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OF THIOLS PROMOTED BY BIFUNCTIONAL POLYMER-BONDED
COBALTPHTHALOCYANINE CATALYSTS
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P. O. Box 513, 560C MB Eindhoven (Tne Netherlands)

(Received March 18, 1980)

Summary

Bifunctional cataiysts composed of a polymeric base and a cobalt-
phthalocyanine were applied to the oxidation of thiols (RSH) to disulphides
(RSSR). During this reaction hydrogen peroxide (H2Oa) is produced and
<ensumed simultaneously. A mechanistic interpretation of the production of
H,0, is presented and it is furthermore demonstrated that the base catalyzed
reaction of RSH with H;0, caa account for the measured conversion of
H305. The consumption of H,O, by the reaction of H,O, with the poly-
meric amine groups and the disproportionation of H,O, into O, and H,O
(catalyzed by cobaliphthalocyanines) is found to be of minor importance in
the investigated reaction system. The reaction of RSH with H,;0, results
mainly in the formation of RSSR, but is has been shown by IR measure-
ments that also small amounts of sulphur-containing oxy-acids are formed.
The observed deactivation of the bifunctional catalytic systems resiits from
the poisoning of the essential basic sites of the catalysts by these sulphur-
acids. Although some decomposition of the cobaltphthalocyanine by H.O,
occurs, it is proved that this oxidative destruction is not the primary cause of
the deactivation.

Introduction

The reaction of thiols with metal complexes has been known for aver
50 years. Interest in the inferaction of thiols with metals focusses on the
biological importance of the sulphydryl groups and the possible relationship
of model systems to cytochrome P-458 [1, 2] . Furthermore, studies on the
reaction of thiols with metals have also been performed with the aim of
vnderstanding the ~atalytic behaviour of metals in the oxidation of thiols.
The knowledge concerning the catalytic oxidation of thiols is applied in
industrial processes for the purification of oil products [3, 4]. In the petro-
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leum industry the thiol contamination of hydrocarbo:s is a prevailing prob-
lem because thiols possess an obnoxious odour and corrosive properties.

It is now well established that thiols (RSH) can be readily oxidized to
disulphides (RSSR) in basic media using metal ions [ 5, 6] or metal complexes
[7, 8] as catalysts. Recently [9 - 11], we have shown that a particularly
active catalyvtic system is obtained when using a polymeric base — instead of
the commonly applied alkaline hydroxide — in combination with a cobalt-
phthalocyanine (CoPc} as oxidation site. The reaction pathway for the oxi-
dation of thiols in our system may be represented by a set of consecutive
reactions (egns. (1) - (3)).

®—NH, + RSH = (@)—NH3RS™ )
2 (® —NH3RS™ + O, 2= 2(@®) —NH, + RSSR + Hy0, (2)
2 ®)—NH3RS™ + H,0, — 2(® —NH, + RSSR + 2H,0 (3)

While the activity oi the bifunctional polymeric catalyst in aqueous
media is appreciably higher than the activity of the traditional CoPc/NaOH
system, a serious drawback limiting the practical applicability of the poly-
meric system is the loss of activity observed in successive runs [9, 10].
Rollmann [12] applied similar bifunctional catalysts composed of polymer-
bonded porphyrins to the oxidation of thiols and noticed also a rather rapid
ageing of his catalyst. He ascribed this deactivation to decomposition of the
porphyrins by free radical processes.

We, however, have assumed [9, 10] that the deactivation of our poly-
meric catalytic system is caused by traces of sulphur-containing oxo-acids. A
strong acid may occupy the basic groups of the polymer, thus hindering the
thiolate groups from coordinating to the polymeric base (i.e. inhibition of
reaction (1)). Presumably, these sulphur-containing oxo-acids (RSO, H) are
formred in traces by thereaction of H,O, with RSH, while disulphide (RSSR)
is the main product of this particular reaction (see eqn. (3a)).

(2 +b)RSH + (1 + bx)H,0, ~ RSSR + bRSO.H + (2 + bx)H,O (3a)
(b<1,x<3)

This hypothesis is in agreement with literature data [13] revealing that in
industrial processes for the remcval of mercaptans problems might also occur
(i.e. consumption of base and formation of coloured products), due to over-
oxidation by H,O>.

