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Liquid-Liquid and Solid-Liquid Systems

Abstract: The nhenomenon of initial e exponent
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salts was observed in the study on the S\y2 substitution reaction of 2-octylmesylate with potassium halides
under phase-transfer catalysis (PTC) conditions in liquid-liquid (I/1) and solid-liquid (s/1) systems. The
mechanistic scheme describing the IB phenomenon in application to s/ PTC has been developed from the
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Some problems on kinetics application in PTC. The phase-transfer catalysis (PTC) closely resembles
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system), can simulate the properties of a cell membrane. The reagent transfer through the interface from a polar

medium (for example, aqueous phase) to a nonpolar one (organic phase) should possess the same properties as

enzyme-substrate complex, could take place in PTC reactions as well.

Actually, it is rare when the analysis of kinetic data performed in Lineweaver-Burk or Michaelis-Menten
coordinates allows to detect the formation of intermediate substrate-catalyst complexes and tell about the
mechanism of their formation and decomposition. Usually, all the kinetic curves obtained in PTC are well
approximated by the exponential dependence and can be linearized in semilogarithmic coordinates that is
typical for the first-order reactions. It restrictes though not excludes the possibility of kinetic analysis of PTC
mechanism. Thus, it is significant if the complicated kinetic curves (S-likeness, nonlinearity in secondary
logarithmic coordinates) are obtained. The analysis of such data allows one to draw the more detailed
conclusions about the reaction mechanism. First of all, it is important to obtain the data on the complex

formation and topology of the process.”

0040-4020/99/$ - see front matter © 1999 Elsevier Science Ltd. All rights reserved.
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solid MCI® (M=Na, K, Rb) (Reaction 1
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kinetic phase that is connected with the modification of the solid salt surface.
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n-CgHy3Br+KCi——»n-CgH3CI+KBr
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It allowed to assume that there are the active sites (AS) present on the solid surface. The reaction occurs on the
AS through the formation of complexes of salt, catalyst, and substrate.”'® The detailed analysis of the kinetic
data'' and thermodynamic parameters' for reaction (1) indicated the consecutive formation of binary (BC) and
ternary (TC) adsorption complexes" at the interface. The following mechanistic scheme has been proposed to

explain the substitution mechanism in a system with solid ionophoric salt:

Scheme 1
R BN NS ARr4M
' bl—,—u IVILIL | A\
| |
i +RBr A1 -RCl U
MCI-QX MCIQX-RBr === MBr-QX-RCI MBr-QX
Krc1 A1 Krec2
(BC1) (TC1) (TC2) (BC2)

Ligquid-liquid (I/) system. Racemic 2-octylmesylate, prepared by a standard procedure' (2.04 g, 0.01 mole),

Y s~

solution of KF, KCI, KBr or KI {0.0i moie) in H,O (I mi), Aliquai® 336 (iricaprylyimethylammonium
chloride) (0.3 ml, 0.0005 mole), undecane (0.3 ml) and toluene (7 ml) were placed into a water-jacketed reactor
heated to 95 C. The reactor was equipped with a reflux condenser protected from water by calcium chloride
tube, and mechanic stirrer (2000-2500 rpm). The reaction mixture was stirred for a few seconds until the
reagents dissolved, then stirring was stopped, and the first reference was taken. This was considered as a zero
time point and the stirring was continued. The stirring was stopped periodically, and, after required separation

P | ~

of the layers achieved, the references were taken from the organic layer through the reactor neck with a pipet.

