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Abstract

The substitution reactions of XC4H ,COCI (X = 2-F, 3-F, 4-F, or 4-(CH);C) and YC¢H ,COONa(Y = 2-F, 3-F, 4-F, or
H) in a two-phase H,0/CH,Cl, medium using pyridine 1-oxide (PNO) as an inverse phase transfer catalyst were
investigated. Under suitable reaction conditions, the kinetics of the reaction follows a pseudo-first-order rate law, with a
constant observed rate being a linear function of the concentration of PNO in the water phase. The order of reactivities of
XCgH,COCI toward reaction with PNO is 2-FC4H,COCI > 3-FCH,COCl > 4-FC4H ,COCl > C4H;COCI > 4-
(CH);CCxH ,COCI. The order of reactivities of YCzH,COO™ ions toward reaction with 1-(benzoyloxy)pyridinium
(CgHCOONP™) ion is C4gH;COO™ > 3-FC4H ,CO0™ > 4-FC4H ,COO~ > 2-FC4H ,COO~. For the water phase with
pH > 12, the reaction is complicated by the competitive reaction of XC4;H ,COCI and OH ™ ion in the organic phase. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

Phase transfer catalysis (PTC) has been
widely used to promote a variety of interfacial
reactions, making the numerous organic syn-
thetic reactions feasible and utilizing two-phase
water-organic solvent media. Extensive PTC re-
actions have been studied focusing on the nor-
mal phase transfer catalysis (NPTC), which in-
volves transport of anionic reactant with a
cationic phase transfer catalyst from the water

* Corresponding author. Tel.: +886-6-2757575-65342; fax:
+886-6-2740552.
E-mail address: jjjwo@mail.ncku.edu.tw (J.-J. Jwo).

phase into the organic phase for reaction with
a second reactant [1-7]. A complementary
methodology named by Mathias and Vaidya [8]
as inverse phase transfer catalysis (IPTC) in-
volves the conversion of a reactant in the or-
ganic phase by a phase transfer catalyst to an
ionic intermediate, which is transported into the
water phase for reaction. The IPTC technique
[9,10] provides one of the most attractive meth-
ods for synthesizing acid anhydrides [9-16],
which being less reactive than acylchlorides, are
very important intermediates for the synthesis of
esters, amides, and peptides. Jwo et a. [17-23]
have studied the kinetics and mechanism of the
two-phase substitution reactions of benzoyl

1381-1169,/00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S1381-1169(99)00377-5



56 S-M. Hung, J.-J. Jwo / Journal of Molecular Catalysis A: Chemical 154 (2000) 55-63

chlorides with carboxylate and dicarboxylate
ions using pyridine 1-oxide (PNO) as an inverse
phase transfer catalyst. In this paper, the PNO-
catalyzed IPTC reactions of 2-, 3-, or 4-fluoro-
benzoyl chloride or 4-tert-butyl-benzoyl chlo-
ride with benzoate ions in a two-phase medium
were studied. The effects of the substituent, the
catalyst, the organic solvent, the pH value, the
temperature, and the agitation rate were investi-
gated. Both symmetric and mixed benzoic anhy-
drides were synthesized. The experimenta re-
sults are rationalized.

2. Experimental
2.1. Materials

PNO (Aldrich); biphenyl (Ferak); 2-benzyl-
oxybenzaldehyde, 2-,3-, and 4-fluoro-benzoyl
chlorides, 2-, 3-, and 4-fluoro-benzoic acids,
4-tert-butyl-benzoyl chloride, and tert-butyl-
benzoic acid (Lancaster); and tetra-n-butyl-
ammonium hydroxide (Merck) were used.
De-ionized water was obtained from reverse
osmosis (Millipore Milli-RO 20). Due to the
hygroscopic property of PNO, (PNOH*CI~
crystals (mp 179-181°C) were used instead [17].

