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Abstract

ŽŽ . . ŽŽ . .Benzoic anhydride PhCO O and 2-chlorobenzoic anhydride 2-ClC H CO O undergo slow exchange reaction in2 6 4 2
Ž .CHCl to produce mixed benzoic 2-chlorobenzoic anhydride 2-ClC H COOCOPh . The rate of conversion changes3 6 4

wŽ . x wŽ . xabnormally with the concentration ratio of PhCO O r 2-ClC H CO O . The reaction is catalyzed by pyridine 1-oxide2 6 4 2
Ž . Ž .PNO . When 2-ClC H CO O is the limiting reactant, the presence of benzoate salt promotes the reaction substantially6 4 2

with the order of effectiveness being PhCOOLi, PhCOONBu )PhCOONa)PhCOOH. This exchange reaction does not4

follow simple second-order or pseudo-first-order kinetics. However, under pseudo-order reaction condition and in the
presence of PNO or benzoate salt, the reaction follows pseudo-first-order kinetics. The mechanism of the reaction is more
complicated than expected. Mechanistic rationalization of experimental results is presented. q 1998 Elsevier Science B.V.
All rights reserved.
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1. Introduction

Carboxylic acid anhydrides, being less reac-
tive than acyl chlorides and more reactive than
esters or amides, are very important intermedi-
ates for the synthesis of esters, amides and

w xpeptides 1 . Transacylation with symmetric an-
hydrides precludes formation of side products
due to the reaction with the second acyl car-
bonyl of mixed anhydrides, which is particu-
larly important in reactions of anhydrides of
relatively weak acids. The phase transfer cataly-

Ž .sis PTC technique provides one of the most

) Corresponding author.

w xattractive methods 2–4 for the synthesis of
w xcarboxylic acid anhydrides 2–9 . Fife and Xin

w x Ž .2 applied the inverse PTC IPTC technique
w x10 to synthesize acid anhydrides via the reac-
tion of acid chloride with carboxylate ion cat-

Ž .alyzed by pyridine 1-oxide PNO . Jwo et al.
studied the kinetics and mechanism of the
PNO-catalyzed IPTC reactions of benzoyl chlo-
rides with carboxylate or dicarboxylate ions,
which produced symmetric or mixed benzoic

w xanhydrides 11–17 . Like others, mixed benzoic
anhydrides are prone to disproportionation

w xandror decomposition 18 in the presence of
carboxylic acids, salts and PNO. Bunton et al.
investigated the kinetics of acid-catalyzed hy-
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w xdrolysis of carboxylic anhydrides 19–23 .
However, very scant work was carried out for
the kinetic study of the exchange and dispropor-

w xtionation reactions of carboxylic anhydrides 24 .
In this work, we studied the kinetics of the
exchange reaction of benzoic and 2-chloroben-
zoic anhydrides to produce the mixed anhy-
drides in chloroform. The effects of PNO and
benzoate salts were investigated. The rate law
and the mechanism of this exchange reaction
are more complicate than expected. This work
provides significant insight into the mechanism
of this exchange reaction.

2. Experimental section

2.1. Materials

Ž .Pyridine 1-oxide PNO, C H NO, 98% , 2-5 5
Ž Žchlorobenzoyl chloride 2-ClC H COCl 95%,6 4

. Ž .Aldrich , benzoyl chloride extra pure , sodium
Ž . Žbenzoate 99% , 2-chlorobenzoic acid 99%,

. Ž .Ferak , naphthalene C H , 99%, Merck ,10 8
Ž . Ž .dichloromethane 99% and chloroform 99%

Ž .Lab Scan were used. Other chemicals used
were of the highest reagent grade commercially
available. Deionized water was obtained from
the Millipore Milli-RO 20 reverse osmosis.

