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The inhibitory effect of iodide anions on the phase-transfer catalyzed reactions of carbanions generated
in liquid–liquid two-phase systems by aqueous NaOH is due to preferential location of these anions in the
interfacial region of the two-phase systemdorganic phase/concd aqueous NaOH. In such situation, the
basic activity of NaOH in this region is decreased and the equilibrium of deprotonation of the carbanion
precursors is disfavoured.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In a short communication by Jarrousse,1 it was reported that
alkylation of phenylacetonitrile proceeds efficiently in the presence
of 50% aqueous NaOH and 20 mol % of benzyltriethyl ammonium
chloride (TEBA) with ethyl chloride, much less with ethyl bromide
and ‘does not proceed’ with ethyl iodide. On the basis of this com-
munication, a general catalytic methodology for the alkylation of
arylacetonitriles via carbanions generated in an immiscible two-
phase systemdin the presence of 50% aqueous NaOH and tetraal-
kylammonium (TAA) salt acting as catalyst, was elaborated2,3 and
applied in industry.4,5 This two-phase catalytic methodology was
subsequently expanded to alkylation and other reactions of carb-
anions6 as well as inorganic anions and named Phase-Transfer
Catalysis (PTC).7 The catalytic action of TAA salts in these two-phase
systems consists of the continuous formation of lipophilic ion pairs
of the lipophilic TAA cations with the reacting anions that then
enter the organic phase where further reactions take place. Pres-
ently PTC is a well established general methodology applicable to a
variety of reactions of inorganic and organic anions, metalloorganic
compounds, etc.8 Contrary to what might be expected, the order of
reactivity of ethyl halides namely Et–Cl>Et–Br>Et–I in the alkyl-
ation of phenylacetonitrile in this system observed by Jarrousse1

was confirmed and explained in one of our first papers in this field.2

It was shown that this is an artefact and that the reaction is inhibited
All rights reserved.
by bromide and particularly iodide anions produced in the reaction,
which overrides the intrinsic reactivity of R–X in the two-phase
systems. On the other hand, in the reaction of TAA salts of carban-
ions normal order of activity R–I>R–Br>R–Cl is observed. Similar
observation was made for the PTC reaction of alkyl halides with
inorganic anions. For example, PTC reactions of alkyl halides with
cyanide anions proceed efficiently with R–Cl, more slowly with
R–Br, and do not proceed (or are extremely slow) with R–I. Also in
these cases, it was shown that the iodide anions produced inhibit
the process. They remain as the TAA iodide in the organic phase,
hence cyanide anions are not transferred into the organic phase and
the catalytic process is arrested.7

Consider a reaction of an alkyl halide with an inorganic salt
carried out in a two-phase system: an aqueous solution of inorganic
salt NaþY�dthe nonpolar alkyl halide R–X or its solution in a
nonpolar solvent catalyzed by a lipophilic TAA salt QþX� (Eq. 1a).
Assuming that all this salt stays in the organic phasedone can
show that concentration of inorganic anions X� and Y� in the or-
ganic phase is governed by the ion-exchange equilibrium presented
in Eq. 1b.

R—Xorg þ NaþY�aq /
QþX�

R—Yorg þ NaþX�aq (1a)

QþX�org þ NaþY�aq!QþY�org þ NaþX�aq (1b)

The position of this equilibrium, and hence the concentration
of X� and Y� anions in the organic phase is determined by the
differences in energy of hydration and energy of solvation by the
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organic solvent of these anions, the former is, as a rule, a much
more important factor. On this basis, the explanation of the in-
hibitory effect of iodide anions on the PTC reactions of inorganic
anions is straightforward. The energy of hydration of iodide anions,
due to their low charge density, is much smaller than that of ma-
jority of other inorganic anions, thus when X�¼I� the equilibrium
(Eq. 1b) is shifted to the left and concentration of Y� in the organic
phase becomes negligible, hence the catalytic reaction of Y� anions
with R–X is inhibited.

The numerous observations of the inhibitory effect of I� anions
on the PTC reactions of carbanions generated in situ from C–H acids
in the presence of concentrated aqueous alkali (PTC/OH� two-
phase systems) were rationalized similarly as for the reactions of
inorganic anions, namely, because their high lipophilicity iodide
anions compete successfully with carbanions for lipophilic TAA
cations of the catalyst, hence, concentration of the ion pairs:
carbanion–TAA cation (nC�Qþ) in the organic phase is low and the
catalytic process retarded.8 Although indeed the concentration
of these ion pairs in the organic phase in the presence of I� ions is
low, such a rationalization appears insufficient and oversimplified.
Obviously, one cannot explain the preference for I� anions in
competition with carbanions for TAA cations in the organic phase
on the basis of differences in hydration and solvation energies of I�

and carbanions, similarly as in the case of PTC reactions of inorganic
anions governed by the ion-exchange equilibrium (Eq. 1b). Such
explanation would be based on the assumption that the lip-
ophilicity of I� is higher than the lipophilicity of carbanions, which
can hardly be accepted.

Moreover there are numerous reports that alkyl iodides can
be successfully applied for the PTC alkylation of carbanions.9 Ob-
viously, in these cases, the iodide anions produced during the
reaction do not inhibit the catalytic process.

In this paper, we clarify these controversies and present
a mechanistic picture of the inhibitory action of I� anions on PTC
reactions of carbanions.

The key difference between the PTC reactions of inorganic
anions and carbanions is due to the fact that in the former case, the
catalyst acts simply as an agent transferring inorganic anions
located in the aqueous phase into the organic phase, whereas the
PTC reactions of carbanions that are generated in situ are more
complicated. In the typical PTC systems, the carbanion precursor
located in the organic phase is deprotonated by base located in the
aqueous phase and the generated carbanions, thanks to the cata-
lyst, are present in the organic phase in the form of lipophilic ion
pairs with the catalyst cations. Thus, without mechanistic discus-
sion of how this process proceeds and where the deprotonation
takes place, we can write for a given CH acid a general equilibrium,
which is responsible for concentration of the carbanions in the
organic phase (Eq. 2).

nC—Horg þ NaþOH�aq þ QþX�org !
K X�ð Þ

nC�Oþorg þ NaþX�aq þ H2Oaq

(2)

