument must be improved.
However, the conversion of commercial mass spectrome-
ters into instruments suitable for investigating dissociative
electron capture by molecules with the formation of nega-
tive ions is technically not a complicated task'? %%,

III. DISSOCIATIVE CAPTURE OF ELECTRONS BY
ORGANIC MOLECULES

The studies considered in the present Section are not
all equivalent with respect to the experimental technique
used. Different workers employed apparatus of different
sensitivities; different reference points were used for
calibrating the electron-energy scale; and the energy
distribution of the electrons was not strictly the same.

In several studies attention was paid mainly to measuring
the appearance potentials of the negative ions, without
determining the positions of the maximum yields of ions
on the electron-energy scale; in other cases the efficiency
of the emission of ions was not determined®”*. Despite
the differences in experimentai technique, however, the
values cited in the present Section from various publica-
tions are mutually comparable. The deviations (+0.2-
0.3 eV for the positions of the resonance peaks on the
energy scale, and +20% for the relative intensities of the
ions) are not so significant as to support the currently
held view that data on dissociative electron capture by
molecules show poor reproducibility®®™*.

1. Alkanes

Several papers have been published on dissociative
electron capture by alkane molecules’"39:4374¢,  Methane
exhibits two peaks representing the formation of ions
having appearance potentials of 8.3 eV (H™, CH:) and
9.3-9.6 eV (H, CH™, CH;). Two peaks have been
observed with ethane (8.3 and 9.2 eV), whereas the spectra
of propane, n-butane, and isobutane contain one resonance
peak corresponding to the formation of ions having appear-
ance gotentials of 7.6-7.8, 7.8, and 7.4-7.5 eV respec-
tively®®. The greatest probability of formation is found
with H™ ions {o = 107*° cm®. A comparatively large
formation cross-section was noted for the ions CH; and
CH™ (~107' and ~10"%° ¢m®) from methane, CHz from
ethane, and CH; from propane and isobutane (~107%° cm?).
The formation cross-sections of C;H , C.Hj and CH{
ions are of the order 107%'-107%% cm®. *°

In the spectrum of tetradeuteromethane the probability
of formation of D~ ions is greater, while that of CD; ions
is smaller than those of the corresponding processes in
methane?®?%. The ratios of the formation cross-sections
are o(H™)/o(D7) = 0.8 and ¢(CHz)/0(CDz) = 25.
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2. Alkenes, Polyenes, and Alkynes

The effective-yield curves for negative ions resulting
from the interaction of electrons with ethylene, propene,
and isobutene molecules®® indicate the existence of two
resonance peaks of electron capture in the range of elec-
tron energies 7-13 eV. The ion-formation cross-section
does not exceed 107*° cm? in ethylene and isobutene, and
107%° ¢m? in propene and but-1-ene (Table 1). The energy
of excitation of the first Rydberg state (*Bay) of the
ethylene molecules is 7.25 eV, ¥ and peaks of negative ions
from dissociative electron capture in ethylene can be
assigned to the decomposition of C,H; ions, which are
formed by a mechanism of Feshbach resonances of
Rydberg states of the molecules. The lowest state of the
C.H{ ion recorded by transmitted-electron spectroscopy
is responsible for the peak of resonant scattering of
electrons with its maximum at 1.76 eV.*® A molecular
ion in this state breaks down without dissociation into
ionic fragments. In propene a small peak due to CoH™
ions (cross-section 107" cm® has been recorded with its
maximum at 3.8 eV.**

Table 1. Appearance potentials (Aptl) of ions and their
intensities*.
Ethylene Propene Isobutene
. inten- |Aptl + 0.3 : inten- [Aptl+ 0.3, . inten- |Aptl £ 0.3,
ton sity cV lon sity eV fon sity ZV
H- 430 [7.6:9.7 H- 325 7.7 H- 585 7.8
CH~ 174 [7.3;8.7 | CH; 48 [6.1;7.3; | CH-| 43.5 7.9
- 7.8
CH, 131 8.8 cH3. 2 - ezl 130 7.8
Ca 60 10.4 CH- 77 12.6:6.3; | CH;| 57.5 7.4
7.6
c,g: 520 |7.1340,0 | CgHj 18 — CsHg 58 [5.8;7.8
GHy 19.8 = | cH 250 [5.97.6 | — ~ -
l

* Unit intensity corresponds to o = 1072 c¢m?,

The dissociative electron-capture mass spectra of
hept-1-ene, hept-2-ene, and oct-1-ene are given below
as schemes representing the rupture of the negative
molecular ions together with the relative intensities at
maximum effective yields of the ions, which correspond
to electron-energies of ~8 eV:

HyC=CH cu,j—cn2 CH,—4—cH,——cH, N
m/e 27 g 41 55 % 69 83 (M—H)"-7.5%
% 10

lo 100 42 100 27,5

11, —CH=CH—3—CH;—$—CH,——CH,——CH, -
mfe 41 § 55 69 83 (M—H)"-25%
% %0 2 2

100

H2C=CH3§—CH,:§$-—(H2§-CHZ—§—CHzj—CH,j—CHJ

m/e 27 41 55 :39_3 83 97 (M—H)"-40%
% 12 90 20 100 50 26

These show that formation of ions is a consequence of the

rupture of carbon—carbon bonds with addition of the

electron to the fragment containing the double bond.

However, the absolute formation cross-sections of the

ions are small (~10"%" cm?).*®
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Among 5-substituted bicyclo[2,2,1]heptene derivatives
norbornene itself and 5-methylnorbornene have the
simplest spectra®®, with three resonance peaks due to
formation of the cyclopentadienyl anion C;H; and one peak
due to each of the ions C;H7, C4H3, and (M — H)". Forma-
tion of the C;H; ion can be attributed to retrodiene decom-
position, whereas the C;H; ion is formed by the simul-
taneous rupture of carbon-hydrogen and carbon-carbon
bonds:

~ H
[ ]
| —[o)gmen — Do
L H H H
_ H H

R=[ u [cHy| cN[on [oaclonon
A
s A7
g ——i
¥ 7
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Figure 3. Positions of maximum effective yields of
negative ions on scale of electron energies for interaction
of electrons with norbornene and its 6-substituted deriva-

tives: 1) CsH;; 2) (M~-H)"; 3) RC:H;; 4) R;
5) COOCH;; 6) COCHj;; 7) C.HO™; 8) (M - Ac);
9) (M - OAc).

The process of lowest energy—emission of CsHs ions at
1.6-1.7 eV—corresponds to the trapping of an electron in
the first vacant 7* orbital. A second maximum, at
5.6-5.8 eV, can be assigned to Feshbach resonance
involving the first triplet state of the molecules. The
third peak, at 7.2-7.3 eV, is due to Feshbach resonance
with excitation of Rydberg states of the molecule. Fig.3
shows that the positions of maximum emission of ions vary
with the substituent. For example, the low-energy peaks
due to ions having m/e = 59.43 (levels a) are present in the
spectra of molecules containing a CH,COO group. The a
level implies a single-particle resonance involving the
lowest unoccupied orbital localised on the acetoxyl group.
Levels c and e can be attributed to electron capture with

n — 7* and n — g* excitation: they are observed when the
substituent contains a heteroatom with a lone pair of
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electrons. Thus data on the fragmentation of the nega-
tive molecular ions supplements the spectral characterisa-
tion of the molecule over a wide energy range.

Molecules of polyenes—5-methylhepta-1,3,6-triene,
octa-1,3,7-triene, 6-methylnona-2,4,7-triene, 9-methyl-
undeca-1,3,7,10-tetraene, and 3,8-dimethyldeca-1,4,6,9-
tetraene—form negative ions on interaction with slow
electrons, with three ranges of electron energies in which
the trapping of electrons is followed by dissociation of the
negative molecular ion®”%?, The first two ranges, corre-
sponding to maximum effective yields of ions at 2.5 and
6 eV, consist of three mass lines due to C;H™ (m/e = 25),
or(M - H)", and (M — C,Hj)~ ions, whereas in the third
range, in which the maximum effective yields are grouped
around 8 eV, the mass spectrum comprises six lines.

The effective formation cross-section of ions correspond-
ing to the maximum intensity is ~107* cm?,

It is significant that negative ions are formed predom-
inantly by the simple rupture of bonds, without the
rearrangements inherent in the breakdown of positive
ions. As a consequence, the spectra of structural iso-
mers are sharply differentiated, as is evident in the mass
spectra of 5-methylhepta-1,3,6-triene and octa-1,3,7-triene
(Table 2).

Table 2. Values of m/e and relative intensities (% of
Imax) in mass spectra of negative ions of trienes.

mfe 107 81 67 55 53 51 41 27 25

5-Methylhepta-
1,3,6-triene 28 76 — 42 100 80 14 57 80

Octa-1,3,7-triene 15 — 100 - 40 13 20 - 20

The formation of negative ions was interpreted as
o-m* excitation with capture of the extra electron in an
antibonding o*-orbital. This accompanied by g-cleavage
relative to the double bond with retention of the negative
charge on the fragment. Twoelectrons in ¢g*- and
m*-orbitals form a new n°-orbital of the negative ion,
while the electron of the g-orbital becomes a o-electron of
the neutral fragment:
[ Ry - Ry
CH,=CH—(!‘.H—R,] - CH,=CH~—C!H‘ +R; .
on'o" —» () 4o
Such a process corresponds to ions of m /e 81 and 55
in the spectrum of 5-methylhepta-1,3,6-triene, and to ions
41 and 67 in that of octa-1,3,7-triene. The gn*o*-state of
a negative molecular ion may lead to a-cleavage, when the

negative charge will be concentrated on the fragment con-
taining the double bond:

R -
[ |1! ] /Rx
CHy==CH—CH—R,] — CH,=CH" + H'C\R .
3

o'e* — (0%) +-n
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In the spectra of these trienes such cleavage corresponds
to intense ions having m/e 53. In addition to the ions
formed by a- and g-rupture, dissociation of a carbon-
carbon bond with detachment of two hydrogen atoms resuilts
in ions with m/e 107, 51, and 25—(M - H)", C.H3, and
C:H . The intensity of the rearranged 41 peak in the
spectrum of the methylheptatriene is low. The 67 peak is
absent, although quite intense in the spectrum of the octa-
triene, whereas the latter contains no peak at 55. The
corresponding ions cannot be formed by simple rupture of
carbon-—carbon bonds. The absence of an 81 peak from the
spectrum of the octatriene is due to the fact that this frag-
ment cannot be formed by either a- or g-cleavage: it
would require either y-rupture or a-rupture with transfer
of the extra electron to the .CHR'-R? fragment, which
obviously does not occur.

Three resonance ion-emission peaks are observed in
dissociative electron capture by 9-methylundeca-
1,3,7,10-tetraene and 3,8-dimethyldeca-1,4,6,9-tetraene.
Their mass spectra can be represented by a scheme of
a - and -cleavage with the mass number and relative
intensities (as percentages of the maximum intensity):

CH=CH—t—CH,——CH,——CH=CH—CH=CH,
8 67 53
10 48 10

(M—H)"-32%

100%

CH=CH—CH—CH—(H—CH=CH,
CH -
3 (M—H)"-32%

H,C—=CH CI,H
CH,
m /e 135
% 8

A characteristic feature of the spectra of negative ions
of polyenes is the necessary presence of fragments con-
taining an intact system of conjugated double bonds.

Fig. 4 shows the mass spectra of positive and negative
ions of isomeric tetraenes. It is very significant that the
slight differences in the mass spectra of positive ions of
isomers bear no clear relation to the structure of the
molecules. As a consequence, mass spectra cannot be
used to assign a test material to a particular isomeric
form. On the other hand, the mass spectra of negative
ions resulting from dissociative electron capture by
polyenes enable the structural formula to be determined
without the use of other information.

Among compounds containing a triple bond only acetyl-
ene and propyne have been investigated. Their spectra

reveal a large formation cross-section for (M - H)~ ions
(Nlo-m cm?) 37,39,44,53,54
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3. Benzene and its Derivatives

Electron-impact spectroscopy indicates*®®**® the
capture of electrons by benzene molecules in the lowest
unoccupied m*-orbital (single-particle resonance, *Ew
state of CsHs) with electrons of energy 1.2-1.7 eV (vari-
ous authors give differing values). The average lifetime
of 221y CeHs ions is short (<107° s), and the ions do not
appear in the mass-spectrometric investigation of benzene.
Sanché and Schulz*® observed an additional peak, in the
range 4—6 eV in the spectrum of electrons scattered by
benzene molecules, and ascribed it to the capture of
electrons in a bzg-crbital of the molecule. Negative ions
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are not observed in this range of electron energies,
although dissociation of C¢He with the formation e.g. of
CeHs ions is energetically possible. Resonance peaks of
negative ions are recorded at electron energies of 7-12
eV, 34
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Figure 4. Mass spectra of: «) positive ions; b) negative
ions of: I) 9-methylundeca-1,3,7,10-tetraene; II) 3,8-di-

methyldeca-1,4,6,9-tetraene.

Table 3. Effective yields of negative ions (at maximum
emissions of ions)*, *°

Ion _Benzene | Toluene bfntreyr:; :’s;pzr;peyl- B tylb;nzenes t
(M—H)~ 100 46 24 23 41 22.2 15.7
(M—2H)- 0.25 11 = = = ~ z
(M—3H)~ 1.1 0.3 2.0 _— 2.0 — —
CgHy - - — 0.3 — 20 5.7
CHy - — - 4.6 2.2 - 0.3
CH; — |M—nr| 037 - 3% 210 0.35
GCeHy (M—H)~ 0.9 6.7 21.6 6.1 15 70
CHY 1.3 0.55 - - - — -
CHy 7.8 0.74 —_ — — — —
CH~ 80 9.0 0.6 20.5 10.5 12 21

A 1.4 2.2 — — - — —
CH, — — - — — — 52

2

* Unit intensity corresponds to o = 107 em?.
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Table 3 shows that the main process in dissociative
electron capture by benzene molecules is detachment of a
hydrogen atom with localisation of the electron on the
phenyl radical (o =~ 107*° em?® Formation of C.H™ ions
has a similar cross-section, whereas the effective yield
of C:Hs, C.H3, and C; ions is one-tenth of this.

The minimum energy for the reaction C¢He + € —

Cels + H to occur is 2.2 eV on the assumption that the
electron affinity of the C¢H: radical is 2.2 eV *" and the
energy of rupture of a carbon-hydrogen bond in benzene
is D(CeHs-H) = 4.4 eV.*® At the maximum yield of C¢Hs
ions (8 eV) the excess energy E* = 5.8 eV is distributed
between internal excitation of the C¢Hs ion and transla-
tional energy of the reaction products. According to
Franklin's formula €ty = 5.8/0.42 X 30 = 0.45 eV, so that
the total store of vibrational energy of the C¢H; ion is
~5.4 eV, which is 3.2 eV greater than the electron affinity
of CéHs. Even regarding this formula as a very crude
approximation and bearing in mind the large excess energy
of formation of the ion, we may conclude that C¢Hs ions
are formed in an autoionised state, i.e. with a sufficient
store of vibrational energy for detachment of an electron.

Direct proof of the instability of CeHs ions with respect
to ejection of an electron has been obtained®”® by mea-
suring the mean lifetimes 7 with respect to autoionisation
of CeHs ions from Ce¢Hs and of C¢Ds ions from CeD¢ as
respectively 47 + 5 and 37 + 5 ps. The effect of isotopic
substitution on 7 is probably due to a change in the overlap
of the atomic vibrational wave-functions of the ion and of
the corresponding neutral radical when hydrogen atoms are
replaced by deuterium atoms. The C:H" ions were stable,
which was not surprising, since their formation involved
a lower excess energy, and part of the vibrational energy
was associated with the neutral fragment. Two values
were obtained for the isotope effect in the formation cross-
section of the ions: o(CeHs)/0(CeDs) = 1.18 ® and 5.4, °°
It is difficult to explain such a marked discrepancy, far
exceeding possible experimental errors, but later work
may reveal its cause.

Alkylbenzenes form negative ions*° in the same range
of electron energies as with benzene, though the maximum
effective yields are slightly displaced (up to 0.3 eV) to
higher energies. The maximum peaks in the dissociative
electron-capture mass spectra of s- and t-Lutylbenzenes
correspond to the ions C/H7 and Ce¢Hs respectively.

With the other alkylbenzenes investigated, the formation
of (M - H)~ ions is the most probable. The presence of
an alkyl substituent changes the ways in which the molecu-
lar ion breaks down: thus C;Hs, CsH,, C4H;, and C,Hs
ions are present only in the mass spectra of benzene and
toluene, but in alkylated benzenes both the formation
cross-section of (M - H)™ and C.H" ions and the total ion
current at the maximum effective yield of ions have
diminished. The latter does not apply to s-butylbenzene,
with which the total ion current is increased by the large
cross-section for formation of C-H7 ions, which exceeds
that of (M — H)~ ionsfrombenzeneby a factor of 2.1,

Study of dissociative electron capture by certain
monosubstituted benzene derivatives has shown® ion-
formation cross-sections of ~107'° cm?®, with the main
processes of dissociation of the molecular ion coinciding
with those in alkylbenzenes. The molecules C¢HsX and
CeHaXY, where X and Y respresent substituents possessing
high electron affinities, exhibit effective cross-sections of
dissociative electron capture larger by factors of 10°-10°
with several electron-capture resonance peaks. In
chlorobenzene and bromobenzene the first peak with for-
mation of halide ions is located at 0.6 eV; the capture of
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thermal electrons by iodobenzene molecules results in the
appearance of iodide ions®~*

A long-lived negative molecular ion (7 = 40 us; energy
of electrons ~0 eV) has been recorded in nitrobenzene®.
The first peak in the electron-energy range 1-2 eV repre-
sents NO; and CeH; ions (0= 2x 10 *®and 107'° cm?
respectively). *’® Maximum yields of the ions— NOz
(0 =2x 107 cm?), CeHsNO™ (3% 1079, CeH4NO; (2.5 X
107'%), CeHs (1.2% 107*%), CN™ (1.3 x 107'%), NO™ ( 6 x
10729, CeHsN™ (1.2% 10°'®), and m/e = 43, 42, 41 (10~*°
cm?) — are obtained with electrons of energy 4 eV.
Furthermore, peaks due to O7, C:H™, and m/e 92 are
situated with their maximum at 5 eV, and to OH~, C:H",
and (M - H)™ ions at 7 eV (cross-section ~107*° cm?),

Two resonance peaks due to NO; ions were observed
in 0- and m-nitrotoluenes®. 1t is interesting that the two
peaks are of equal intensity in the ortho-isomer, but in
m -nitrotoluene the intensity of the first peak with its
maximum at 1.1 eV is only 15% of that of the second peak
(maximum at ~3.3 eV). The energy of the resonant states
has diminished by 0.3 eV in o-nitrotoluene. Molecular
ions of m-chloronitrobenzene and m -iodonitrobenzene
decompose along two channels with the emission of NO;,
Cl7, and I” ions®®, In benzonitrile not only the molecular
ion (7= 5 ps) but also CN~ ions (two peaks) are observed
with peaks due to CeHs and C¢H,CN ™~ ions.