2.2. Procedures

2.2.1. Synthesis of symmetric and mixed benzoic
anhydrides

Under agitation at 1200 rpm, a50 ml CH,Cl ,
solution of XC4H,COCI [X =F or C(CH,),]
(0.2 M) was mixed with a 50 ml aqgueous
solution containing the desired benzoate salt
YC4H,COONalY =H, F, or C(CH,),] (0.5M)
and PNO (0.02 M) in a 250 ml three-necked
Pyrex flask. After the reaction was complete,
the CH,CI, layer was separated and washed
with NaOH solution (0.02 M) to remove ben-
zoic acids. It was then washed twice with de-
ionized water and dried with anhydrous MgSO,.
The symmetric benzoic anhydrides were ob-
tained after concentrating the CH,Cl, solution

with a rotatory evaporator in a hot water bath,
whereas the mixed benzoic anhydrides were
obtained in an ice-water bath instead to avoid its
disproportionation reaction [10]. The HPLC
analysis of the anhydride product showed only
one peak. Ana. Calcd. for C,HgF,0O5: C,
64.12; H, 3.05. Found: C, 64.10; H, 3.07 [(2-
FC4,H,CO),0]; C, 64.12; H, 3.13 [(3-
FC4H,CO),0]; C, 64.08; H, 3.07 [(4-
FC4H ,C0),0]l. Cacd. for C,,H,FO;: C, 68.85;
H, 3.69. Found: C, 68.77; H, 3.74 (3-
FC4H,COOCOC.H.); C, 68.86; H, 3.72 (4-
FCsH,COOCOC H.). Calcd. for C,,H,404:
C, 78.11; H, 7.69. Found: C, 78.34, H, 7.77
[(C,H4C4xH ,CO),0l

2.2.2. Kinetic experiment

The kinetic runs were carried out in a 250 ml
three-necked Pyrex flask fitted with a flat-bladed
stirring paddle and submerged in a thermostated
water bath. Both organic and aqueous solutions
of reactants were thermostated at the desired
temperature (within +0.2°C) for at least 30
min. The kinetic run was started by adding 50
ml of agueous solution [containing a known
amount of YCgH,COONa and (PNO)H"CI~]
to 50 ml of organic solution (containing known
amounts of XCzH ,COCI and internal standard)
under constant agitation. During the reaction, an
aliquote (0.2 ml) was withdrawn at a chosen
time, immediately put into the extraction sample
bottle, which contained 0.2 ml of n-hexane and
0.7 ml of H,0O and was kept cold in an ice-water
bath. The extraction bottle was shaken vigor-
oudly for at least 40 s to quench the reaction.
The organic phase was then analyzed by HPLC
using the internal standard method. The follow-
ing are HPLC analysis conditions and data.

(A) Column, Lichrospher 100 RP-18 (5 pw.m);
wavelength, 254 nm: (i) eluent, CH,CN/H,O
= 5545 by volume;, flow rate, 1.5 ml/
min; elution time (min): 2-FC,H ,COCI (6.13),
CsH:COCI (7.04), 4-FC,H,COCI (7.21), 3-
FCxH,COCI (7.61), (2-FC4H ,CO),O (8.00),
2-FC4H ,COOCOC4H (8.82), 4-FC4H,-
COOCOC4H. (9.82), 3-FC,H,COOCOC4-H .
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(10.23), (4-FC4H,CO),0 (10.63), (3-FC4H -
C0),0 (11.70), and C,H,, (14.80); (ii) eluent,
CH,CN/H,O = 52:48; flow rate, 1.5 ml/
min; elution time (min): C,H,COCI (7.63),
(CsHCO),0 (10.01), 3-FC,H,COOCOCeHs
(11.30), and C,H,, (16.18); (iii) euent,
CH,CN/H,O = 50:50; flow rate, 1.5 ml/
min; elution time (min): C,H,COCI (9.56),
(C¢H5C0),0 (13.46), 2-FC;H,COOCOC:H;
(12.65), 4-FC4H,COOCOC.H, (14.76),
and C,,H,, (21.88).