The position of this equilibrium, or in more strict terms, the free
energy difference (DG0) between the right and left sides, is a func-
tion of many parameters: DG0 of the deprotonation reaction:
nC–HþOH�$nC�þH2O; DG0 of the H2O transfer: H2Oorg$H2Oaq;
DG0 of the X� transfer: X�org$X�aq; etc. Keeping all other com-
ponents and conditions constant, the effect of X� on the position of
the equilibrium, which governs the concentration of the carbanions
in the organic phase and is obviously responsible for the inhibitory
effect of I� on the PTC reactions can be easily determined by
comparing the equilibrium concentrations of nC� according to Eq. 2
for different X�. Thus, DDG0(Br�/I�), which for a given C–H acid
decides on the difference between equilibrium concentrations of
nC�Qþ in the organic phase for QþBr� and QþI� is in fact equal to
the difference of the free energy change for Br� and I� anions in the
system (Eq. 3),

DDG0ðBrL=ILÞ[ DG0ðBrLÞLDG0ðILÞ[ ½DG0
hydrðBrLÞ

LDG0
solvðBrLÞ�L½DG0

hydrðILÞLDG0
solvðILÞ�

[ DDG0
hydrðBrL=ILÞLDDG0

solvðBrL=ILÞ ð3Þ

where DG0
hydr and DG0

solv stand for the standard free energies of
hydration and solvation of X� in the aqueous and organic phases,
respectively. In a similar way as presented in Eq. 3, the effect of
differences in the C–H acidity of the various carbanion precursors
on the equilibrium can be estimated keeping X� constant:
DDG0(nC–H0/nC–H00)¼DG0(nC�0/nC–H0)�DG0(nC�00/nC–H00). These
reasonings were semiquantitatively confirmed by experiments in
which the equilibrium contents of carbanions in the organic phase
according to Eq. 2. was measured as a function of acidity of the
carbanion precursors and kind of X� in QþX�. Ring substituted phe-
nylacetonitriles ArCH2CN (pKa’s in the range 16–24 in DMSO10) and
also phenylsulfonyl acetonitrile (pKa 1210) were used as the model
carbanion precursors, they were reacted with equimolar amounts
of tetrabutylammonium (TBA) halides in two-phase system, chlo-
robenzene/50% aq NaOH (Table 1).

The results obtained are presented in a graphical form in Fig-
ure 1. The contents of carbanions and halides in the samples of the
organic phase taken from the corresponding two-phase systems
equilibrated at þ35 �C were determined by titration and given in
Table 1 as fractions (in %) of the total amount of Qþ, which was
considered to be 100%. It is assumed and verified experimentally
that when the aqueous phase consists of a 50% solution of NaOH, all
TBA cations are in the organic phase in the form of nC�Qþ or QþX�.
The assumption that all nC�Qþ and QþX� are in the organic phase,
and that no other anionic species are present in this phase, requires
that the sum of the found contents of the carbanions and halides in
the organic phase should be 100% in regard to the total starting
amount of TBA halides, which is perfectly the case. The basicity
of the organic phase determined by acidometric titration was
assigned to nC�Qþ ion pairs because, if no ArCH2CN was added to
the system, extraction of OH� anions into the organic phase by
QþX� salts was negligible in the case of X�¼Br�, I� (Table 1, entries
2 and 3) or took place to a very small extent in the case of TBA
chloride (entry 1). In a similar way, when no QþX�was added to the
system there was no NaþOH� or nC�Naþ detected in the organic
phase by the titration (entries 4, 8, 12, 16, 20 and 23). We have
confirmed that the results are related to the truly equilibrated
system by an experiment (entry 17 in the brackets) in which
a mixture of 50% aq NaOH and chlorobenzene solution of the
ArCH2CN and QþCl� was treated in a standard way to show 82%
content of the carbanions in the organic phase. Subsequent addi-
tion to the system of NaI in the amount equimolar to QþCl� fol-
lowed by equilibration resulted in decrease of the carbanion
contents in the organic phase from 82% to 5%, which was similar to
the value obtained when a solution of the ArCH2CN and QþI� in
chlorobenzene was treated with an excess of 50% aq NaOH (Table 1,
entry 19).

Thus, it was shown that the equilibrium ratio nC�/X� in the
organic phase is a function of acidity of ArCH2CN and a nature of X�,
decreasing for a given C–H acid in the order X�¼Cl�, Br�, I� (Fig. 1).
The same picture was observed when ‘catalytic’ amounts of QþX�

(10% molar) in regard to ArCH2CN was employed, though the
fractions of Qþ accompanied with carbanions were somewhat
higher (Table 1, entries 13–15 in the brackets).

On the basis of equation DG0¼�RTln K and Eq. 3 one could
express change of the equilibrium constant Dln K(X1

�/X2
�) for

a given C–H acid and two different TAA halides QþX1
� and QþX2

� as
(Eq. 4).



Table 1
Equilibrium contents of tetrabutylammonium salts of carbanions (nC�Qþ) and halides (QþX�) in the organic phase and the equilibrium constant K(X�) in two-phase system:
a solution of ArCH2CN and TBA halides 1:1 molar ratio in chlorobenzene/50% aq NaOH, at 35 �Ca

ArCH2CNorg þ NaþOH�aq þ QþX�org
������������������! ������������������

K X�ð Þ

PhCl=50% aq NaOH 35 �C; argon
ArCHCN�Qþorg þ NaþX�aq þ H2Oaq

Entry Ar pKa of ArCH2CN
(DMSO)b

X� nC�org (%) X�org (%) nC�orgþX�org (%) K(X�)

1 No ArCH2CN d Cl� 4(0.6)c(OH�) 94(98)c 98(99)c d

2 Br� <0.5(OH�) 100 100 d

3 I� <0.5(OH�) 99 99 d

4 4-MeOC6H4 w23.4 No QþX� w0 d d d

5 Cl� 22 79 101 w2.88�10�1

6 Br� 9 92 101 w3.55�10�2

7 I� 2 97 99 w1.57�10�3

8 4-MeC6H4 w22.9 No QþX� w0 d d d

9 Cl� 36 65 101 w1.14�100

10 Br� 11 90 101 w5.54�10�2

11 I� 4 95 99 w6.57�10�3

12 Ph 21.9 No QþX� w0 d d d

13 Cl� 56(83)d 44(18)d 100(101)d w6.05�100

14 Br� 16(30)d 85(71)d 101(101)d w1.31�10�1

15 I� 5(8)d 98(93)d 103(101)d w9.64�10�3

16 4-ClC6H4 w20.8 No QþX� w0 d d d

17 Cl� 82(5)e 18(I��95)e 100(100)e w7.78�101

18 Br� 33 67 100 w9.02�10�1

19 I� 10 89 99 w4.68�10�2

20 3-ClC6H4 w19.7 No QþX� w0 d d d

21 Br� 53 47 100 w4.74�100

22 I� 14 87 101 w9.60�10�2

23 2,4-Cl2C6H3 w18.5 No QþX� w0 d d d

24 Br� 76 26 102 w3.20�101

25 I� 34 68 102 w9.30�10�1

26 C6F5 15.8 No QþX� w0 d d d

27 I� 58 41 99 w7.47�100

28 PhSO2 12.0 No QþX� w0f d d d

29 I� 100 1 101 d

a The 0.12 M solutions each of ArCH2CN and TBA halides in chlorobenzene were used unless indicated otherwise. Initial ratio nC–H/OH�z1/100.
b According to Bordwell.10 Sign w denotes an estimated pKa value that was calculated from the Hammett equation on the basis of pKa of phenylacetonitrile and r values

