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Abstract

The kinetics of n-butanol addition to isocyanate in the presence of organotin compounds
and their polymer-supported analogues has been investigated. The functionalized polymer
chain creates steric hindrances to the formation of non-reactive complexes which include
organotin sites. The catalytic activity increases by a factor of 10-100 as compared with
low molecular weight analogues.

Introduction

Catalytic systems used for accelerating the nucleophilic addition and
substitution reactions with production of polycondensation polymers can be
divided into two groups. Compounds acting strictly according to the general
base catalysis mechanism can be considered to belong to the first type. Their
function is to activate the proton in —OH, —NH or — COOH groups, facilitating
its transport to the proton acceptor. Tertiary amines are a typical example
of these catalysts.

Catalysts of the second type act according to a so-called ‘bifunctional
catalysis mechanism’. These are compounds containing both acidic and basic
groups (organometallic compounds, carboxylic acids, etc.). In this case,
simultaneous coordination of both reagents on the same catalyst molecule
with formation of the prereaction complex, i.e. ‘microreactor’, becomes
possible. Rearrangement of atoms and bonds with the consequent formation
of the reaction product may occur afterward in the microreactor. It should
be mentioned that kinetics and mechanisms of the polycondensation reactions
catalyzed by organometallic compounds and carboxylic acids are more
complicated than those for the processes taking place in the presence of
tertiary amines.

Having taken the urethane formation as an example of the nucleophilic
addition reaction (1):

T
R'—OH+R"—-NCO — R"—N—-C—-0O-—R/, 1
in the present work we have demonstrated the efficiency of polymer-supported
organotin catalysts and compared their catalytic activity with that of low
molecular weight analogues under various conditions.
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Among the catalytic systems used for nucleophilic addition of hydroxyl
group to isocyanate, organotin compounds demonstrate the best activity
[1, 2]. A characteristic feature of reactions of this type is the non-linear
dependence of the rate constant, k.., vs the catalyst concentration [Q],. In
some cases the catalyst efficiency falls with [Q], growth to such an extent
that k., becomes practically independent of [Q], [2]. This peculiarity can
be explained in terms of a special molecular organization of the catalytic
system. As was shown in [3], this phenomenon arises due to the presence
in the reaction solution of compounds able to form complexes with the same
or other molecules (so-called homo- and heteroassociates).

The quantitative description of the dependence of the reaction rate on
the concentration of the reagents and catalyst, given in [3], is based upon
the assumption that a number of complexes are formed in the system, with
different composition and structure. Product formation is considered to be
a process of monomolecular rearrangement within the optimal microreactor
(the so-called ‘yield’ channel of the reaction). On the other hand, the system
is assumed to contain also some types of complexes with a structural
organization that does not allow the final product to be formed. These
complexes play the role of Kinetic ‘deadlock’ for reagents and a catalyst
(the so-called ‘store’ channels of the reaction [3]).

In catalytic addition of an alcohol to an isocyanate (reaction (1)) occurring
in the presence of organotin compounds R,SnX,_, (R=alkyl, X=halogen
or carboxyl group, n=0-4), heteroassociates A,Q; (where Q stands for
R,SnX,_, and A stands for the alcohol) are the ‘deadlock’ complexes. They
are formed statistically via incorporation of the catalyst molecules into the
associates of alcohol molecules:

R R R R R

| l | | |
.(.H_O -)m.. Sn_X..(.H_O o)m.. Sn—X. .(.H.._O -)m.
R’ R R ‘R

The formation of such associates causes to a dramatic rise in the solution
viscosity, and was detected also by IR and UV measurements [3]. As a result
of this polymolecular heteroassociation, the catalyst can be considered as
‘withdrawn’ from of the reacting system. This explains the non-linearity of
dependences of k., on [Q]o. The prevention of the catalyst withdrawal in
the form of such polymolecular heteroassociates, if achieved, is expected
to provide a substantial increase in catalyst efficiency and, hence, enhance
the reaction rate.