(B) Cloumn, Lichrospher Si 60 (5 wm);
wavelength, 254 nm; eluent, n-hexane; flow
rate, 1.0 ml/min; elution time (min):
4-(CH ;),CC4H ,COCI (2.74), 4-(CH;),CC4H ,-
COOC¢H; (5.10), and 2-(C4H CH,O)C.H ,-
CHO (6.50).

The response factor f was calibrated using
C,/C.=1f(A,/A,) (C, concentration; A, peak
area; X, unknown compound; is, internal stan-
dard). The values of f are (i) 2.821 (2-
FC,H,COCl), 2.382 (3-FC4H,COCI), 1.725
(4-FC4H ,COCI), 1.677 [(2-FCH ,C0),Q],
1.619 [(3-FC4H ,CO),0], 1.065 [(C;HCO),0],
1.456 (2-FC4H,COOCOC4H.), 1.260 (3-
FCqH,COOCOCsH.), and 0.968 (4-
FCcH,COOCOC4zHs) (vs. is=C,H,p); (i)
0.429 [4-(CH,),CCH,COCI] and 0501 [4-
(CH;),CCH,COOCOCH] [vs. is= 2-
(CcHCH,0)C4H ,CHQ]. The pseudo-first-
order rate constant (k) was determined by the
linear-least-square (LLS) fit of the plot of
In[XCH ,COCI] vs. time.

3. Results and discussion

Preliminary study of the PNO-catalyzed reac-
tion of XC¢H,COCI [X =F or C(CH,),] and
C¢H;COONa in H,0/CH,Cl, medium
showed that the rate of reaction depended on the
amounts of reactants and catalyst, the organic
solvent, the agitation rate, the pH value, and the
temperature. The reaction scheme can be sim-

plified as shown in the following reaction pro-
cesses R1, R2, and R3.
XCgH ,COCI + PNO
XCgH,COONP*CI~ R1

CH_;CIZ 614 (R1)
XCgH,COONP*+ YCH,COO™

— XCgH,COOCOC;H,Y + PNO (R2)

H,0
XC4xH,COONP*+ H,O

—>OXC6H4COOH + PNOH* (R3)

H2
The intermediate, XCzH,COONP*CI~, pro-
duced in the organic phase (reaction R1) will
transfer quickly to the water phase and reacts
with YCzH ,COO™ ion to generate the substitu-
tion product, benzoic anhydride (XCgH,-
COOCOC4H,Y) (reaction R2) or reacts with
H ,O to produce the hydrolysis product, benzoic
acid (XC4H,COOH) (reaction R3). All three
reactions are essentially irreversible. In genera,
reaction R1 is considerably slower than both
reactions R2 and R3 and is the rate-determining
step. If the distribution of PNO catalyst between
water and organic phases is very rapid and
remains at equilibrium during the reaction, the
rate of reaction can be expressed by a pseudo-
first-order rate equation (Eq. 1).

—d[XCgH ,COC] g/ dIt
= Kops[ XCoH ,COC! ] org (1)

3.1. Effect of agitation

The rate of reaction increases asymptotically
with increased rate of agitation to a limited
value. For [2-FCH,COCI],, = 0.0100 M,
[C¢H5COONa,,, = 0.500 M, [PNOJ,, = 4.00
%X 10™* M in 50 ml H,0/50 ml CH,Cl,, the
values of k,, a 20°C were (2.07, 2.50, 2.85,
3.42, 3.75, and 3.80) X 103 s ! at the agita-
tion rate of 700, 900, 1000, 1100, 1200 and
1300 rpm, respectively. For [4-(CH;),CC¢H .-
COCl],ory = 0.0100 M, [C4HCOONal,,, =
0.500 M, [PNO]iaqz 6.00X 107* M in 50 ml
H,0/50 ml CH,CI,, the values of k at 20°C
were (0.207, 0.715, 1.00, 1.02, 1.07, 1.11, 1.10,
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and 1.09) X 1073 s~* a 300, 400, 500, 600,
700, 900, 1000 and 1200 rpm, respectively.
When the agitation rate was 1200 rpm or higher,
it appeared that the two phases exhibited uni-
form mixing. Therefore, most experiments were
run at 1200 rpm.