2.2. Procedures

2.2.1. Synthesis of benzoic anhydrides
S y m m e tr ic b e n z o ic a n h y d r id e s

ŽŽ . . .XC H CO O , XsCl or H were prepared6 4 2

by the IPTC reactions of benzoyl chloride
Ž .X C H C O C l an d b en zo a te io n s6 4
Ž y.XC H COO in two-phase H OrCH Cl6 4 2 2 2

medium catalyzed by PNO as described else-
w xwhere 16 . A similar method was used to pre-

pare mixed benzoic 2-chlorobenzoic anhydrides
Ž .2-ClC H COOCOPh . However, pure 2-6 4

ClC H COOCOPh was obtained by concentrat-6 4

ing the CH Cl solution in an ice water bath2 2

instead of a hot bath with a rotary evaporator to
avoid the disproportionation of mixed anhy-
dride. The HPLC analysis of the product showed

only one peak . A nal. C alcd . fo r
ClC H COOCOC H : C, 64.50; H, 3.46; O,6 4 6 5

18.43; Cl, 13.61. Found: C, 64.66; H, 3.54; O,
18.34; Cl, 13.46. Analysis by mass spec-

Ž .troscopy gave mre relative intensity % : 260
Ž q. Ž Ž .q. Ž Ž2.8, M , 259 16.2, M-1 , 225 74.1, M-

.q. Ž q. ŽCl , 139 96.3, ClC H CO , 111 38.0,6 4
q. Ž q. ŽClC H , 105 100, C H CO , 77 86.1,6 4 6 5

q. Ž q. Ž q.C H , 76 15.3, C H , 75 38.4, C H .6 5 6 4 6 3

2.2.2. Synthesis of benzoate salts
Lithium or sodium salt of benzoic or 2-chlo-

robenzoic acid was prepared by neutralizing 0.1
mol of PhCOOH or 2-ClC H COOH with an6 4

equivalent amount of LiOH or NaOH in 100 ml
water. The solution was heated to evaporate
water until precipitation was observed. It was
cooled to room temperature and then 5–10 ml
of acetone was added. After the precipitation
was complete, the solution was filtered and the
white crude product was recrystallized in aque-
ous acetone solution.

Benzoate salt containing PNO was prepared
by dissolving 0.05 mol of PNO and 0.05 mol of
PhCOOLi or 2-ClC H COOLi in 20 ml water.6 4

The solution was heated until a brownish pre-
cipitate appeared on the surface. It was cooled
to room temperature and then was put in the ice
water bath to complete the precipitation. In
contrast to the hygroscopic property of PNO,

Ž q ythe product presumably PNOLi PhCOO or
q y.PNOLi 2-ClC H COO was not hygro-6 4

scopic. Under similar conditions, no reaction
was observed between PNO and PhCOONa or
2-ClC H COONa.6 4

Benzoate salts PhCOONC HqPhCOOy and5 5

2-ClC H COONC Hq2-ClC H COOy were6 4 5 5 6 4

prepared by adding 30 ml of CHCl solution3

containing 0.03 mol of PNO to 10 ml of CHCl3
Ž .solution containing 0.01 mol of PhCO O or2

Ž .2-ClC H CO O. After the reaction was com-6 4 2
Ž .plete about 30 min , 10 ml water was added to

extract the excess PNO in CHCl . Then, the3

crystals of benzoate salt were obtained by
concentrating the CHCl phase with a rotary3

evaporator. The hygroscopic powder of
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PhCOONC HqPhCOOy was identified by mass5 5
Žspectrometry, which gave mre relative inten-

. Ž q. Žsity % : 322 8.61, M , 200 100,
q. Ž q.C H NOCOC H , 105 100, C H CO , 955 5 6 5 6 5

Ž q. Ž q.100, C H NO , and 97 35.2, C H . The5 5 6 5

pow der of 2-C lC H C O O N C H q 2-6 4 5 5

ClC H COOy was stable; Anal. Calcd.: C,6 4

58.48; H, 3.33; N, 3.59. Found: C, 58.16; H,
3.83; N, 3.57.

