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Abstract: The applicability of the models developed earlier for the topochemical reactions in the
solid/liquid phase-transfer catalvsis is discussed. Denendine on the solvent ap_d the catalyst the reaction

phase-transfer catalysis is discussed. Depending on the
may be mhlblted by the crust of the solid inorganic product. Solvents like MeCN and THF, and catalysts
such as polyethylene glycols loosen this crust, thus preventing the inhibition. The solvent influence using
the E1(30) parameter in different reactions in the solid/liquid system is investigated. © 1999 Elsevier Science

Ltd. All rights reserved.
INTRODUCTION

Some problems of solid/liquid PTC. Phase-transfer catalysis in a solid/liquid system has always attracted a lot

of attention. The solid/liquid system is usually more reactive than a liquid/liquid one. Moreover, some reac-
tions, such as the halogen repl
solid/liquid system have also good industrial perspectives in spite of some complexities caused by handling of a
solid phase. The development of an industrial process ordinarily includes the kinetic studies.

There are a variety of arguments in the literature conceming the mechanism of a solid/liquid PTC. Some
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gent employed, the solid/liquid PTC reactions can be subdivided as follows:

[Solid-Liguid PT
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It is evident that all these reactions can not proceed by the same mechanism. Palmer et al.' investigated

presence of the quaternary salts (quats) during the reaction the surface of the solid reactant is coated by the

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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solid product, thus poisoning it. To the contrary, in the presence of crown-ethers, the surface of the solid reac-
tant is constantly renovated, possibly due to the presence of the omega-phase.?
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1g the solid/liquid PTC reaction in the presence of quats is

shown below.

-

T
Fig. 1. A particle of a solid reagent during the Fig. 2. The typical kinetic curve of the
solid/liquid PTC reaction: /-the nucleus; 2 — the topochemical reaction:> n — amount of the product,
crust of the solid reaction product. T—time

hese processes closely resemble the so-called topochemical reactions the kinetics of which have been
3-5
investigated in much detail.

This form of the curve is caused by the localisation of the process at the interface of phases 1 and 2 shown
in Fi
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of the reaction, there is no solid product on the surface and the reaction rate is low. Then, the nuclei (embryos)

f
of the solid product phase are formed. In this way the interface of the two solid phases appears. The observed

—

reaction rate increases with time due to the nucleation. The interface surface increases till the nuclei begin to
overlap. This process ends with formation of a continuous crust of the solid product. The interface surface is
reduced and the apparent reaction rate falls. The kinetics of nucleation were developed by several authors,
Avrami’ and Izmailov® being the most prominent. The simplest kinetic equation, widely used for the descrip-

tion of topochemical processes, is the Erofeev equation:* o

x = 1—exp (—kt"), (H
where £ is the rate constant, x is the conversion degree, and » is a parameter depending on the geometry of the

nuclei.

In our opinion, this equation is more appropriate for the description of the solid/liquid PTC than more

PR P ~ - . s Tyt . . ; L pas s .9
statistics.” 1he law of mass action was not used. Below 18 presented an extract of the author's reasoning.
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Let us denote by g/ the probability of the elementary event that the /th molecule of a reactant will not react in a

kth interval of time:

Ot <t,<.. b, <f.. <t,=t

—
N
S’

Then the probability of the composite event, (J,, that the ith molecule will not react till time ¢z, can be expressed

as the product of the elementary event probabilities:

The probability that ith molecule will react till time 7is ;= 1 — Q,, and p’ = 1-g’ is the probability that the ith

molecule will react in the Ath interval of time. In these terms the equation (3) after taking a logarithm and going

. Aiinaas 4L

to the limit at # — oo assumes the followin
In(1-£) = lim 3 In(1- pf )= —J'p,»dt “
) 0

After summin is

the normalising factor 1/N, where N
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are the average probabilities that a molecule will react till time #(P) or in the interval 1, ¢ + df (pd¥) respectively.

®

p—s

&
N
—

This is a generalised kinetic equation. No assumptions about the reaction mechanism were used in obtaining it.
The author’ derived the equation (1) from (9) using Mott’s model'! of reaction nuclei formation in a solid.
Other equations also were proposed for the topochemical (gas-solid) reactions for the «shrinking core» and

7

«non-reacting core» models.* 12 We have used the simplest one.

Solvent influence in PTC: a short discussion. An attentive study of Starks’ monograph'® shows that there

-y
o

aro f\"\l
ard Ol

")

o 10 anidy nf the an
CIKdULIV Stuldy Ul Jiv SU

4

vide a deep insight into the reaction mechanism. Thus, Landini'* showed that the nucleophilic substitution of
methanesulfonate by bromide in a liquid/liquid system is favoured by decreasing the polarity of the solvent. On

the opposite, the ethylation of desoxybenzoin by bromoethane is promoted by polar solvents, 15 The same trend

I o =il X LIG LIC i

NP, R, Ty 16 .-,-

narily well correlated with the Et (30) parameter. In the displacement of bromine in bromoheptane by chloride
no definite dependence of the reaction rate on the solvent parameters was obtained."’