It is the scope cf the present article to describe the role of H,0O, in the
reaction system and to clarify the way of deactivation of the bifunctional
catalysts. Obviously, a sound explanation of the behaviour of H,0, during
the catalytic oxidation can only be obtained when taking into consideration
all possible reactions of H,0,. Therefore, in this investigation we have
studied not only the various reactions of H,0, with RSH, but also the reae-
tion of H,0, with the amine groups of the polymeric carrier, the decomposi-
tion of CoPc by H,0, and the disproportionation of H,0, catalyzed by
CoPc.
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Experimental

Reagents and methods

The applied thiol, 2-mercaptoethanol (Merck), was distilled before use
and carefully kept under nitrogen. H,0, (30%) was obtained from Brocacef
B.V. and used as purchased. Distilled and deionized water was used through-
out the experiments. The measurements on the activity of the catalysts for
the oxidation of 2-mercaptoethanol were carried out as described in a pre-
vious article [10].

The concentrations of H,0, were determined spectrophotometrically
using TiCig—H,0, as reagent [14]. In solutions containing thiol these latter
measurements have to be carried out immediately after sampling. In this way
a possible error due to the oxidation of RSH with Ti(IIlI)}-H,0; [1] can be
avoided.

Preparation of the catalysts

Details or the preparation of the tetrasodiumsalt of cobalt (II)-tetra-
sulphophthalocyanine (CoPc(SQ;Na),}, cobalt (II}-tetracarboxyphthalo-
cyanine (CoPc(COOH),), cobali(ll)-tetraaminophthalocyanine (CoPe-
(NH,),), poly(vinylamine) (PVAm) 2nd of the coupling of cobaltphthalo-
cyanines to PVAm have been described previously ([10, 15] and references
therein). CoPc(NH,), was coupled by means of 2, 4, 6-trichloro-s-triazine
[16] to the amine groups of Enzacryl AA (Le. a porous crosslinked poly-
(acrylamide) with aniline-substituted acrylamide groups supptied by Koch-
Light Laboratories Lid.). ) )

CoPc(NH,), was also coupled (using the same methad) to an Enzacryl
AA sample which was modified by amine groups (Le. with bis(3-amino-
propyl)-amine) according to the method given by Inman and Dintzis [17].
The amine-modified Enzaeryl AA sample contained 2.1 umol amine per mg
(measured by titration with 0.1 N HCI).

Apparatus

Optical spectra were recorded with 2 Unicam SP 800 spectrophoto-
meter. IR spectra were measured on Hitachi EPI L and Grubb-Parsons IR
spectrophotometers. The pH measurements were carried out using a Radio-
meter type TTT lc apparatus.

Results and discussion

(a) The concentration of H,0, during the catalyzed oxidation of RSH

In 2 previous article [11] we have shown that the activity of catalysts
consisiing of ccbali(ll)-tetrasulphophthalocyanine (CoPc(SQ3;Na),) and
poly(vinylamine) (PV Am) for the autoxidation of 2-mercaptoethanol (RSH)
increases with increasibg amine content at constant CoPc(SO;Na), concen-
tration. Qur present measurements of the concenfration of hydrogen per-
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Fig. 1. The accumulation of H»O5 as a function of the amount of poly(vinylamine)
during the oxidation of 2-mercaptoethanol using 10~ ~® mol CoPc(SO3Naj, (condltlons
14.25 mmol thiol; T = 24 °C; p(O53) = 1 atn; reaction volume, 75 ml). (a) 10 °, (b)
104 ,and (¢) 5 x 10 * mol amine.

Fig. 2. The influence of the addition of NaOH on the concentration profile of HpO»
during oxiaation of 2-mercaptoethanol using PVAm with covalently attached CoPc-
(COCH),4 (9 x 10> mol 2mine/3 X 10~ ° mol Coj as catalyst (corditions, see Fig. 1). (a)
no add:itional base, and (b) 9.1 mmol NaOH added.

oxide fermed during reaction reveal that also the level oi H,0O, accumulation
depends strongly on the content of polymeric amine in the reaction mixture.
From the results presented in Fig. 1, it is obvious that the amount of H,O,
present diminishes with increasing amine concentration. Evidently, the
amount of polymeric base in the bifunctional catalyst is of considerable
importance for both the catalytic activity and the level of H,O, accumnula-
tion. A relatively high excess of polymeric amine groups as compared to
CoPc molecules favours the rate of oxygen uptake and diminishes the accu-
mulation of H,0,.

The amount of H,05 in the reaction system decreases not only with
increasing PVAm conient (cf. Fig. 1), but decreases also substantially on
addition of sinall amounts of NaOH. This is demonstrated by experiments
performed with cobalt(Il)-tetracarboxyphthalocyanine (CoPc(COOH),)
covalently bonded to PVAm (see Fig. 2). Comparable results have also been
obtained using CoPc(SD;Na),: the structural differences between CoPc-
(COOH),; and CoPc(SO3;Na), are at least in this case of minor importance.

