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Abstract: Correlation between observed kinetic effects ofgehtransfer catalytic reaction of the alkaline
hydrolysis of 4-nitrophenyl ester ®f-benzyloxycarbonylglycine-4 in the two-phase systemproform-borate
buffer pH = 10 and a content of ionic forms of tgghwas investigated. The phosphonium salts QX= (&I,
Br~, I") shows high catalytic reactivity. Dependence & thaction kinetics discussed in the frameworkhef t
extraction mechanism with a competitive extractidra nucleophileOH™, nucleofuge 4-N@CsH4O™ and anion
X~of the phase-transfer catalyst.
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Introduction

Phase-transfer catalysis (PTC) is a new effectieghod of an organic chemistry,
theoretical bases of which are now being intengidelveloped. PTC is widely used in the
recycling process of ecotoxicants and highly testdbstances, successfully implemented in
the reactions of “green chemistry”, used for thetkgsis of medicinal substances and for
different applications in industry [1-5]. Despitdnet wide practical application of
PTC-reactions in industry their theoretical degip is incomplete [6, 7]. Those PTC
systems cannot be explained by classical theotgtiasitions hence they are of special
interest. Investigation of the mechanisms of PT@cesses and topology of these reactions
is of major relevance. For example, among the i@astwhich can be carried out under
PTC conditions the reactions ofStype are promising for study, in particular, Hikaline
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hydrolysis of the esters in the two-phase systeneaws base solution/organic phase [8].
Similar to PTC/OH - systems with two anions are usually describedStarks scheme,
presented in Figure 1 [9].
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Fig. 1. Schematic representation of the mechanfgphase-transfer catalysis by Starks

Figure 1 shows a simple scheme of the PTC proedssh involves only two anions:
the nucleophile (Y) and the counter-ion (also the departing grotpoX the initial form of
catalyst. In the common case processes are moreleorand involve three and more
anions. The catalytic cycle in this case is bradaheincludes a feedback trough a new ion
pair QZ-reaction product (Fig. 2) [10].
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Fig. 2. Schematic representation of PTC proceds fsigdback. QX is the initial form of phase-transfe
catalyst, RZ is substrate, ¥ nucleophile X" is the counter-ion of phase-transfer catalyst, QY i
active form of phase-transfer catalyst, RY is rescproduct, Z is nucleofuge

Substrate RZ transforms into reaction product R¥eurthe influence of the active ion
pair QY. Catalyst cation Qreleases and can bind to a nucleofuge as a negvpairs QZ.
As can be seen from Figure 2, organic phase cantaiee ion pairs: QX, QY and QZ. lon
exchange in these pairs is equilibrium processcamdpetitive interaction of three anions
for the formation of an ion pair with the cationJ@f the catalyst occurs. As a result, in the
catalytic cycle appears the branch point - catiatalgst. It is seen from the scheme (see
Fig. 2) that accumulation of active ion pair QY fine formation of the product RY is
desirableje kinetics of the reaction depends on the conceotral he active catalytic form
QY arises in reactions (1) and (2):
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Yo +QZ QYo+ Zy @)

Yo + QX QYo + Xu~ (2)
where the indices “0” and “w” designate the orgaitl water phases respectively. These
two equilibria are mainly determined the quasistairy concentration of QY and
consequently, the efficiency of the catalysis.

In summary, the scheme with a branched catalytitedpcludes the following stages:
1. Distribution of the catalyst QX between the ampugeand organic phases

QXo Qv+ X 3
2. Exchange of anions in the reaction system -eaamgtlile Y, nucleofug Z, with

phase-transfer catalyst QX in the aqueous phasehaidtransfer in the form of ion
pairs QX, QY and QZ in organic phase

Qv+ Xu~ QX%
Qv+ Y QYo (4)
Qv +Zy Q%

3. Chemical interaction of ether RZ with activenfoof a phase-transfer catalyst QY in
the organic phase to form a reaction product RY

k
RZ,+ QY, —— QZ, + RY,, )

4. Competitive interaction of ion pairs and diffusi through the phase interface

(equations (1) and (2)).

According to the equation (1) the formation of #etive ion-pair QY occurs, which
switched in the catalytic cycle and can interacthwihe substrate RZ (reaction (5)).
According to the reaction (2) the initial form difet catalyst QX can be created which like
QY can again participate in the catalytic cyclet e desired reaction (5) an accumulation
of the ion pair QZ in the reaction mixture is extdy undesirable since it leads to
poisoning of the catalyst.