The straight correlation lines drawn by the authors 17 are, in our opinion, fairl arbitrary.
authors'’ divided the solvents into two groups, aromatic and non-aromatic ones. Stiﬁ, tetrachloromethane and
ethanol are not aromatic and pyridine is clearly aromatic.

In another study,'® the reaction of sodium 4-nitrophenolate with iodomethane in the liquid/liquid system
was investigated. The results are presented in Fig. 4. It is seen that no correlation exists.

The empirical solvent polarity parameter Er(30), proposed by Dimroth and Reichardt,'* and based on the
transition energy for the longest-wavelength solvatochromic absorption band of the pyridinium-N-phenoxide
betaine dye (1), has been successfully applied in correlating many reaction rates and solvent properties.

rata 1xrhora hatntma doa
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Dolaliic uyc
is water-soluble and hydrophilic. In this work, we studied the solvent influence in the number of solid/liquid

PTC reactions, using the betaine dyes 2 and 3 as intrinsic polarity probes.
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Fig. 3. Solvent influence on the nucieophilic displacement reaction of i-
bromoheptane by chloride (P is the polarizability parameter, » is the refrac-

tive index):'” 1 — pyridine; 2 —hexamethylphosphoric acid triamide; 3 - 1-

pentan-2-one; 7 — benzonitrile; 8 — terahydrofuran; 9 — nitrobenzene; 10 —
acetonitrile; /1 — toluene; /2 — nitromethane; /3 — ethyl acetate; /4 — an-

isole; 15 — tetrachloromethane; /6 — methanol; /7 — ethanol.
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I — dichloromethane; 2 — 1,2-dichloroethane; 3 — benzonitrile;
4

— acetophenone; J — nitrobenzene.
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R R1:R=R'=H;2: R=R'=C(CH;); 3: R=H,R' = COONa
EXPERIMENTAL

(Cloromethyl)benzene / acetate substitution. Pure (chloromethyl)benzene (99% by HPLC) (Fluka®) (1 ml,

8.8:10° mol), 1.98 g CH3COONa (1.76- 10?2 mol), tricapryi-methylammonium chioride (Aliquat 336®) (0.026
ml, 4.4-10” mol), and 9 ml of an n-hexane-nitrobenzene mixture were placed into a water-jacketed reactor,

equipped with baffles, a reflux condenser, and a mechanic stirrer (2000-2500 rpm) and kept at 303 K for 0.5 h.

Lae; ¢aliien ~

5 roastinT e HIPR | ; 2 sa nmrmlas A At s turdraas md awmalvaling L,...,. IDT M 1IDT M
e reaction was moinitoiea DY WALLE >Alllpicy U av (1 i1

< anda cukuybmg uiCin by HPLC. HPLC
analysis was performed on the chromatograph «Milikhrom». Analysis conditions: 40x2 mm column packed

with Silasorb® C18 (5 pm), A = 240 nm, eluent CH3CN-water (80 : 20 v/v), eluent rate 200 pl/min, sample

PRty PR T |
vouume 1 pi.

Michael addition of methyl acrylate to dimethyl malonic ester. In a typical run, pure dimethyl malonic ester

(99% by HPLC) (Fluka®) (1

\777G Uy LE N

ml, 4.6:10° mol)

y Laa MIJ [ J i3
2.3:10™* mol), KOH (0.28 g, 5.0-10° mol), and 22.5 mi of an n-heptane/nitrobenzene mixture were placed into
the above-described reactor at 328 K. The reaction was monitored as before by HPLC analysis of the reaction

mixture. Analysis conditions: as before (eluent CH3;CN-water (70 : 30 v/v).

Elimination of HCI from (2-chloroethyl)benzene. In a typical run, (2-chloroethyl)benzene (1 ml, 7.9-10> mol),

KOH (2.2 g, 0,039 mol), tricapryl-methylammonium chloride (Aliquat 336®) (0.013 ml, 2.2-10™ mol) and 20

ml of an n-heptane/acetonitrile mixture were placed into the above-described reactor at 298 K. The reaction was

monitored as before by HPLC analysis of the reaction mixture. Analysis conditions: 40x2 mm column packed

with Silasorb® C600 (5 um), A = 270 nm, eluent n-heptane, eluent rate 200 pl/min, sample volume 1 pl.

nol), CHCL; (1.1 ml, 0.014 mm)
10°

3 g, 2.9-10° mol) and 5

Nh
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N
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=
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Dichlorocarben
toluene (internal standard, 2 ml), benzyl-triethyl ammonium chloride (TEBA) (6.6

of a solvent were placed into the above-described reactor at 298 K. The reaction was monitored as before by
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thermal conductivity detector. Analysis conditions: injector temperature 250° C, stainless-steel column
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Recording of UV-VIS spectra. UV-VIS-

L Ortetriy Vi CLLreL. Uy LR ' s

using cells withl cm pathlength.