3.2. Solvent effect

Dichloromethane, benzene, and n-hexane
were chosen for studying the effect of organic
solvent. For [2-FC,H,COCl];,, = 0.0100 M,
[C¢H;COONa];,, = 0.500 M, and [PNO];, =
3.00x10°* M a 20°C, the values of kg,
yield were 2.83 X 1072 s7%, 96%; 1.34 X 1073
s, 64%; and 2.18 X 103 s, 56% in H,0/
CH,Cl,, n-CgH,,/H,0O, and CgiH,/H,O
media, respectively. For [4-(CH;);CC,-
H ,COCl];py = 0.0100 M, [C;H;COONal,,, =
0.500 M, and [PNOJ],,=300x10"* M at
20°C, the values of k., yield were 5.65 X 10~*
s! 98% and 577 X 107° s7! 19% in
H,O/CH,Cl, and n-CqH,,/H,O media, re-
spectively. The low yield of acid anhydride in
CgHg/H,0 0r n-C¢H,,/H,0 medium was due
to the low distribution of PNO in n-C4H,, or
CsH4 phase, which led to produce higher yield
of the hydrolysis product. For example, for

Table 1
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[2-FC¢H ,COCl];,y = 0.0100 M, [CeH5-
COONal;,, = 0.500 M, and [PNO],,,=0 M at
20°C, the values of k.. or k, of hydrolysis
reaction were 558 X 10 °and 1.12 X 10 3 s7*
in H,0/CH,Cl, and n-C4;H,,/H,O media,
respectively. Therefore, most experiments were
run in H,0/CH,Cl, medium.

3.3. Uncatalyzed reaction

In the absence of PNO catalyst, XC4H ,COCI
reacted with YC;H,COONa in a two-phase
medium to produce mainly the hydrolysis prod-
uct, XC4H ,COOH (reaction R3). The observed
rate constant k.., or k;, depended on the ionic
strength ( ) and the salt in the water phase. For
example, for [2-FCH 4COCI]iorg = (0.0100 M in
H,O0/CH,Cl,, the values of k; at 20°C were
(3.20, 3.28, and 5.58) X 107° s with =0
M, 0.5 M (adjusted with NaNO,), and 0.5 M
(adjusted with C4H ,COONa), respectively. In
most experiments, the ionic strength in the wa-
ter phase was kept constant at 0.5 M (adjusted
with YC¢H,COONa). Under similar conditions,
the relative rate of hydrolysis was 4-FCH ,-
COCI > (2-FC¢H ,COCI, 3-FC¢H ,COCI) > 4-
(CH,);CCH,COCI. The temperature depen-
dence of k;, and the apparent activation energies

Effects of temperature on the observed rate constants of the uncatalyzed and PNO-catalyzed reactions of XCgH ,COCI and CqH;COONain

50 ml H,0,/50 ml CH,Cl, medium

[XCgH 4,COCl] ;g = 0.0100 M; [CgH5COONG];,, = 0.500 M; pH = 7.62.

T (°C) Kops (1074 s71) E, (kJmol~1)
10 15 20 25 30

Uncatalyzed reaction?

2-FC¢H ,COCI 0.237 0.387 0.558 - 1.49 655+ 21

3-FC¢H ,COCI 0.210 0.355 0.403 — 0.887 483 £ 5.2

4-FCgH ,COCI 0.288 0.465 0.802 - 2.33 756+ 1.8

4-(CH 3);CC¢H ,COCI - - 0.074 - - -

PNO-catalyzed reaction®

2-FC¢H ,COCl 18.3 20.8 229 - 312 189+ 13

3-FC4H,COCl 11.7 14.4 15.8 - 183 151+ 24

4-FCgH ,COCI 5.78 6.93 9.10 - 135 306+ 1.2

4-(CH,);CCeH ,cOCl 2.47 308 3.98 5.05 5.98 324+ 10
APNOJ;q =0 M,

*[PNOJjpq = 200 X 1074 M.
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(E,) obtained by the LLS fits of the Arrhenius
plots of In k,, vs. 1/T are shown in Table 1.