reported by Bordwell10 and the literature data on s and s� values of substituents.16

c NaCl (5 equiv) in regard to Qþ was added to the system.
d Initial ratio nC–H/QþX�¼10/1, i.e., 1.2 M in regard to the C–H acid and 0.12 M in regard to QþX� solution in chlorobenzene was used.
e NaI (1 equiv) in regard to QþCl� was added to the system, which was equilibrated previously with QþCl�.
f Three-phase system: organic phase, aqueous NaOH and dispersion of white precipitatedPhSO2CHCN�Naþ.
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DlnKðXL
1 =XL

2 Þ[ lnKðXL
1 ÞLlnKðXL

2 Þ[ LDDG0ðXL
1 =XL

2 Þ=RT

[ ½DDG0
solvðXL

1 =XL
2 ÞLDDG0

hydrðXL
1 =XL

2 Þ�=RT ð4Þ

Assuming that jDDG0
solvj�jDDG0

hydrj, because of relatively low
values of the solvation energy of inorganic anions X� in an aprotic
organic medium of low polarity such as chlorobenzene, Eq. 4 can be
substantially reduced to Eq. 5.

DlnKðXL
1 =XL

2 ÞyL½DDG0
hydrðXL

1 =XL
2 Þ�=RT (5)

According to Eq. 5, Dln K(X1
�/X2

�) values should not depend on
a kind of a C–H acid that is confirmed by the experimental data
shown in Table 1. The average experimental values of Dln K(X1

�/X2
�)

for the tested C–H acids calculated on the basis of Eq. 6 were as
follows: Dln K(Br�/I�)¼3.3�0.7; Dln K(Cl�/Br�)¼3.4�1.6.

KðXLÞyð½nCLQD�org½XL�aq½H2O�aq=½nC—H�org½OHL�aq

½QDXL�orgÞ
equilibrium ð6Þ

Coe et al.11 reported the following values of DDG0
hydr(X1

�/X2
�) for

anions hydrated by one molecule of water as it is in 50 wt % aqueous
NaOH: �8.6 kJ/mol for (Br�/I�) and �5.3 kJ/mol for (Cl�/Br�). The
calculated values of Dln K(X1

�/X2
�) according to Eq. 5 (T¼308.15 K,
R¼8.314 J/mol K) and the literature data on DDG0
hydr(X1

�/X2
�) are 3.4

(Br�/I�) and 2.1 (Cl�/Br�) that is in a reasonably good agreement
with the experimental results obtained in our studies.

For the carbanionprecursors of relatively high C–H acidity, pKa<10
in DMSO, the position of the equilibrium presented in Eq. 2 is strongly
shifted to the right, so the differences Dln K(X1

�/X2
�) cannot be reliably

measured in direct experiments. This was confirmed in experiments
similar to those presented in Table 1dthe determination of the
contents of carbanions and halide anions in the organic phase when
a solution of much stronger CH acid such as phenylmalononitrile
(pKa¼4.2 in DMSO10) and equimolar amount of TBA halides (X�¼Br�

or I�) in chlorobenzene was equilibrated with an excess of 50% aq
NaOH. Titrimetric analysis of the organic phase indicated that prac-
tically all the Qþ cations are accompanied with the carbanions re-
gardless of the kind of X� (I� or Br�) anions (Table 2). Similar results
gave experiments in which sodium hydroxide solution contained
large quantities of dissolved NaI (Table 2 entries 4–6). Phenyl-
malononitrile being a very strong C–H acid is completely deproto-
nated with an excess of aqueous NaOH, but the formed sodium salt is
not soluble in the organic phase, in our case chlorobenzene, thus are
no carbanions or other basic anions in the organic phase unless
quaternary ammonium salt QþX� is added (Table 2, entry 1).
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Figure 1. Equilibrium contents of tetrabutyl salts of carbanions (nC�Qþ) in the organic phase as a function of acidity of ArCH2CN and a kind of X� anions in two-phase system:
a solution of ArCH2CN and TBA halides 1:1 molar ratio in chlorobenzene/50% aq NaOH (see also Table 1).
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The data presented in Tables 1 and 2 show that the equilibrium
concentration of nC�Qþ in the organic phase generated from CH
acids and QþX� in the two-phase system: nonpolar solvent/50% aq
NaOH according to Eq. 2 is determined by two factors: CH acidity of
the carbanion precursor and the hydration energy of X�. However,
in the case of CH acids of high acidity, the gain of energy DG0 of
the deprotonation nC–HþOH�#n C�þH2O is so large that it offsets
the differences of the hydration energy of X�, thus the differences
between equilibrium concentrations of carbanions in the organic
phase as a function of a kind of X� become negligible or rather
beyond the range of determination by the used method. In this
case, the equilibrium content of carbanions in the organic phase is
almost 100% in regard to TAA cations regardless of a kind and
concentration of X� anions present in the system (see Table 2).

Since in two-phase systems, nonpolar solvents/50% aq NaOH,
the phases might be regarded as completely mutually immiscible12

assuming that rate of deprotonation and transfer of ion pair is a fast
process (equilibrium establishment is a fast process), the observed
rate of alkylation for a given of C–H acid can be written down as
presented in Eq. 7.