As seen from Figure 2, the catalytic effect of agghtransfer catalyst QX lies in its
ability to form an active ion pair QY and transfeinto the organic phase. It is obvious that
this ability depends on the nature of the cationaophase-transfer catalyst” @nd
competitive extraction equilibria. Also hydrophilipophilic balance of ion pairs has
a significant effect on their extraction capacitl]. The cation of the catalyst must be
sufficiently lipophilic to form ion pairs with anis and effectively moves into the organic
phase. Such interaction should not be strong tdizee@xchange of nucleofuge with
formation of a new “active” form of the catalystorFthe reaction (5) quasistationary
concentration of “active” ion pair QY precisely detined by equilibria (1) and (2).

Thereby it seems interesting to investigate theaaetibn equilibrium of branched
catalytic cycle on example of alkali hydrolysis cgan of the activated ester of
N-substituted amino acids in the two-phase (lidigdid) system in the presence of
guaternary onium salts and also distribution past@f nucleofuge Z cation phase-transfer
catalyst Qand the counter-ion %= CI, Br, I in the separated aqueous and organic phases
of the model PTC-reaction. As a catalysts which easily exchange with the anions of the
reaction mixture the salts of quaternary phosphan{@h)P"™X~ (X~ = CI, Br,, I") were
selected.
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In this paper the distribution of the reactants #imel reaction products of alkaline
hydrolysis of 4-nitrophenyl ester dEbenzyloxycarbonylglycine (RZ) were studied in atw
phase system chloroform-borate buffér = 10.0 and kinetic regularities are compared with
the extraction equilibria and the factors influencthe effectiveness of the catalysts.

Materials and methods
Materials

4-nitrophenol was recrystallized from water, mp 3&] [12]: mp 387 K.
N-benzyloxycarbonylglycinate  (Reanal) tetraphenykggimniumchloride (*“MERC-
Schuchardt”), tetraphenylphosphonium bromide (“MEBuchardt”),
tetraphenylphosphonium iodide (“Fluka”), 4-nitroplgk ester of N-benzyloxycarbonyl-
glycine (“Sigma”) were used without additional gioation. Solvents were purified by
standard procedures [12].

Technique of kinetic experiment

Kinetic measurements were conducted in thermoatticontrolled glass vessel with
hashing system at temperature of 298 K, equal vedumf borate buffepH 10 and
chloroform were brought and added hinge plates dfe tcatalyst and
N-benzyloxycarbonylglycine 4-nitrophenyl ester. Thmoment of addition of ether was
considered as the beginning of kinetic measuremdi®ugh certain periods of time the
sampling from a water and organic phase was madeeiiminate chemical process the
reaction mixture was transferred to 0.1 M solutioh nitric acid and quantitative
determination of reagents was done. Standard borgfer was prepared by the standard
procedure described elsewhere [12]. As a phasefélacatalysts were used quarternary
phosphonium salts - tetraphenylphosphonium chlo¢RigPCl), tetraphenylphosphonium
bromide (PHPBr) and tetraphenylphosphonium iodide #/Ph The control of the reaction
rate was carried out spectrophotometricallylat 260 nm. Experimental data were
processed with first order equation:dffg — ] = kappt, where:a - initial concentration of
ether[M], x - the current concentration of a product [M],, - a reaction rate constant in
two-phase systemT§, t - time [s].

Quantitative definition of substances

Determination of 4-nitrophenol and tetraphenylplmspum cations was carried out
spectrophotometrically. Optical density was measume Specord S-300 (Germany) at the
wavelength ofA = 315 nm for 4-nitrophenol and a = 269 nm andA = 276 nm
for  tetraphenylphosphonium  salts. Concentration  oft-nitrophenol  and
a tetraphenylphosphonium cation in aqueous andnargeases was calculated according
to calibration charts. Halide ions > CI', Br, I") was determined potentiometrically with
use of corresponding ion-selective electrodes.