3.4. PNO-catalyzed reaction

In the presence of PNO, XC4H,COCI re-
acted quite rapidly with YCz;H,COONa in
H,O0/CH,Cl, medium to produce mainly the
substitution product, XCgH,COOCOCH Y
(reaction R2). Typical kinetic results are shown
in Fig. 1 and Tables 1 and 2. The temperature
dependence of k., and the apparent activation
energies are also shown in Table 1. The plots of
Kops VS. [PNO];, islinear (Fig. 2), implying that
the reaction is also first-order with respect to
PNO. The value of k. a the intercept is in
good agreement with that of the corresponding
uncatalyzed reaction. Thus, similar to the PNO-
catalyzed reaction of C4H COCI| and
C¢H;COONa in H,0/CH,Cl, [17], the rate

In(IXCgH,COCHgrg / M)

6&0 12’% IB]W 2400

tls

Fig. 1. Plots of IN[XC4H ,COCl],, vs. time for the PNO-catalyzed
reactions of XCgzH,COCI and C4zH;COONa in 50 ml H,0,/50
ml CH,Cl, medium. [XCgH,COCI],, = 0.0100 M,
[C¢H5COONal,,, = 0.500 M, [PNOJ;,q=2.00x10"* M, pH =
7.62, 20°C. (@) 2-FC4H,COCI; (b) 3-FC4H,COCI; () 4
FCgH ,COCI; (d) 4-(CH4);CC4H,COCI.

Table 2

Effects of the pH value on the observed rate constants of the
PNO-catalyzed two-phase reactions of XCgH,COCI and
CsH;COONa

[XCgH ,COCl] ;g = 0.0100 M; [C4H5COONa],,, = 0.500 M,
20°C, 50 ml H,0/50 ml CH,Cl,.

pH [PNOJ;q Kops (1074 s71)

(1074M) X= xX= X= X-=
2F  3F 4F  4(CHy,C
593 0.50 7.45 6.55 2.90 1.07
1.00 14.6 10.8 5.28 1.68
1.50 20.0 15.7 7.43 —
2.00 255 20.0 9.62 3.68
4.00 - - - 7.32
6.00 - - — 11.2
7.62 050 6.77 5.73 2.83 —

1.00 121 9.80 4.98 1.95
2.00 229 15.8 9.10 3.80
3.00 318 21.3 12.6 -
4.00 - - - 1.77
6.00 - - — 11.2

11.2 0.50 5.97 5.00 2.57 0.620
1.00 10.3 7.48 4.37 1.18
2.00 19.8 13.7 8.43 2.45
3.00 29.7 19.7 11.9 -
4.00 - - - 5.78
6.00 - - — 8.92
8.00 - - - 119

125 0.50 10.9 12.0 5.98 -
1.00 15.0 14.7 7.15 —
1.50 18.2 18.2 8.53 -
2.00 22.7 19.2 10.3 —

law of this PNO-catalyzed reaction can gener-
aly be expressed by EqQ. 2.