Betaine dyes. Betaine dyes 2 and 3 were synthesised according to the procedures described earlier.”% 2!

fL\D l\l’)(‘ﬂ‘lf\ nvumn‘n I\FQ DT{-‘ Q. -’) raonfn'\r\
LIV viadoival VA“IIIPIU UL A1l 1% JIN& IvavLivll.
Aliquat-336
PhCH,Cl + AcONa ———————» PhCH,OAC (10)
This reaction was already studied by Yadav and Sharma 22 However, with our conditions, the reaction did
SRR o i § [PRUIINRESUNPUNS (DR PV SR 5N [
Nnot I0110W SHIIPIC KINCUC 1aws

The possible reaction scheme is shown below:

OCl- 4+ AcON
¢ i v

a p
LIASING —~————

Q'Cl"AcONa, + PhCH,CI

T Y

AL A MRT,. TS
Y'LirACUNasraLn

,Cl
Q'CINaCl;PhCH,0Ac === Q'CI"NaCl, + PhCH,OAc
Q'CI"NaCl, ==== Q'Cl + NaCl,

The formation of the ternary complexes and the absence of exchange of anions between the catalyst and

the solid salt was proved earlier.”®
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It is found that the Erofeev equation describes much better the observed kinetics, t

1 1L da 1 1 o 11iuldl LL Ll 1V L2111 5

2 - nnn n r a1
15 U.UU

or the Erofeev equation and 0.02373 for the first-order equa-
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equations. In this particular case, ©
tion. This is strong evidence in favour of the scheme proposed above. Nevertheless, this evidence is surely not

definite. It must be underlined that it is nearly impossible to elucidate the detailed reaction mechanism using
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science and art and a discussion in any depth about modelling would take too long to be done here. Basically,
the model should be the simplest possible representation that is still able to reproduce the behaviour of the sys-

nder investigation. It is a wide-spread mistake to forget that there is no unambiguous relationship between

a model and a mechanism. A sample of this mistake is the recent work of Mitchenko and Dadali, who studied
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the reaction of solid KCl with iodoalkanes.>* Just because the kinetic curve was described by the sum of expo-

~
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S 02 /
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0.1
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00 0°
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0 100 200 300 400 500 32 34 36 ag 40
Time/ s 3
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E_(30)/ (keal'mol ™)
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— experimental, lines — least squares fit. reaction (10)
I: Erofeev equation (1); 2: first-order kinetics.
The values of the E1(30) parameter for the binary n-hexane / nitrobenzene mixtures were determined us-
A s W Te oo Lo sl sl I L Fo o O Lt 1 1A PR | P | .
ing betaine dye 2. It was shown that the £7 values for betaine dyes 1 and 2 are in excellent linear correlation

The values of E1(30) were calculated according to the equation

In

benzene. The results are presented in Fig. 6. Although the correlation is not very good, the trend is clearly seen.
Increase in the solvent polarity stabilises the ion pair formed by the reactant anion and the quaternary cation. It
seems that the reaction is not controlled solely by mass transfer, but the organic-phase reaction takes place as

xr

all
WCii.

Michael addition of methyl acrylate to dimethyl malonic ester. This is an example of a reaction with solid base

participation when ! 1sumed e 1e m mmon donor and acceptor.
r r r
PEG-300 COOCH
<COOCH3 + pcooct, < 3
COOCH; kon . Hcoc—/  coocH; (In

The scheme of solid/liquid PTC reactions in the presence of polyethylene glycols and crown ethers is widely

described in the literature.> 1
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constant renovation. Indeed, the kinetic curves obtained differ dramatically from the one in Fig. 5.

\o\

0.15 1 /2

-2.84

2.9 /

Product concentration, mol/l

-3.04
0
o

0.00¢ . : . . . . . .
0 1000 2000 3000 4000 417 418 419 420

Time/ s £,(30)/ (kcal/mol)

Fig. 7. A typical kinetic curve of reaction (11). Points Fig. 8. Effect of solvent in the reaction (11)
PR SN L Torcd arrinemc 04 Al So T2 ) 17" PRV NINENIE S RSN, R oL MNP TP
— CXPCTHNCHL, HNTS — 1CASL Suaics 1L, LT(2V) UCICIIIIIIICA 11 LIC PICSCICe 01 UIC Catdly st

1: first-order kinetics; 2: Erofeev equation (1).