Rate of alkylation [ kRx½nCLQD�eff
org½RX�org (7)

It is obvious that during the course of the alkylation, the effec-
tive concentration of the carbanions is lower than equilibrium
concentration [nC�Qþ]eff

org�[nC�Qþ]eq
org, where the latter stands
Table 2
Equilibrium contents of tetrabutylammonium salts of carbanions (nC�Qþ) and ha-
lides (QþX�) in the organic phase in system: solid sodium salt of phenyl-
malononitrile–a solution of TBA halides in chlorobenzene–aqueous NaOH, at 35 �C

PhC CNð Þ�2 Naþsolid þ QþX�org
�����������������! �����������������
PhCl=aq NaOH; 35 �C; argon

PhC CNð Þ�2 Qþorg

þ NaþX�aq

Entry Aqueous
phase

X� Ratio nC�/X� nC�org

(%)
X�org

(%)
nC�orgþX�org

(%)

1 50% aq NaOH No QþX� d <0.5 d d

2 Br� 1:1 100 3 103
3 I� 1:1 100 2 102

4 NaX (2.0 M) in
50% aq NaOH

I� 1:11 99 4 103
5 I� 1:101 85 12 97
6 Br� 1:101 96 4 100

7 NaX (2.0 M) in
20% aq NaOH

I� 1:101 98 6 104
for the equilibrium concentration of carbanions in the organic
phase according to Eq. 2. The alkylation rate constant kRx increases
in the order kRCl<kRBr<kRI

13 whereas due to inhibitory effects of
produced X�, the observed rate of PTC alkylation of carbanions
generally decreases from R–Cl to R–I,1,2 because the equilibrium
and effective concentration of carbanions in the organic phase in
the course of PTC alkylation of a given C–H acid with R–I in the
presence of aq NaOH should be significantly lower than in the
course of alkylation with R–Br. A similar relation should be ob-
served for the alkylation with R–Br and R–Cl. A rigorous description
of the kinetics of PT catalyzed reactions is therefore a complicated
task requiring consideration of the mass transfer and chemical re-
action steps involved in the process. However, one could suppose that
the effective concentration of ion pairs nC�Qþ in the organic phase in
the course of PTC alkylation should correlate with the equilibrium
constant K(X�) of these ion pairs formation process (Eq. 2).

On the basis of this reasoning, one could assume that the final
outcome of PTC alkylation of CH acids with various alkyl halides,
R–X, X¼Cl, Br, I, should be rather a complicated function of a few
parameters: acidity of CH acid, nucleophilicity of the corresponding
carbanions, intrinsic activity of R–X, inhibitory effect of X�, etc.

In order to demonstrate the complication of the system and
interplay of these parameters, we have carried out PT catalyzed
alkylation of three arylacetonitriles differing in CH acidity with
n-Pr–X, X¼Cl, Br, I, under identical conditions. The results are
shown in Table 3.

Phenylacetonitrile is the weakest of these three CH acids, so the
equilibrium concentration of the corresponding ion pairs ArCH-
CN�Qþ is the most affected by the nature of X� anions generated in
Table 3
Influence of C–H acidity of ArCH2CN on PTC alkylation of ArCH2CN with n-propyl
halides in chlorobenzene/50% aq NaOH two-phase system in the presence of 2 mol %
of TBA halides (QþX�) at 35 �Ca

Ar CN X Ar

CN

+
2% mol. Q+X−

PhCl / 50% aq. NaOH
35 °C

Entry Ar pKa of ArCH2CN
(DMSO)

Time Conversion of ArCH2CNa (%)

X¼Cl X¼Br X¼I

1 Ph 21.9 1 h 51 13 2
4 2,4-Cl2C6H3 18.5 10 min 2 66 20
5 C6F5 15.8 24 h 0 4 24

a By GLC.



Table 4
Bulk average differences of enthalpies and free energies of hydration of OH� and X�

anions (kJ/mol)11

X� DH0
aq(OH�)�DH0

aq(X�) DG0
aq(OH�)�DG0

aq(X�)

Cl� �152.7 �126.6
Br� �183.7 �153.4
I� �224.9 �190.8
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the course of the reaction. On the other hand, its carbanions are
strong nucleophiles thus they react satisfactorily with n-Pr–Cl.
The highest conversion with n-Pr–Cl indicates that the process is
controlled by the equilibrium concentration of ArCHCN�Qþ in the
organic phase.

Pentafluoroacetonitrile is the strongest CH acid, so the equilib-
rium concentration of the ion pairs ArCHCN�Qþ in the organic
phase is high, close to the starting concentration of the QþX� re-
gardless of the kind of X� and is not affected by the produced X�.
On the other hand, carbanions of this nitrile are weak nucleophiles
thus the observed conversion, highest for n-Pr–I is determined by
chemical activity of R–X (value of KRx in Eq. 7). Due to high acidity of
this carbanion precursor, the process is not inhibited by I� anions.

2,4-Dichlorophenylacetonitrile occupies the intermediate posi-
tion. It is a stronger CH acid than PhCH2CN, so the equilibrium con-
centration of ArCHCN�Qþ in the organic phase is higher but still
significantly affected by I�. On the other hand, n-Pr–Br is a more
active alkylating agent than n-Pr–Cl. The observed conversion is
governed partially by the rate constant of alkylation (for n-Pr–Cl) and
partially by the equilibrium concentration of the ionpairs (for n-Pr–I).

First experiments in which degree of PTC alkylation of ring
substituted phenylacetonitriles with various alkyl halides was
connected with CH acidity of the nitriles and kind of leaving groups
were carried out by W. Lasek, Ph.D. thesis, Institute of Organic
Chemistry, 1994.

These results indicate unambiguously that the inhibitory effect
of the bromide and iodide anions on the PTC alkylation of carb-
anions with alkyl halides is not connected with the competition
between these anions and carbanions for the lipophilic cations of
the catalyst. This conclusion is unambiguously confirmed by direct
competition between I� and carbanions of phenylmalononitrile
that are less lipophilic than that of phenylacetonitrile. In such
a competition, only nC�Qþ is transferred to the organic phase
(Table 2). Thus, one can conclude that I� ions exert an inhibitory
effect not on the extraction of the carbanions but on deprotonation of
the carbanion precursorsdhence the inhibitory effect should be
correlated with the CH acidity of the latter. For analysis of this
question, the crucial equilibrium (Eq. 2) can be divided into two parts:
deprotonation of the carbanion precursor and the ion exchange.

nC—Horg þ NaOHaq!nC�Naþint þ H2Oaq (8a)

nC�Naþint þ QþX�org!nC�Qþorg þ NaXaq (8b)

As was already shown, Eq. 8b is shifted to the right regardless of
X� and thus cannot be responsible for the inhibitory effect of iodide
anions. On the other hand, X� is not present in Eq. 8a, thus their
effect on the position or the equilibrium 8a should be connected
with deprotonation of the CH acids and hence a function of pKa and
concentration of NaOH. Thus, simple thermodynamic consideration
does not offer sufficient explanation of the inhibitory effect, because
it does not takes into account how the process occurs.