2.2.3. Kinetic experiment
The kinetic experiments were run in a 125 ml

ground Erlenmeyer fitted with a stopper. The
kinetic run for the exchange reaction of sym-
metric benzoic and 2-chlorobenzoic anhydrides
was started by adding two 25 ml CHCl solu-3

tions of reactants to a 50 ml CHCl solution3
Žwhich contained the internal standard naph-

.thalene and might also contain the catalyst
Ž .PNO and saturated benzoate salt. The initial
amount of each species was known. Before
mixing, all solutions were thermostated at the
desired temperature in a thermostated water bath,
in which the temperature was controlled within
"0.28C. After starting the reaction, 0.1–0.2 ml
of reaction solution was withdrawn at a chosen
time interval and put into the cooled dilution
sample bottle containing 1 ml CH CN or 1 ml3

Ž .aqueous CH CN 50% by volume if extraction3

was necessary. The sample was then analyzed
Ž .by HPLC Hitachi L6200 series using the inter-

nal standard method; HPLC analysis conditions:
Ž .column, Lichrospher 100 RP18 5 mm ; wave-

Ž .length, 254 nm UV detector ; eluent,
CH CNrH Os58r42; flow rate, 1.0 mlrmin;3 2

Ž . Ž . Ž .elution time min : PhCO O 10.6 ; C H2 10 8
Ž . Ž . Ž11.8 ; 2-ClC H COOCOPh 12.9 and 2-6 4

. Ž .ClC H CO O 15.5 .6 4 2

3. Results and discussion

3.1. Kinetics of the exchange reaction of ben-
zoic and 2-chlorobenzoic anhydrides

The kinetics of the reaction of benzoic anhy-
ŽŽ . .dride PhCO O and 2-chlorobenzoic anhy-2

Ž . . Ž Ž ..dride 2-ClC H CO O Eq. R1 was studied6 4 2
Ž .in CHCl . Chloroform b.p. 618C was chosen3

as the solvent for the kinetic study since it has
Žhigher boiling point than dichloromethane b.p.

. Ž .408C and the uncatalyzed reaction of PhCO O2
Ž .and 2-ClC H CO O is slow. Some prelimi-6 4 2

nary results indicated that the kinetics and
mechanism were more complicated than ex-
pected. Therefore, the effects of benzoic anhy-
drides, pyridine 1-oxide and benzoate salts were
investigated.

PhCO Oq 2-ClC H CO ™Ž . Ž .2 6 4 2

2 2-ClC H COOCOPh R1Ž .6 4

3.1.1. Effect of benzoic anhydride
The rate of reaction is not linearly propor-

tional to the concentration of benzoic anhydride.
Even under pseudo-order reaction conditions

Ž . Žwith PhCO O in excess amount up to 40-2
. ŽwŽ . x.fold , the plots of ln RCO O versus time2

Ž Ž .were not linear Fig. 1 a and b , Rs2-ClC H ;6 4
Ž . .Fig. 1 c , RsPh . Notably, the reaction rate for

wŽ . x wŽ . xPhCO O s0.045 M and 2-ClC H CO O2 6 4 2

wŽ . xFig. 1. Plots of ln RCO O versus time for the uncatalyzed2
Ž . Ž .reaction of PhCO O and 2-ClC H CO O in CHCl at 508C.2 6 4 2 3

Ž . Ž . wŽ . x y3 Ž .Rs a and b 2-ClC H ; c Ph; PhCO O r10 Ms a6 4 2 o
Ž . Ž . wŽ . x y3 Ž45.0; b 75.0 and c 5.00; 2-ClC H CO O r10 Ms a6 4 2 o
. Ž .and b 5.00; c 45.0.
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s5.00=10y3 M was considerably slower than
wŽ . x y3 wŽthat for PhCO O s5.00=10 M and 2-2

. x Ž .ClC H CO O s0.045 M Fig. 1a and c ,6 4 2

which was contrary to what was expected if the
Ž .reaction in Eq. R1 was an elementary reaction.

The above results imply that the reaction of
Ž . Ž .2-ClC H CO O and PhCO O does not fol-6 4 2 2

low simple second-order kinetics, especially in
the high concentration region.