All experiments of extraction and kinetic measureteewere carried out under the
following conditions: two-phase system chloroforordite bufferpH = 10 (volume ratio
1:1). The temperature of reaction mixture wass 298 K, hashing speed of 900 rpm.
Tetraphenylphosphonium salts,Ph X~ (X = CI, Br, I") with various anions, were used as
phase-transfer catalysts. In order to estimatec#ttalytic activity of salts in the hydrolysis
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of N-benzyloxycarbonylglycine 4-nitrophenyl ester weammined its kinetics at a constant
substrate concentration-{5>M) on variation of the concentration of catalyst.
Results and discussion

Alkaline hydrolysis of N-benzyloxycarbonylglycine 4-nitrophenyl ester (R#)
two-phase system proceeds according to the follpwinaichiometric equation:

H=10
CeHsCH,OC(0)NHCHCOOGHNO, 4 + 20H ———— »
RZ cat, T =298 K
— > C4H:CH,OC(O)NHCHCOO™  + 4-NO,CgH,O ™ + H,0 (©)

Tetraphenylphosphonium halides are effective cstslyaccording to Figure 3, the
reaction rate decreases among>Br> I". Observed increase of rate constiagt with
increase of the BRX catalyst C.,) concentration indicates an increment of hydroxate
transfer in organic phase where actually the désiaction (6) [13] runs. With an increase
in of hydrophobicity of the phase-transfer catalgghe range PJRCl > PhPBr > PhPI the
transfer of hydroxide ion from aqueous to organiage decreases which is related to
a steric effect. Unfortunately, it is impossibledetermine the relative contributions of the
hydrophobic effect due to the lack of the data gudrbxide ion distribution between
agueous and organic phases [9].
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Fig. 3. Dependence of reaction rate constagsof alkaline hydrolysis oN-benzyloxycarbonylglycine

4-nitrophenyl ester in two-phase system chloroftwrnate buffepH = 10 from the concentration
of the catalyst (PBPX, X = CI(1), Br (2), I'(3), 298 K
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In the presence of the tetraphenylphosphonium salee types of semi-logarithmic
kinetic curves in the first-order reaction coord@aswas observed [14]. During catalysis
with  tetraphenylphosphonium bromide was obtainechedir dependence, with
tetraphenylphosphonium chloride obtained kinetipaetelence is of the "poisoning” effect
of the catalyst, and with tetraphenylphosphoniurfide the effect of "auto acceleration”
was found [14]. To find out the cause of the obsdrphenomena, the distribution of the
cationic and anionic parts of the phase-transfetalgst and the reaction product
(4-nitrophenol) between the aqueous and organicsgshavas studied. Quantitative
characteristics of distribution of the tetrapheimgpphonium cations and halide ions
between the aqueous and organic phases were gurartitiefficients, calculated by the

following equations:
+ _|Ph,P*
Ko = P @
PhP*|,

B Hal
ki = (®)
w
where: KOF’,FV“VF’+ - tetraphenylphosphonium cation partition coeffitjgPhP'], and [PhP'],,

- concentration tetraphenylphosphonium cation i@ ¢inganic and aqueous phases [M];
K A" - distribution ratio of halide ions between the @ows and organic phases® and

o/w
CHe" - the concentration of halide ions in organic agdeous phases [M], respectively.

Figure 4 shows relation of tetraphenylphosphoniumtioa distribution with
concentration of resulting reaction product (4aptienol), calculated on the total volume
of the two-phase system. As can be seen, in thenabsof RZ ester a small amount of
phase-transfer catalyst located in the aqueousepWhsreas most part is in chloroform.
Obtained results are in good agreement with liteeatdata [12], chloroform is a good
solvent for the phosphorus salts extraction. Téteaglphosphonium halides™®™ (X = Cl,

Br, 1) have sufficiently expressed polar and noapoparts. They are diphilic, and
characterized by solubility in both organic andemus phases. Depending on the content of

lipophilic 4-nitrophenol the value dKf,%‘f changes in reaction medium.

On the site of the kinetic curve, wherein the ethes reacted for less than 50%
(~4000 s), the content of F¥ in phases varies insignificantly. The tendency of
accumulation tetraphenylphosphonium cation in tigawic phase occurs. At the next site
the conversion of ester is more than 50%, andrapieenylphosphonium is predominantly
located in organic phase. It is supposed thatigoghilic cation PRP" forms ion pair with
the reaction product - 4-nitrophenol {f||4-NGAr~} and remains in organic phase.