In order to clarify the situation, mechanistic concepts should be
included in the consideration. There are two accepted distinct
mechanisms of operation of PTC: extraction7 and interfacial14 mech-
anisms. In application to the reactions of carbanions, the extraction
mechanism comprises transfer of TAA hydroxides to the organic
phase where they act as base abstracting protons from CH acids Eq. 9.

QþX�org þ NaþOH�aq!QþOH�org þ NaþX�aq (9a)

nCHorg þ QþOH�org!nC�Qþorg þ H2Oorg/aq (9b)

The position of the ion-exchange equilibriumwhen X�¼Br�and I�

is very unfavourable for formation of QþOH� and the concentration of
OH� anions in the organic phase is negligible. In fact, the difference of
this concentration between Br� and I� is meaningless.
According to the interfacial mechanism the crucial stepd

deprotonation of the CH acidsdproceeds in the interfacial region. It
is followed by the ion exchange of interfacially located nC�Naþwith
QþX� to produce lipophilic ion pair that enters subsequently the
organic phase Eq. 10, Figure 1.

nCHint þ NaOHint!nC�Naþint þ H2Oint (10a)

nC�Naþint þ QþX�int!nC�Qþint þ NaXint (10b)

nC—Horg/nC—Hint NaOHaq/NaOHint (10c)

nC�Qþint/nC�Qþorg etc: (10d)

The chemical steps 10a and 10b are connected with transfer
processes 10c and 10d.

For reactions proceeding according to the extraction mecha-
nism, the reason for the inhibitory effect of iodide and bromide
anions is obviousdthe unfavourable equilibrium 10a for the
extraction of OH� anions into the organic phase. However, this
explanation is inconsistent with significant differences between
effect of Br� and I� anions and also differences of these effects for
CH acids of different pKa. On the other hand, the explanation of the
inhibitory effect of iodide (and bromide) anions on PT catalyzed
reactions of carbanions and also results presented in Tables 1 and 2
are reasonably rationalized by the interfacial mechanism.

In 50% aqueous NaOH there is about one molecule of water per
each ion of Naþ or OH� that is much less than normal hydration
number of these ions.

The low hydration energy of X� compared with that of OH�

(Table 4) suggests that X� anions (especially I�) would preferen-
tially occupy the surface (interfacial region) of the aqueous phase,
hence they would significantly reduce the interfacial concentration
(activity) of OH� anions in the two-phase systems. This phenom-
enon that can be expressed as in Eq. 11, should strongly affect the
deprotonation equilibrium (8a).

X�aq þ OH�int>X�int þ OH�aq (11)

Adsorption of lipophilic I� anions at the interface has been al-
ready suggested in order to explain the observed inhibitory effect of
I� anions on the rate of hydroxide ion promoted interfacial deute-
rium exchange and alkylation reactions of phenylacetonitrile car-
ried out in the unagitated two-phase systems (‘flat’ interface) in the
absence of a phase-transfer catalyst.15 However, in such a system,
the measured (observed) rate of the deuterium exchange does not
reflects rate of deprotonation because deuteration of the in-
termediate carbanions can be the rate limiting step. Therefore, we
have studied effect of iodide anions on the rate of the isotope ex-
change of arylacetonitriles in the vigorously stirred two-phase
systems under conditions that assure that observed rate is indeed
determined by the rate of deprotonation (Eq. 12).

nC—Dint þ OH�int %
K�D

KD

nC�int þ HODint H2Ointð Þ%
KH

K�H

nC—Hint

þ OD�int OH�int
� �

(12)

It should be stressed that experimental verification of the
above-mentioned effect in the D/H exchange model reaction (Eq.
12) is straightforward only under the condition kH[kD[k�D. If so,
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then for a C–H acid such as, for instance, phenylacetonitrile
(pKa¼21.9 in DMSO10 when kD[k�D) the observed rate of deute-
rium exchange is determined by the step of proton (deuteron)
abstraction from the substrate (rate¼k�D[nC–D]int[OH�]int) and
therefore directly depends on the interfacial concentration of
hydroxide. If kH�kD, then the effective concentration of carbanions
in the course of the reaction is almost as in equilibrium (rate¼
kH[nC�]eq

int[H2O]int) and generally should be reduced with a
decrease of the interfacial concentration of OH� anions, if X� anions
would occupy the interface. However, such adsorption should also
increase the activity of water in the interfacial area because
bonding of H2O with OH� anions is much stronger than with
X� anions (Table 4). That should in turn increase the rate of
protonation of the formed carbanions and therefore the observed
rate of the isotope exchange reaction in such a case might not be
practically affected by eventual adsorption of X� at the interface.
For experimental verification of these suppositions, we have
chosen as a model the CH acid 4-methylphenylacetonitrile (pKa

22.9 in DMSO) fully deuterated in the methylene group. The
progress of deuterium exchange was determined using an 1H NMR
technique following the change of intensity of signal of the
methylene group protons in relation to the protons of the methyl
group of 4-methylphenylacetonitrile (d 2.4 ppm) used as the
internal standard. When a 2.8 M solution of p-methylphen-
ylacetonitrile-a-d2 (pKay22.9 in DMSO10) in chlorobenzene was
vigorously stirred with excess of 50% aq NaOH (saturated or not
saturated with NaI), we did not observe any significant effect of
the iodide anions on the rate of isotope exchange (t1/2¼51.4 min
in the absence of NaI and t1/2¼67.8 min in the case of 2.0 M NaI in
50% aq NaOH).