Anchoring of catalytically active species to a polymer matrix can be
suggested as one of the methods to avoid their incorporation into polymolecular
heteroassociates with alcohol, since steric hindrances exerted by the ma-
cromolecular environment on supported organotin groups should prevent
the formation of A,Q, complexes. Under otherwise equal conditions, this
should lead to the growth of the concentration of the non-associated organotin
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species in their active form and, consequently, to the increase of the reaction
rate.

In principle, the effect of increasing the catalytic activity by polymer-
supporting is known [4]. At the same time the role of molecular organization
of reagents and a catalyst by a polymeric support has not been adequately
investigated. In the present work we report data which show that catalytic
activity of organotin catalysts in nucleophilic addition of n-butanol to isocyanate
is substantially enhanced when organotin catalyst is supported on a copolymer
of styrene with maleic anhydride. This results from suppression of the formation
of heteroassociates of the A,Q; type due to the anchoring of Q fragments
to the polymer.

Experimental

The kinetics of urethane formation from wm-CI-phenylisocyanate
(CIPhN=C=0) or 4-(phenylaza)phenylisocyanate (PhN=NPhN=C=0) and
n-butanol was studied at 28 °C in benzene or heptane at reagent (isocyanate)
and substrate (n-butanol) concentrations of 0.001 and 0.01-0.15 mol/1,
respectively. The reactions were investigated by IR spectroscopy (in the case
of m-ClI-phenylisocyanate) by monitoring the decrease of the optical density
at NCO)=2260 cm™~! vs. time, and by UV spectroscopy (in the case of
4-(phenylaza)phenylisocyanate) by monitoring the increase in the optical
density of the urethane group absorption at A=360 nm. The reactions were
carried out directly in thermostatted cells of UR-20 and Specord M-40
spectrophotometers. The observed rate constant of the reaction, k.. was
calculated from the rates, W, of isocyanate decay or urethane formation
with the help of the equation k., =W/[isocyanate].

The association of butanol was studied by IR spectroscopy by observing
the changes in the area of the OH groups absorption at 3200-3700 cm™1!.
A typical spectrum of n-butanol in benzene at concentration 0.11 mol/l is
shown in Fig. 1. Bands at 3600 and 3500 cm™! relate to OH stretching
vibrations of the monomer and dimer forms of the alcohol. At alcohol
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Fig. 1. IR spectrum of BuOH in benzene solution at 28 °C, [BuOH],=0.11 mol 171,
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concentrations exceeding 0.15 mol/l, new bands appear in the 3300-3400
cm™! area, corresponding to higher order associates [5].

The optical densities at the absorption frequencies of the monomer and
dimer forms are correlated as follows: Dggo0="0.18(D3500)°. The equilibrium
constant of alcohol dimerization, obtained by monitoring the dependences
of Dygo0 and Dggoy vs. alcohol concentration, is 2.8+0.1 1/mol.

A copolymer of styrene with maleic anhydride obtained by radical
polymerization, molecular weight M,, = 10 500, was used as a polymer support.
The organotin polymer catalyst (I) was prepared by reaction of anhydride
groups of this copolymer with (BusSn),0O at 60 °C. The yield of tributyltin-
carboxyl groups is ca. 100%, tin content 28.9% by mass (calculated 29.8%).
As low molecular weight analogues of I, bis(tributyltin)succinate (IX), tributyltin
acetate (III) were also used.

¢ CH;— C'H—‘(‘?H'“*"(‘JH% (|3H2_‘?H2 ?Hs
C¢Hy C=0 C=0 C=0 C=0 C=0
SRR
BusSn  SnBu, Bu;Sn SnBu, SnBu,
I I X

11 was prepared by reaction of (BuySn), with succinic anhydride (60 °C,
100% yield). The interaction of the polymer and succinic anhydride with
(BugSn), 0 was controlled by IR spectroscopy by monitoring the increase in
C=0 absorption (v=1600 cm™!) in the organotin compounds [6].