Obviously, the concentration—time dependence of H,O, (cf. Figs. 1 and
2) can only be explained when taking into consideration production as well
as conversion of H,G,.

(5) Production of H,O»

The overall stoichicmetry of the oxidation of RSH by O, in an alkaline
solution with transition metal compounds as catalysts is represented by
ARSH + O, - 2RSSR + 2H,0. In such conventional systems no H,O,; was
detected [10] and so a direct four-electron reduction of O, to H;O by means
of the catalysts could not be excluded.
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Fig. 3. The accumulation of H; G2 as a function of the amount of CcPc(SO3Na), during
the oxld.ahon of 2-mercagboeﬂzsnol using 10 % mol amine (as PVAm; conditions, see Fig.
1). (2) 10~%, gnd (b) 107" mo’ CaP(SOzNa)..

Fig. 4. The infiluecce of the amount of amine on the ratio of the amount of Hy O3 and
the amount of consumed O, during the oxidation of 2-mercaptoethanol cata.lyzed by
CoPc(SO3Na)g(10” —8 mol)/PVAm complexes (canditions, see Fig. 1). (2) 10" >, (b) 10 *
and (¢) 5 X 10" * mol amine.

On the other hand, we have found that with CoPc bonded on polymers
with amine groups, H,0, was present as an intermediate and the amount of
H,O, depended strongly on the amount of CoPc in the reaction mixture (see
Fig. 3). From measurements at low famire] /[CoPc] ratios (Fig. 4), it can
even be concluded that all O, consumed by the thiol oxidation is converted
to H,0, before it is reduced to H,0. Our results strongly indicate that the
production of H,O, is catalyzed by CoPc and in analogy with a mechanism
suggested previously [3], we present in schem= I a mechaanistic interpretation
of the production of H,0, during thiol oxidaticn with cobaltphthalo-
cyanines.

RS"—CO!
RS— \
CO“ RS—Co''—03
m /
RS'—Co™! H
RSSR 02
H20,
Scheme 1.

(c) Conversior of H>O»

In order to establish the precise role of H,O, during the catalytic oxida-
tion of thiols, the various peossibilities for the conversion of H2O, have been
investigated separately.

We have found that the uncatalyzed decompasition 6f HyQ; according
to eqn. (4) does not cortribute considerably to the conversion of produced



20

H505: the rate of reaction (4) is some orders of magnitude lower than the
rate of H,0, conversion during thiol oxidation with bifunctional catalysts.
Our results are in agreement with literature data [18] demonstrating that
the decomposition of H,O, is a very slow reactior in the absence of transi-
tion metal ions.

2H,0, —» 05 + 2H,0 “4)

The decomposition of H,Os according to egn. (4) is catalyzed by vari-
ous metal ions and metal ion complexes [19, 20]. In biological systems,
peroxide decomposition is carried out by the enzyme catalas2, which is a
heme iron protein containing four hemin groups per molecule, each hemin
moiety consisting of high-spin iron (II1) in a protoporphyrin IX ring [20].
The catalase-like activity of various metallophthalocyanines has been investi-
gated in recent years because of the structural similarity of phthalocyanines
with the naturally occurring porphyrins. Also, CoPc(SO3Na); has shown
catalytic activity for the H,O, disproportionation reaction, although it has
been proved by several authors [21, 22] that Fe-phthalocyanines are consid-
erably more active catalysts. However, the available turnover numbers for
the decomposition of H,0, catalyzed by CoPc(SO;Na), are much lower than
the tumover numbers usually encountered in the production of H,0, during
RSH oxidation with pclymer-bonded phthalocyanines. A typical value for
the turnover number of the decomposition of H,0, in a polymer-free
CoPc(SO;Na), solution (at pH = 8 and T' = 25 °C) is 1 min~! [23], whereas
with our bifunctional system the turnover number for the production of
H,0, is of the order of 10% min~!. Evidently, it is very unlikely that the
CoPc is able to provide a significant contribution to the conversion of H,O,
during the thiol oxidation experiments.