Solid—liquid system. Solid salt (KF-2H,0, KCl, KBr or KI) was thoroughly dried under vacuum. The portion of

O~ S, i A o

5 C. The reactor was equipped with a reflux
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dried sa ( 1 1'1'101(:‘) was placea nto a Wa[cr-_]aCKCICG reactor at

condenser protected from water by calcium chloride tube, and mechanic stirrer (2000-2500 rpm). The salt was
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activated™'' by stirring in the reactor for 30 min just before the reaction began. The stirring was stopped and

racemic 2-octylmesylate prepared by a st

andard procedure'* (2,04

o ole). undecane (0 3 mD and taluene
anqar gure " (2,04 g, 0.01 mole), undecane (0.3 m!) and ene

(7 ml) were placed into the reactor. The reaction mixture was stirred for a few seconds, then the stirring was

stopped and the first reference was taken. Thereafter, Aliquat® 336 (0.3 ml, 0.0005 mole) was placed into the

The solid salt was silted through the 0.1, 0.125, 0.2 mm sieves. The specific surface area was calculated
(implying the cubic structure of crystals) from the density and molecular weight of solid KBr. The specific

amount of salt present on the surface was calculated from the ionic radii of K™ and Br™ ions and specific surface
area of certain KBr fraction. The estimated value varied in the range 1.6-3.4%10-5 mole of KBr on surface per

of
ole for the 0.1-0.125 mm salt fraction,
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Kinetic measurements. A glass column 2.4X0.005 m packed with Chromaton N-AW DMC
d

2-iodooctane were calculated according to the reference (undecane) concentration. The chromatographic yields
d

in the 1/] system were 50-80% (CI', Br", and I" ions). For the s/l system, the chromatographic yields reached up

ta Q094 hut maoct the exynerimente were terminated at ahout the 509% conversion
to 80% but most the experiments were terminated at about the 50% conversion
For the reaction in the 1/l system, all the kinetic data were processed by the first-order kinetic equation at

:“

about 50% conversion. The kinetic data on the reaction in the s/l system with chloride, bromide and iodide ions

were n ‘ulations were conducted bv means of the “MicroCal
were p fations were conducted means of the “MicroCal

Origin” PC program.

The difference between I/l and s/l systems. To investigate the PTC mechanism of Sy2 substitution in the s/l
system we studied the substitution of mesylate group for halogen in 2-octylmesylate (Reaction 2, X=Cl, Br, I,

F) as a model reaction.

Aliquat 336 )

It was shown earlier'® that reaction (2) in the V1 system proceeds with quantitative yields and is consistent with

Sn2 mechanism.



=3

“good” one (mesylate group) the kinetics in the s/l system changed significantly. We observed a rare

phenomenon for PTC, the “initial burst™ (IB) on kinetic curves (Fig. 1), while the kinetics in the /1 system was

The phenomenon of IB is characterized by the first-order dependence on the initial stage of conversion
and by zero-order dependence up to the high conversions (up to 80%). The change in the order during the

reaction course noints out at
T on points out at

=

he chang
ge

w

conversion degrees for a complex catalytic reaction indicate the presence of a steady-state phase which i

described by Michaelis-Menten kinetics.'®
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solid salt; segments 1 and 2 indicate the presteady and steady state kinetic phases. Dots: experiment;

curves: the least square fit to the first-order rate equation (I/) and equation (4) (s/1).
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can be expressed as a sum of linear and exponential terms (Eqn 3) where A and B are the apparent rate
constants on segments (2) and (1) of the kinetic curve (Fig. 1), [X] is the concentration of product formed by the

amed PRp Do P RS I
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[P1=A+[X](1-exp(-B)) (3
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Such a behavior is known for some enzyme-promoted reactions,™"” or similar catalytic processes'® and for
heterogeneous catalysis'®® The simplest p
& J OSHApILSt P

realized by a three-stage catalytic cycle (Scheme 2).

Scheme 2
,l‘r I
E+S ES EQ—->E+Q
A1 ;_‘ b

The substrate, S, is complexed on the AS of a catalyst E. The presteady state kinetic phase yielding the
phenomenon of IB suggests that the key product P is formed before the step of product Q formation and
regeneration of E. The final step should be process-limiting, i. e. k., < k,,[S], k., k,. The substrate
concentration is assumed to be constant since in such reactions [E], << [8] ([E], is the initial concentration of
AS). Assuming that there is a fast equilibrium at the first step, the kinetic equation for scheme (2) reduces to

equation (4).

kizk3[Elot . k2l Elof 1-expl-(kyp ki)

2

L Al P2 TN T
A2 T R43 (K2 TK+3)

elsewhere.?!