3.1.2. Effect of pyridine 1-oxide
ŽAs shown in Fig. 2, the conversion x s1y

w . x wŽ . x .2-ClC H CO O r 2-ClC H CO O at a6 4 2 6 4 2 o

chosen time depends greatly on the initial con-
ŽwŽ . x wŽcentration ratio p PhCO O r 2-2 o

. x .ClC H CO O . There is a substantial change6 4 2 o
Žin conversion when p is about 10 Fig. 2a and

.b . The presence of PNO alone increases the
Ž .reaction rate considerably Fig. 2a and c and

Ž .the concentration of 2-ClC H CO O changes6 4 2

more gradually with p. Under pseudo-order re-
Ž .action conditions p)5 or p-1r5 , the plot

Fig. 2. The dependence of the conversion at a chosen time of the
Ž . Ž .PhCO O- 2-ClC H CO O reaction on the concentrations of2 6 4 2

Ž . Ž . Ž .PNO, PhCO O and 2-ClC H CO O with 2-ClC H CO O2 6 4 2 6 4 2
wŽ . x y3being the limiting reactant. 2-ClC H CO O s5.00=106 4 2 o

w x y3 Ž . Ž .M, CHCl , 508C. PNO r10 Ms a and b 1.00; c 3.00;3 o
Ž . Ž .ts a and c 2 h; b 4 h.

ŽwŽ . x. ŽFig. 3. Plots of ln RCO O versus time for the 2-2
. Ž . ŽC H CO O- PhCO O reaction in CHCl at 508C. Rs a–c and6 4 2 2 3

. Ž . wŽ . x y3 Že–g 2-ClC H ; d Ph; 2-ClC H CO O r10 Ms a–b6 4 6 4 2 o
. Ž . wŽ . x y3 Žand e–g 5.00; c and d 45.0; PhCO O r10 Ms a–b and2 o

. Ž . w x y3 Ž . Že–g 45.0; c and d 5.00; PNO r10 Ms a 1.00; c ando

. Ž . Ž . Ž . Ž .e–g 2.00; b 3.00; d 4.00; e saturated with PhCOOH; f
Ž .saturated with PhCOONa and g saturated with PhCOOLi.

Žw . x. Žof ln RCO O versus time is linear Fig. 3a2
.and b: Rs2-ClC H ; Fig. 3c and d: RsPh .6 4

The rate law of this reaction can be expressed
Ž .by Eq. 1 :

yd RCO O rd tsk RCO O 1Ž . Ž . Ž .2 2obs

Ž .The pseudo-first-order rate constant kobs

was calculated from the linear-least-squares
Ž . ŽwŽ . x.LLS fit of the plot of ln RCO O versus2

w xtime. The dependence of k on PNO is shownobs
w xin Table 1. The plots of k versus PNO areobs

Ž .linear. However, the slope k of the linec
wŽ . x wŽchanges nonlinearly with PhCO O . For 2-2

. x y3ClC H CO O s5.00=10 M, the values6 4 2 o
Ž . y2 Ž .of k are 6.31"0.87 =10 , 0.115"0.014 ,c

Ž . Ž . y1 y10.628"0.047 and 0.865"0.028 M s
wŽ . xfor PhCO O s0.0250, 0.0450, 0.0750 and2 o

0.100 M, respectively. Furthermore, for
wŽ . x wŽP hC O O s 0 .0450 M and 2-2 o

. x y3ClC H CO O s5.00=10 M, the values6 4 2 o

of k at 508C are 1.68=10y5, 3.34=10y4
obs
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Table 1
Effect of pyridine 1-oxide on k of the exchange reaction of benzoic and 2-chlorobenzoic anhydrides in CHClobs 3

y3 y3 y3 y1 y3 y3 y3 y1w x Ž . w x Ž . Ž . w x Ž . w x Ž . Ž .BA 10 M PNO 10 M k 10 s BA 10 M PNO 10 M k 10 sobs obs

25.0 1.00 0.020 25.0 3.00 0.112
25.0 4.00 0.233 25.0 5.00 0.327
25.0 7.50 0.405
45.0 0 0.019 45.0 1.00 0.325
45.0 3.00 0.547 45.0 4.00 0.650
45.0 5.00 0.725 45.0 7.50 0.938
75.0 0 0.029 75.0 1.00 0.607
75.0 2.00 1.43 75.0 3.00 2.30
75.0 4.00 2.52 75.0 5.00 3.10

100 0 0.083 100 1.00 0.783
100 2.00 1.78 100 3.00 2.70
100 4.00 3.45

w x y3CBA s5.00=10 M, 508C.