—d[XC¢H ,OCl] oo/ dt
= Kons[XCgH 4COCH] o1
= (Kn + K[PNOJi5) [XCsH,COCllorg  (2)

where Ky, =k, + k. [PNO];,, and k,, and k.
are the uncatalyzed and catalyzed rate constants,
respectively. The order of relative reactivity to-
ward reaction with PNO is 2-FC,H ,COCI >
3-FC¢H ,COCI > 4-FC,H ,COCl > C,H COCI

> 4-(CH,),CC4H ,COCI. The effects of the
e ectron-withdrawing fluoro-substituent and the
electron-donating tert-butyl-substituent on the
reactivity of XC4H ,COCI toward reaction with
PNO imply that the inductive effect predomi-
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Kobs /1074 s-1

[PNOJ;5q / 104 M

Fig. 2. Plots of Ky vs. [PNOJ;,, for the PNO-catalyzed reactions
of XCgH ,COCI and C4gH;COONain 50 ml H,0,/50 ml CH,Cl,
medium. [XCgH,COCl];,y = 0.0100 M, [C¢H;COONal;,, =
0.500 M, pH = 7.62, 20°C. (a) 2-FC4H ,COClI; (b) 3-FC4H ,COCl;
(c) 4-FC¢H ,COCI; (d) 4-(CH4);CC4zH ,COCI.

nates over the resonance effect during the for-
mation of the activated complex.

3.5. pH effect

It was observed that the reaction rate de-
pended on the pH value in the water phase. The
effects of PNO on the values of k. at various
pH values are shown in Table 2 and the corre-
sponding values of k. are given in Table 3. For
FCH ,COCI systems, the values of k. increase
with acidity in water phase. Due to the solubil-
ity of FC4H ,COOH in the water phasg, it is not
suitable to study this reaction for pH < 5. The
values of k. decreased gradually with increased
pH value for 7 < pH < 11. Noticeably, the value
of k.. increases substantially whereas the value
of the corresponding k. decreases for pH > 12
(Tables 2 and 3). These results can be rational-
ized by invoking that the increase in basicity in

the water phase decreases the distribution of
PNO in the organic phase and also accelerates
the rate of hydrolysis. The effect of pH value on
the rate of hydrolysis of 2-FC;H ,COCI is shown
in Fig. 3. For pH < 11.2, the rate of hydrolysis
is quite independent of the pH value. At pH =
12.2, 2-FC4H ,COCI undergoes a two-stage hy-
drolysis reaction (Fig. 3b). In the first-stage
reaction, the rate of hydrolysis is considerably
faster than that at pH = 11.2, whereas in the
second-stage reaction, it is similar to that at
pH = 11.2. For pH > 12.6, the rate of hydroly-
sis is about one order of magnitude faster than
that at pH = 11.2 (Fig. 3d). These results can be
explained by considering the participation of
reaction R4.

2-FC,H,COC| + 20H"

CH—2>C|22-FC6H 4,00 +ClI"+H,0 (R4)
For pH < 12.5, the concentration of OH™ ion
distributed in the organic phase is insufficient
and not maintained at equilibrium value, whereas
it appears to be maintained at a sufficient value
for pH > 12.5. At pH = 12.2, the presence of
tetra-n-butylammonium hydroxide (4.00 x 103
M) in the water phase accelerates the rate of
hydrolysis considerably (Fig. 3c vs. b). For

Table 3

Effects of the pH value on the PNO-catalyzed rate constants of the
two-phase reactions of XCzH ,COCI and YCgzH ,COONa

[XCgH 4COCl];¢rg = 0.0100 M; [CsH5COONGa;,, = 0.500 M.

pH k.(M~ts™ b

X=2F X=3F X=4F X=4(CH,),C
593 124 9.10 447 1.872
762 104 6.80 3.93 1.87
9.10° 6.10° 3.40° —c
1.2 9.77 5.93 3.77 ~154
125 7.88 5.02 2.88 -
4pH =5.29.

b[FC6H4000Na]iaq = 0.500 M; [C4H5COONa];,q = 0 M.

“The kinetics of the reaction could not be followed by the
HPLC method because the separation of 4-(CH;);CC¢H,COCI
and (4-(CH3)3CC4H ,C0O),0 was not feasible.