The data obtained for the series of experiments in the s/l system is well approximated by equation (4). We

s

ptions on the mechanism in

What is the initial burst in s/l PTC:
out the essential difference between I/l and s/l systems, which probably lies in the conditions of the interface.

Y
The interface in the I/l system is being constantly renewed so that the reaction rate is not limited by the
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processes of
these eftects are also critical in the /1 system and are caused by the low agitation rate and/or by the high density

of aqueous phase (for example, in the reactions with 50% alkali solutions).”

At ¢ 1-.
AL Uil same

[¢]

transfer. In this case the reaction would proceed with a high rate by the first-order law in the beginning

(intrinsic-rate-limited process) and by the zero-order law at steady state as soon as all the AS on the surface are
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consumed and/or the surface is coated with inactive products (mass-transfer-limited process). We suppose that

this very phenomenon is observed in reaction (2) (F

A3 VA2 Y PRGNS {8} 31 e ¥ A1 &

Nevertheless, there is a substantial inconsistance with the enzyme kinetics. The IB magnitude which is

characterized by AS concentration [E], is not identical to catalyst QX concentration and can be much higher

than 1OQX1. The con

than [QX]. The conv
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only 2.5-5% of the initial substrate concentration. Thus, [QX] does not match the concentration of AS [E],, and

the nature of the phenomenon observed is not that of the enzyme kinetics, but is only a schematically similar

arameters [F1 F  and k

WAD LA~ j(y V-2 GLIW Ly g

process. The approximation of our data by ¢

Salt K x10%, s (U]) K, <105, 5 K, <105, 5 [E], x10, mol dm>
KClI 2.9 1.6 1.7 2.0

KBr 3.7 >5 3.9 0.6

KI 6.7 0.7 1.5 1.2

KF —% 4.2x10° mol dm™ s7'**

* No reaction observed

** Initial ratc

The 1B was observed in the reactions wit
was observed for the time studied). The rate constants for I/l and s/l systems are presented in Table 1. There is

no correlation between the kinetic parameters of 1B model and the nucleophilicity of halides or their crystall

ndent on the nature of salt. It will be shown below that
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such a condition as solid surface area may aiso affect the rection kinetics.
The series of experiments on varying the amounts of solid KBr and [QX
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1 ' 4 LIe 11IVidl I £ N Ly

\ T

increase in KBr-QX molar ratio (Fi

Fi
the amount of AS. Therefore, QX

:
=
o
Iy
7
Q
=]
=
ll'D
Iw
D
<!
3
.,
15
3
=]
5
-
7]
2
—
o]
[
=
(¢
(¢l
£
E,
B
!’V
=
o
-
-]
-

dependences of k_, and £.; reverse 1

[QX] on the observed constants of consumption and regeneration of AS (k, and &, respectively). Moreover, the
reaction does not proceed in the absence of QX,

The analogous dependences for all three parameters (Figs. 4, 5) were obtained vs. the specific surface area
of solid KBr that was calculated for various fractions of silted salt (see experimental part).
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The results obtained indicate the role of the solid phase interface in the phenomenon of IB. Obviously, the
more the surface area is, the more AS are involved. We suppose that in framework of IB kinetic model, the AS,
where the reaction proceeds, are the active sites on the solid KBr surface. The process could be considered as a
catalytic cycle resulted from consumption and regeneration of AS on the solid surface. On the contrary, it
should be pointed out that [E], calculated from experiment is not equivalent to the concentration of AS
originally present at the interface as it is in enzyme kinetics. The number of AS that can be involved in the
process is three orders in magnitude lower than the obtained [E], value. The [E], is also higher than [QX]

though QX should be binded with AS in order for the process to proceed.