One can reasonably suppose that Fig. 7 supports our assumption about the different models of solid/liquid

interaction in PTC reactions catalysed by quaternary sal

4

in different binary rn-heptane / nitrobenzene mixtures. The better correlation in Fig. 8 is possibly the resuli of a

narrowed interval of E(30) variation. Nevertheless, the trend remains.

s inm Af HOT fn _r pthullhonewons Thic ic an avamnle Af a ranntinn unth cnlid haca mastinimatine
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in which the base is consumed.
MeN "BuyCT
e U3
Ph— —— » Ph—y, (12)
\_—_c1 KOH A\ Ve

The reaction was run in a binary acetonitrile / n-hexane mixtures with prevailing acetonitrile content.
They were homogenised by the presence of the starting compound. As in the previous case, the kinetic curves

were also described by a first-order equation. The absence of reaction inhibition can be possibly explained by

the formation of the product crust on it. Therefore, the renovation of the surface may be effected not only by the
catalyst, but also by the solvent. Due to the narrow possible range of variation of the solvent mixture composi-

tion, we were not able to obtain the solvent-polarity dependence. However, it was noted, that on increasing the

Dichlorocarbene addition to styrene. The addition of dichlorocarbene to a C=C bond is a very important syn-

thetic reaction. Its mechanism in the liquid/liquid system was established by Makosza and coworkers.*” ®

p—
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However, much less attention was devoted to the reaction in the solid/liquid system. Starks’ monograph (Ref.
13, pp. 424) cites only two papers dealing with the dichlorocarbene addition in this system

I it I el

DT

ery curious that the reaction yield in the presence of PEG proceeds to comple-

tion, whercas with TEBA as the catalyst it stops at 77% conversion. This fact somewhat supports our hypothe-

sis of the deciding role of the crust of the solid inorganic product in reaction inhibition. We decided to employ

Cl

. /
TEBA
PhCH=CH, + CHCl, JCI

______________ ‘ 13
NaOH 13)

When run at ambient temperature (24 °C), the reaction proceeds quite cleanly, without any appreciable

amounts of side-products. The results obtained in different solvents are shown in Fig. 9.

Chlorobenzene,

<

—

W
3

n—Heptane, T

DO X4 bpe
<
a
O
Z

0.101

Product concentration, mol/l

0 500 1000 1500 2000 2500

Time/s

Fig. 9. Kinetic curves of reaction (13), carried out in different
solvents. [styrene]o = 0.143 mol/l; [TEBA]=4.7-10" mol/l.
Points — experimental, curves — least squares fit.
In all solvents except THF, the Erofeev equation (1) produced better fit results than the usual first-order
equation. Usually,
The scheme of this reaction and that of the reaction (12), in all possibility, are somewhat similar to the

one that we proposed to (chloromethyl)benzene / acetate substitution. It should be underlined that the Erofeev

equation i

(l)

not the only on

is caused by the decomposition of the quaternary sait. Indeed, the experimental points are quite beautifuily fit-

ted with the equation” describing this effect:



where k; is the rate constant of the catalyst decomposition.

1 30,31 fnt 1 4. £ tha ~atal
Nevertheless, it was shown that the rate of the catalys

low. Thus, the inhibition can hardly be caused by this effect. Also, no aggregation of the solid reactant particles
leading to decrease in the surface area was observed. On the opposite, the intensive stirring (~2500 — 3000 rpm)

sometimes caused the breakdown of particles, especially in the case of solid alkalis.

- 6
< 1.00 - 50
x, 0
a0 2
= 0.75- 0o
1
(o]
3
0.501 o
0.25 -
4
0.004 o
35 40 45 50

E_(30)/ (kcal/mol)

Fig. 10. Solvent influence on the reaction (13) (rate constants relative
to n-heptane as «slowest» solvent). 1 — benzene; 2 — acetonitrile; 3 —

THF; 4 — n-heptane; 5 - 1,4-dioxane; 6 — chlorobenzene,

the other solvents — using betaine dye 3. The determination of E1(30) was performed using not only the pure
solvents, but real reaction mixture. The values of E1(30) obtained by means of betaine dye 3 were reduced to

standard values using equation (14)

E’ [keal/mol] = (0.932 + 0.014) - Er(30) [kcal/mol] + (3.335 + 0.685) (14)

where E is the value for betaine dye 3.!

From the Fig. 10 it is evident that an increase in the solvent polarity favours the reaction. However, there
is no direct correlation. The reaction rate is unexpectedly high in chlorobenzene or, from another view, unex-
pectedly low in acetonitrile. It seems that specific solvent/solute interaction could not be excluded in this case.
he direct correlation between the solvent polarity parameter and
the rate constant in solid/liquid PTC, the E1(30) values are a helpful tool for the determination of the general

trend. They are tabulated for a large number of the solvents®® and with some prudence, they can be used for
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