“Deviation from linearity was observed in the plot of Kops VS.
[PNO];,, for [PNOJ;,q < 1.00 M.

iag =
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In{[2-FCgH4COCI] g / M)

t/103s

Fig. 3. Plots of In[2-FCsH ,COCl],q vs. time for the uncatalyzed
reaction of 2-FC4H ,COCI and C4HCOONa in 50 ml H,0,/50
ml CH,Cl, medium at various pH values. [2-FCgH ,COCl];q =
0.0100 M, [PNO]iaq =0M, 20°C. pH=(a) 7.6 or 11.2, (b) 12.2,
(0) 120, (d) 126, () 13.0, (f) 13.5; [C4H5CO ONal,, = (a—c/f)
0.500 M, (de) 0 M; [NaN03]iaq=(a—c,f) 0 M, (d,e) 0.500 M;
[(n-C4Hg),NOH],, = (a-b,d—f) O M, (c) 4.00x 1072 M.

pH =122, [NaNO;];,;,=0.500 M in 50 ml
H,O0/50 ml CH,Cl, a 20°C, the measured
concentration of OH™ ion in the CH,Cl, phase
was 81X 107 and 6.8x10°° M for [(n-
C,Hg)4,NOH],=0 and 400x107° M, re
spectively. Thus, (n-C,Hg),N* ion acts as a
normal phase transfer catalyst to carry OH™ ion
into the organic phase to react with 2-
FC4H ,COCI (reaction R4). Furthermore, for [2-
FC¢H,COCl],,, = 0.0100 M, [C4H;COONal,,,
= 0.500 M, and [PNO];,, = 2.00 X 10~* M, the
yields of 2-FC4zH,COOCOC,H; were 98%,
98%, 97%, and 71% at pH = 5.93, 7.62, 11.2,
and 12.5, respectively. In contrast, for 4-
(CH,),CC4H ,COCI system, the value of k, is
independent of the pH value for pH < 7.6, how-
ever deviation from linearity was observed in
the plot of Kk, vs. [PNOJ,,, for pH > 11.2.

3.6. Reactivities of fluoro-benzoate ions

Since the rate of the ionic reaction of the
intermediate  XC4zH,COONP* ion with
YC4xH ,COO™ ion (reaction R2) is much faster
than that of the rate-determining reaction R1,
the direct measurement of its rate is not feasi-
ble. However, the relative reactivities of
YC4zH,COO™ ions can be deduced from study-
ing the competitive reactions of mixed
YC4H,COO™ ions with the XC,H,COONP*
(e.g., X=H) ion to yield their corresponding
acid anhydrides. Typical results are shown in
Fig. 4, in which C;H;COO™ ion competes with
2-, 3-, or 4-FC,H ,COO™ ion for reaction with
CcHsCOONP* ion to produce (C4H;CO),0
and 2-, 3-, or 4-FC4H,COOCOC:H, respec-
tively. Assuming other things being equal and
[mixed benzoatte]iaq > [C6H5COCI]iorg, the rela-
tive reactivities of XCz;H,COO™ and YC,H,
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Fig. 4. [XC4gH,COOCOCGH,Y] vs. time for the PNO-catalyzed
reactions of CqH5COCI and mixed YCzH,COO~ (Y =F or H)
ions in 50 ml H,0,/50 ml CH,Cl, medium. [C¢HsCOCl]q,q =
0.0100 M; [PNOJ;,q = 2.00% 10~ * M; [C4H5COONal,, = 0.0625
M; [FCgH,COONal,, = 0.438 M, 20°C; pH = 7.62.
XCgH,COOCOC¢H Y = (@ 2-FC4H,COOCOCsHs; (b) 3-
FC4H,COOCOC H; (¢) 4-FC,H,COOCOCH;; (d, b, ¢)
(C4H5C0),0.
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COO™ ions toward reaction with C4H;CO
ONP* ion can be deduced from the expression
of (A[XCgH,COOCOC4H.]/AlYCH ,COO-
COCgH;] = (ky[XCsH,COONa],,/ky[YCq
H,COONal,,,). For [CsHsCOCI],, = 0.0100
M, [PNQ],,, = 2.00 X 10~* M, [mixed benzo-
atel,, = 0.500 M, and at 20°C, the results are
summarized as follows.