The mechanism proposed. The high conversion of substrate (product formation) during the presteady state
(segment 1 on kinetic curve) could be explained by the following scheme where the catalytic cycle for QX (Q)

is shorter than that for AS (E):
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E+stQetlepeq 22 o Eqpo— P2 B E P2
p1 \q

where S is a substrate, P1 and P2 are the products. It is assumed that the [E], value corresponds to the amount of
salt-product (KOMs) adsorbed on the surface (complex EP2 on Scheme 3), which is likely to stop the transfer
of reagent to AS.

processes could become rate-limiting. Thus, the reaction kinetics would be described by the zero-order law at

the steady statc phase. And yet, it does not change the nature of observed k., and k., as the parameters
1n e th o mennncono
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On the other hand, the KBr-QX molar ratio also affects the [E],, i e. the increase in QX surface

concentration results in the decrease in the amount of AS. It is known that the excess of QX adsorbed on the
surface may lead to the poisoning of the KBr surfac
catalyst on the surface.” In our case it reduces the amount of working AS even though it increases the observed
rate constants.
The activation ene gy

same time E, for k,, is below 25 kJ/mol, which is typical for physical processes. The change in temperature had

no influence on [E], value in the studied range of temperatures. Therefore, the use of equation (4) for describing

On the basis of the kinetic data for reaction (2) and the exchange concepts developed for s/l system

(Scheme 1), we propose that the following processes define the mechanism for reaction (2):

®)
QBr |+ROMs |—»QOMs |+RBr | )
mll"ls |+KBF S_L"7*"QBF i+K0|th|S s 7
(7
QOMs |+KBr S#QOMS-KBF ads )
QOMs-KB s +ROMS j====QOMs-KBr-ROMS ads
{TCH ~

QOMs-KBr-ROMS ags— 2RBr 1+QOMs-KOMS ags
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QOMs.-KOMS 54stKBr s==Q0Ms |+KOMs-KBr 45

(11)
P
KOMs-KBr sqs—»KOMSs ¢+KBr o
(12)

The study on halogen exchange between catalyst QX and solid salts MX shows’ that reaction (5) proceeds

irreversibly with a high rate, while there is no exchan

T rate ] QOMs and KBr (Reaction 7).*** However, it

15 1L

~r v

and KBr (Process 8) even if the exchange

—y
o)

does not prohibit the formation of the adsorption compliex o
between them is not possible.

It is known, that homogeneous equilibrium (6) is shi
there is a fast exchange of Ci for Br {Reaction 5) and Br™ for OMs™ (Reaction 6). Therefore, during the reaction
the catalyst exists as QOMs.

The linear dependencies of 1/k,, on KBr-QX ratio (Fig. 3) and solid surface specific area (see Fig. 5)

A~ /n\ Y 1 - T/ T

suppose the equilibrium (8). Indeed, the higher the QX concentration and/or lower the area of solid KBr
surface, the higher the concentration of QX adsorbed on the surface. This leads to the increase in observed £,

and, there accelerates the reaction at the presteady state phase of RBr formation.

After the formation and decomposition of the ternary compiex TC (Steps 9, 10) the QOMs is desorbed to
join the cycle at step (8). It can also join the cycle at step (9). Actually, there is no need in catalyst desorption as

it has been pointed out earlier.”

1,
1

G)
I}
o
—
[¢']

]
oy
=
=
=
=]

oo

h
salt-product KOMs (regeneration of AS). The increase in k,, with increase in the catalyst concentration on the
surface (Figs. 3, 5) is probably connected with the facilitation of KOMs desorption due to the adsorption of

My
QUMS.

CONCLUSIONS

The new approach to the analysis of s/l PTC kinetics has been developed in the present work. We suppose

that such kinetics (three-stage Michaelis-Menten kinetics) can have the application in other PTC processes as

group, its adsorption properties, and the ease of bond rapture.
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