4, Fused-ring Aromatic Hydrocarbons

The only ionic fragment formed in naphthalene,
fluorene, anthracene, and phenanthrene results from
detachment of a single hydrogen atom from the negative
molecular ion. Maxima on the effective-yield curves of
(M - H)~ ions from naphthalene and fluorene coincide with
the corresponding maximum for benzene, but dissociative
electron capture takes place over a wider range of elec-
tron energies than does the formation of C¢Hs ions from
benzene. Interaction of electrons with fluorene molecules
gives rise to a further process of formation of (M -~ H)~
ions with a maximum at 1.6 €V, which has been regarded®’
as corresponding to formation of a fluorenyl anion.

It is interesting that the dissociative electron-capture
spectra of anthracene and phenanthrene are different.

The effective-yield curve for (M — H)™ ions from anthra-
cene exhibits an inflexion, which is less strongly marked
with phenanthrene. Furthermore, non-dissociative
capture of electrons (having energies close to zero) is
observed in anthracene. As a result, a negative molecu-
lar ion of anthracene is formed with a finite lifetime with
respect to autoionisation (T = 21 ps). The formation
cross-section of (M — H)~ ions from anthracene and
phenanthrene is ~107'7 em? and the cross-section of non-
dissociative electron capture by anthracene molecules is
107'° em®, Hence negative-ion mass spectrometry may
be used to detect anthracene present as impurity (up to
0.5%) in other compounds, including phenanthrene.

5. Cyclopentadiene and Metallocenes

On interaction with electrons cyclopentadiene loses a
hydrogen atom and is converted into a stable CsHs anion,
with a maximum probability for electrons of energy 2.05
eV.*' A further resonance process is observed at 8 eV,
leading to the formation of C;H;, CsHi, CsH3, CsHj, and
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C.H" ions with respective intensities of 3.6%, 1.6%, 1.2%,
11%, and 20.5%. At 2.05 eV the intensity of the CsHs
peak reaches 100%. *

In dissociative electron capture by ferrocene, cobalto-
cene, manganocene, and nickelocene molecules® C;Hg
ions are formed in the range of electron energies 0.5-1.0
eV, with widely varying formation cross-sections.
Ferrocene and cobaltocene have the smallest cross-sec-
tion (3 X 107%' em?), that of nickelocene is larger by a
factor of 25, and manganocene occupies an intermediate
position. The effective formation cross-section for
CsH; ions is relatively small, that of CsHsCo~ ions (at 0.7
eV) is 1.8 X 107*° ¢cm®, and the non-dissociative capture
cross-section of thermal electrons with formation of
CoC1oH1o ions is 6 X 107 cm?,

Study of dissociative electron capture by dicyclopenta-
dienyl dichlorides M(C;H;).Cl;, where M = Ti, Zr, Hf,
revealed in all cases the formation of molecular ions by
the capture of thermal electrons, the probability of ion
formation being greater the heavier the metal M, %

6. Five-membered Heterocycles

Five-membered heterocycles form negative ions in two
ranges of electron energies, in both of which the mass
spectrum contains a relatively large number of lines*"™,
An exception is pyrrole, with which only (M - H)~ ions are
observed in the first, low-energy range. Table 4 reveals
greater fragmentation of molecular ions in the second than
in the first range, with an increase in the relative probabil-
ities of formation of ions having low m/e values and a
decrease in the yield of (M - H) ions. The isotope effect
in the cross-section for formation of the latter ions from
thiophen is 1.4 and 12.1 in the first and second resonance
peaks. Inboth resonance regions these (M ~ H)™ ions are
in autoionisation states, with T7(SC,;H3) = 240 and 220 ps
respectively.

Table 4. Effective yields of negative ions in two
resonance 6peaks of selenophen, thiophen, furan, and
pyrrolex, 2974

X Se s o sel! s oll Nt
E""e‘“'\ﬁ“’“s' 49-53 | 53-57} 55 7.8-8.1 | 83-85 | 9.8-10 | 8.9-10.2
XCeHy 220 144 53 2.4 79 8.7 160
XC,H- 100 100 80 336 650 19.3 81.5
XH- 195 157 0.1 63 136 0.2 —
X- 320 130 — 2400 87 —_ -
CH™ 0.4 14.4 10 61 150 3 —
CoHy - - 22,2 — 11.5 3.7 153
CH- 5.5 8.5 18.7 83 100 2.5 -

* Unit intensity corresponds to ¢ = 107%* cm”.

Differences between the dissociation of negative molec-
ular ions in the first and second ranges of electron capture
have been examined®® on o -deuterated thiophen and seleno-
phen. It was found that (M — H)~ ions of the first peak
were formed by the detachment of either an a- or a
f-hydrogen atom, with relative probabilities of 1:3.
same relative probabilities applied to the formation of
C.H" ions.

The
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In thiophen the decomposition channels of the molecular
ion with formation of (M — H)™ and SC.H™ are independent
in the sense that the degradation (M — H)™ — SCH™ does
not take place. An isotope effect is observed in the for-
mation cross-section of (M — H)™ ions, but the yield of
SC.H" ions is almost unaffected by deuteriation of the
molecule®®, Formation of SH™ ions takes place almost
exclusively by migration of hydrogen atoms from the
B-position. In the second peak the formation of (M — H)~
and SC.H™ ions also corresponds to two processes, involv-
ing detachment of hydrogen atoms from «- and B-positions,
but the relative probabilities of the two processes are
about the same as with the first peak,

]xel F I Xﬂ’ﬂﬂ%}
| x x7
x3 J xj'
il
(&)
L I
(&)
0 |
T T T T T T 1 T
-
20T I x5(100%)
| 2|
wl *Z
0 e e M B rl'lL T T T
ZUF xJ I x5(100%) x4
w3
J )
0 A B R S A I A &
[
200 x5(100%) I T
I x2 x3 D
10+ xJ
i N
T T T T T i T I | I
20 40 60 80 100 120 mle

Figure 5. Mass spectra of negative ions of 2- and
3-propylthiophens: 1) first range of electron capture
(electrons of energy ~5 eV); II) second range (~ 8 eV).

Breakdown of alkylthiophen molecular ions of the first
peak (maximum yields of ions at ~5 eV) is closely similar
to that of the corresponding molecular ion of thiophen.
Substitution has little effect on the modes of decomposition
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of the molecular ion. For example, detachment of alkyl
radicals from a $-position is more probable than the
detachment of a-substituents, and the relative probabilities
of formation of (M — H)™, H”, and C.H" ions in a- and
p-alkylated thiophens can easily be interpreted qualitatively
in terms of the relative probabilities of different modes of
dissociation of the molecular ion of thiophen. In the
second peak substitution has a more significant effect on
the breakdown of molecular ions, which is apparent in the
absence of consistency in the relative probabilities of indi-
vidual modes of dissociation of molecular ions of thiophen
and of alkylthiophens (Fig.5).

While dissociative electron capture by five-membered
heterocycles shows a general similarity, the most closely
similar processes evidently occur with selenophen and
thiophen. Formation of ions of the heteroatom does not
occur in furan, although O~ ions are readily formed with
other oxygen-containing compounds, and the line due
to hydroxide ions is weak. Pyrrole does not exhibit NH™
ions at all. The vacant d-orbitals of sulphur and selenium
enable the structures

LJ-G)-U

to be included among those of the negative molecular ion.
Such structures are impossible with furan and pyrrole.
They are probably responsible for formation of the X7,
XH™, XCH-, and XC~ ions characteristic of thiophen and
selenophen but absent from the dissocjative electron-
capture spectra of other five-membered heterocycles.

With indole and several alkylindoles the only negative
ions that could be observed were (M — H)~. Breakdown
of the benzene ring, as found in fused aromatic hydro-
carbons, does not occur on electron capture. The max-
imum effective yields of these ions from indole and
2,3,7-trimethylindole occur with electron energies of 1.55
and 1,65 eV respectively. Substitution at the nitrogen
atom, as e.g. in 1,2,3,7-tetramethylindole and 1,7 -propano-
indole, eliminates this 10w-ener%y resonance formation of
ions. From this it was deduced®! that (M — H)- ions are
formed from indole and from 2,3,7-trimethylindole as a
result of rupture of the nitrogen-hydrogen bond.

7. Pyridines and their N-Oxides

The scattering of electrons by pyridine molecules
reveals two states of short-lived molecular ions at
electron energies of 1.2 and 1.6 eV, ™ or 0.84 and 1.3 eV
according to other workers®®, Single-particle shape
resonances are probably involved, corresponding to
electron capture at vacant 7-orbitals of the molecule.
Study of dissociative electron capture by pyridine and
alkylpyridines®® showed that, in contrast to benzene and
alkylbenzenes, the two states of negative molecular ions
break down with the formation of negative ionic fragments.
The first resonance peak of ionic emission with maxima
at ~4,5-4.6 eV corresponds to NC;, C.H™, C;, and in
pyridine also NC;H; ions. The mass spectrum of the
second peak (at ~8 eV) contains more lines, and the modes
of dissociation of the molecular ion are largely similar
to those for benzene, only a large relative probability of
formation of ions with destruction of the ring is observed
(such ions as "N:CH. C:CH and "N:C:CH.).
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The isotope effect in the formation cross-section of
(M - H)~ ions from pyridine in the second peak is also
closely similar to that in benzene: o(NCsHy)/0(NCsD;) =
6 + 0.5. The isotope effect is smaller in the first peak
(3.1 £ 0.5). The probable reason is the shorter mean
lifetime with respect to autoionisation of the molecular
ion of pyridine produced by trapped electrons of energy
8 eV than by those of energy 4.5 eV. The (M — H)™ ions
are formed in an autoionised state, with 7(NCsH;) = 60 us
(8 eV) but T(NCsDg) = 68 us (8 eV): i.e. deuteriation
increases the lifetime, in contrast to the case of benzene®.

The Reviewers have investigated the mass spectra of
the N -oxides of pyridine and of the three isomeric alkyl-
pyridines. The oxygen atom has a substantial effect on
processes involved in the dissociative capture of electrons,
resulting both in the appearance of new excited states of
the negative molecular ions and in a change in the possible
channels of decomposition of the molecular ions. Five
main states of excited molecular ions, denoted a—e, were
distinguished by the positions of the maximum effective
yields of ions on the electron-energy scale and by the
modes of decomposition., The low-energy state a was
represented in the spectrum of pyridine N-oxide by lines
due to the ionic fragments (M ~ H)~, NCsH3, NC,H;, and
NCs, with peaks of relatively low intensities, while the
maximum efficiency of formation is observed with elec-
trons of energy 0.2-0.5 eV.

Molecular ions in state b break down with ejection of a
C.H; fragment (ions with m/e 68). The maximum of the
resonance peak on the emission curve of (M — C,Hj) " ions
is located at 0.8 eV. The most intense peaks in the
spectrum of pyridine N-oxide are due to ions formed by
the dissociation of ions in state ¢, the maximum yield
being observed at 3-3.2 eV. The breakdown of molecular
ions in this state is represented by peaks due to (M - H)",
(M - OH)", (M - OCH)", O7, OH", and ions with m/e = 64.
State d of molecular ions is apparent from the effective-
yield curves for O ions, which show two poorly resolved
peaks: the first (at 3.2 eV) corresponds to state c; the
second peak (at 4 eV) indicates the existence of yet another
state of molecular ions decomposing with the emission of
O~. Decomposition of molecular ions in the high-energy
state e gives a mass spectrum rich in peaks, although their
relative intensities are comparatively low. Besides the
purely “pyridine” ions NC3Hz, NCs:H~, NC.H;, NC.H",
and C.H", the fragments (M — OH)", (M - CO)", (M -
CHO)™, O7, and OH" are observed, as well as ions having
m/e ratios of 41, 42, 49, and 68, whose maxima occur in
the range of electron energies 8-9 eV. Replacement of
hydrogen by methyl does not give rise to new states of the
negative molecular ions, only some redistribution of the
probabilities of different decomposition channels.

8. Sulphides

Sanché and Schulz*® studied hydrogen sulphide molecules
by transmitted-electron spectroscopy, and with electrons
of energy 2 eV observed shape resonance (single-particle
resonance) corresponding to capture of electrons in the
lowest unoccupied 4a, orbital of the molecules. Elec-
tronically excited Feshbach resonance with excitation of
the lone pair of electrons on the sulphur atom takes place
when the electron energy reaches ~4 eV. In the range of
electron energies >8 eV resonant states of H.S™ are
observed with two Rydberg electrons. The positive molec-
ular ion H.S" is the grandparent state for such states of
negative ions.
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Studies have been made™" ™ on dissociative electron

capture by a large group of aliphatic sulphides, disulphides,
and thiols. Fig. 2 illustrates effective-yield curves for
negative ions of dimethyl sulphide. The resonance peaks
of ion emission are denoted by Roman numerals in order of
increasing energy. Peak (I) represents only SCHj ions,
the peak (I) CHs and S~ ions. I peak (I) is assigned to
single-particle resonance, and peak (II) to electronically
excited Feshbach resonance with formation of a molecular
ion in the (51)(bY)® ?B, state (point group Cy, with b, the
orbital occupied by electrons of the lone pair on the sulphur
atom, and a, the first vacant orbital), it becomes clear
why CHj; ions (*4:) are absent from peak (II), since SCH3
ions (ground state 'A, point group Csy) and the CHj

radical in the ground state 2A1g do not correlate with the

B, state of the molecular ion. Peaks (IIl) and (IV) of
dimethyl sulphide represent S, SCH;, CH3, CHz, and
(M - H)™ ions, and probably result from the dissociation
of resonant states, of the corresponding (by Feshbach
resonance) Rydberg states of the molecule. Dissociative
electron capture in the other dialkyl sulphides investigated
is similar to that in dimthyl sulphide, but peaks (III) and
(IV) are replaced by one broad resonance peak (Fig. 2).

In contrast to aliphatic sulphides, the negative molecu-
lar ions of cyclic sulphides (thiophans) have corresponding
mass spectra containing intense lines due to (M - H)~
ions, the relative yield of which increases with the length
of the alkyl group. With electrons of energy 8 eV decom-
position occurs according to the scheme™

H
R | T SCR]

S
1 2

Hy H Zs scuy
R

Ions corresponding to single-particle resonance were not
detected, which is fully explained by the fact that the
energy available is insufficient to rupture two bonds on
addition of an electron to the antibonding orbital of the
sulphur —carbon bond.

Alkyl benzyl and phenyl sulphides are interesting in
containing both a benzene ring and sulphur-carbon bonds,
so that dissociative electron capture by their molecules
can be compared with corresponding processes in
benzenes and in dialkyl sulphides. Benzyl ethyl, methyl,
and propy! sulphides, as well as butyl, ethyl, methyl,
and propyl phenyl sulphides, have been studied®™. With
electrons of energy 0-10 eV three peaks can be distin-
guished, as in dialkyl sulphides. With alkyl benzyl
sulphides the first peak (single-particle resonance) is
characterised by a very large ion-formation cross-section
(0 = 107'® em®), and the iong SR™, CHj3 (in benzyl methyl
sulphide), and C¢H;CH; are observed in the second peak.
The absence of C¢H;CH,S™ ions indicates that the second
peak is due to excitation of the lone pair of electrons on

. the sulphur atom. The large formation cross-section
of SR™ ions in the second peak (~107'7 cm®) is explained
by formation of the benzyl radical in the B, state:
(CeHsCH,SR)~* — CHsCH; (*B1) + SR™ (*4,). The ions
(M -H)", SH™, ST, SR, and Ce¢H;CH=S™ are observed in
the third resonance peak.

Thus the benzene ring in alkyl benzyl sulphides does
not trap electrons, the overall pattern of dissociative
electron capture being determined by the molecular
orbitals of the sulphur-carbon bonds. The ion-formation
cross-sections are larger than with dialkyl sulphides.
The benzene ring has a more significant effect in alkyl
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phenyl sulphides, since processes characteristi¢ of alkyl-
benzenes are observed (the ions C.H™, C,H;, C;H;S™, and
C:H in the third peak—Fig.6). Increase in size of the
alkyl radical makes the mass spectrum more “sulphidic’:
thus the formation only of C,H" ions in the spectrum of
butyl phenyl sulphide indicates the presence of the benzene
ring; the other ions are formed by processes analogous
to the fragmentation of dialkyl and alkyl benzy! sulphides.
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Figure 6.
methyl phenyl sulphide: 1) S7;
4) C¢H;; 5) SH™; 6) SC:H™.

Effective-yield curves for negative ions from
2) SCHs; 3) CHs;

The existence in alkyl phenyl sulphides of a combined
system comprising the ring n-electrons and the lone pair
of electrons of the sulphur atom leads in the second peak
to the appearance of complicated effective-yield curves,
as would be expected. Fig. 6 shows that several closely
spaced states of the molecular icn undergo decomposition,
with the appearance of “bulges” and inflexions on the
effective-yield curves of the ions.

9. Carbonyl Compounds

Study of the scattering of monoenergetic electrons on
carbon monoxide have shown the existence of several
Feshbach resonances in the range of electron energies
10-12.2 eV ™ and single-particle resonance at 1.7 eV.”
The latter type of resonance has been observed also in
acetaldehyde, acetone, acetophenone, benzophenone,
and benzaldehyde (at 1.2, 1.2, 0.95, 0.75, and 0.72 eV). ™
In acetone it is not accompanied by formation of negative
ions. When acetone molecules interact with electrons,
negative ions appear as a broad peak resulting from the
superposition of several resonance peaks over the range
of electron energies 7-11 eV, ™%

Formation of chloride ions in chloroacetone is
energetically possible by dissociation of a single-particle
resonant state. The maximum yield of C1~ ions is
situated at 0.6 eV. Capture of thermal electrons by
hexafluoroacetone yields negative molecular ions that are
long-lived with respect to autoionisation (7 > 107¢ s).