y4 y1 w xand 5.21=10 s for PNO s0, 1.00=o

10y3 and 3.00=10y3 M, respectively. In con-
wŽ . x y3trast, for PhCO O s5.00=10 M and2 o

wŽ . x2-ClC H CO O s0.0450 M, the values of6 4 2 o

k at 508C are 6.65=10y5, 5.24=10y5 andobs
y5 y1 w x y37.40=10 s for PNO s0, 2.00=10o

Table 2
Effects of benzoic anhydride, 2-chlorobenzoic anhydride, pyridine 1-oxide and benzoate salts on the values of kobs

w x w x w x w x w x w xEntry BA CBA PNO k Entry BA CBA PNO kobs obs
y3 y3 y3 y3 y1 y3 y3 y3 y3 y1Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .10 M 10 M 10 M 10 s 10 M 10 M 10 M 10 s

a a1 0 5.00 0 1.12 2 0 5.00 2.00 1.21
b a3 0 5.00 2.00 0.0474 4 0 5.00 15.0 1.25

c a5 0 5.00 15.0 ;0 6 15.0 5.00 2.00 1.47
a c7 15.0 5.00 15.0 1.66 8 15.0 5.00 15.0 0.427
a d9 25.0 5.00 2.00 1.68 10 25.0 5.00 2.00 0.217

e a11 25.0 5.00 2.00 0.475 12 30.0 5.00 15.0 2.12
c a13 30.0 5.00 15.0 0.978 14 45.0 5.00 0 2.20
d a15 45.0 5.00 0 0.430 16 45.0 5.00 1.00 2.28
d a17 45.0 5.00 1.00 0.712 18 45.0 5.00 2.00 2.22

d b19 45.0 5.00 2.00 2.00 20 45.0 5.00 2.00 0.180
a d21 45.0 5.00 3.00 2.18 22 45.0 5.00 3.00 2.48
a a23 45.0 5.00 5.00 2.22 24 45.0 5.00 7.50 2.32
a a25 45.0 5.00 10.0 2.32 26 45.0 5.00 15.0 2.73
c a27 45.0 5.00 15.0 1.87 28 45.0 5.00 20.0 3.07

29 55.0 5.00 2.00 2.58a 30 60.0 5.00 15.0 4.03a

c a31 60.0 5.00 15.0 6.92 32 65.0 5.00 2.00 2.82
a a33 75.0 5.00 0 2.97 34 75.0 5.00 2.00 3.12
a a35 100 5.00 0 3.58 36 100 5.00 2.00 3.68

f f37 5.00 0 0 0.410 38 5.00 15.0 2.00 0.670
f f39 5.00 25.0 2.00 0.718 40 5.00 45.0 2.00 0.672
f c41 5.00 45.0 5.00 0.735 42 5.00 45.0 0 0.067

BA: benzoic anhydride; CBA: 2-chlorobenzoic anhydride; 508C; CHCl .3
aSaturated with PhCOOLi.
bSaturated with PhCOOH.
c No benzoate salt being added.
dSaturated with PhCOONa.
e Ž y3 .PhCOONBu 3.00=10 M .4
fSaturated with 2-ClC H COOLi.6 4
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and 4.00=10y3 M, respectively. Notably, this
result indicates that the effect of PNO on the

Ž .values of k for ps9 Fig. 3a and b isobs
Žconsiderably greater than that for ps1r9 Fig.

.3c and d . These results also support the above
Ž .argument that the reaction in Eq. R1 is not an

elementary reaction.

3.1.3. Effect of benzoate salt
The addition of benzoate salt or benzoic acid

accelerates the reaction considerably. In the
presence of a saturated amount of benzoate salt

ŽwŽ . x.or benzoic acid, the plot of ln XC H CO O6 4 2
Ž .versus time is linear Fig. 3e–g . The effect of

benzoate salt was investigated mostly for reac-
Ž .tions with 2-ClC H CO as the limiting reac-6 4 2

tant. Some results are shown in Table 2. Com-
Žparing the results in Table 2 entries 2, 3, 9, 10,

.11, 14, 15, 18, 19 and 20 , it can be concluded
that the order of reactivity toward reaction with
Ž .2-ClC H CO is PhCOOLi, PhCOONBu )6 4 2 4

PhCOONa)PhCOOH, which is consistent with
the order of the tendency to liberate benzoate
ion.