Moreover, in the presence of an excess of poly(vinylamine) (i.e.
[amine] /[CoPc] > 200 as is usual in catalytic experiments) CoPc(SO;Na),
has virtually lost its catalytic activity for decomposition of H,0O,. This is
confirmed by visible light spectroscopy on solutions containing for example
1073 mol/l H,O, 1073 mol/l amine and 2 X 10~¢ mol/i CoP(SO;Na),
(see also ref. 11); even after 2 h no perceptible change occurred in the
spectra. Nevertheless, bubbling of oxygen through these solutions imme-
diately caused the formation of binuclear cobalt dioxygen adducts (see ref.
11), while in a polyvmer-free solution both the addition of H,O, as well as
ihe bubbling through of oxygen immediately produced these binuclear
dioxygen adducts.

Evidently, the presence of PV Am inhibits the interaction of H,0, with
CoPc(SO3Na),. The above observations strongly suggest that amine groups
of the polymeric base compete with H,0, for the ‘free’ coordination posi-
tions at the cobalt nucleus. Waldmeier ef al. [23] have reported a fall in the
catalase-like activity of CoPc(SO,;N2a),; on addition of imidazole. They
explained this phenomenon by taking into account an obstruction of the
two ‘free’ ligand positions at the catalyst by imidazole. Unfortunately, their
explanation is not directly applicable to our system, because ESR-measure-
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ments have shown that the formation of complexes of PVAm and a CoPc
includes the coordinative interaction of amine groups of the polymer with
only one apical site of the cobait complex [10]. In such a case still one
apical site of the cobalt complex is left available for an entering peroxide
molecule.

However, Sigel et 2l [24] and Barteri et al. [25] have shown recently
a drastic loss of catalase-like activity of trans-Co and -Fe complexes when
only one of the two available coordination positions is blocked by a ligand
not displaceable by H,O, molecules. Qur present experiments reveal that the
addition of PVAm to CoPc(S0O;Na), results in 2 dramatic fall in catalase-like
activity, and confirm the idea [24, 25] that an intramolecular dual-site
mechanism for the eatalytic H,0, decomposition is far more efficient than a
single-site mechanism. _

A third possibility for the conversion of H,O, is formed by its reaction
with the primary amine groups of the carrier resulting in the formation of
hydroxylamines, which in turn are susceptible to further oxidation into
primary nitro compounds [26].

H:02 H502
e

R—NH, —2 R—NHOH R—NO, (3)

Experimental work has not given any indication that reaction (5) occurs
with poly(vinylamine) under our catalytic conditions: IR measurements have
demonstrated that PVAm is not affected in aqueous sclutions containing
peroxide in a concentration comparable with that usually encountered
during oxidation experiments with bifunctional catalysts. Furthermore, we
found that pretreatment of a bifunctional PVAm/CoPc(SO;Na), catalyst
with H,0, for 1 h before the start of a catalytic run results in the same high
reactionrate as in the case that the catalyst is freated with H~O, immediately
before the start of the RSH oxidation reaction.

Finally, the reaction of H,0, with RSH has been investigated. This
reaction has alreadyv been proposed by us as being the main reason for the
consumption of H,0, during thiol oxidation [10]. The results of the reac-
tion of RSH with H,Q, in the presence of NaOH and PVAm with exclusion
of O, and CoPc are presented in Fig. 5. It appears that the reaction rate
strongly depends on the amount of added base. Comparison of the messure-
ments performed with equivalent arnounts of NaOH and amine groups (see
Fig. 5) reveals that the reaction rate is higher when using NaOH. Comparing
both types of base one has to realize that use of polymeric base nas advan-
tages as well as disadvantages: in the catalytic conversion of RSH the high
local concentration of both RS~ and CoPc(SO3Na),. at the polymer gives the
polymeric system a strong advantage compared with the system using NaOH.
On the other hand, in case of reaction of RSH with H,0,, the H,0, will not
become attached to the polymer and then the inhomaogeneous distribution
of basie sites in the solution is a disadvantage causing diffusional limitations,
Addition of CoPc(SO;Na),; (10~ 7 mol) or bubbling of oxygen through the
solutions had no noticeable influence on the observed rates of reaction of
H,O0, with 2-mercaptoethanol.
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Fig. 5. The conversion of Hs 05 as a consequence of its reaction with 2-mercaptoethanol
as a function of the added base (conditions: T = 23 °C; p(O32) = 1 atm; reaction volume,
75mi; 14.25 mmol thiol; [H2053] = 1.6 X 10~2 mol/1). (2) no base, (b) 10~ * mol amine
(as PVAm), (c) 19 ¥ mol NaGH, (d) 5 x 10™* mol amine (as P°VAm), and (e) 5 x 10~ 4
moel NaOH.