The introduction of fluorine atoms evidently lowers the

energy of the 7m-orbital of the carbonyl group to such an
extent that the electron affinity of the molecule becomes
positive.
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The main processes producing negative ions in aldehydes
and ketones are rupture of a -carbon-carbon bond rela-
tive to the carbonyl group and the formation of homologous
ions CH:C.O" (m/e 41), CHi:.C:C.O" (55), etc:

R1—C—CH;—R ]~ > Ri—C—CH; <> Ri—C=CH, |

S R y
Formation of the ions O~ and OH~ (with rearrangement of
bonds), hydrocarbon ions CH::CH™ (m/e 27), and R;-CO~
ions has also been observed®.

Two resonance peaks of ion emission have been found
by Cooper and Compton® both in acetic anhydride and in
acetyl peroxide. The first resonance peak represents
CH;COO~ ions (maximum yields at ~1 and at ~0 eV
respectively), and the second peak CH3 and O~ ions
(maxima at ~7 and at ~6.6 eV). These workers also
investigated the capture of electrons by molecules contain-
ing the configuration

|
(0]

as part of a five- or six-membered ring. Unsaturated

compounds

=330 ms T=8000 us ©=43 us

trap thermal electrons with the formation of long-lived
molecular ions (the mean lifetimes before ejection of the
electron are indicated under the above structural formu-
lae). In saturated compounds

NN
DO N~
8% o’(\o o7 o No

only the formation of short-lived molecular ions is
observed. The most probable process entailing dissocia-
tion negative molecular ions of the above compounds is
ejection of carbon monoxide with formation of RCOO™*
ions, which are metastable with respect to detachment
of an electron., Similarly metastable COz* ions are also
observed, as well as O7, CH,CO~, CO~, and other ions
corresponding to breakdown of the molecular ions in the
ways indicated by the broken lines on the above structural
formulae.

Dissociative electron capture by keten® and formalde-
hyde®® has also been investigated.

10. Peroxides

The mass spectra of t-butyl and of its hydroperoxide
are almost identical®, Over the range of electron
energies 0-3 eV the ions (CH3),CO~, CH2:C(CH3).0™, and
CHj are observed (100%, 13%, and 0.1% respectively),
with a metastable-ion peak corresponding to the transition

(CHs)s CO- ——~*— CH,=C (CH,) O~ .
m/e 73 m/e 5T
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It was supposed that m/e 73 ions were formed by the direct
capture of electrons by t-butoxy-radicals produced by
thermolysis of the compounds in the ionisation chamber.

Inve stigation of dissociative electron capture by
R.C(CH3):00H molecules (where R = CH;, C,H;, Cqls,
C1oH7) and by perbenzoic acid indicates®’®® that the main
process with all the compounds, when low-energy electrons
are trapped, is the formation of (M — OH)~ ions, in an
autoionisation state, i.e. in an excited state with an
average lifetime of ~10~% s before spontaneous ejection of
an electron. The mass spectra contain a metastable-ion
peak corresponding to the transition

~CH¢

R (CHy), 0~ ———'— RC(CH,)O" .
In the mass spectrum of perbenzoic acid the transitions

(CoH,CO—O0H)™ —2 CHyC0; ——2 CyHy
are observed.

11. Nitro-compounds, Nitrites, [Nitrates,] and Nitriles

A relatively large number of papers have been gub-
lished on the capture of electrons by nitromethane® ®~%,
whose negative molecular ion has six resonant states,
which dissociate with the formation of negative ionic
fragments®. Table 5 gives only ions from primary
processes of electron capture, but CH;NO; and CHNO;:
have also been observed, resulting from secondary reac-
tion of O~ ions with nitromethane molecules, as well as
OH™ and CH:NO~ ions produced by an ion—molecule reac-
tion involving NO;.

Table 5. Negative ions from nitromethane (relative

intensity of NO; ions at 0.6 eV taken as 10 000).

Electrons, Relative Electrons, Relative
eV lan intensity eV lon intensity
0.6 NO; 10 000 7.8—7.9 | CHNOZ 37.5

CH,NO- 5 ' CH,NO- 25
3.7 CNO- 10 NO~ 2.5
@ CN- 10 5.3 CNO~ 10

OH- 50 : OH~ 37.5

CH- 2.5 CN- 10
5.8 O 250

A rather lower yield of negative ions is obtained in
nitroethane® than in nitromethane, and the maxima on the
effective-yield curves are displaced to higher energies
(by a few tenths of an electron-volt).

Nitrites are characterised® ® by a large cross-section
for ion-formation (~10~'°* cm? on the capture of thermal
electrons, by the reaction Alk. O.N:0~ — AlkO~ + NO,
The effective cross-section diminishes as the alkyl chain
becomes longer. Formation of NO™ and NOH™ ions also
occurs,

The - O-NO; bond in ethyl nitrate also readily under-
goes cleavage when the molecule traps an electron of
energy close to zero:

——— GHO+NO;, o~2.10-18 cm?;

(CoH0—NO,)~*

——— C,HyO~ + H;NO,, o~5.10"18:cm? |
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Rupture of the O-NO; bond is also involved in the reactions

—— GH O~ + NO,,
(CeHsO—NO,)™ —
——— C,H,0~ + HNO,,

a~6.14017 ¢m2;

o~ 2. 10m17.cm2,

Effective-yield curves have been obtained for the ions
CN-, CHCN~, CHN", and CH3;CH™ from CHsCN~ and
C:H;CN~.*® Resonance peaks of negative-ion emission
and their relative intensities have been recorded for the
interaction of electrons with azoisobutyronitrile® and
cyanonorbornene®,

12. Peculiarities of the Formation of Negative Ions

In conclusion we make a general comparison of the
dissociative electron-capture mass spectra with the mass
spectra of positive ions, noting the most significant
features of resonance processes.

Dissociative electron capture by molecules is charac-
terised by a marked dependence of the effective ion-for-
mation cross-sections on the functional groups present in
the molecule. In alkyl benzyl and phenyl sulphides,
nitrates, and hydroperoxides, for example, the effective
cross-sections reach 10714-107*% cm?® (vibrationally
excited Feshbach resonances and shape resonances); in
alkenes and alkylbenzenes the cross-sections of formation
of negative ions do not exceed 10™*° cm® (electronically
excited Feshbach resonances)f. Such marked differences
in total ionisation cross-sections are not observed in the
mass spectrometry of positive ions.

In contrast to the formation of positive ions, when most
of the fragments may be positively charged, the extra
electron can be retained only by fragments whose electron
affinity is positive. For example, processes involving
formation of N~ ions are excluded in nitrogen-containing
compounds, since the electron affinity of the nitrogen
atom is negative; this is probably why C.Hs ions are not
formed, although detachment of C:Hs radicals is observed
in dissociative electron capture by molecules containing
alkyl chains. The small number of lines in such mass
spectra in comparison with those of positive ions undoubt-
edly is largely due to the fact that not all possible channels
of decomposition of a negative molecular ion yield frag-
ments having positive electron affinities. However, the
existence of several resonant states of molecular ions to
some extent compensates for the paucity of lines in the
dissociative electron-capture mass spectra. In many
cases we can speak of several such mass spectra of a
given substance according to the number of resonances
observed.

Dissociative electron capture via electronically excited
Feshbach resonances usually involves a large excess
energy, so that ionic fragments are likely to be formed in
vibrationally excited states. Dissociation of the molecu-
lar ions thus occurs in ways leading to ionic fragments
whose energy of vibrational excitation is less than some
critical value, since a high energy of vibrational excita-
tion may cause either further dissociation of the ionic
fragment or ejection of the extra electron within times
7 < 1 ps (ions with such short lifetimes are not recorded
by the mass spectrometer), Negative ions of energeti-
cally less advantageous structures are often formed

i Differences in the effective ion-emission cross-sec-
tions can be used to solve several problems in dgestermin—
ing minor quantities of one substance in another™.
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preferentially precisely because of their lower energy of
vibrational excitation®™. It is noteworthy that, in the
mass spectrometry of positive ions, the stability of the
fragments formed plays an important role in determining
the predominant direction of dissociation, where stability
of the decomposition products implies mainly energetically
favourable structures of the ion and of neutral fragments.
The finite lifetime of negative molecular ions before
spontaneous detachment of an electron restricts the
possible processes of dissociation. As a consequence,
a smaller contribution is made by processes involving
rearrangements, which require times comparable with
that for detachment of the electron. For this reason
negative ionic fragments are formed almost solely by
simple cleavage of bonds in the molecular ion®® %%,

Table 6. Dissociative electron-capture mass spectra of
isomers (I) and (II).

Relative Relative Relative
mle intensity mie intensity mye intensity
1 l 1 I 11 1 1
285 100 8.0 %; 13.0 — 135 — 2.0
269 25.0 6.0 60.0 100 89 32.0 5.0
23 13.0 = 151 - 7.5 3 16.0 | 2.4

For the above reasons the dissociative electron-capture
mass spectra of structural isomers show marked differ-
ences. In contrast, the intensity of rearrangements makes
the positive-ion mass spectra of structural isomers either
completely identical or only slightly different (cf. e.g. the
two types of mass spectra for polyenes and mass spectra
of the former type for two isomeric propylthiophens—
Figs.4 and 5). Another illustration is provided®® by the
preparation of two isomers of molecular weight 286 and
composition Si,0(CHs)s(CeHs). as shown by elementary
analysis, infrared spectra, and positive-ion mass spec-
tra. However, these mass spectra gave no indication of
the isomeric structures, since they were almost identical
for the two specimens. The dissociative electron-capture
mass spectra (Table 6) make it easy to assign the struc-
tures

Ph  CH, CH, CH,
CH,—SIi—O—SEi—CH. , CH,—s'i—o—sli—CH, .
B by, bh  Bh

{ an

The great sensitivity of dissociative electron-capture
mass spectra to variation in molecular structure follows
from the conditions of dissociation of the parent molecular
jon. The identification of isomeric structures may there-
fore be a possible field for the practical application of this
type of mass spectrometry.

IV. SOLUTION OF SPECIAL PROBLEMS BY NEGATIVE-
ION MASS SPECTROMETRY

1. Recording of Free Radicals in the Gas Phase
Iminoxyl radicals (di-t-butyliminoxyl and 2,2,6,6,-tetra-

methylpiperidinoxyl), on trapping thermal electrons, form
negative molecular ions with 7 = 16 and 21 ns respectively,
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the effective cross-section of the process being ~10~"" cm?,

Positive-ion mass spectrometry cannot record iminoxyl
radicals, since their spectra contain no characteristic
fragments, and in the presence of impurities it is impos-
sible to isolate the spectrum corresponding to the radical®®
(the use of electron spin resonance spectra is applicable
only to the liquid phase)., The recording of iminoxyl
radicals from the peaks of negative molecular ions is free
from the problems of “background” and the superposition
of peaks due to impurities, since the probability that the
resonance peaks of ion emission for the radical and for the
impurity molecules will coincide, with simultaneous coin-
cidence of the mass numbers of the ions, is very slight™®",

2. Stereoisomerism of Organic Compounds

Examination of the spectra of endo- and exo-5-cyano-
norbornenes and of endo- and exo-norbornenedicarboxylic
acids has shown that their differences can be used to
identify stereoisomeric derivatives of norbornene and
related bicyclic compounds. Thus the effective yield of
m /e 70 ions from endo-norbornenedicarboxylic acid
reaches a maximum with electrons of energy 6 eV, where-
as with the exo-isomer the maximum is located at 4.7 eV.
This means that (H,C>CO,)" ions having m/e 70 can be
formed, with maximum yields at 6 and 4.7 eV, by two
resonance processes from both molecules

i
0 0
g | I
% o ‘

—» HE=C—C
g mfe 70

4

but the probability ratios of these processes are different.
This applies also to the formation of ions with m/e 52, 91,
103. %

Ephedrine and pseudoephedrine exist predominantly as
the respective conformers®

H, CH,
H H—0
\
\

H NHCH, GH.H\ q
h Pt
() (

Considerable differences in the relative intensities of
peaks due to ions of the two isomers are observed only
with certain mass lines®®. Fig.7 shows the dependence
of the total currents of negative ions of (I) and (II) on the
energy of the electrons. Thus the stereochemical differ-
ences do not result in the appearance of new resonant
states of the molecule—electron system. However, the
absolute effective capture cross-sections of electrons
change in all the resonance peaks other than the second,
which is due to (M — H)~ ions. The cross-sections for
formation of negative ions of ephedrine in the resonance
peaks I and 3 are somewhat lower than for pseudoephedrine,
but at peak 4 they are almost double. Ephedrine is
characterised by an increased relative probability of for-
mation of ions having m/e 146, 133, and 117, whereas in
pseudoephedrine the proportion of ions having m/e 17 and
30 increases. The effective-yield curves for ions from
the two isomers differ markedly in the region of electron
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energies of ~6.5 eV. Many other quite significant differ-
ences between the spectra of ephedrin and pseudoephe-
drine have been discussed®’. The positive-ion mass spec-
tra of the isomers, obtained under standard conditions,
are almost identical.

ion current, arbitrary units

7 ¥ ' A

energy of electrons, eV

Figure 7. Dependence of total ion current on energy of
electrons for: I) ephedrine; II) pseudoephedrine.

Study of the stereochemistry of 13-thiabicyclo-
[8,2,1}tridec-cis -5-ene derivatives

R R H H
v’ “woorT[ 2 R

has shown that, when R = H, no new states of the negative
molecular ion appear in comparison with dialkylthiophans.
The situation is greatly changed by the introduction of

two acetoxy-groups (R = OCOCH,). In particular, ions
having m /e 119 are detected, with the empirical formula
(OCOCH,):H~. Since peaks due to metastable and
rearranged ions are absent from dissociative electron-
capture mass spectra, it was concluded'® that the negative
molecular ions exist in an excited state for only a short
time. From this point of view the formation of m /e 119
ions indicates the steric proximity of the acetoxy-groups
in the thiabicycloalkane diacetate. Ions of type (R:H)~
are also detected in the spectra of thiabicycloalkanes with
R = OCH;, NO,. These results have provided part of the
evidence for the cis-arrangement of the substituents in
2,9-disubstituted derivatives of 13-thiabicyclo[8,2,1]tri-
dec-cis ~-5-ene.

---000--~

The results given in this Review of the mass spectra
of negative ions in the dissociative capture of electrons by
organic molecules cover little more than a hundred indi-
vidual compounds belonging to 10-15 classes, incom-
parably fewer than the data on the mass spectra of positive
ions. It is not surprising, therefore, that there remain
many unsettled questions on the mechanism of dissociation
accompanying the capture of electrons by molecules. It
is indisputable that further work is needed on such
problems as e.g. the structure of ions and neutral frag-
ments, the internal energy of excitation of the resulting
ions, and the classification of resonant states of the
molecule-electron system.
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Nevertheless, the material presented here is in our

opinion evidence that even now we can regard such mass
spectrometry of negative ions as a method which may be
useful in solving several specific problems in organic

chemistry.
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Hydrogenation of Alkenes on Oxide Catalysts

Kh.M.Minachev, Yu.S.Khodakov, and V.S.Nakhshunov

A qualitative survey of available data has enabled pure oxides to be divided into five groups according to their catalytic
activity. Zeolites are less active than oxides corresponding to their cationic forms. The activity of an oxide catalyst
either increases continuously or passes through a maximum with increase in its temperature of ignition. This type of
dependence is explained by the surface dehydroxylation model on the assumption that the activity is determined by the
presence of electron-donating and electron-accepting sites situated side by side on the surface. The hydrogenation of
alkenes involves stages of activation of the alkene and of hydrogen, with on most oxides appearance of a semi-hydrogenated

form. A list of 91 references is included.

CONTENTS
I. Introduction
fl. Activity of oxide catalysts
111, Nature of the catalytic activity

1V. Kinetics and mechanism of the hydrogenation of alkenes

V. Conclusion

I. INTRODUCTION

The problem of the hydrogenation of alkenes on oxide
catalysts began to attract the attention of research
workers only during recent years., Ozxides, though less
active than metals'™®, may in several cases have the
advantages of being less sensitive to certain catalytic
poisons, more highly selective, and easily regenerated.

In spite of the large number of experimental investigations,
hardly any reviews have appeared covering this field of
catalysis, A survey® of the conversion of alkenes on.
oxides contained a short list of references up to 1960,

In the present Review the problem of the hydrogenation
of alkenes on oxide catalysts is considered from the points
of view of the choice of catalyst, the nature of the catalytic
activity, and the kinetics and mechanism of the hydro-
genation of alkenes. Factual material is given illustrating
the features of reactions on various oxides and on certain
multicomponent systems,

142
142
148
149
151

. ACTIVITY OF OXIDE CATALYSTS

1, Individual Oxides

Thirty individual oxides (Table 1) and several mixed
oxide systems have been examined as catalysts for the
hydrogenation of alkenes, The largest number of investi-
gations have been made on the oxides of zinc, aluminium,
and chromium, The alkenes to be hydrogenated ranged
from C2z to Cz, most of the work being done on ethylene and
propene,

Tables 2-4 give details of the conditions of preparation
of the catalysts and the study of hydrogenating activity.
Some 70% of the researches were made by a static method,
and the remainder under flow conditions. The tempera-
ture range of the investigations was extremely wide, from
-120°C for chromic oxide to 500-550°C with alumina,
gilica, and vanadium sesquioxide. The pressure of the

Table 1, Elements whose oxides have been investigated in the hydrogenation of alkenes.
H He
Li Be B C N (0] F Ne
Na Mg Al Si; P al Ar
[ -9 T I 9
K Cal Sc Ti \Y Cr Mn . Fe Co Nil
r=—-" r—1 rr-——~~= I T ittt 4
I Cu Zn 1 Ga | Ge As | | Se Br Kr
i I B B ro
Rb Sr 1Y : Zr Nb | Mo Te Ru Rh Pd
[ | [
Ag cdrlin o 1sn Sbi | Te 1 Xe
t | [
Cs Ba fa! | HII Ta Iw ! Re Os Ir Pt
_J L L_J
Au Hg Tl Pb Bi Po At Rn
Fr Ra Ac Ku
= - —-= o T e =
LCe Pr Nd +Pm: Sm Eu Gd Tb Dy Ho Er Tm Yb Lu!
________ J e e e e e e v e —m - . o —m e - —— o —— = - —— - —
Th Pa U Np Pu  Am Cm Bk Ci Es Fm Md No 1w
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reaction mixture under flow conditions was usually atmos-
pheric, but in the static method it varied from 45 torrs to
The molar ratio of hydrogen to alkene usually

exceeded unity.

60 atm.

Table 2.

catalysts for the hydrogenation of alkenes.