The absence of the effect of iodide anions in this model system
indicates that the rate of the exchange is determined by the rate of
protonation of the generated carbanion (kH�kD). In such a system,
I� at the interface can affect both deprotonation and protonation
steps, thus observed results of these controversial effects could be
meaningless. In order to avoid these difficulties, we measured the
effect of I� and Br� anions on the interfacial D–H exchange between
two CH acids of similar acidity: phenylacetonitrile (pKa 21.9) and 4-
methylphenylacetonitrile, Eq. 13.
p-CH3C6H4CD2CN  +  C6H5CH2CN                               p-CH3C6H4CHDCN  +  C6H5-CHDCN
50% NaOH, I-

time of the half exchange (t 1/2 min)

No  I  (5 %  Q  I  )a no  I        2.0 M I        0.2 M I     (5 % Q  I  )a 2.0 M Br       0.2 M Br

fast                0.8           8.1              7.4 1.6                 2.9                0.8

- -- - --+ + --

C6H5Cl

amolar % in respect to the nitriles, Q+ = Bu4N+

ð13Þ
The rate of protonation (migration of proton between the
carbanion and the nitrile) is not affected by the iodide anions
adsorbed at the interface. The results of the isotope exchange
between 4-methylphenyl-acetonitrile-a-2D and phenylacetonitrile
in the presence of 50% aq NaOH and some anions are shown under
Eq. 13. In such a system, we observed strong inhibition of D/H
exchange between the nitriles even when the aqueous phase
contains a small amount of NaI. Introduction of catalytic amounts
of PT catalyst QþI� strongly accelerates the rate of the exchange,
apparently due to an increase of the effective concentration of
carbanions in the system via formation of the nC�Qþ ion pairs,
though addition to such system of iodide anions inhibits the rate
of the isotope exchange. This indicates that the rate of the for-
mation of nC�Qþ ion pairs in two-phase systems containing 50%
aq NaOH is significantly reduced when the aqueous phase contains
even small amounts of iodide anions. A similar inhibition effect,
though much less profound, was observed in the case of bromide
anions.

These results support the hypothesis that the effective concen-
tration of carbanions of such C–H acids as phenylacetonitrile in the
course of PTC alkylation in the presence of aqueous NaOH depends
on the interfacial concentration of OH� anions (see Eq. 11), which in
turn depends on a kind of X� anions produced in the reaction, being
the lowest for iodide anions.

It must be noted that the adsorption of iodide anions at
the interface generally should result in a high effective concentra-
tion of I� anions involved in the processes of the ion-exchange
equilibria (e.g., nC�/I� competition for TAA cations), which take
place between the phases. Entries 5 and 7 from Table 2 clearly
demonstrate this effect. The only parameter varied in these two
entries was concentration of aqueuos NaOH (50 and 20 wt %,
respectively). Whereas in the case of diluted NaOH, for which effect
of interfacial adsorption of I� anions might be neglected, the
equilibrium content of carbanions in the organic phase was almost
100%, in the case of highly concentrated NaOH this value was sig-
nificantly lower. However, this effect apparently is not important
for explanation of the inhibition in PTC/OH� alkylation with R–I,
since it becomes considerable only with high conversion of the
substrates, so that the ratio I�/nC� becomes very high in the
system.

The results and discussion presented in this paper un-
ambiguously shows that the inhibitory effect of iodide anions and
much weaker of bromide anions on PTC alkylation of carbanions
in two-phase liquid–liquid system containing concd NaOH as the
aqueous phase is not due to competition of these anions with
carbanions for the lipophilic TAA cations. As it could be supposed
a priori, and we have shown experimentally, direct competition
between carbanions and iodide anions is always favourable for the
more lipophilic anions, that is, carbanions. Since the degree of
inhibition is a function of CH acidity of CH acids, iodide anions
undoubtedly hinder deprotonation of the CH acids. Thus in-
hibition of PT catalyzed reactions of carbanions in liquid–liquid
two-phase systems containing 50% aq NaOH is due to accumula-
tion of iodide anions at the interface. In such a situation, the
activity of OH� anions in the interfacial regions is decreased
and acid–base equilibrium for generation of the carbanions
disfavoured.
2. Experimental

2.1. General

GLC analyses were performed on Shimadzu GC-14A gas chro-
matograph. 1H, 13C and 19F NMR spectra were recorded in chloro-
form-d1 on Varian Gemini spectrometer (200 MHz for 1H, 50 MHz
for 13C and 375 MHz for 19F). Chemical shifts were assigned using
signals from CHCl3 (7.26 and 77.0 ppm for 1H and 13C, respectively)
or CFCl3 (0 ppm for 19F) as internal standards. MS spectra were
recorded on AMD 604 mass-spectrometer. Elemental analyses
were performed on Perkin–Elmer 240 instrument. Melting points
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were not corrected. All experiments were carried out using mag-
netic stirrer equipped with a temperature-controlled oil bath.

2.2. Reagents and substrates

Chlorobenzene, methanol, sodium chloride, bromide, iodide and
hydroxide were analytical reagent grade, 50 wt % aqueous NaOH
was prepared using distilled water and kept as a stock solution.
Substituted phenylacetonitriles (assay 97–99%) were purchased
from Aldrich�. Tetrabutylammonium (TBA) bromide, iodide and
hydrogen sulfate (assay	98%) were purchased from Fluka�. Com-
mercial n-propyl halides and n-dodecane were distilled before use.

Tetrabutylammonium chloride (assay Cl�	98% by potentiometric
titration with aq AgNO3) was synthesized from TBA hydrogen sul-
fate according to published procedure.17

Phenylacetonitrile (assay 	99.9% by GLC) was obtained by
distillation of the commercially available product (assay 98%,
Aldrich�).

2,4-Dichlorophenylacetonitrile (assay 	99.9% by GLC) was
obtained by recrystallization of the commercially available product
(assay 98%, Aldrich�) from EtOH. Mp 61.5–62.5 �C (lit.18 62–62.5 �C).
Calculated for C8H5NCl2 (%): C 51.65, H 2.71, N 7.53, Cl 38.11. Found
(%): C 51.74, H 2.84, N 7.59, Cl 38.25.

Pentafluorophenylacetonitrile was obtained from hexa-
fluorobenzene and ethyl cyanoacetate according to published
procedure.19 The sample obtained after distillation of the crude
product contained w2 mol % (by 1H NMR) of C6F5CH2CO2Et. The
ester impurity was removed by hydrolysis with 50% aq NaOH
according to following procedure. A solution of the contaminated
sample (5 g) in benzene (20 mL) was mixed with excess of 50% aq
NaOH (20 mL) and vigorously stirred at 40 �C for 7 h. The organic
phase was separated. The aqueous phase was diluted with water
(5–10 mL) and extracted with benzene (3�10 mL). The combined
organic extracts were washed with saturated Na2CO3 (4�10 mL),
water (10 mL) and dried over MgSO4. After removal of the solvent,
the residue was distilled under reduced pressure to give 4.0 g of the
pure pentafluorophenylacetonitrile as colourless oil. Bp 89–
90 �C/w12 Torr (lit.19 105 �C/8 Torr). 1H NMR: d 3.8 (m, CH2). 13C
NMR: d 10.9 (a-C), 104.5 (td, Ar(C1), 2JC1F2¼17.8 Hz, n>2JC1Fn¼
4.2 Hz), 114.4 (CN), 137.6 (dm, Ar, 1JCF¼254.8 Hz), 141.6 (dm, Ar,
1JCF¼256.1 Hz), 144.9 (dm, Ar, 1JCF¼250.4 Hz). 19F NMR: d�160.9 (m,
2F, F3), �152.7 (t, 1F, F4, 3Jortho¼20.8 Hz), �141.8 (m, 2F, F2). Cal-
culated for C8H2F5N (%): C 46.40, H 0.97, N 6.76. Found (%): C 46.31,
H 0.79, N 6.65.