(i) A[2-FC4H ,COOCOC H ]/A[(C-
H;CO),0] = (54 + 0.2)/1.0 and 1.0/
(9.1 +£ 0.3) for [2-FC4H ,COONal/
[CcH;COONa] = 7.0/1.0 and 1.0/7.0, respec-
tively.

(ii) A[3-FC4H ,COOCOC H:]/A[(C-
H.CO),0] = (5.5 + 0.2)/1.0 and 1.0/
(8.4 £ 0.2) for [3-FC4H ,COONal/
[CcH;COONa] = 7.0/1.0 and 1.0/7.0, respec-
tively.

(iii)  A[4-FC4H ,COOCOCH 1/A[(C,-
H;CO),0] = (45 + 0.1)/1.0 and 1.0/
(10.4 + 0.2) for [4-FC4H ,COONa]/
[CcH;COONa] = 7.0/1.0 and 1.0/7.0, respec-
tively.

(iv) A[2-FC4H ,COOCOCH 1/A[4-
FC4H,COOCOCH:] = (4.6 + 0.2)/1.0 and
1.0/(10.6 + 0.2) for [2-FC4H,COONal/
[4-FC,H ,COONa] = 7.0/1.0 and 1.0/7.0, re-
spectively.

(v) A[2-FC4H ,COOCOCH]1/A[3-
FC4H,COOCOC-H:] = (4.0 + 0.1)/1.0 and
1.0/(11.8 + 0.3) for [2-FC4H,COONa]/[3-
FCsH,COONa] = 7.0/1.0 and 1.0/7.0, respec-
tively.

(vi) A[3-FC4H ,COOCOCH 1/A[4-
FC4H,COOCOC¢H.] = (10.1 + 0.2) /1.0 for
[3-FC,H ,COONa] /[4-FCzH ,COONa] = 7.0/
1.0.

(vii) The rates of the reactions in (i)—(vi) are
quite insensitive to the change in the mixed
benzoate ions. The average value of Kk is
(9.49+0.27) X 10°* s ' consistent with the
value of 1.03x 107®* s ! a 22°C for
[CcH5COCI], g = 0.0100 M, [PNO],,, = 2.00 X
10~* M, [C4HsCOONal;,, = 0.500 M [17].

These results indicate that the difference in
reactivities among these benzoate ions is small

with the order of relative reactivities being
CsH;COO™ > 3-FC,H ,COO™ > 4-FC4H ,CO-
O™ > 2-FC4H,COO".

4. Conclusion

The reactions of XC4H ,COCI [X = 2-F, 3-F,
4-F, or 4-(CH,),C] and YCH ,COONa (Y = 2-
F, 3-F, 4-F, or H) in atwo-phase H,O/CH,Cl,
medium with PNO as an inverse phase transfer
catalyst were investigated. The main conclu-
sions are:

(i) under suitable reaction conditions, the ki-
netics of the reaction follows a pseudo-first-
order rate law, the observed rate constant is a
linear function of the initial concentration of
PNO in the water phase;

(ii) the reaction of XC4H ,COCI with PNO in
the organic phase to produce the intermedi-
ate, XC;H,COONP™" ion, is the rate-de-
termining step;

(iii) the order of reactivities of XC4H ,COCI
toward reaction with PNO is 2-FC,H ,COCI
> 3-FC4H ,COCI > 4-FC4H ,COCI > C4H
COCI > 4-(CH,),CC¢H ,COCI;

(iv) the order of reactivities of YC,H ,COO™
ions toward reaction with 1-(benzoyloxy)-
pyridinium ion (C;H.COONP*) is C,
H.,COO™ > 3-FC¢H,COO0™ > 4-FC,H ,CO-
O™ > 2-FC,H,CO0;

(v) for the water phase with pH > 12, the
reaction is complicated by the competitive
reaction of XCzH ,COCI and OH™ ion in the
organic phase.
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