Conditions of preparation and activation of oxide

Catalyst Preparation and activation of catalyst Alkene Ref.
MgO | MgCo, —5—— MgO (400°, Hy) GHa 5
ALO, Al(OCsHy)s — Al (OH)s 2552 31,0, GH, 6.7
AL(NOy); — Al OH); —2222 , A10, C.Hq 8
B-Al (OH); ——— A1,04 (500°, Hy) CH, ’
AL(OR); — B-Al (oﬁ), e~ ALO, CHe 10
Al(OC;Hy)s — Al (OH)s o> ALOy CH, | u—mis
Al (OH)g ~ Al,04(500°, vacuum) C,H, 14
5i0, NagSi0s =< H,5i0, 2~ si0, CH, 15
TiO, Ti (G0, T Ti (OH)y ~S——> TiO CHe 5
Ti (OCsH)e 22— H,Ti0y 55— Ti0, (anatase) CHe 16
TiO, — rutile (commercial) C,H¢ 16
ViOy | (NHQVO, ~F—— V,0 CHa 5
NH,VO, % Hyo, 45— v,0, CH, 16
Cr0y | Cr(NOgy M cron), 45—~ Cr,0, &g: i
CsHyo
Cr(NOg; % Cr (OH)y — Cry0y Pl
Cr(NOgs 22 cr (OH), T Cr,04 She |
Cr (NOg)y ——> Cr (OH), 85— a-Cry0; CHe "
Cr (NOg)y — s Cr (OH)y 25—~ Cr,0, CH, »
Cr (NOg)y — M, ¢r (OH)y 22— a-Cr,04 CH, 21
MnO MnC,0, ‘:;’: — MnO (400°, Hy) CH, :——
FeOp | Fe(NOy); MO, pe (OH), —Gr—— 0-Fe,0; CHe 16
€00, | CoNOYy B s Co (OH)—22—— Cos04 CH, 16
NiO Ni (OH), ~reer— NiO CHa 18
700 ZnG0, ~—— zn0 GH, 5
Zn (NOg), 2., 71 (OH), ~g—— 700 (260°, vacwum) | GyH, 16
0G0, 2> 700 CH, 2

Table 2 (Cont'd.)
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Catalyst Preparation and activation of catalyst Alkene Ref.
NH,0H 0°
ZnC0O, —* Zn (OH)y —jiov = Zn0O C.H, 23,94
NH,OH 400°
ZnC0y ~——— Zn (OH), —joiso— ZN0O C.H, 25,9
Zn0 (300°, Oy; 300°, Hy; 450°, vacuum) CH, 2
ZnC,04 — ZnO (450°, vacuum) CyH, 27
Zn0 (300°, H,; 450°, vacuum) C,H, 28.29
Zn0 (400°, Og; 450°, vacuum) CH, 30
ZnG,0, — Zn (OH), “=~ Zno CH, al
ZnO {500° , vacuum) CeH, 32
S6,05 Sc (OH) (NOy), ¥, 5c (OH)y 220", S¢,0, CH, 3
NH,OH -500°
Y0, | Y(NO), =~ Y (OH), wgriom— Yi0 GH, | ®
NH,OH o C;H,
Y (NOg), == Y (OH); —p—— Y0, (610°, Hy) CyHe 34,3
CoHyy
NH,OH 00— 900°
710, Zr (NOy) 24 Zr OH)y 5% 'c:;: 5 20 C.H, »
Mo,O,4 (NHg)yMoOq — Mo,0,4 C,H, 5
1.800°, ail
MoO,.; | (NHg)eMo;0x z.uo°°vac‘|’:;m,|-|2_’ MoO,,, CoH, 36
Ln,0, Ln (NOg), %8, 10 (OH), U s Ln,0s (610° Hyy | CiH 3739
(Ln=La, Nd, Ho, Er)
Ln (NOy), ¥, 1 (OH), ~25%—, 1n,0, CH, 3
(Ln=La, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tu, Yb, Lu)
NH,OH °
Ln (NOy)s Ln (OH)g pagone> LnO,_, — CH, 3
0—900°
H;'G:o-'::rr_' Ln,O, (Ln = Pr, Tb, Er)
NH,OH ~500°
CeO, 5 | Ce(NOg)z — > Ce (OH); Fovamura® CeO, s C.Hq %
NH,OH ~900°
HiO, Hi (NOy), HI (OH)s 5o~ HIO, CH, 3
WO, WO, — commercial (250°, He) C.H, 40

It is evident from Tables 2-4 that quantitative compari-
son of oxides with respect to catalytic activity is difficult.

Besides differences in methods of estimating activity,

the oxides differed considerably in mode of preparation and

conditions of activation.

individual investigations,

At the same time a cautious
approach is necessary to assessing results obtained in
Thus mutually different results

were obtained in studies of the catalytic activity of alu-
Analogous
differences are observed when a comparison is made of
researches on the catalytic activity of the oxides of

minium oxide by six groups of workers

zinc

5,16,20,22 —32

and vanadium®»®’

6=14y44

Germain*® remarks

correctly that “the pretreatment of oxides is so important
that some doubt must be cast on the significance of laws
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of hydrogenation”. Another important factor determining
the observed catalytic activity is the purity of the initial
alkenes and hydrogen. The poisoning effect of water on
the activity of oxides has now been proved. Nevertheless,
the degree of purification of the gases was not indicated

in the papers cited above. Thus the data in Tables 3 and
4 permit only certain qualitative conclusions on catalytic
activities,

Table 3. Activity data on oxide catalysts for the hydro-
genation of alkenes, obtained by the static method.
Reaction conditions )1
i ° ressure of]| H Activity* mole m“ s .
Oxide | Alkene temp., °C fnixtme, 2 (temp., °C) Ref,
torrs CnHan
M H, 400 760 1.6 0 5
Aﬁg, g:w 350—450 500 1.0 (T4 = 12 min) 6.7
(450°)
CH, | 100—200 600 1.0 0 1
Si0, CH, | 350—500 | 50—100 1 610711 (350°) 15
TiO, GHy 400 760 1.2 0 M
S S A B
v,0. M
e (C::Hf 400 45 2 1,2.10-0 i
GH, | 400—550 [300—600| 0.5—2 1.3.10-8 (500°) o
Cr,04 GHa 350—370 760 1 — v
L1
CeH.
He | —120 45 2 6.3-107 "
CH, —78 300 2 - 2
C,H, 0--40 —_ — —_ 21
MnO CH, 400 760 1.5 0 s
CHa 400 45 2 0 1
Fe,05 CH, 140 75 2 0.3-10-10 16
Co30, C,H, 20 45 2 1.5.10-¢ 16
CH, | —78—30 | 20—70 1 — .
NiO C,H, 100 45 2 2.40-° 16
G| (e g2 N
Cu0 H, atm) . — ) 3
Zn0 SZH. 400 1.2 (%05 = 60 min) M
CH, 100 45 2 0.9-10-¢ 16
C;H, 39218 600 1.5 2.40710 (56°) 20
CH, | 140—162 | 50—200| 0.5--2 410714 (25°) 2, %
CH, 80—400 | 30—300 1 — 25 2
CH, 25 300 2 — P
C,H, 25—60 150 10 5.5-107% (25°) po-
C.H, 20 10 — 28
Hy 20 130—400|  3—10 5.107 29
CH, | 105—120 100 1 — a
C.Hy 0—30 300 2 —_ 32
Mo,0, C.H, 400 760 1.5 (T, = 60 min) s
» C.H, 250 200700 3 , 0 36
S¢,0: CH —78—20 10 1.2 0.16-10-° (—78°) P
Y.0,, | GHs | —78—20 10 12 0.6 10-%(~78°) o
Zr0, CHe 20—400 10 1.2 0 3
Ln,0;" C,H, —78—20 10 1.2 3.4—0.1-10~ (—78°) 33
HIO, CH, —55 10 1.2 0.06-10-° 3

* In several cases the activity is expressed as the time 7
required to reach a specified degree of conversion.
**  In=La, Pr, N, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tu, Yb, Lu.

From the above results it may be supposed that the
oxides of titanium, iron, silicon, molybdenum, magne-
sium, and manganese are almost inactive, while those of
aluminium, vanadium, and nickel exhibit slight activity.
Cobalt and zinc oxides are moderately active., The most
active are chromic oxide, rare-earth metal oxides, and
the analogous yttria and scandia, which approach metals
in their catalytic properties. Thus chromium and lan-

thanum sesquioxides are able to catalyse the hydrogenation

of ethylene even at -=120°C,*
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A semiquantitative comparison is possible for three
groups of oxides. Thus Lazier and Vaughen® used a
recirculation method to compare the activities of magne-
sium, titanium(IV), vanadium(IlI), chromium(II), man-
ganese(Ill), zinc, and molybdenum(II) oxides. The cata-
lysts differed in method of preparation, but the conditions
of activation-treatment with hydrogen at 400°C —were the
same (Table 2). Chromic oxide was more active than the
zinc and molybdenum oxides; the remaining oxides were
inactive. On the whole these results agree with subse-
quent investigations. Other workers'® have also found
manganese(II) oxide to be inactive. However, varying the
conditions of preparation and pretreatment has revealed
some slight activity in titanium and vanadium oxides ***

Table 4. Activity data on oxide catalysts for the hydro-
genation of alkenes, obtained by the flow method.

Reaction conditions
Conversion, %
" o pressure of H space {reaction rate,
Oxide | Alkene | temp.,"C mixture*, 2 velocity, | molem2sl, | Ref.
abs. atm CnH2n h-1 at,°C)

Al,Oy C.H, 0 1 5 650 79 8
Al,Oq CH, 120—430 0.25 6.5 60000 (10~*, 200°) 9
ALLOs CHy 200 0.3 8.7 60 000 (1.4-107°) 10
Al,04 C;Hy —20—240 | 0.01—0.2 — — — 1n—13
Cr,04 CsHg 200 1 3 200 98 18

CgHyg 350 — 34 3400 79 18
Zn0O C,H, 0 0.001—0.07 — 60000 — 30
Y05 Hy 110 0.5 5 576 100 34, 35

CgH, 185 0.5 3 192 76 34, 36

CgHys 320 0.5 — 216 75 34, 36-
LagOy CsH, 140—210 0.5 3 600~—3 000 23—40 3739

dg05 CsH, 140210 0.5 3 600—3 000 49—81 3739

Ho,0, CgH, 140—210 0.5 3 600—3 000 43—72 37—39
ErO4 CgHe 140—210 0.5 3 600—3 000 35—59 3738
WO, CH, 125—250 1 5 1000 | (1.6-10~7, 25°) ~ 4o

* Total pressure brought to 1 abs. atm with nitrogen or
helium.

107, moles m™2s™!

— o
6660 L 20
4509
3600
29°
500
100°
100°
1 !
Ti0, V,0, Cr,0;, Mn0 Fe,0, Coy0, Ni0 Zn0
Figure 1, -Catalytic activity of oxides of elements in the

first transition series towards the hydrogenation of ethylene
at various temperatures, where # is the reaction velocity.
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Harrison et al.'® examined the catalytic activity of
oxides of transition elements in the fourth period (with the
exception of scandium and copper oxides) towards the
hydrogenation of ethylene, Comparison of the oxides was
not altogether rigorous, for methods of preparation and
conditions of activation varied considerably. Further-
more, initial rates of hydrogenation on these oxides were
determined at different experimental temperatures. The
two-peak pattern of catalytic activity obtained for this
series of oxides (Fig. 1) was explained in terms of the
electron configuration of the cations containing 3d elec-
trons, in conformity with Dowden's ideas®®. Increase in
the coordination number of the cations Cr* and Co* from
5 to 6, in contrast to other cations, was accompanied by a
greater gain in stabilisation energy of the crystal field.
Hence adsorption or other stage accompanied by a change
in coordination number was assumed to be the limiting
stage. The two-peak pattern of variation in catalytic
activity in the series of transition-metal oxides in the
fourth period has been confirmed*’ in a study of the hydro-
genation of propene by a pulse microcatalytic method.

d87 @
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0
i x ®)
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24

16

08 I
/

rate of hydrogenation of ethylene 10%r, moles m™2 57!

o4t / N

N
/1 & T T W N R SR X=X
SC Y tn Pr Nd SmEuGd Tb Dy Ho ET Tu Yb Lu

oxide

Figure 2, Catalytic activity of rare-earth sesquioxides
at different temperatures (after ignition at different tem-
peratures, °C): a) 20 (600); b) 78 (700); c) 78 (800),
d) =78 (900).

An investigation has been made *® of the catalytic activity
of oxides of rare-earth metals from lanthanum to lutetium,
as well as the oxides of scandium, yttrium, zirconium,
hafnium, and chromium, towards the hydrogenation of
ethylene. All the catalysts were prepared in the same
way and were conditioned in a vacuum (to 107° torr) at
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various temperatures. Praseodymium, cerium, and
terbium oxides were also hydrogenated and the reduced
specimens were further conditioned in a vacuum at the
same temperature.

4
/
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Lo PrNd  SmEu Gd Th DyHo €r Tu Yb Lu
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Figure 3. “Maximum” catalytic activity of rare-earth
sesquioxides in the hydrogenation of ethylene at -78°C.

The catalytic activity of lanthanum, praseodymium,
and neodymium oxides passed through a maximum with
increase in the temperature of ignition; with all the other
rare-earth sesquioxides the activity increased steadily.
This feature of the behaviour of the three oxides was due
to their ability to undergo a polymorphic transformation
over the temperature range 600-900°C, from a body-
centred cubic structure (C-form) to a hexagonal structure
(A-form), It was therefore assumed that the accom-
panying increase in coordination number of the cation
(from 6 to 7) diminished the catalytic activity. A similar
conclusion follows also from results for non-stoichiomet-
ric oxides of cerium, terbium, and praseodymium, The
dioxides of these metals have a fluorite structure with
coordination number 8, and do not exhibit catalytic activ-
ity. The appearance of activity in the terbium and praseo-
dymium oxides after ignition at 800°C is due to their
partial decomposition, leading to a structure, derived
from fluorite, with a certain number of vacancies in the
oxygen sublattice and some cations having coordination
number < 8,

Fig. 2 shows that the law of variation of specific cata-
lytic activity in the series of rare-earth oxides is deter-
mined by the temperature of ignition. Thus the activity
of lanthanum oxide is least after vacuum treatment at
600°C, and greatest after such treatment at 800°C.
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Praseodymium and neodymium oxides exhibit maximum
activity after ignition at 700°C, but many other oxides at
900°C. Thus these oxides require different ignition
temperatures before they develop their maximum catalytic
activity. The results indicate the difficulty of comparing
the catalytic activities of oxide systems.

10%7, moles m™2 57!

3}

| | I
SCZ 03 Y?. 05 Lu103

Figure 4. Activity of oxides of the scandium subgroup in
the hydrogenation of ethylene at -78°C.

It has been suggested ** that oxides should be compared
after they have been ignited at temperatures ensuring
maximum activity. Fig.3 shows that such comparison
gives for rare-earth oxides activities differing by factors
of 10-10°. In this respect the rare-earth oxides differ
significantly from those of transition elements in the
fourth geriod, whose catalytic activities vary by factors of
10°-10°. The greatest variation in activity is observed
in the series of oxides from lanthanum to gadolinium
(cerium subgroup); the remaining oxides (yttrium sub-
group) show a less marked variation, It is interesting
that the fundamental chemical properties also show
greater variation in the former than in the latter subgroup.
Scandium and yttrium oxides were closely similar in cata-
lytic activity (Fig.4), as in many other chemical proper-
ties, to oxides of the yttrium subgroup.

Table 5. Hydrogenating activity of oxides (rate of hydro-
genation of ethylene at -78°C) and electron configuration of
cations.

. . " 1097, . Confi . 109,
Oxide Configuration mole m-2 -1 Oxide | Configuration mole m'h &1
Sc,0. 0.16 La,O 4f°5d° 2,8
Tid, 3 0.0Retss,16) fees® | 0.0
Y.0 0.6 Lu,O. 4f1454° 0.25
2:04 i 0.0 HIO, 0.04

Comparison of the activities of a few pairs of oxides
(Table 5) indicates that catalytic activity does not depend
solely on the electron configuration of the cation, Theo-
retical views suggested *° that the activity of scandium
oxide would be low, which is inconsistent with recent
results %,
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The fall in catalytic activity of the oxides observed
from lanthanum to lutetium and from lanthanum to scan-
dium (Fi%s. 3 and 4) correlates with the decrease in their
basicity ®®. This correlation explains also certain other
experimental results: (i) acidic oxides—the dioxides of
cerium, praseodymium, terbium, zirconium, and titani-
um-—are not active catalysts for the hydrogenation of
ethylene; and (ii) acidic impurities—oxides of nitrogen,
carbon dioxide, and water—are catalytic poisons.

2. Multicomponent Oxide Catalysts

Study of a chromium-alumina catalyst in the hydro-
genation of butene revealed* that it was relatively unstable
and highly sensitive to traces of moisture, oxygen, and the
treatment conditions. The butene was 5-50% hydro-
genated over the temperature range 220-340°C. Hydro-
genation of ethylene on this type of catalyst®® gives yields
of ethane reaching 80—90% with an equimolecular mixture
of ethylene and hydrogen having a space velocity of 1000
h™' at 400-470°C. The hydrogenation of propene on a
potassium-chromium—alumina catalyst has been studied ™
by a pulse method at 450-600°C.

1087, moles m™2 57!
10%, moles m™2s7!

50 |~ — 50

e5

| H

0 20 cCr,wt%

Figure 5. Rate of hydrogenation of ethylene at =78°C on
alumina-chrome catalysts obtained by the impregnation with
chromium trioxide of: 1) boehmite; 2) bayerite; 3)y-
alumina; 4) hydrargillite.

A circulatory static method, with an equimolecular
mixture of hydrogen and ethylene at an initial pressure of
60 torrs, has been used® to investigate the effect of
method of preparation on the activity of these types of
catalyst in the hydrogenation of ethylene at ~78°C. The
catalysts can be divided into two groups according to the
dependence of the activity on the chromium content (Fig. 5).
One group includes chromium-alumina catalysts based on
boehmite and bayerite (curves I and 2); catalysts pre-
pared from hydrargillite and from y -alumina belong to the
second group. Catalysts of the first group become more
active with increase in the chromium content, whereas the
activity of the others passes through a maximum at 7-10
wt.% of chromium,
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The difference observed between the two types of
chromium-alumina catalysts was explained by differences

in the distribution of chromic oxide on the carrier surfaces.