Phenylsulfonylacetonitrile was synthesized on the basis of pub-
lished procedure for alkylation of sulfinates under PTC conditions.20

A mixture of PhSO2Na (8.21 g, 0.05 mol), chloroacetonitrile (3.78 g,
0.05 mol), TBA chloride (0.7 g, w2.5 mmol, w5 mol %) in DME
(10 mL) was stirred at 90–95 �C for 2 h. After cooling the intensively
coloured reaction mixture was passed with Et2O through a thin (1–
2 cm) layer of SiO2. After removal of the solvents the crude product
was recrystallized twice from EtOH (20 mL and 10 mL, respectively)
to give 4.91 g (54%) of the product as bright grey crystals. Mp 113–
114 �C (lit.20 113–114 �C). 1H NMR: d 4.1 (s, 2H, CH2), 7.7 (m, 2H, Ph),
7.8 (m, 1H, Ph), 8.1 (m, 2H, Ph). 13C NMR: d 45.7 (CH2), 110.4 (CN),
128.8 (Ph), 129.8 (Ph), 135.4 (Ph), 136.6 (Ph). Calculated for
C8H7NO2S (%): C 53.03, H 3.89, N 7.73, S 17.69. Found (%): C 53.01, H
4.03, N 7.70, S 17.90.

Phenylmalononitrile was obtained in 78% yield on the basis
of published procedure21 via the reaction of iodobenzene with
malononitrile in DMSO/K2CO3 at 120 �C catalyzed by CuCl
(20 mol %). The crude product contained w5 mol % of CH2(CN)2 and
some amounts of tars was sufficiently purified by passing with
toluene through a thin (1–2 cm) layer of SiO2. Mp 66–67 �C (lit.21

67–68 �C). 1H NMR: d 5.1 (s, 1H, H2), 7.5 (mzs, 5H, Ph). 13C NMR:
d 28.1 (C2), 111.7 (CN), 126.1 (Ph), 127.1 (Ph), 129.9 (Ph), 130.3 (Ph).
C9H6N2 Calculated: for C 76.04, H 4.25, N 19.71. Found: C 76.17, H
4.04, N 19.82.

p-Methylphenylacetonitrile-a-d2 was obtained by stirring a mix-
ture of neat p-methylphenylacetonitrile with w2 wt % solution of
NaOD in D2O (prepared by careful dissolving of Na in D2O under
argon) for 12 h at room temperature, which assures complete
equilibration of the hydrogen atoms on the a-carbon of the nitrile
with deuterium. After two such exchanges with a 20:1 ratio of D2O
per nitrile in each exchange, more than 99% of the a-carbon
hydrogens of the nitrile (1H NMR d 3.7 ppm) were replaced by
deuterium.

2.3. Determining of equilibrium contents of carbanions and
halides in the organic phase generated from equimolar
mixtures of ArCH2CN, PhSO2CH2CN or PhCH(CN)2 and TBA
halides (QDXL) in chlorobenzene/50% aq NaOH two-phase
system at 35 8C (Table 1)

A 50 mL three-neck round-bottom flask, equipped with a gas
inlet and a magnetic stirring bar, connected to a source of argon and
an oil pump (w1 Torr), was charged with a solution of equimolar
mixture of corresponding nitrile and TBA halide in chlorobenzene
prepared in a volumetric flask (w25 mL, 0.012–0.12 M, 0.3–3 mmol
each of the components). In the case of TBA chloride and iodide,
which generally were not completely soluble in chlorobenzene at
room temperature to give a 0.12 M solution, the solution in volu-
metric flask was warmed up to 35–40 �C prior to addition to the
flask. Under cooling with a dry ice–acetone bath the flask was
degassed in vacuum and filled with argon (three times). In the
stream of argon, 50% aq NaOH (15 mL, w300 mmol NaOH) or a so-
lution of NaX (X¼I, Br) in 50% aq NaOH (15 mL, 0.2–2 M, 3–30 mmol
NaX) was added and the flask was additionally degassed in the
same manner and finally filled with argon. Then the cooling bath
was replaced with an oil bath and the flask was allowed to warm up
to þ35 �C for 1 h period time. The mixture was then vigorously
stirred for 15min at 35�1 �C. After short separation of the phases
(2–3 min), three samples (2�3–5 mL, 1�5–10 mL) of the clear up-
per organic layer were taken by a volumetric pipette. The use of
centrifuge for accurate separation of the phases was not necessary
since the phases were well separated by gravitation. Two samples
were mixed with methanol (3–5 mL) and titrated with 0.05 M HCl
using bromophenol blue as the indicator. Chlorobenzene was
evaporated under reduced pressure from the third sample. The
residue was dissolved in methanol (10.0 mL total volume) and
potentiometrically titrated with 0.01 M AgNO3 in order to de-
termine the content of X� in the organic phase.

2.4. Comparative experiments on alkylation of ArCH2CN
(Ar[Ph, 2,4-dichlorophenyl or pentafluorophenyl) with
n-propyl halides carried out in chlorobenzene/50% aq NaOH
two-phase system in the presence of 2 mol % of TBA halides
(QDXL) at 35 8C (Table 3)

A 10 mL round-bottom flask, equipped with a magnetic stirring
bar, was charged with 50% aq NaOH (1.0 g, 12.5 mmol). The flask
was thermostated at 35 �C and additionally charged with a homo-
geneous mixture of ArCH2CN (4 mmol) and 5.0 mL of chloroben-
zene solution containing n-propyl halide (1.6 M, 8 mmol), QþX�

(0.016 M, 0.08 mmol, 2 mol %) and n-dodecane (0.16 M, 0.8 mmol,
20 mol %)dinternal standard. The three chlorobenzene solutions,
each containing corresponding n-PrX, QþX� and the internal
standard, were prepared once in 25 mL volumetric flasks and used
for alkylation of all nitriles. Since some TBA salts (X�¼Cl� and I�)
partially crystallized from the chlorobenzene solutions upon stor-
age at ambient temperature, the solutions were warmed up to 35–
40 �C to ensure complete dissolving of QþX� salt crystals prior
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to addition to the reaction flask. After mixing the reagents, the
mixtures were vigorously stirred at 35�1 �C. Small samples of the
organic phases were periodically taken after short stops of stirring
(see Table 4). The samples were diluted with CH2Cl2 and analyzed
by GLC. Assigned conversions of ArCH2CN were confirmed by iso-
lation of the alkylation products and unreacted nitriles by column
chromatography (SiO2, hexane/hexane/EtOAc (20/1)).