Thus, the extraction of tetraphenylphosphoniumtiogain the form of ion pair from
the aqueous phase into organic phase occurs dtigetaccumulation of 4-nitrophenol
anion. Such changes in the reaction system mayadesrease of the reaction rate which
exhibit so-called “catalyst poisoning” effect.
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Fig. 4. Dependence of the distribution of tetrapigmosphonium (:ationKOF’,r\';‘f’+ between phases

at varying concentrations of 4-nitrophenol anionN@,PhQ] in two-phase system of
chloroform-borate buffer pH = 10, 297 K. [f#CI] = 510° M (1); 1:10° M (2); 110°°M (3)

According to potentiometric measurements it wasiébthat the content of chloride -
ion in the reaction system decrease in the orgphaése, and increase in aqueous phase
when the concentration of 4-nitrophenol increaseshe range of 5-161-10% M. This
phenomenon can be explained by the high hydrojthilaf CI” - ion. The last displaces
from the organic phase of more lipophilic 4-nitrepbl - ion. Similar phenomena have
been described in [15]. According to [5] in PTCat@ns with several nucleophiles each
anion displaced quantitatively from the organic gghdy neighbor from right in the row:
SO, F, OH, CI, Br, I. Considering that in experiment a small amouncatalyst
tetraphenylphosphonium chloridel@ 1107 M) were used, it was determined that the
concentration of halides in the organic phase dutime reaction is negligible. Such
a phenomenon can be explained by the fact thataheition of anions in the organic phase
without hydration shell is thermodynamically unfaable [10]. As can be seen in the case
of completed hydrolysis of the ester RZ, the clderion transforms completely into
the aqueous phase. This means that the concentratb the ion pair
catalyst/tetraphenylphosphonium chloride in theuwwd of the organic phase is low. As
a result it was observed decrease of the reactim at high conversion degrees of the
N-benzyloxycarbonylglycine 4-nitrophenyl ester.
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The content of bromide-ion in the aqueous and acgaimases during the reaction does
not change significantly and remains at a conseasa. Bromide ion resides predominantly
in the aqueous phase. Concentration of 4-nitrogh&mion in the organic phase increases
with increase of the total concentration of tetephphosphonium iodide in the reaction
mixture.

In all the examined cases there are areas of higHaw reaction rate. Based on the
kinetic data it can be concluded that the changéhefnucleophile content during the
process is unlikely a single reason for changethefinvestigated reaction rate. Catalyst
poisoning by accumulation of the product (4-nitrepbl), is seems to give a major
contribution to rate changes. It is worth notingttthe total redistribution of bnd OH
anions aside of {QOAr} ion pair occurs at sufficiently low concenti@is of
4-nitrophenol, that leads to a halt of the catalptiocess.

Conclusions

Thus, phase-transfer reaction of alkaline hydrslysi N-benzyloxycarbonylglycine
4-nitrophenyl ester in the two-phase system (clidésm-borate buffer) passes through the
extraction mechanism with the rate-limiting step abifemical interaction in the bulk of
organic phase. Kinetic curves in a coordinates ld pseudo-first order equation
characterized by a higher velocity at the inittalges, which can be related to a competitive
extraction of reactive OHnucleophile which forms during reaction of nuclegdu
(4-NO,C¢H,O") and phase-transfer catalyst anion (X = ClI, Br, I). In a context of the
extraction mechanism the nature of phase-transfatyst plays a crucial role at the stage of
the anion extraction from the aqueous into the miggphase.
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BADANIE ROWNOWAG EKSTRAKCJI W REAKCJI ZASADOWEJ
HYDROLIZY AKTYWOWANYCH ESTROW AMINOKWASOW

Abstrakt: Zbadano korelagj pomiedzy obserwowanym efektem kinetycznym péeij fazowego katalitycznej
reakcji zasadowej hydrolizy estru 4-nitrofenylowel§dbenzyloksycarbonylglycyny-4 w dwufazowym uktadzie
chloroform-bufor boranowy, pH = 10, z zawaia jonowych form katalizatora. Sole fosfoniowe QX €XCrI,
Br-, I") wykazup wysoka aktywna¢ Kkatalityczry. Zaleznosci kinetyki reakcji przeanalizowano w ramach
mechanizmu ekstrakcji z konkurencyjekstrakej nukleofilu OH™, grum odchodzca 4-NO,CeH4O™ i anionem
X~ katalizatora przeégia fazowego.

Stowa kluczowe:kataliza przejcia fazowego, kinetyka, hydrolizy, czwartedowe sole fosfoniowe, rozgaiony
cykl katalityczny, rownowagi ekstrakcji