This involved the postulate that, with boehmite and bayer-
ite catalysts, the proportion of Cr* ions in the surface
layer increased continuously with the concentration of
chromic oxide, With catalysts based on hydrargillite and
v -alumina a similar relation is observed only at low con-
centrations of chromic oxide, With further increase the
fine crystals (or clusters) of the oxide become larger,
which may lead to a decrease in the surface concentration
of Cr*, and hence in catalytic activity. Catalysts based
on hydrargillite are the most active: with 6~8% of chro-
mium their activity is about tenfold that of any other
chromium-alumina catalyst, and they are only slightlv
inferior to chromic oxide, for which the reaction velocity
under the same conditions is 50 X 10™® mole m™2 s,

The introduction of potassium into a boehmite chromium-—
alumina catalyst diminishes the activity (Table 6).

Table 6,

0 0.5 1.0 2.0 4.0
27 25 23 19 17

Potassium, wt.%
1091', molesm-2 s-1

Fig. 6 illustrates the degree of conversion of ethylene
into ethane on a chromium-alumina catalyst as functions
of the partial pressures of water, pyridine, ammonia, and
thiophenol. The toxicity of these substances towards
catalysts varies in the same sequence as their acidity,
which reveals the basic nature of the active centres.

0.6
8
w04
4
z
]
B0z
8 A
&
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= 4 s ] i s
5 10 15 20

p, torrs
Figure 6. Kinetic isotherms for the poisoning of an
alumina~chrome catalyst in the hydrogenation of ethylene
at 420°C by: 1) ammonia; 2) pyridine; 3) water; 4) thio-
phenol,

In the presence of a zinc chromite catalyst?® ethylene

was hydrogenated at 215-250°C. On an Mo00Qs.ALOs cata-
lyst®, after activation with hydrogen at 500°C, ethylene
was hydrogenated over roughly the same temperature
range as on chromic oxide catalysts. A vanadium-alu-
minium catalyst is active*! in this hydrogenation at 400-
450°C. Komarevsky et al.>*"*° found that this catalyst,
reduced with hydrogen at 400°C, catalysed the hydrogena-
tion of butene, hexene, octene, butadiene, and acetylene;
under 115 atm at 475°C even benzene could be 27% hydro-
genated.
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The hydrogenation of heptenes is strongly catalysed by
C00.M00s.Al:0s over the range 250-275°C.°" Parravano
et al.® reported that ethylene can be hydrogenated on an
aluminosilicate at 345°C, a result qualitatively confirmed
by Topchieva et al.*® According to these workers alu-
minosilicates catalyse the hydrogenation of propene only
after pretreatment with hydrogen at 550°C. An alumino-
silicate containing 0.01% of sodium was more active than
a specimen containing a larger quantity. The rate of
hydrogenation of ethylene diminishes with increasing
acidity of aluminosilicate catalysts %,

Table 7. Activity (measured by rate of hydrogenation) of
neodymium compounds.

103, mol.

Compound <1 Nd3* jon-l

Nd203, A-form
Nd203, C-form
74 mole % Nd203 -CeO7
37 mole % Nd203-CeO7
7Nd03.98i07

w

.OOHHO
QN

Several neodymium compounds have been compared
with the A- and C-forms of the oxide in the hydrogenation
of ethylene at —78°C (Table 7). Analysis of the results
revealed a relation between the activity and the coordina-
tion number of neodymium, The C-form of the oxide and
a solid solution of 74 mole % of the oxide with cerium
dioxide, containing Nd* in octahedral coordination, had
similar activities per cation. The corresponding 37
mole % solid solution was catalytically inactive and con-
tained cations only with coordination number 8. The
orthosilicate TNd20,.98i0z contained two types of cations,
the relative proportions of which with 7 and 9 coordination
were 2:5. If it is postulated that the latter cations are
inactive, recalculation for cations of coordination number
7 yields a value (8 X 10™° mol. s™* ion™ Nd*) very close
to the activity of the A-form of neodymium sesquioxide
with Nd* ions in the same coordination.

3. Zeolite Catalysts

Until recently few studies had been made of the influ-
ence of zeolites on hydrogenations. The activity of y -type
zeolites in the hydrogenation of ethylene was first estab-
lished by Minachev et al. ® for the neodymium, calcium,
and decationised forms. Hydrogenation took place with a
space velocity of 2000 h™ at 78-150°C. With the condi-
tions adopted for regeneration (treatment with air at
500°C for 2 h) the activity of the catalysts diminished from
experiment to experiment. The zeolite containing neo-
dymium was more active than the calcium and decationised
forms; the sodium form was inactive. It is significant
that the hydrogenation of ethylene in the presence of neo-
dymium ¥ -zeolite was promoted by oxygen, which was
later found to activate the hydrogenation of ethylene also
with alumina %,

Results obtained by Topchieva et al.***® using a pulse
method indicated that sodium, yttrium, and chromium-
zeolites were active in the hydrogenation of propene at
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200°C. The activity of the yttrium form depends on the
temperature of pretreatment with hydrogen (200-640°C),
reaching a maximum after activation at 350°C. Exchange
of sodium for yttrium exceeding 50% produces sharply
diminished selectivity of hydrogenation. Thus, whereas
propane was the only product with yttrium y-zeolite at a
degree of exchange of 46%, the selectivity of the reaction
with a specimen having 77% exchange did not exceed 30%.
Similar results were obtained with the chromium form
(degrees of exchange 4% and 11%). At 200°C the degree
of hydrogenation on chromium y-zeolite reached 23-50%.
All specimens rapidly lost their activity. The initial
activity of the sodium form was lower than those of the
yttrium and chromium forms.

Table 8. Catalytic activity of zeolites and oxides in the
hydrogenation of ethylene.
Catalyst Temperature, °C Reaction velocity,
4 activation hydrogenation 1037, mol. s'1 jon-
0.8CrNay; Si/Al=2.1 500 —30 3.0
600 —30 34
700 20 0.5
0,65CrNay; Si/Al=25 450 —40 0.04
500 —40 0.1
0.27CrNay; Si/Al=25 500 —60 3.4
600 —60 0.8
0.27FeNay; Si/Al=25 400 400 0.1
500 400 0.2
0.57LaNay; Si/Al=2.1 500 20 0.2
0.22NdNay 500 20 0.8
Cr;0s 500 —78 6.6
Nd:0s 700 —78 2.0
Lay04 800 —18 4.0
b
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Figure 7. Dependence of activity of CrNa Y-zeolite in the
hydrogenation of ethylene at 20°C on the degree of exchange
of Na* for Cr*.

A detailed comparative investigation of the catalytic
properties of various cation-exchange forms of y-type
zeolites in the hydrogenation of ethylene as functions of
the type of cation, degree of exchange, and ratio of silicon
to aluminium has been made ***® by a circulatory static
method with an equimolecular mixture of hydrogen and
ethylene at an initial pressure of 60 torrs. This has
shown that, after vacuum treatment (107° torr) over the
range 400-700°C (in steps of 100 deg), the sodium,
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copper, barium, calcium, and decationised forms of the
zeolites were inactive from -78 to 400°C. Only zeolites
containing tervalent cations—chromium, lanthanum,
neodymium, and iron—were active (Table 8). With
increase in the fraction of chromium exchange cations
from 0,08 to 0.65 the catalytic activity passes through a
maximum at a degree of exchange of 0.27 (Fig. 7).

Increasing the ratio of silicon to aluminium from 2.1 to
2.5 (cf. 0.8 CrNa and 0.65 CrNa Y-zeolites [Table 8])
leads to a change in catalytic activity. These results
suggest non-uniformity of the active centres, probably due
to differences in the distribution of cations among several
possible sites ®. Table 8 indicates also that the chromium
form of the zeolite acquires its maximum activity after
being heated in a vacuum at 500°C, which was the optimum
temperature also for other cationic forms. Ignition at
temperatures above 600°C caused irreversible loss of
activity, although the zeolites retained their crystalline
structure. This peculiarity of behaviour can be attributed
to migration ®*® of cations from large to small cavities,
so that ion-exchange cations may form part of the active
centres of hydrogenation. This hypothesis is supported
by the qualitative analogy between the catalytic properties
of oxides and zeolites. Oxides of tervalent elements form
the activity sequence

Cry05>L3;05>Nd,053> Pe;0,,
which on the whole is consistent with that of the zeolites
CrNaU>NdNaU> LaNaU>>FeNau.
The activation energies for the hydrogenation of ethylene
on oxides and zeolites are roughly equal at 3-6 kcal mole™,
The lower activity of zeolites than of oxides may evidently

be attributed to steric inaccessibility of some of the ion-
exchange cations.

Table 9.

NaM LIM KM CaM MgM ZnM CIM HM
98.3 87.7 11.0 98.6 69.4 59.7 17.4 19.7

Zeolite
Cyclohexane, %

Cationic forms of mordenite were first shown by
Minachev et al, ®”" to catalyse the hydrogenation of
ethylene and benzene. Under the conditions adopted—
4H: + C2H4 with space velocity 750 h™ under 1-30 atm at
215-235°C —ethylene was completely hydrogenated in the
presence of NaM zeolite; with the potassium form hydro-
genation was 20-92% complete. Table 9 gives the yields
of cyclohexane from the hydrogenation of benzene (CeHs +
5Ha at 1 h™ under 30 atm at 250°C).

III. NATURE OF THE CATALYTIC ACTIVITY

Despite the differences in approach by different authors
and the use of an extremely wide range of methods, only
a limited number of hypotheses have been made on the
nature of the catalytic activity: (i) many workers suppose
that coordinatively unsaturated cations are present in the
active centre; (ii) in several papers catalytic activity was
associated with ions of metals in a certain valency state;
and (iii) several investigators assume that an active centre
contains not only cations but also oxygen ions.
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The first hypothesis provided an explanation for the
many experimental data on the influence of heat-treatment
conditions and the reversible poisoning effect of water
vapour on the catalytic activity of oxides of aluminium 857 ,
zinc #2522 chromium'®7*°, rare-earth metals **~%,
and silicon'®, as well as that of zeolites ®®. On this
hypothesis the reason why oxides must be ignited for
catalytic activity to develop is that, under the usual con-
ditions of storage, the surface becomes hydrated by con-
tact with atmospheric moisture, and contains no coordi-
natively unsaturated ions. The increase in activity as the
temperature of ignition of the oxides is raised is attributed
to increase in the number of such cations. The activity
of zeolites passes through a maximum as this temperature
is raised, which could be explained * by two factors: the
activity of the zeolites is increased by the appearance of
coordinatively unsaturated cations at high temperatures;
on the other hand, the number of cations accessible to
reactant molecules diminishes because of their migration
into small cavities. Incorporation of cations into active
centres follows also from the identity of the activity
sequences of oxides and corresponding cationic forms of
zeolites.

20H™—H,0 + 07+[ 1"

@w O o

* Anionic vacancy on surface.

Figure 8. Diagram of cross-section through surface of
aluminium oxide at various stages of dehydroxylation, with
the surface: I) completely hydrated; II) completely dehy-
droxylated; @) partly dehydroxylated.

However, no quantitative comparison between the num-
ber of cations in a certain coordination environment and
catalytic activity was made in the above studies. Such
comparison is now possible for alumina, whose ability to
catalyse the hydrogenation of ethylene at 250-450°C
appears only after heat-treatment at 450°C,*” when at
least 30% of the surface aluminium ions change their
coordination from 6 to 5. Yet according to Weller and
Hindin” the number of active centres does not exceed 1~-2%
of the total number of surface ions, since at this particular
coverage with water the catalytic activity of alumina is
completely lost. Raising the temperature of ignition from
450 to 550°C increases the number of coordinatively
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unsaturated cations only by 30%, while the catalytic activ-
ity increases by a factor of 20! Thus no direct functional
dependence is present between the total number of coor-
dinatively unsaturated cations and catalytic activity.

This conclusion suggests the non-uniformity of such
cations, which is clearly illustrated by Peri's model of
dehydroxylated aluminium oxide™, The partly dehydroxy-
lated surface (Fig.8) contains a disordered layer of ions:
at some sites (Ill¢) oxygen ions accumulate in direct con-
tact, and at others (IIIb) coordinatively unsaturated cations
are situated side by side. Catalytic activity towards
hydrogenation could then probably be related to sites of the
latter type. Their ability to catalyse migration of the
double bond in butenes had earlier been proved by Peri™.
The number of such sites (Fig.8—1I and III) and hence also
the catalytic activity of the oxide should pass through
maxima with increase in the degree of dehydroxylation
(and in the ignition temperature). This conclusion is
consistent with results for chromic oxide ** and zinc
oxide .,

The relation between catalytic activity and the valency
state of the cations has been discussed. Chromic oxide,
CrNa Y-zeolite, and chromium-alumina catalysts strongly
catalysed the hydrogenation of ethylene in the absence of
Ccr** ions™, Catalysts containing a considerable quantity
of Cr® and Cr® ions were inactive, which allows us to
reveal the catalytic activity of Cr® ions. With cerium,
praseodymium, and terbium the sesquioxides also posses-
sed catalytic activity, but the dioxides were almost
inactive. Under the experimental conditions ™ ions of
bivalent rare-earth metals were not formed, and hence
the activity of these elements was due to the tervalent
cation.

It was postulated in most of the above papers that
ethylene underwent hydrogenation on a centre containing
not only a cation but also an oxygen ion, but no evidence
was given. Such evidence includes * the relation found
between catalytic activity and basicity, which may be
governed ™ by the oxygen ions.

IV. KINETICS AND MECHANISM OF THE HYDROGENA -
TION OF ALKENES

The mechanism of the hydrogenation of alkenes (mainly
ethylene) has been studied most thoroughly on the oxides
of aluminium, zinc, chromium, and rare-earth metals,
Kinetics, infrared spectroscopy, thermal desorption,
and other methods enabling the reactivity of adsorbed
species to be estimated have been used. 1In a few cases
a tracer technique was applied. Since a kinetic method
has been used most frequently, we begin with an account
of the principal results obtained in studies of the kinetics
of hydrogenation.

Table 10 shows that many kinetic equations have been
suggested. One example indicated that the reaction
velocity is almost independent of the partial pressures of
the components®, According to others 2~26:%8:%,30,77 {h o
rate is determined solely by the pressure of hydrogen or
ethylene. Two formulae* ’* were of the first order with
respect to the initial reactants, and in three cases °*7**
equations of the type = kPH,PCyHj;, were found. Thus
inspection of Table 10 indicates that the kinetic orders
with respect to hydrogen and the alkene usually vary from
first to zero. The rate of the reaction is unaffected by
the pressure of alkanes, except in experiments with silica
and Co0.Mo00Os.Al20s catalysts. The form of the kinetic
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equation depends on the chemical composition of the
specimen, the conditions of pretreatment, and the tem-
perature range of the investigation (cf.2 and 3, 9-11, 13
and 14 in Table 10), The activation energy of the reaction
varies over a wide range, from 0 to 24 kcal mole™,
probably being a function of temperature. With the oxides
of aluminium, zinc, and rare-earth metals the activation
energy falls to zero with rise in temperature.

Table 10. Kinetic equations and activation energies of
hydrogenation of alkenes on oxides.
Activation
No. Catalyst Equation energy, Temp. range, Ref.
kcal mole~! °C
1 | ALOs r = kPy P&, 9 120—180 9
0 300430
2 | ALO, r=kPy (1 —8cu)0cp, 7.7 —20+-25 ue
3 |AlLO, r=kPy 0 cy, 0 90-—240 1
4 |Si0, r=kPy (1 +K'Pcy) 8 350—500 15
5 [Vs0s r =kPy Pcu, 22.0 400—550 4l
6 [Cr,04 r= kP PES, 18 200—350 18
7 |Zn0 r=kP¥Y,, 18 39—56 22
8 1ZnO r=*kPy, 22 140—162 2, 24
9 |Zn0 r=kPy, 22 80—125 | 25, 26
10 {ZnO r = kPY2PEN, 4.5 140—175 26, 26
41 |{ZnO r=kPcy, 0 210—225 25, 26
12 {ZnO r= kP -Oc4, - 20 20°, 76
13 MI,E?). (Y.,la, Ho, [r=4P}} 5—6 130—180 | 35, 38, 39
14 Mﬁ(;)), (Y,La,Ho, |r=*kPyPcy 0 230—260 | 35, 38, 39
15 | WOs r = kPy PEH, - 125—250 40
16 | Vg04s-Al1,0s r=kla+ (KH)™ IPcy, 7.6 400—550 4
17 |Cr,04-AlL,O, r=hkPy PEY, 10 220—340 4
18 | MoO;-A1,04 r=kPy PES, 4 150—450 )
19 |Co0-MoOs-AlOs |r=FPy,(Pe 1, 1PCytynsy)| 22-5—24:5 | 250—375 57
20 | Y,0s, LaOy, Ho,Os| r == kP, 5—6 —22--22 77

* Experiments conducted in a stream of hydrogen after pre-
liminary adsorption of ethylene, where 6C,H, is the degree
of surface coverage with ethylene.

The kinetic results can equally well be explained by the
ideas of Eley and Rideal, who assume activation of only
one of the reactants (hydrogen or alkene), and by those of
Langmuir and Hinshelwood, who regard the interaction of
adsorbed species as the limiting stage. In most of the
papers cited it is assumed that the catalytically active
surface is homogeneous. Nevertheless, the kinetic equa-
tions with fractional powers of reactant partial pressures
(Table 10) can be explained also by energetic non-uni-
formity of the active centres.

Sinfelt ® explained the kinetics of the hydrogenation of
ethylene on aluminium oxide by means of Twigg's mecha-
nism™, involving a stage of interaction between hydrogen
adsorbed by van der Waals forces and chemisorbed
ethylene:

1
GH( 2 ClH-—(llH: )
2

- *
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3

CH,~CH, +H, 2 CH, + H>GH,
L ]

Lol (S

A comparative study of the catalytic activity of aluminium
oxide towards the hydrogenation of ethylene and of hydro-
gen-deuterium exchange data suggested " that activation
of ethylene was the limiting stage. Lucchesi et al,™
detected by infrared spectroscopy the adsorbed ethylene
and ethyl assumed in Twigg's mechanism.