QOur results are in agreement with the literature data concemning the
reaction of H,0O, with other thiois [27, 28] . Barton et al. [27] have investi-
gated the reaction of H,0, with cysteine and cysteamine in the pH range
6 - 11. These authors have demenstrated that their kinetic results can be
explained by a mechanism in which the rate-limiting step consists of a nucleo-
philic attack of the thiclate anion on an oxygen atom of H,O,. Most prob-
able the reaction of the nucleophilic RS~ species with H,O, occurs via
simple S;2 substitution reactions, as shown in eqns. (6) and (7).

RS™ + CI)—O—H RS—OI + OH™ (6)
H H

RS™ + RS—(? —— RSSR + OH™ (7)
H

The rate of reaction of H,0O, with RSH that is derived from Fig. 5
agrees with the rate of the consumption of HaO, during oxidation of RSH
with the bifunctionai catalysts. This demonstrates that this reaction is the
main way for conversion of the H,O, formed.

(d) Deactivetion of the catalysts

Although the reaction between RSH and H,O, results in a highly selec-
tive formation of disulphides, literature data [28] show that small amounts
of higher oxidation products may be formed. Scheme II displays some inter-
conversions which are possible between the sulphur functional groups start-
ing from thiols [1] . Some of the steps shown in this scheme may be bypassed
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and alternative hydrolytic products may be possible. The main end product
to be expected is sulphonic acid due to the instability of most of the other
oxidation products {26]

RSH —— RSOH —— RSO,H —— RSO;H

thiol sulphenic acid sulphinic acid sulphonic acid
RSSR RSOSR —— RSO.SR
disulphide thmsu_lphmate thiosulphonate
\ R502802R /
a-sulphonylsulphone
Scheme I1.

In order to check the formation of sulphur-acids in our catalytic system
we have carried out the following set of experiments. Firstly, an oxidation
experiment has been performed with cobali(II)-tetraaminophthalocyanine
(CoPc(NH;),) coupled with the aid of 2,4,5-trichloro-s-triazine to Enzacryl
AA (20 mg of this heterogeneous catalyst containing 0.25 wt.% of Co was
applied) as a catalyst using 6 mmol of NaOH and 1 ml (14.25 mmol) 2-me:-
captosthanol (RSH). As expected, during this experiment no H,O, accumu-
lation could be detected and we assume the disulphide (RSSR) is produced
with high selectivity. Having completed the conversion of RSH, the catalyst
was separated and the reaction mixture neutralized with 0.1 N HCl. A small
part of this solution was poured into a beaker and carefully concentrated by
flushing with oxygen-free nitrogen. Application of this concentration method
during one night resulted in a highly viscous product. The IR spectrum of
one drop of this material between Csl discs is given in Fig. 6(a).

When 25 ml of an agueous 0.1 M H,O, solution is added to 25 ml of
the neutralized solution (containing 1.4 mmol RSSR) and the resulting mix-
ture is concenirated at ambient temperature as just described, the material
obtained shows an IR spectrum as depicted in Fig. 6(b). In the latter spec-
trum absorption peaks show up that are absent in Fig. 6(a) and which can
be assigned to sulphur-confaining oxo-compounds (see for instance ref. 29),
i.e. 1312 (0O=8=0, asymm.), 1118 (0=8=0, symm), 612 (5—0;), 560 and
525 cm™ ! (5—0;).

Subsequently, we have performed an RSH oxidation experiment using
a bifunctional catalyst in the absence of additional alkaline base (Le.
Enzacryl AA modified by amine groups and CoPc{NH;); coupled to this
carrier using 2,4,6-trichloro-s-triazine as coupling agent, see experimental).
Using 10.7 mg of this heterogeneous catalyst (containing 0.66 wt.% of Co)
for the conversion of I ml (14.25 mmol) RSH under standard conditions we
observe — as expected — the accumulation of H,O, in the reaction mixture.
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When after complete conversion of the thiol the reaction mixture is subjected
to the same concentration prccedure as described above, we obtain a product
which gives the IR spectrum shown in Fig. 6(c). Comparison of the latter
spectrum with Fig. 6(a) and 6(b) reveals that the characteristic peaks of
sulphur-containing oxo-acids are also present in spectrum 6(c). In conclusion,
we have shown the possibility that small amounts of sulphur acids may be
produced during the autoxidation of thiols with bifunctional catalysts.