The following products of alkylation were isolated:
2-Phenylvaleronitrile: 1H NMR d 1.0 (t, 3H, H5, 3JH5H4¼7.2 Hz), 1.5

(m, 2H, H4), 1.9 (m, 2H, H3), 3.8 (dd, 1H, H2, 3JH2H3¼8.2 Hz,
3JH2(H3)0¼6.6 Hz), 7.3–7.4 (m, 5H, Ph) is consistent with the litera-
ture data.22 13C NMR: d 13.4 (C5), 20.2 (C4), 37.1 (C3 or C2), 37.8 (C2
or C3), 120.8 (CN), 127.1 (Ph), 127.9 (Ph), 128.9 (Ph), 136.0 (Ph). MS
(EI, 70 eV) m/z (%): 159(30, [M]þ), 117(100, [M�C3H6]þ). Calculated
for C11H13N (%): C 82.97, H 8.23, N 8.80. Found (%): C 82.81, H 8.42, N
8.64.

2-(2,4-Dichlorophenyl)valeronitrile: 1H NMR d 1.0 (t, 3H, H5,
3JH5H4¼7.2 Hz), 1.6 (m, 2H, H4), 1.8 (m, 2H, H3), 4.3 (t (dd), 1H, H2,
3JH2H3z3JH2(H3)0z7.2 Hz), 7.3 (dd, 1H, Ar(H5), 3Jortho¼8.4 Hz, 4Jmeta¼
1.9 Hz), 7.4 (d, 1H, Ar(H3), 4Jmeta¼1.9 Hz), 7.5 (d, 1H, Ar(H6), 3Jortho¼
8.4 Hz). 13C NMR: d 13.2 (C5), 20.3 (C4), 33.9 (C3 or C2), 36.0 (C2 or
C3), 119.8 (CN), 127.8 (Ar), 129.6 (Ar), 129.7 (Ar), 132.4 (Ar), 133.2
(Ar), 134.5 (Ar). MS (EI, 70 eV) m/z (%): 229(24, [M]þ), 227(37, [M]þ),
187(67, [M�C3H6]þ), 185(100, [M�C3H6]þ), 43(28, [C3H7]þ). Calcu-
lated for C11H11NCl2 (%): C 57.92, H 4.86, N 6.14, Cl 31.08. Found (%):
C 57.78, H 4.70, N 6.00, Cl 31.41.

2-Pentafluorophenylvaleronitrile: 1H NMR d 1.0 (t, 3H, H5,
3JH5H4¼7.3 Hz), 1.5 (m, 2H, H4), 1.8 (m, 1H, H3), 2.1 (m, 1H, (H3)0), 4.1
(t (dd), 1H, H2, 3JH2H3z3JH2(H3)0z7.9 Hz). 13C NMR: d 13.1 (C5), 20.5
(C4), 25.7 (C3 or C2), 34.6 (C2 or C3),109.8 (td, Ar(C1), 2JC1F2¼15.9 Hz,
n>2JC1Fn¼4.3 Hz),117.4 (CN),138.0 (dm, Ar, 1JCF¼253.5 Hz),141.3 (dm,
Ar, 1JCF¼256.3 Hz), 144.7 (dm, Ar, 1JCF¼250.3 Hz). 19F NMR: d�155.8
(m, 2F, F3), �148.2 (tt, 1F, F4, 3Jortho¼21.0 Hz, 4Jmeta¼2.1 Hz), �136.9
(m, 2F, F2). MS (EI, 70 eV) m/z (%): 249(19, [M]þ), 207(100,
[M�C3H6]þ), 43(72, [C3H7]þ), 41(31, [C3H5]þ). HRMS (EI) 249.05870;
calculated for C11H8NF5: 249.05769. Calculated for C11H8NF5 (%):
C 53.02, H 3.24, N 5.62. Found (%): C 53.14, H 2.87, N 6.10.

2.5. Measurements of rate of D/H exchange in
p-methylphenylacetonitrile-a-d2 in chlorobenzene/50% aq
NaOH two-phase system (Eq. 13)

A solution of p-methylphenylacetonitrile-a-d2 in chlorobenzene
(0.67 mL, 4.24 M, 2.8 mmol) was rapidly added with vigorous stir-
ring to a 10 mL flask charged with 50% aq NaOH (1.0 mL, 1.52 g,
w19 mmol) and phenylacetonitrile (0.33 mL, 2.8 mmol, 100 mol %)
or chlorobenzene (0.33 mL) to keep constant the total volume of
the organic phase (1.0 mL), if phenylacetonitrile was not added.
When effect of X� anions (X�¼I�, Br�) or Qþ cations on the rate of
deuterium exchange was studied, corresponding salt NaX (0.2–
2.0 mmol, 7–70 mol %) and/or TBA iodide (0.052 g, 0.14 mmol,
5 mol %) had been dissolved in 50% aq NaOH (1.0 mL, 1.52 g,
w19 mmol) before addition of p-methylphenylacetonitrile-a-d2.
The mixture was vigorously stirred at 25�1 �C. Small samples of the
organic phases were periodically taken after short stops of stirring
(e.g., 0.5 min, 1 min, 2 min, 5 min, 10 min, 20 min), rapidly mixed
with excess of 5% aq HCl and vigorously shaken. After separation
from the aqueous phase the samples were mixed with CDCl3 and
placed in an NMR tube by passing through a thin layer of MgSO4 in
a Pasteur pipette. The degree of deuterium exchange was de-
termined by 1H NMR technique on the basis of intensity of H signal
of the methylene group using signal of p-methylphenylacetonitrile
(d 2.4 ppm) used as the internal standard. Chemical shifts (ppm)
of the methylene protons in ArCH2CN: d 3.8 (Ar¼Ph) and 3.7 (Ar¼
p-methylphenyl).
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2. Mąkosza, M.; Serafinowa, B. Rocz. Chem. 1965, 39, 1223–1231; Chem. Abstr. 1966,

64, 12595h.
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