Amenomiya and Cvetanovic® used thermal desorption
to examine the mechanism of the hydrogenation of ethylene
on aluminium oxide, and established the presence of two
types of adsorption centres, differing in energy of bonding
with ethylene. These centres occupy 2.8% of the alumina
surface; 60% of them have an activation energy of desorp-
tion of 26.8 kcal mole™, and 40% an activation energy of
36.4 kcal mole™. Hydrogenation of ethylene occurred
more readily on centres of weak adsorption. Ethylene
sorbed on them gave with deuterium 1,2-dideuteroethane,
which was regarded as indicating hydrogenation by Twigg's
scheme. Interaction of the firmly bound ethylene with
deuterium gave a mixture of all possible deuteroethanes,
which was explained by a mechanism analogous to that
suggested by Horiuti and Polanyi®!:

CHa 2 GH 445

Hyz {gads
ads

} 2GCH, uds} - GHe

This involves a stage of dissociative chemisorption of
hydrogen on centres with weak bonding of ethylene, and
the formation of ethane via a semi-hydrogenated state.

An attempt” at a geometrical interpretation of the
activation of ethylene on aluminium oxide suggested two
possible mechanisms-—adsorption of ethylene on two
neighbouring aluminium ions in the corundum structure or
two-point adsorption on an aluminium ion and an oxygen
ion—the length of the aluminium-carbon bond being taken
as 1.8 A in both cases (as in aluminium alkyls), The
activation of ethylene on vanadium sesquioxide was
assumed® to involve adsorption on two vanadium cations.

Interesting results were obtained in studies of the
mechanism of the hydrogenation of ethylene and propene
on chromic oxide, which showed'®”*° that hydrogenation
with deuterium at -78°C did not involve exchange with the
hydrogen of the hydrocarbons. The hydrogenation of
ethylene with an equimolecular mixture of gaseous hydro-
gen and deuterium gave® ethane, deuteroethane, and
dideuteroethanes. Conner and Kokes® therefore assume
dissociative chemisorption of hydrogen and successive
addition of hydrogen atoms. A similar conclusion con-
cerning the mechanism of the hydrogenation of ethylene on
cobalt oxide between —78 and 30°C was drawn by some
Japanese workers *? from a study of reaction velocities and
product compositions for the four systems

1. CHy+Hy 3. GHy + GDy + Hy
2. GH, 4D, 4 GHy+H,+D,

The largest number of investigations on the mechanism
of hydrogenation have been made with zinc oxide.
Teichner et al,?*"?%#2 on the basis of a kinetic study,
suggested a mechanism involving interaction between
associatively adsorbed ethylene and dissociatively sorbed
hydrogen. In contrast to the Horiuti-Polanyi scheme’”,
all stages were assumed to be in equilibrium. This
scheme was made somewhat more detailed. Catalytic



Russian Chemical Reviews, 45 (2), 1976

activity was found 23,2 t5 be independent of the concentra-
tion of electrons in the conduction band. This was
regarded as indicating a covalent form of chemisorption
of hydrogen, as was confirm~A also by infrared spec-
troscopy.

On the basis of infrared spectra Dent and Kokes® con-
sider that hydrogen is chemisorbed on coordinatively
unsaturated zinc and oxygen ions:

H H
Iy

H, + -—Z|n~—l0—— ——Zn—0—
An analogous conclusion was reached by Eischens et al, ®®
In the view of the former workers® the chemisorption of
ethylene is a consequence of 7-electron interaction with
oxygen ions, Hydrogenation of adsorbed ethylene takes
place by the successive addition of hydrogen atoms bound
to zinc and oxygen atoms. In the first stage 7 -adsorbed
ethylene becomes detached from oxygen and bound in its
semi-hydrogenated form to a zinc atom. The truth of
this mechanism is confirmed®® by the detection, in the
infrared spectra, of the compound Zn-Cz2Hs, which on
treatment with hydrogen disappeared at a rate closely
similar to the rate of hydrogenation, Krause®® also sup-
poses that the hydrogenation of ethylene on zinc oxide
involves an intermediate semi-hydrogenated form adsorbed
on zinc atoms. In contrast to Dent and Kokes *#**, he
assumes that the 7 -adsorbed ethylene is attached only to
zinc atoms,

Table 11, Results for the mechanism of the hydrogenation
of ethylene on dysprosium sesquioxide at ~55°C.
No. Initial compound Reaction products
1 OHgy,f + D2 HD found only at > 120°C
2 Hags (W + 8)*** + D) HD in minor quantity
3 Hags(s) + D2 HD not detected
4 Hagg(w +5) + CoDyg CaH9D4 not detected
5 C2Dy, ads + Ha CHoDy
6 CoH4 + Hy CaHg; r= 0.46 x 10-9%
7 CyH4 +Dy 99% CaH4D2; r=0.30 x 102
8 CyD4 +Hy 97% CDaH2; r =0.42 x 109
9 CaHy +CoDy HD, C2H4 _xDy, C2Hg-xDx—
not detected
10 CoHg + Dy HD, CoHg -xDx—not detected
11 Hy+Dj HD, r=0.38 x 109
12 CypH4 +Ha + Dy 47% CHg, 21% CaHsD,
(L7:1:1) 32% CH4D7; HD**

* Rates of reaction for 50% conversion 7, mole m™ g™,

** Detected only after ethylene had been completely hydro-
genated.
**x Weakly (w) and strongly (s) adsorbed.

Baranski and Cvetanovic*® have been able by means of
thermal desorption to study the reactivity of five forms of
adsorbed hydrogen and two forms of ethylene. They
found that only the most weakly bound forms of hydrogen
and ethylene take part in hydrogenation. The heat of
adsorption of such ethylene is 4-6 kcal mole™. The
yellow colour of tungsten oxide does not vanish when
ethylene undergoes hydrogenation on the oxide. This
suggested * that the reaction does not involve atomic
hydrogen, and that ethane is formed by Twigg's scheme
of interaction of physically adsorbed hydrogen with
chemisorbed ethylene.
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The mechanism of the hydrogenation of ethylene and
propene on rare-earth oxides has been studied by both
kinetic and isotoge methods. Kinetic investigations by
Topchieva et al. ***®'® established for the temperature
range 130-190°C a mechanism of hydrogenation analogous
to that of Polanyi and Horiuti®', with interaction between
the adsorbed alkene and dissociatively chemisorbed hydro-
gen assumed to be the limiting stage. The mechanism
of the low-temperature hydrogenation of ethylene on dys-
prosium sesquioxide has been examined by isotope and
thermal-desorption methods ***7"%%, A series of reactions
which might hypothetically occur in the ethylene-hydrogen—
oxide system was studied (Table 11), It is evident for
reaction I that the hydrogen of surface hydroxyls is not
exchanged, and is probably not involved in hydrogenation,
under the conditions of catalysis (~=55°C), In conformity
with reactions 2 and 3 it was established that the two differ-
ent forms of chemisorbed hydrogen differed in reactivity.
These results suggested that firmly sorbed hydrogen
played no part in hydrogenation. Reactivity of adsorbed
ethylene was shown in reaction 5. The hydrogenation of
ethylene (reactions 7 and 8) gave only simple addition
products. These results indicate absence of dissociative
adsorption of ethylene or the ethane formed, which is
supported by the investigation of reactions 9 and 10, when
the hydrogen of the hydrocarbons (ethane and ethylene) is
not exchanged. Yet in the hydrogenation of ethylene with
a mixture of protium and deuterium (reaction 12) the
products of simple addition—ethane and dideuteroethane—
were accompanied by deuteroethane CzHsD, although Hz~D:2
exchange does not take place under the conditions of
hydrogenation. Thus the above investigation shows that
the reaction may occur via a semi-hydrogenated form:

H GH,
kfeey R)The

k, k
H, 045 (@H,g9) + GH, ads_: GHy g45 = GH,,

where stage 3 is irreversible.

Comparison of rates of hydrogenation of ethylene by
reactions 6 and 7 revealed a kinetic isotope effect ry/7p =
1.5. Yet rates of hydrogenation of deuteriated and ordi-
nary ethylene (reactions 6 and &) were almost the same.
Hydrogen—deuterium exchange and the hydrogenation of
ethylene took place at closely similar rates. Further-
more, the activation energies of the two reactions are
also equal at ~ 5 kcal mole™. These results suggest
that the hydrogenation of ethylene is limited by the activa-
tion of hydrogen. Nevertheless, such an assumption does
not mean that hydrogenation can take place e.g. by the
interaction of chemisorbed hydrogen with physically
sorbed ethylene, according to Jenkins and Rideal's mecha-
nism®, In the presence of oxide catalysts migration of
the double bond in butenes is considerably more rapid than
hydrogenation ®**. The sequences of catalytic activity of
oxides for these reactions were closely similar, which
suggested that active centres for activation of the double
bond and for hydrogenation were analogous in nature.

The mechanism of catalytic hydrogenation should therefore
involve both stages—chemisorption of the alkene and
chemisorption of hydrogen.

V. CONCLUSION

The information reviewed above shows that oxide cata-
lysts are more complicated than metallic catalysts® ™,
Work on the latter has developed several methods for
obtaining pure and crystallographically uniform surfaces,
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which has permitted the comparison of metals according
to their specific catalytic activity, With oxide catalysts
such comparison encounters several difficulties, pri-
marily because of the significant dependence of catalytic
activity on conditions of pretreatment. This dependence
is not always due solely to the desorption of impurities,
as with metals, but is connected with surface oxidation,
reduction, and dehydroxylation. Changes in chemical
composition are often accompanied by crystallographic
changes, which may also influence catalytic activity.
This was shown quite clearly by the catalytic properties
of oxides of rare-earth metals,

Existing data indicate that, with rise in the tempera-
ture of ignition, the activity of an oxide catalyst per
square metre of surface increases to a certain limit or
else passes through a maximum. The present Reviewers
have therefore proposed comparing the “maximum”
activities of oxides. However, the effect of ignition
temperature on the activity of several oxides has not been
studied, so that this approach does not lead to a quantita-
tive comparison of all the catalysts studied.

Qualitative consideration of the data enables oxides to
be divided into four groups

(1) very active—~Crz0s, Laz0s, Prz0s, NdzOs

(2) actiVG—S(hOa, Y203, szos, EU203, GdzOs, szOs,
Dy20s, Hoz0s, Er203, Tuz0s, Yb20s, Luz03

(3) moderately active—Co0304, ZnO

(4) relatively inactive—V20s, NiO, Fez0s, ALQOs,
SiOz, HfO:.

The oxides—ZrQOz, MoOz-x, MgO, MnO, TiOz, CeO:.
PreOun, and TbsO;—exhibit hardly any activity.

It follows from the above enumeration that hitherto no
study at all of catalytic activity has been made on the
oxides of gallium, indium, thallium, germanium, tin,
lead, niobium, tantalum, antimony, bismuth, tellurium,
alkali metals, transuranium elements, and certain other
elements intermediate in properties between metals and
non-metals. No data are available on the catalytic pro-
perties of oxides of the platinum subgroup.

The lack of data for many oxides and the limited study
made of others are probably among the main factors
preventing any general approaches to the prediction of
catalytic activity. The ideas of Dowden, who discussed
the energetics of the interaction of an adsorbed particle
with a coordinatively unsaturated cation, provide a partial
understanding of the variation of activity in oxides of the
first transition series. In order to explain the catalytic
properties of rare-earth oxides the Reviewers suggested
that activities were determined by interaction of an
adsorbed molecule with a basic centre. This hypothesis
provided a qualitative explanation also of the decrease in
activity on passing from oxides to zeolites and silicates.

Thus the development of approaches to the forecasting
of catalytic action depends on elucidation of the chemical
nature and the structure of the active centre. However,
an exact solution of the problem is impossible without
elucidation of the chemical nature of the adsorbed species
interacting on the surface and the mechanism of the
reaction. Despite the abundance of kinetic papers, the
mechanism of hydrogenation remains little studied. In
experiments with butenes not only can hydrogenation be
followed but the main laws governing migration of the
double bond, which requires activation of the latter, can
be determined. A series of oxides shows analogous
variation in activity towards hydrogenation and towards
migration of the double bond, which suggests that the
active centres for activation of the alkene and for its
hydrogenation are the same in nature. Migration of the
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double bond always occurs under milder conditions and at
higher rates than does hydrogenation, which leads to the
postulate that activation of hydrogen is the limiting stage.
This conclusion has been proved experimentally in a study
of the mechanism of the hydrogenation of ethylene on
dysprosium oxide.

In spite of the differences in systems studied and in
methods of investigation, most workers now consider that
the active centre contains an ion-pair comprising a coor-
dinatively unsaturated cation and an oxygen ion, which
adsorb a polarised hydrogen molecule:

HO- —p%
I ]

| I
| !

I\IAe’” IO"

This mechanism of activation of the hydrogen molecule
suggests that a correlation will exist between catalytic
activity and the polarising effect of the ion-pair, which on
the whole is apparent. Published information indicates
that oxides of trebly charged cations are the most active,
whereas those containing doubly and quadruply charged
cations either are relatively inactive or do not catalyse
hydrogenation at all. It follows also from the above
mechanism that easily polarisable substances will act as
poisons of catalytic hydrogenation. The relation found
between the toxicity of poisons and their ability to abstract
a proton supports the hypothesis that catalytic activity is
due to an ion-pair. Metals, on the other hand, are not
poisoned by most of the substances that are highly toxic
to oxides (e.g. water, pyridine, alcohols, ketones).

In the case of alumina, detailed investigation has shown
that not all coordinatively unsaturated ions are catalyti-
cally active. Centres of catalytic activity may be two
adjacent segments of the surface (electron-donating and
electron-accepting), respectively aggregates of coordina-
tively unsaturated cations and of oxygen ions. The
diminished catalytic activity of oxides after ignition at high
temperatures can be explained in terms of such a model by
a redistribution of surface oxygen ions leading to a regular
surface structure.

The absence of sufficiently accurate models of the sur-
face for most oxides is currently a serious obstacle to
confirming or refining existing views on the nature of
active centres.
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Liquid-phase Oxidation of Aldehydes

S.A.Maslov and E.A.Blyumberg

Published information on the kinetics and the mechanism of the low-temperature liquid-phase oxidation of various classes of
aldehydes -aliphatic, aromatic, unsaturated—is surveyed, and the mechanism of the elementary stages under various conditions
—with thermal and photochemical initiation, in the presence of catalysts, in various solvents—is discussed. The mechanism

of the concerted oxidation of aldehydes with other organic compounds is also reviewed. Numerical data on these reactions
are given in tables. Applications of the oxidation of aldehydes in chemical technology are described. A list of 134

references is included.
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I. INTRODUCTION

The liquid-phase oxidation of organic compounds, the
scientific principles of which were developed by Emanuel®,
is used in many processes of modern chemical technology,
in particular in the manufacture of acetic acid and acetic
anhydride from acetaldehyde. The oxidation of aldehydes
to peroxy-acids, as well as the concerted oxidation of
aldehydes and alkenes, shows great practical promise?,
The oxidation of aldehydes is also of considerable theo-
retical interest, since they serve as convenient model
subjects for study of the kinetics and the mechanism of
slow chain reactions with degenerate branching.

The first kinetic studies of the gas-phase oxidation of
aldehydes 3,* belong to the early period when Semenov was
establishing the theory of chain reactionss, The first and
later publications®,? give data on the rate of change of
pressure and the accumulation of oxidation products of
acetaldehyde in the region of slow oxidation and under
conditions of cold and hot ignition; the reaction mecha-
nism is also discussed.

Systematic investigations of the kinetics and the mecha-
nism of the gas-phase oxidation of acetaldehyde made by
Emanuel' and his coworkers 1% were summarised in a
review!4, Oxidation at 125-185°C was found to involve two
consecutive chain reactions—(i) oxidation of acetaldehyde
with its quantitative conversion into an intermediate hydro-
peroxide and (ii) interaction of acetyl hydroperoxide with
acetaldehyde to form the final products —acetic acid, car-
bon dioxide and monoxide, ethylene, and water. The sur-
face state of the reaction vessel had a considerable influ-
ence on both stages of the process. A discovery of great
interest for the modern theory of chain reactions was the
existence®~15 of acyl hydroperoxides (peroxy-acids) in two
states with a reversible transition between them as the
temperature was varied; the heat of transition was 8 kcal
mole™, On rapid cooling (“quenching”) of the reacting
gaseous mixture of aldehyde and oxygen, the peroxy-acid
present passes into a state of enhanced reactivity, appar-
ent in a fall in the ignition temperature when the mixture
is reheated after quenching.

The change in the reactivity of peroxy-acids is due to
the formation of an intramolecular hydrogen bond with
transfer of the acidic proton from one oxygen atom to
another.

0—H

V4 l
R—C
AN
O—

followed by rearrangement of the valency bonds in the
molecule 14,15,

The direct recording of acylperoxy-radicals AlkCOOO*
by electron spin resonance has yielded fresh information
on the kinetics and the mechanism of the gas-phase oxida-
tion of acetaldehyde at 230-350°C. Peracetic acid is
formed by the interaction of acetylperoxy-radicals at
CH;COOO’ with acetaldehyde, is the chief intermediate
responsible for degenerate chain branching in the oxidation
of acetaldehyde, and decomposes mainly heterogeneously
on the surface of the reaction vessel,

The oxidation by molecular oxygen of aldehydes in the
liquid phase takes place under far milder conditions than
in the gas phase. An increasingly large number of papers
have appeared on the kinetics of these reactions. There
are a few reviews 17-1°  put they were published about
twenty years ago, and furthermore pay insufficient atten-
tion to the elementary mechanism of the process. The
present Review covers work on the kinetics and the mech-
anism of the liquid-phase oxidation of aldehydes by molec-
ular oxygent completed mainly during recent years., The
numerical data obtained in these investigations —bond
lengths, equilibrium constants, rate constants and activa-
tion energies of individual stages—are given in Tables 1
and 2.

The first experimental confirmation of the radical-
chain mechanism of the oxidation of aldehydes was the
abnormally high quantum yield (up to 15 000) obtained in
the photochemical oxidation of heptanal and benzaldehyde .

1 Henceforward the term “oxidation” will be used to

imply liquid-phase oxidation by molecular oxygen.