In 3 previous article [9] we have demonstrated the essential role of the
basic groups in our bifunctional catalysts. It was found that addition of a
stoichiometric amount of HCI was sufficient for a dramatic decrease of the
catslytic activity. Poisoning of the basic sites of the polymeric catalysts will
also occur when sitrong sulphur-containing oxo-acids are formed during the
catalytic oxidation of thiols. Due to the excess of RSH in relation to the
amount of catalyst in our oxidation experiments, stoichiometric amounts of
basic grouvps and strong sulphur acids are already obtained when a low per-
centage (<1%) of ithe amount of RSH is converted to sulphur acids.

The known sensitivity of metallophthalocyanines towards oxidative
destruction promptad us to ccensider aiso deactivation of our bifunctional
catalyst by means of decompaosition of CoPc by H,0,. The instability of
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metallophthalocyanines and related chelates is thought to be caused by
direct demetallation and by hydroxylation of the mesopaosition followed by
ring cleavage and demetallation [30, 31].
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Fig. 7. The destruction of CoPc(S03Na)s (2.5 x 10~€ moln) bf H,05 (1.3 X 10" 2 mol/l)
according to visible light spectral measurements at 15000 cm ~ determined as a function
of pH (at embient temperature). (2) pH 190.2, (b) pH 9.1, and (c) pH 5.8.
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We have investigated the decomposition of CoPc(SO;Na), as a2 function
of the pH. It appears that in polymer-free solutions the stability of CoPc-
(SO;N2), is increased at higher pH-values (see Fig. 7). However, in the pres-
ence of excess PVAm, as uvsual in our catalytic experiments, the degradation
of the phthalocyanine did not show up. This shows once again that the pres-
ence of PV Am inhibits the interaction of H,0, with CoPe{SO;Nz),. When
the bonding interacticn between the amine groups of PVAm and the CoPc is
hindered, for instance by addition of acid, the interaction of H;O, with CoPe
is not prohibited anymore. In the latter case decomposition of CoPc does
occur. Such a situation may arise when during RSH oxidation with the bi-
functional catalyst, a low pH (pH < 6) is generated as a consequence of the
formation of strong sulphur-containing oxo-acids.

An oxidation experiment with CoPc(SO3;Na).(10~7 mol)/PVAm (10— ¢
mol amine) as catalyst has revealed that after five runs (each run carried out
with 14.25 mmol 2-mercaptoethanol as substrate) 30% of the original amount
of CoPc(SO;Na); is decomposed, according tc visible light spectral measure-
ments at 15000 cm™ 1. However, the catalytic activity in the fifth run is only
+£2% of the original activity, so it may be concluded that deactivation of the
catalyst is not primarily caused by decomposition of CoPc(SO;Na),.

Conclusions

During the catalytic oxidation of thiol (RSH) to disulphide (RSSR} the
presence of H,O» can be accounted for by the reactions (8) and (9)

CoPc/hase
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2RSH + H,0: RSSR + 2H,0 (E)]

The relative rates of these reactions determine the amount of accumulated
H,O, in the reaction system and these rates can be varied with respect to
each other as is proven by the results given in Figs. 1 - 3. A crucizl aspect of
this coupled oxidaticn system is that only the production of H,O, (eqn. (8))
is catalyzed by CoPc, whereas the influence of CoPc on the conversion of
H,O0, is of negligible importance.

On the other hand, the role of base in the catalytic oxidation of thiols
is a more complicated one. In addition to the conversion of RSH into reac-
tive RS~ species, which is necessary for reaction (8} as well as for reaction
(9), the base also takes care of the neutralization of the small quantities of
sulphur acids formed according to scheme II.

The deactivation of the bifunectional catalysts in the absence of addi-
tional alkaline base is mainly the result of the poisoning of the basie sites by
these sulphur acids. Although decomposition of the CoPc in the bifunctional
catalysts has been observed, this is not the primary cause of the deactivation.
Furthermore, the contribution of the conversion of the amine groups by
H,0, to the poisoning can be neglected.

In reaction systems containing a surplus of NaOH a fair stability of the
catalytic activity was observed under our conditions and in such systems also
no perceptible H,O5 accumulation occurred (see also ref. 10). Hcwever, the
absence of a detectable amount of H,O, does not preclude its intermediate
production, since our present measurements have demonstrated that the base
catalyzed reaction of H,0, with RSH (eqn. (9)) can account for a rapid con-
version of H,O2.

Since the deactivation of the bifunctional catalysts is apparently con-
nected with the accumulation of H,O, our forthcoming research will be
concerned with the in situ decomposition of the produced H>0O, by means
of compounds with a high catalase-like activity.
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