Results and discussion

The dependences of k., on [Q], for experiments performed with catalysts
I-III in benzene are presented in Fig. 2. keu=Kgs—Ko, Where k., is the
observed rate constant, k, is the rate constant for the non-catalytic reaction,
(ko does not exceed 5% of k). When I was used, the dependence k., vs.
[Q]o was found to be linear, thus indicating that ‘withdrawal’ of polymer-
supported catalyst species through their organization into non-reactive com-
plexes is negligible. This leads to a higher activity of I as compared with
II and III.

Using the dependence of k., on [A] and information on alcohol association,
we can, on the basis of the previously developed kinetic model [3] of a
liquid phase catalytic reaction (1), determine the ‘yield’ channel, stoichiometry
and equilibrium constants for the formation of complexes in the ‘store’
channels. The kinetics of reaction (1) in the presence of commpound I as a
catalyst, can be described in terms of the following reaction scheme:
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Fig. 2. Reaction rate constant (k.,) (a) vs. catalyst concentration ([Q]o) and (b) vs. alcohol
([A]) concentration in the presence of I (1), II (2) and I (3); [BuOH],=0.12 mol 17} (a),
[Qle=0.75x10"2 (1), 1.50x 1072 (2), 1.56 1072 (3) mol 1-'; (b) benzene, 28 °C.

K k
A+B+Q &= ABQ — product
Kia
A+Q ==AQ
Scheme 1.

This scheme, with constants Kk=260+30 1> mol~2 s™! and K, ;=5.2+0.5
1 mol™!, indeed describes wel the experimental data when I is used as a
catalyst (Fig. 2).

This result differs substantially from previously reported data for reaction
(1) in the presence of low molecular weight catalysts. When I is used, only
AQ complex is formed in the ‘store’ channel, as reflected by the linear
dependence of k., on [Q],- In contrast to this, when low molecular weight
organotin compounds were used as catalysts in a similar concentration range,
AsQ,, A4Q, and other more complicated heteroassociates were also usually
formed in substantial amounts [3, 7]. The other difference between high and
low molecular weight catalysts is the composition of complexes in the ‘yield’
channel. In the case of polymer-supported catalyst, this complex includes
only one alcohol molecule (Scheme 1). In contrast to this, in the presence
of low molecular weight organotin compounds R,SnX,_,,, the ‘yield’ channel
always includes the complex consisting of monomeric isocyanate, catalyst
and alcohol dimer [3, 7]:

A, +Q+B &= A,QB — product

Until now it was thought that the formation of associates between OH
groups of alcohol molecules by means of H bonds is an essential condition
both for the non-catalytic and catalyzed formation of urethane [2, 3]. Only
with tertiary amines as catalysts, due to their high potential to form H-bond
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complexes and, consequently, high polarization of the OH bond of the alcohol
molecule in its complex with the catalyst, is the monomeric form of alcohol
active in the reaction. Modification of the complex composition in the ‘yield’
channel for catalysis by polymeric compound I seems to arise because the
polymer chain fragment including two adjacent tin atoms participates in the
microreactor formation. Binuclear Sn-containing fragments ensure such or-
ganization of the microreactor that does not require two alcohol molecules
for catalysis to occur.

Data obtained when using mono- and binuclear analogues of I confirm
this suggestion. The possibility for BusSnOC(O) fragments to freely rotate
around the C—C bond, enables cis- (Q') and trans (Q") structures of II to
be formed:

/COOSnBu3
CH2—0H2 N /CH2_CH2
COOSnBu;, Bu;3SnO0C

13 "

Q) Q)

Bu;Sn00C”

In trans conformation it is possible for the two organotin sites to participate
in the formation of one and the same microreactor. Such a possibility seems
to exist. The existence of such two conformations is expected to manifest
itself in the kinetics of the corresponding catalytic reactions.