166

Chain oxidation of aldehydes is effected both thermally and
in the presence of various initiators and catalysts. The
bonding energy Ec(Q)-H is relatively small (77-79 keal

mole~?) in aldehydes %!, so that thermal initiation of oxi-
dation is always very significant. In view of the ready
oxidisability of aldehydes the value ~80 kcal mole~! seems
more justified than 87 kcal mole-! 22,23 (furthermore, it
should be the same for different types of aldehydes—acet-
aldehyde, benzaldehyde, and acrylaldehyde). Values of

Table 1. Length of chain in the oxidation of aldehydes.
Aldehyde Initiation E:::I!IFI\ Temp., °C Ref,
Benzaldehyde hv 15 000 5 20
Heptanal hv 4000 5 17
Acetaldehyde hv 10 000 5 1
Benzaldehyde Oy 50 000 5 1
Butyraldehyde  Os 200 000 5 1
Decanal azoisobutyronitrile 8 450 25 1
Benzaldehyde azoisobutyronitrile 1050 25 1
Methacrylaldehyde thermal 590 26 76
Benzaldehyde oxidation
Benzaldehyde » 450 45 76
Heptanal > 500 25 a8
Heptanal » 198 43 30
Isobutyraldehyde hv 150 10 35
Isobutyraldehyde hv 1200* 10 35
thermal 250 20 29
oxidation

* At low partial pressures of oxygen.
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T4 and 88 kcal mole™ have been published > for benzalde-
hyde and acetaldehyde respectively. It is beyond the
scope of the present Review to discuss the accuracy of
the values obtained for E (Q)-H- If the chain-propagation
rate constant k, is taken ?o%e a measure of this bonding
energy, however, such a large difference between the
values for benzaldehyde and acetaldehyde is unjustified.
Furthermore, this bonding energy should be smaller in
acrylaldehyde than in acetaldehyde 25, which is also incon-
sistent with the above results 2,23,

II. UNCATALYSED OXIDATION

The general scheme of the liquid-phase oxidation of organic
compounds consists ! of consecutive and par4llel elemen-
tary stages of chain initiation, propagation, branching,
and termination. We shall examine data on each of these
stages for the liquid-phase oxidation of aldehydes.

Initiation of Chains

Chains may be initiated in liquid-phase oxidations by
the reactions

kg -
RCHO - 0, —~ HO: + RCO; (1)
kg
RCHO - RCHO -+ 0, ~> H,0, + RCO'; (2)
kor
RCHO + RCHO — 2RCO" + H, (3)

Table 2. Kinetic parameters of elementary stages in the oxidation of aldehydes (subscripts as in text).

Parameter Aldehyde Numerical value Temp.,°C Solvent Ref.
decans 1.6-10% exp (—11 600/ RT) 5—20 n-decane 28
ecar;dl 2.5-10"¢* 20 »
acetaldehyde 2.7-10% exp (—17 200/ RT) 60—100 benzene 26
» 5.3-10"8 * 20 »
kg, M2 g1 benzaldehyde 6.3-107 exp (—16 400/RT) 30—50 acetic acid 32
» 41078 * 20 »
decanal > 8-10% exp (—15 600/RT) 5—20 none 27
» 2107 * 20 »
isobutyraldehyde 8.7.107¢ 20 chlorobenzene 29
benzaldehyde 2.1-10-% | o-dichlorobenzene 30
isobutyraldehyde 6.3-108 exp (1‘01? 500/ RT) chlorobenzene 29
» = »
methylacrylaldehyde 2.9-10% exp (—17 300/RT) \none 41
» 2.9-10~8* »
» 3.8-10% exp (—13 600/RT) » 76
» 1.5-10"7* »

o, M 51 ethylacrylaldehyde 104 exp §—15 700/RT) » a
propylacrylaldehyde 6.3-10% exp (—17 500/RT) » 4
isopropylacrylaldehyde 2.7-10° exp (—14 600/RT) >
crotonaldehyde 1.75-10% exp (—14 900/ RT) » 31

» 7-40-7* »
acrylaldehyde 6.3-1072** benzene 89
benzaldehyde 5-10% exp (—1 800/RT) 5—-20 ' n-decane 28
» 1.9-10% % 0 »
. : é :3; g chlorobenzene 39
. »
s 39108 0 ,
o e |
cyclohexanal 3.4.10° 0 .
. trimethylacetaldehyd:
By Mgl risininanuianniedn 1.4:10¢ exp (4 200/RT) 520 none -
» .3 »
isobutyraldehyde 3.5-108 g"g (.—6 000/RT) 10—30 chlorobenzene 29
» ) »
methylacrylaldehyde 9.3-10° g’(g (‘—4 300/RT) _184- +30 none 4t
» . . »
ethylacrylaldehyde 4.6-10% exp (—5 000/RT) —17- 430 »
propylacrylaldehyde 2.7-10% exp (—3 500/RT) —17=- 430 »
isopropylacrylaldehyde 7.3-10% exp (—9 300/RT) —17+ 30 »
methylacrylaldehyde 4.1-10% exp (—4 600/RT) 26—45 » 76
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Parameter Aldehyde Numerical value Temp., °C Solvent Ref.
benzaldehyde 2.3 25—50 benzene 36
. . » é g ” ég‘gg o-dichlorobenzene 30
L ke - » . — tic acid 38
2: kcal mole " 7.8+ 50_is ace n; aci pod
heptanal 4.0 10—30 none 35
5 sl benzaldehyde 6.3-102 exp (—30 000/RT) 60—70 benzene 47
® acetaldehy de 10 exp (—32 000/RT) 75—95 toluene 46
benzaldehyde 2.1-108 5 n-decane 28
» 7.5-108 0 chlorobenzene 39
acetaldehyde 2.6-107 [1] »
heptanal 2.65-107 0 »
octanal 2.6-107 0 »
cyclohexanal 4.8 10: 0 »
trimethylacetaldehyde 4.0-10 0 »
decanal 7.5-100 5 n-decane 27
» 3.4-100 5 » 28
ke, ML st methylacrylaldehyde 2.4-10% exp (—1 900/RT) —17+ +30 none 41
» 7.5-10%* 0 »
> 1.3-10% exp (—900/RT) 2645 . -
» 1,5-10%* 0 »
ethylacrylaldechyde 8.8-10% exp (—1 000/RT) —17+ 430 » 4
propylacrylaldehyde 5.4-105 exp (—1 200/RT) —17+ +30 »
isopropylacrylaldehyde 2.5-108 exp (—2 800/RT) —17+ 430 »
crotonaldehyde 1.7-10% exp (E)z .BOO/RT) —1(4)+ +20 » 3l
» »
isobutyraldehyde 9.5-107 exp (—4 100/RT) 10—30 chlorobenzene 29
b 5.5-104* 0 2
f— acetaldehyde 10%° exp (—5 000/ RT) 40—170 benzene 42
acetaldehyde 3.4.1071 % 25 acetic acid 60
» 2.7.14071 25 » 58
» 2.6-1071%* 25 »
Ko M s 1.6-10% exp (—5 500/RT) 0—25 toluene 59
» 1.6.10"1* 25 » 59
acrylaldehyde 1.3** 30 none 55
by, s acetaldehyde 5.108 exp (—12 000/ RT) ** 525 - acetic acid 9
kye s st acetaldehyde 1.25.10% exp (—19 000/RT) —20-+-0 ethyl acetate 61
» 1.6.10-4* 25 »
> 6.7.103 20 toluene 62
» 1.1.107¢ 25 acetaldehyde 49
2.1-10° exp (—10 000/RT) 42—85 o-dichlorobenze: 30
benzald,ehyde { g 104 30 n ne
kg s Mlgl » 2.8-10¢ 29 acetic anhydride 66
» 108 exp (—11 900/RT) 30—45 acetic acid a7
? 2.5.107¢* 30 » 37
E_y , keal mote! acetaldehyde 13.0 25 toluene 59
E,r» keal mole’! acetaldehyde 15.0 7
Kup M2 benzaldchyde 6.8-10'3 exp (—13 300/RT) 20—45 acetic acid a7
kg, 51 benzaldehyde 2.3.10% exp (—7 500/RT) 20—45 acetic acid a7
* Calculated from authors® data.
** Cobalt acetate as catalyst.
***Copper and iron phthalocyanines as catalyst.
From published bonding energies in reactant and product is 103-10¢* M~! s~!, with E = 15-17 kcal mole~!, In the

molecules the negative heats of reactions (1)—(3) for alde-
hydes having Ec(g)-g = 80 keal mole~! can be estimated

as 35, 20, and 55 kcal mole™! respectively. Thus the
termolecular reaction (2) is energetically the most favour-
able. In experimental kinetic investigations, however,
various workers have observed both bimolecular and
termolecular initiation. Reaction (2) has been established
in the oxidation of acetaldehyde?®  decanal®’s?%, and benz-
aldehyde 3¢; initiation by reaction (3) occurs in the oxida-
tion of isobutyraldehyde®, benzaldehyde3°, a-alkylacryl-
aldehydes, and crotonaldehyde®'. The pre-exponential
factor of reaction (2) for saturated aldehydes is 103-

108 M™2 s7!; that of reaction (3) for unsaturated aldehydes

oxidation of isobutyraldehyde initiation occurs mainly by
reaction (3), the pre-exponential factor is 6 X 108 M~* s~!,
and E = 19.5 kcal mole~! (calculated from the Reviewers!
experimental results).

The rate constant of initiation in the oxidation of benz-
aldehyde exceeds those for aldehydes of other types by fac-
tors of 102, 3° Available experimental results do not
enable any unambiguous relation to be established between
the structure of an aldehyde and the mechanism of the
initiation of oxidation chains.

Initiation of the oxidation of aldehydes may occur also
by the reaction 33

RCH,CHO+- O, ~ RCHCHO + HO; (4)
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whose negative heat of reaction should be 25-30 kcal
mole~!, The radical * CHR.CHO may give rise to formic
acid, small quantities of which are present among the
products of the oxidation of aldehydes containing two or
more carbon atoms, It is formed as a result of decom-
position of the hydroperoxide:

RCH(OOH)—CHO —» OH" 4 RCH (0} —CHO — RCHO -+ HCO";

HCO" +- OH’ —» HCOOH.

Abstraction of hydrogen from a methylene or a methyl
group in an aldehyde is promoted by the presence of a
catalyst 3¢,

Chain Propagation

A chain is propagated by addition of an oxygen molecule
to an acyl radicaland abstraction of hydrogenfrom analde-
hyde molecule by the acylperoxy-radical formed:

RCO" 4 0,% RC000'; (5)

RCOOO" + RCHO ® RCOOOH + RCO'. (6)
Reaction (5) is exothermic (~ 20 kcal mole~!) and is very
rapid, with rates of 107-108 M™! s™! and almost zero
activation energy (E, = 2.0 + 1.5 kcal mole~! was given
for the oxidation of heptanal). Reaction (6), leading to the
formation of peroxy-acids, is also exothermic, but less
strongly so than reaction (5). The activation energy E, =
4-6 and 3-5 kcal mole~! respectively for saturated ali-
phatic 27,29,3 and unsaturated % aldehydes, the correspond-
ing pre-exponential factors being 105-10° and 103- 10+
M™ s, so that rates of chain propagation are higher in
the oxidation of saturated aldehydes (by factors of 10-102),
In the oxidation of benzaldehyde E, has the values 1-2 and
6-8 kcal mole™! in the absence of a catalyst?2,%,% and in
the presence of cobalt acetate respectively3?,%, the pre-
exponential factor is 50000 M~! s~!, 2 Values differing
almost tenfold have been given 2%:* for the rate constant
k, for benzaldehyde, the lower of which is fivefold the
rate constant %, for decanal?? and coincides with those
obtained * for saturated aliphatic aldehydes. According to
these measurements % g, for benzaldehyde is almost ten-
fold those for aliphatic aldehydes, e.g. acetaldehyde. Thus
values of &, determined by different workers vary by
almost a whole order of magnitude. The lower rate of
chain propagation (and hence of the overall oxidation) with
unsaturated aldehydes can be explained ? by features of
the intermediate complex formed in reaction (6) with com-
pounds having conjugated double bonds. The hypothesis
that reaction (6) involves the intermediate complex [RO; :
H ﬁ’] was put forward for the oxidation of substituted
aromatic ethers.

It can now be accepted that the rates of oxidation of
unsaturated aldehydes are substantially lower than those
of the corresponding saturated aldehydes3!. This is
probably due not only to different rates of chain propaga-
tion but also to the rate of initiation.

The mechanism of the oxidation of unsaturated alde-
hydes (a-alkylacrylaldehydes) involves not only reaction
(6) but also another chain-propagating reaction, between
an acylperoxy-radical and the double bond of the alde-

hyde #':
R O R O R O
| Z | 7 J: 4
CH;=C—C  + CH,=C—C-» CH;=C—C R 0
(-
\oo- \H \oom,—é—c/—’.
TN
H
R O l]2 /o
> %cé-(:/ +eg—c—¢ . (D
N N Y
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Occurrence of this reaction is supported by the presence
of a-alkylepoxypropionaldehydes among the oxidation pro-
ducts from e-alkylacrylaldehydes.

Chain propagation in the oxidation of aldehydes may
involve not only RCOOO" radicals but also acyloxy-radi-
cals RCOO* formed by cleavage of peroxy-acids at the
RCOO-OH bond:

RCOO" + RCHO ¥"RCOOH + RCO". (8)

This reaction, leading to the formation of acids, competes
with decomposition of the acyloxy-radicals 4%, which
occurs at 20-70°C with considerable rapidity. At suffi-
cient aldehyde concentrations reaction (8) predominates.
This is confirmed by experiments on the decomposition of
acetyl peroxide in the presence of 3 M acetaldehyde in
benzene solution at 70°C, in which the yield of acetic acid
per mole of peroxide decomposed exceeded fourfold the
yield of carbon dioxide4¢. The rate constant k,» was not
estimated.

Branching of Chains

Degenerate branching of chains probably plays a less
significant role in the liquid-phase oxidation of aldehydes
than in the oxidation of hydrocarbons. This may be
deduced from a comparison of the rate of thermal initia-
tion by reaction (2) with the rate of radical decomposition
of peroxy-acids

RCOOOH % RCOO" + OH'. 9)

The activation energy of reaction (9) for peracetic and
perbenzoic acids is ¥~47 30-33 kcal mole-! (which corre-
sponds to the energy of the oxygen—oxygen bond in a
peroxy-acid). The pre-exponental factor is 1013-101¢ g™,
which is fully consistent with the unimolecular reaction (9):
the factor would have been considerably smaller for
induced decomposition of the peroxy-acids. The rate con-
stant of reaction (9) at 70°C is 2, = 10'3 = exp(~30 000/RT) =
1076 s7!, When the concentration of the peroxy-acid is

0.2 M, the rate of degenerate chain branching by reaction
(9) is 2 x 1077 M s~!, Yet the rate of chain initiation by
reaction (2) in the oxidation of acetaldehyde under these
conditions is 1,05 x 10" M s~! 48 (or 3.6 X 1077 M s~ #),
Thus the rate of degenerate branching (9) is even somewhat
smaller than the rate of initiation (2). A similar conclu-
sion was reached *® from a comparison of the rates of
decomposition of perbenzoic acid and of thermal initiation
of chains in the oxidation of benzaldehyde. Peroxy-acids
can evidently decompose also by a bimolecular reaction

2RCOOOH — RCOOO* + RCO" + H,0

analogous to the reaction for hydroperoxides. The rate
constant of this reaction for peroxy-acids has not been
measured. In the oxidation of hydrocarbons &, = 108 M™!
st at 40-60°C, !

A possibility in the low-temperature oxidation of alde-
hydes is that chain branching may occur by breakdown of
an addition product of peroxy-acid and aldehyde (hencefor-
ward termed for brevity an “adduct”) 4. Addition of a
small quantity of the adduct (1-hydroxyethyl peracetate) to
a solution of acetaldehyde in acetic acid eliminated the
induction period and accelerated considerably oxidation of
the aldehyde at 18°C. Under the experimental conditions
this peroxy-compound broke down mainly by a molecular
mechanism, but a small fraction (~0.1%) of the peroxide
decomposed into radicals. Unfortunately, the paper did
not contain sufficient data for the rate of initiation to be
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estimated, and only the actual fact of the initiating action
of the adduct at low temperatures can be established.

With rise in temperature the importance of this mode of
degenerate chain branching will probably diminish because
of a shift in the adduct equilibrium towards formation of
the corresponding peroxy-acid and the aldehyde.

Termination of Chains

In the liquid-phase oxidation of aldehydes termination
is effected by the recombination of radicals:

&,
RCO" + RCO" = Molecular products (10)
ks
RCO" 4 RCOOO" ™ Molecular products (1 1)
k,
RCOOO" -+ RCOOO* —> Molecular products (12)

The relative rates of these reactions are directly depen-
dent on the concentration of dissolved oxygen: at low con-
centrations termination occurs predominantly by reaction
(10); with excess of oxygen, because of the higher rate of
reaction (5) than of (6), the system contains almost solely
RCOOO- radicals, the only termination reaction is (12),
and the rate of oxidation becomes independent of the oxy-
gen concentration. The dependence of the rate of oxidation
on the concentrations of the starting materials is given by
the formula

_ ks By [RH] | kg (B [RH]\P 770
v=v. [+ 320 + % (o) )

where

W,

ky "
S [RHIW/,
in which Wj is the rate of initiation.

Experimental results for the dependence of the rate of
oxidation of acetaldehyde in benzene solution on the con-
centration of dissolved oxygen®° are well reproduced by
this formula. The rate becomes independent of the oxy-
gen concentration when the latter reaches 0,2 M. 5°

A similar dependence of reaction velocity on partial
oxygen pressure was obtained® for the oxidation of
benzaldehyde., At low oxygen concentrations, when
[C6H5CHO]/p02 = 0.01 M mm~!, the rate of reaction is

linearly dependent on the partial pressure, but with ratios
<0,002 M mm™! (which corresponds to 0.1 M oxygen) it is
independent of the oxygen pressure. The intermediate
range of [CSHE,CHO]/,{)O2 ratios is characterised by a frac-

tional kinetic order with respect to molecular oxygen. It
is interesting that the limiting oxygen concentration (0.1-
0.2 M) at which the rate of oxidation of the aldehyde
ceases to depend on the oxygen pressure far exceeds the
values usual for the oxidation of hydrocarbons (e.g.
~10-5 M for ethyl linoleate5! and tetrahydronaphthalene ).
An explanation offered®° for this was that the rate constant
of reaction (10), in competition with reaction (5), is
greater for acyl radicals RCO- than for alkyl radicals R,
In practice the oxidation of aldehydes is almost always
conducted under conditions such that chain termination
occurs solely by reaction (12). It was usually considered
that no activation energy was involved, but values E; =
1-3 and 4 kcal mole™! were obtained in the oxidation of
unsaturated aldehydes 3! and of isobutyraldehyde ?® respec-
tively. The pre-exponential factors of reaction (12) are
104-108, 105-107, and 10® M~! s™! for unsaturated alde-
hydes, saturated aliphatic aldehydes, and benzaldehyde.
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The difference in these factors for different groups of
aldehydes remains difficult to understand (especially the
low values for unsaturated aldehydes?!), The activation
energy of chain termination also requires further experi-
mental study. In the oxidation of unsaturated aliphatic
aldehydes 4! termination may occur also by means of the
radical CH, : CR.C0O.0.0.CH,.CR(CHO)-, whose transfor-
mation leads to formation of the polyperoxide

R R
! |
CH,=C (R) —C (0) —00~—CHy—C (CHO) —0O0—CH,—C (CHO)—0O— . . .

Only fragmentary data are available on the nature of
the molecular products of chain termination in the oxida-
tion of aldehydes. For example, butane-2,3-dione, formed
by the recombination of acyl radicals, has been identified?
among the oxidation products from acetaldehyde in benzene
solution with low concentrations of oxygen at 70°C. The
oxidation of benzaldehyde in acetic acid®® yields benzoyl
peroxide, perhaps because of chain termination by reac-
tion (12). Acetic anhydride among the oxidation products
of acetaldehyde was attributed5¢ to chain termination by
the reaction RCO* + RCOO-, but no experimental results
were given in support.

Because of the great length of the chain, products of
termination are formed in very small quantities, and can-
not always be identified. Table 1 gives data on the length
of the chain in the oxidation of aldehydes.

Mechanism of Formation of Molecular Products

Molecular products may be formed both from the radi-
cals responsible for the chain process and from valency-
saturated molecules. The RCOO-* radicals formed at the
stage of degenerate branching by decomposition of peroxy-
acids readily undergo decarboxylation:

RCOO" & R* 4 €O, (13)
However, if an aldehyde is present in the system, com-
petition by reaction (8) noted above results in formation of
a far smaller quantity of carbon dioxide than from decom-
position of the peroxy-acid in an inert solvent. Thus addi-
tion of acetaldehyde in the decomposition of acetyl peroxide
in benzene solution at 70°C lowered the yield of carbon
dioxide from 80 to only 25 mole % of the peroxide decom-
posed 44,

Carbon dioxide may be formed also from acylperoxy-
radicals:

RCO00'—RO" + CO,. (14)
However, no experimental results have been published on
this reaction. It has merely been postulated s among
other hypothetical reactions possible in the oxidation of
acrylaldehyde.

The formation of carbon dioxide in the oxidation of
acetaldehyde by air was studied®® in benzene solution under
50 atm at 60°C. Hardly any carbon dioxide was formed in
a glass reaction vessel, which indicated that reaction (14)
occurs predominantly by a heterogeneous mechanism.
This is confirmed by the increased yield of carbon dioxide
produced by increasing the ratio of surface to volume of
the reaction vessel.

Carbon monoxide is probably formed by the decomposi-
tion of acyl radicals57:

)
RCO* —CO +R° (15)
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Acids are formed in the oxidation of aldehydes as a
result of reaction between the aldehyde and the peroxy-
acid:

K
RCCOOH + RCHO 2 X, (16)
X 225 RcoOH. (1

It was suggested5S® that this reaction involves the inter-
mediate formation of a compound X (an “adduct”) having
the structure R.CH(OOH)-O.CO.R. A detailed study was
made of the kinetics of the formation of acetic acid in the
oxidation of acetaldehyde?®, The experimental results
were fully described by the kinetic scheme involving inter-
mediate formation of the adduct. The equilibrium constant
K, for acetaldehyde is 0.1-0.3 M at 25°C 55,58-80  and E, =
5.5 kcal mole~!, 5° Values of the rate constant k4 obtained
by several workers %,51,%2 for decomposition of the adduct
showed satisfactory agreement. Activation energies Ey» =
19 and 15 kcal mole~! were obtained®!,'?, The many inde-
pendent determinations and the good agreement among the
results indicate that K, and %;» may well be among the
most reliably determined elementary constants in the oxi-
dation of aldehydes.

There is considerable disagreement as to which classes
of aldehydes form an adduct. This was regarded 55,58,63,54
as occurring only in the oxidation of aliphatic aldehydes,
whereas aromatic aldehydes underwent direct oxidation

Row
RCOOOH —+ RCHO - 2RCOOH. (18)

Infrared spectroscopy did not reveal formation of an adduct
in the oxidation of benzaldehyde®, but the opposite con-
clusion was reached from kinetic ,%7 and spectroscopic 68
data. Formation of an adduct was stated ?5,%° to occur in
the oxidation of acrylaldehyde, but the same authors gave
a scheme5? from which the adduct was absent. The pres-
ent Reviewers consider that unambiguous evidence of the
existence of an adduct would be its isolation in pure form
from the reaction mixture at low temperatures. This
method was adopted 7 in studying the oxidation of acetalde-
hyde and butyraldehyde. Isolation of an adduct had been
achieved earlier " in the oxidation of another saturated
aliphatic aldehyde, undecanal. The question of the forma-
tion of an adduct in the oxidation of aromatic and unsatu-
rated aliphatic hydrocarbons cannot be regarded as
settled.

In the early investigations by infrared spectroscopy **
a hydroperoxide form of adduct was assumed to be present.
Examination of the nuclear magnetic resonance spectra of
products of the low-temperature oxidation of acetaldehyde
led to the conclusion? that the adduct could have two pos-
sible structures

00
N/
CH,C (0)—00—CH (OH)—CH,; CH;—&—0—CH (OH)—CHj,
@)y )

of which (@) was the more probable. Almost all authors
who postulated formation of an adduct during oxidation
assumed a similar structure. Kinetic study of the decom-
position of adducts from acetaldehyde and butyraldehyde
established 7° that decomposition occurred mainly by a
molecular mechanism via a cyclic intermediate complex
of type

A

N ,T*—O;C\O

ir-‘o

The presence of adducts is characteristic of the low-
temperature of oxidation of acetaldehydes. The quantity
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of adduct in the mixture is considerably diminished by
raising the temperature merely to 10-20°C, and the main
oxidation product becomes acetic acid 3,

Carboxylic acids may be formed in the oxidation of
aldehydes not only by breakdown of an adduct but also
directly from peroxy-acids as a result of their molecular
decomposition:

RCOOOH—»RCOOH+%05 (19)

This reaction was postulated on the basis of results
obtained by several workers 26,%,74,% i kinetic studies of
the decomposition of peroxy-acids. An almost 1009 yield
of carboxylic acid was obtained based on the peroxy-acid
decomposed, and evolution of molecular oxygen was
observed. The fact that inhibitors and initiators of radi-
cal reactions had no effect on the decomposition of peroxy-
acids was further evidence of molecular decomposition.
The activation energy of reaction (19), 16-24 kcal mole™,
is less than for the radical decomposition of peroxy-acids.
Decomposition of peracetic acid is a first-order reaction
with respect both to this acid and to acetic acid e,

III. PHOTOCHEMICAL OXIDATION—INITIATION OF
CHAINS

In the photochemical oxidation of aldehydes the reaction
mixture is usually exposed to ultraviolet radiation of wave-
length 2500~4000 A. On absorbing a quantum the aldehyde
molecule passes into an excited singlet state S,, from
which a radiationless transition can occur to a metastable
triplet state 7,.

At sufficient aldehyde concentrations the excited mole-
cules are deactivated by interaction with aldehyde mole-
cules in the ground state, while free radicals are produced,
and initiate the chain process. Since the lifetime of the 7T,
state greatly exceeds that of 5;, radicals are most proba-
bly formed by autodeactivation of the 7, state. In the gas
phase, e.g. with benzaldehyde, the lifetimes of S, and T
states are 1.6 us and 2 ms respectively??, In the photo-
chemical oxidation of benzaldehyde the initiation of chains
was regarded ® as resulting mainly from reaction between
an aldehyde molecule in the triplet state and an unexcited
molecule:

CeHCHO + hv — CgH ,CH—0;
CoHyCH—O+ CgHgCHO — CgHyCO +CyHyCHOH.

This quite widely held view on the mechanism of chain
initiation in the photochemical oxidation of aldehydes 79,2
is contradicted by results obtained at low partial pressures
of oxygen (54~450 mm) in an investigation®! of the oxidation
of decanal in decane solution with x = 3130 A at 10°C. It
was concluded ® that at low oxygen pressures radicals are
initiated mainly by reaction between an oxygen molecule in
an S, state and an unexcited aldehyde molecule. At higher
pressures both S, and 7, are involved in radical formation.
It has been recommended that special additives which
readily produce free radicals under the influence of light,
e.g. butane-2,3-dione, be introduced in the oxidation of
heptanal3s, in order to improve the efficiency of photo-
chemical initiation. On absorption of a quantum (A =
4358 A) the dione passes into an excited singlet state, which
is converted almost quantitatively into a triplet state. The
latter is deactivated mainly by reaction with molecular
oxygen, and free radicals are formed. With this method of
initiation the rate of generation of chains is constant during
oxidation.
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Photochemical initiation is an efficient method of intens-
ifying oxidation which finds practical application for obtain-
ing oxidation products of aldehydes. In photochemical
oxidation the above reactions of chain termination (10)-(12)
are probably accompanied by destruction of radicals on the
molecules of certain oxidation products. This may explain
in particular why the oxidation of aldehydes gradually slows
down with time. Thus it was suggested # that the compound

OH OH OH OH

\
H—IC—(IZ—CI—CZO , 06-

10
Ar Ar Ar Ar

formed in the liquid-phase photolysis of benzaldehyde, may
act as an inhibitor. Preliminary photolysis of heptanal in
an oxygen-free medium lowers the rate of a subsequent
oxidation!?’. The oxidation of benzaldehyde slows down at

a time when considerable quantities of aldehyde are still
present in the mixture®, Some quantities (1-2%) of
salicylaldehyde and phenol, which are inhibitors, have been
shown to be present.

A study of the photochemical oxidation of benzaldehyde
in the presence of quinol as inhibitor established that the
absorption of one quantum by an aldehyde molecule initiates
only one reaction chain. Since the act of initiation pro-
duces two radicals, C4H,CO« and C¢H CH(OH)-, this
result was explained by the destruction of one of the radi-
cals according to the scheme

N .. +0,
CeHsCHOH + CgHsCHO — CqHsCH(OH)—O—CH—CgH; —
—» CgHsCH(OH) —O—CH(O0) —CeHj «

It is assumed that the rate of this reaction in pure benz-
aldehyde will be comparable with the rate of the reaction
between C,H,CH(OH)- and molecular oxygen. The result-
ing radical tends to form intramolecular hydrogen bonds

HCon O\ el
4
H (l)—}g-—é)\“

N

which is responsible for its characteristic reactivity.

The phenomenon of autoinhibition noted in papers on
photochemical oxidation has been observed also in the
thermal oxidation of benzaldehyde. This can be attributed
both to the inhibiting effect of certain oxidation products
and to possible deactivation of the catalyst in the later
stages of catalytic oxidation®, Thus phenol has been
detected in the thermal oxidation of benzaldehyde®, and
is-formed as secondary product of the reaction between
benzaldehyde and perbenzoic acid®?, its quantity being
greater the more strongly electron-donating is the para-
substituent in a substituted benzaldehyde.

IV. CATALYSED OXIDATION

Catalysts, mainly compounds of metals of variable
valency, are widely employed to increase the rate and the
selectivity of the oxidation of aldehydes. Published infor-
mation relates mainly to homogeneous catalysts, but con-
siderable interest has recently been taken in the use of
heterogeneous catalysts. Introduction of a catalyst leads
to a significant change in the mechanism of the process.
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Initiation of Chains

Initiation may result from interaction of the catalyst
with a molecule of a peroxy-acid or an aldehyde, which can
be represented schematically

kar
M7 _{ RCOOOH — M@+ OH- 1. RCOO"; (20)
Rgw
ME*D* - RCHO X pn# -+ H* 4 RCO'; (21)
hgns
MO+D+ 4+ RCOOOH 2> mn* 4 H* + RCO0O". (22)

Reaction (20), involving oxidation of the catalyst ion, is
usually far more rapid than (21) and (22). Its rate depends
on the nature of the metal ion 38,84, but for the most com-
monly used homogeneous catalysts—cobalt, copper, and
manganese salts —its rapidity leads to the presence of the
catalyst ions almost entirely in the state of higher valency
during the reaction. The oxidised form of the ion may
generate free radicals as a result of reaction with the ini-
tial aldehyde or with the peroxy-acid. The rates of these
reactions were measured3®, and the rate of (21) for benz-
aldehyde was deter mined by independent measurements in
a mixture of acetic and sulphuric acids. The rate constant
obtained agreed satisfactorily with that of chain initiation
determined from the consumption of inhibitor during the
oxidation of benzaldehyde.

From this it was concluded that reaction (21) was
responsible for chain initiation in the oxidation of benz-
aldehyde in the presence of a catalyst. This view was
fairly widespread in the literature until quite recently, but
it can hardly be accepted as soundly based. Firstly, the
consumption of inhibitor can be related only to the total
rate of interaction with radicals, whereas free radicals
are formed primarily by the uncatalysed reaction (2) or
(3). After a certain quantity of peroxy-acid has accumu-
lated, radicals are formed by reactions (21) and (22).
Considerable inaccuracy is due also to the fact that the
measured 3 rate of reaction (21) is far too high, because
the rate constant obtained in sulphuric-acid medium
exceeds significantly its value in an inert solvent 3, More-
over, the same work3® gave k,» = 0.06 M s™!, and the
rate constant of reaction (22) as 0.8 M s™!, which contra-
dicts the authors' statement that reaction (21) predomi-
nated in the initiation of chains. Measurements of the
rates of reactions (21) and (22) in acetic-acid medium
during the oxidation of benzaldehyde gave values of 8 x
107 and 7 x 1077 M s~! at 30°C. 3 The rate of the uncata-
lysed initiation (2), determined under the same conditions
for comparison, was 1.3 X 1078 M s~!, A similar ratio of
rates of (21) and (22) has been observed & in the oxidation
of t-tolualdehyde.

Thus the main reaction responsible for the formation of
free radicals in the catalytic oxidation of aldehydes is
interaction of an oxidised form of a metal ion with a hydro-
peroxide. This reaction probably cannot be regarded as
the elementary stage described by Eqn.(22). It must be
remembered in particular that, in the presence of a cata-
lyst, decomposition of the peroxy-acid induced by free
radicals is possible. Such induced decomposition has
been observed e.g. in the presence of cobalt and iron
salts %,

As shown for the oxidation of hydrocarbons ®, it is
assumed that free radicals are generated in the oxidation
of aldehydes through formation of an intermediate complex
between the catalyst and an aldehyde or a peroxy-acid
molecule. Kinetic evidence of the formation of complexes
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with the catalyst has been obtained for perbenzoic acid®s,
benzaldehyde 37, peroxypropionic acid’®, and peroxyacrylic
acid®’. It was shown®’ by spectroscopic methods that,
when complex compounds are used to catalyse the oxida-
tion of acrylaldehyde, an aldehyde molecule takes the place
of one of the ligands, being coordinated through its car-
bonyl group with the central atom of the catalyst. The
same views on the entry of an aldehyde molecule in
hydrated form into the coordination sphere of the Co3* ion
have appreared® in a study of the oxidation of pyridine-
carbaldehyde in aqueous medium. An oxygen molecule
may enter the intermediate catalytic complex®,%°, On the
whole, however, the question of the existence and the role
of catalytic complexes in chain initiation has been devel-
oped in considerably less detail than for the oxidation of
hydrocarbons, where the decisive role of such complexes
in the breakdown of hydroperoxides has been proved
unambiguously by both kinetic and physical methods 91,92,

In the presence of a catalyst chains can be initiated not
only by reactions (20)-(22) but also by detachment of
hydrogen from the alkyl group 34,°3:

RCH,CHO + Mn®* — RCHCHO + Mn®" -+ H*. (23)
Acyl radicals are then formed by a secondary reaction:
RCHCHO -+ RCH,CHO — RCH,CHO -+ RCH,CO* (24)

This mechanism of initiation was supported by the isotope
effect kyy/kp = 5.5-6.0 obtained for a-deuterated acet-
aldehydes, whereas no isotope effect was present when the
carbonyl hydrogen was replaced by deuterium. Additional
evidence for reaction (23) is the detection in the mixture,
on addition of an alkene, of products formed by addition of
« CHR.CHO radicals to the double bond of the alkene®3,

In the homogeneous catalysis of the oxidation of alde-
hydes, as in the uncatalysed ocidation, chain-initiating
reactions may involve either the free peroxy-acid or its
addition product with the aldehyde (an “adduct”). The
relative concentrations of adduct and free-peroxy acid,
and hence their contributions to the generation of free
radicals, depend mainly on the temperature and the alde-
hyde concentration. Cobalt salts accelerate decomposition
of the adduct at temperatures above 10°C. A molecular
reaction has been postulated®¢ leading to oxidation of the
cobalt by interaction between the catalyst and the adduct:

CH,C (O)OOCH(OH) CHg -+ 2Co(COCCH), -+ CH,COOH — 2Ca(O0CCH,)y-+CH;CHO-+H,0,

Another postulate®5,% is radical decomposition of the
adduct:

Co%* - CHyCH(OH) —00—C (O)CH, — Co** -+ CH,CH(O)OH + CH,CO0~ .

These reactions become more important at high aldehyde
concentrations, when the equilibrium between the peroxy-
acid and the adduct is displaced towards formation of the
latter. With decrease in the aldehyde concentration reac-
tion (20) becomes the main process converting the metal
ion to a higher valency state. The oxidised form of the
metal is obviously able to interact not only with the peroxy-
acid but also with the adduct to form free radicals.

Decomposition of Peroxy-acids

In the presence of a catalyst a peroxy-acid may undergo
decomposition not only by reactions (20) and (22) but also
by homolysis of the oxygen—oxygen bond, as has been
proved57,%7,°8 by the formation of carbon dioxide (resulting
from decarboxylation of RCOO- radicals—products of the
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cleavage of peroxyacrylic and peroxytoluic acids at the
peroxy-bond).

In the presence of catalysts peroxy-acids undergo not
only radical but also molecular decomposition with forma-
tion of the corresponding carboxylic acids. Molecular
breakdown has been established for peroxyacrylic 57,
peroxypropionic 57, and peroxybutyric ® acids. It is signi-
ficant that this process is observed mainly when carboxylic
acids are used as solvents. In the presence of a hetero-
geneous catalyst— silver oxide—decomposition of per-
acetic acid in the presence of acetic acid takes place by a
molecular mechanism at temperatures of 20-40°C, 26
When the temperature is raised to 70°C, a small propor-
tion of the peroxy-acid breaks down into radicals at the
oxygen-oxygen bond. The rate of decomposition of the
peroxy-acid diminishes with increase in the concentration
of silver oxide.

Chain Propagation

In b