In Fig. 2 the characteristic features of urethane formation catalyzed by
compounds II and III are shown. The dependences of k.. on [A] in the
presence of II and III in benzene solution indicate the presence of two
parallel reaction pathways. The linear initial section at low alcohol concen-
trations suggests the existence of a reaction with participation of the hydroxyl
group of the monomer of the alcohol. Deviation of k., vs. [A] dependences
from linearity with the increase of the concentration of A indicates the
existence of a reaction pathway with participation of ROH dimer. However,
the appearance of the ‘monomeric yield channel’ may be explained by an
additional activation of the alcohol molecule via formation of H bond complexes
with the benzene m-system. Thus, we cannot, unfortunately, for reaction in
benzene, actually estimate the role of species Q' and Q" in catalysis.

Fortunately, such reagent—solvent complexes are not formed in inert
solvent. Hence, the alcohol monomer does not have extra activation. Thus,
inert solvent (e.g. heptane) should not influence (as a proton acceptor or
general base catalyst) the kinetic regularities of catalytic reaction.

The dependences of k., on [A] in the presence of catalysts II and III
in heptane are shown in Fig. 3. In the case of catalyst III, the non-linear
character of the dependence of k., vs. [A] (even at low [A], k., is proportional
to [A]?) indicates that heteroassociates including alcohol dimer are formed
in the ‘“yield” channel. According to the previously reported method of
elaborating the kinetic data [3], the following reaction scheme can be

suggested:
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Fig. 3. Reaction rate constant (k..) vs. (a) catalyst ([Q]o) and (b) alcohol ([A]) concentrations
in the presence of II (1) and III (2), [BuOH],=0.07 mol 17! (a), [Qlo=4.10X10"* (1) and
1.23%107% (2) mol 17}; (b) heptane, 28 °C.

K
9A+B+Q = A,BQ — product

K1,
A+Q = AQ

K2 ‘store’ channels
A+2Q = AQ; |

Here Kk=(7.5+0.7)x10* P mol™® s™', K;;=33+3 1 mol™!, K,
=(4.7+0.9)x 10°% 12 mol~2.

In the case of binuclear catalyst II, the character of k., dependence
on [A] indicates two ‘yield’ channels — with monomer and dimer of alcohol,
as in the case of benzene. As was mentioned above, this result cannot be
explained by formation of a complex with the solvent. Hence, realization of
these two ‘yield’ channels can be explained in terms of both cis- and trans
(Q’ and Q") catalyst structures taking part in the reaction:

A+B+ Q" == ABQ’' — product
A, +B+Q" &= A,BQ" — product

Here the ‘store’ channels include the formation of A Qj, A,Q; and
A,Q.Q; complexes. Unfortunately, the existence of two ‘‘yield” channels and
lack of information on the conformational equilibrium for II do not allow
to get the quantitative kinetic description of this scheme.

Various mechanisms of catalytic reactions in the presence of organotin
compounds suggest the existence of different types of reagents activation.
It may be, e.g., the activation of the OH-group of the alcohol by means of
Sn...O coordination [2]. However, we have shown (in the case of catalyst
IIT) that alcohol monomer is not active in the catalytic formation of urethane
and, hence, such type of activation is not sufficient in inert solvents. The
activation of isocyanate N=C=0-group also is possible. It can be realized
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due to coordination of N=C double bond towards a d-orbital of the tin atom
[8].

It is expected, that when both types of activation exist, the catalytic
reaction should be more effective. However, for catalyst III the formation
of complex AQ: - -BQ in the yield channel is practically improbable under
our reaction conditions because of low concentrations of isocyanate and
tin(IV) in solution. This type of activation can be realized only in the case
of binuclear or polymeric catalysts when cooperative effect between adjacent
catalytic centres arises.

Thus, transition from low molecular weight catalyst III to its binuclear
analogue II and polymer catalyst I leads to a modification of the elementary
act of catalysis. The above example demonstrates the role of the molecular
organization of the catalytic complex via interaction of adjacent active centres
of the same molecule.
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