3.1.4. Combined effects of benzoic anhydride,
pyridine 1-oxide, and benzoate salt

Ž .The combined effects of PhCO O, PNO2

and benzoate salt on k are shown in Table 2obs

and Fig. 4. The results indicate that the presence
of PhCOOLi changes considerably the effect of
PNO. The presence of PhCOOLi may retard the

w x Žcatalysis of PNO. When PNO is low 2.00=
y3 .10 M , PNO exhibits only small catalytic

Žeffect comparing entries 1 with 2, 14 with 18,
. w x33 with 34 and 35 with 36 . When PNO is

Ž .high 0.0150 M , PNO catalyzes the reaction
ŽwŽ . xsignificantly for p05 PhCO O s0.02502 o

. Ž .M Fig. 4a and b . In contrast, in the absence
of PhCOOLi or PhCOONa, PNO always cat-

Ž .alyzes the reaction Fig. 4c and its catalytic
effect is considerably larger than that in the

Ž .presence of PhCOOLi Fig. 4b . Similar behav-
wŽ . xior was observed for 2-ClC H CO O s6 4 2 o

y3 wŽ . x5.00=10 M, PhCO O s0.0450 M, Ph-2 o

Ž . Ž .Fig. 4. Dependence of k of the 2-ClC H CO O- PhCO Oobs 6 4 2 2
Ž .reaction on the concentrations of PhCO O and PNO with the2

wŽ . x y3presence of benzoate salt. 2-ClC H CO O s5.00=10 M,6 4 2 o
Ž . wŽ . x Ž .CHCl , 508C; a–c dependence of k on PhCO O ; d3 obs 2 o

w x Ž . w xdependence of k on PNO ; a PNO s0 M, saturated withobs o o
Ž . w x Ž .PhCOOLi; b PNO s0.0150 M, saturated with PhCOOLi; co

w x Ž .PNO s 0.0150 M, no benzoate salt being added; do
wŽ . xPhCO O s0.0450 M, saturated with PhCOOLi.2

Ž . w x Ž .COOLi saturated and PNO s 0–0.0200 Mo
Ž .Fig. 4d , the catalytic effect of PNO appeared

w xaround PNO s0.0100 M. This result can beo

explained by invoking the formation of
C H NOLiqPhCOOy produced from the reac-5 5

tion of PNO and PhCOOLi as mentioned in
Section 2. Therefore, the presence of PhCOOLi
may diminish the catalytic effect of PNO. In
contrast, PhCOONa does not retard the catalytic

Žeffect of PNO Table 2, entries 15, 17, 19 and
.22 , which is also consistent with the fact that

PNO does not react with PhCOONa to produce
C H NONaqPhCOOy as mentioned in Section5 5

2.

3.1.5. Effect of 2-chlorobenzoic anhydride
Some kinetic runs were carried out for the

Ž . Ž .reaction of PhCO O and 2-ClC H CO O2 6 4 2
Ž .with PhCO O being the limiting reactant. The2
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Ž .results are shown in Table 2 entries 37–42 .
Similar to the effect of PhCOOLi, the presence
of 2-ClC H COOLi also accelerates the reac-6 4

tion. However, the effect of 2-ClC H COOLi is6 4
Žsomewhat smaller than that of PhCOOLi com-

paring entries 38 with 6, 39 with 9 and 40 with
.18 . This result can be attributed mainly to the

Ž .difference in solubilities of PhCOOLi ;0.7 g
Ž .and 2-ClC H COOLi ;0.4 g in 50 ml CHCl6 4 3

at 508C and partly to the difference in reactivi-
Ž . Ž .ties of PhCO O and 2-ClC H CO O. Simi-2 6 4 2

lar to the effect of PhCOOLi mentioned above,
the presence of 2-ClC H COOLi also dimin-6 4

Ž .ishes the catalytic effect of PNO entries 38–40 .
The above argument is supported by the follow-
ing observations. When the concentrations of
Ž . Ž .PhCO O and 2-ClC H CO O are equal, the2 6 4 2

effects of PhCOOLi andror 2-ClC H COOLi6 4
Ž .on the rates of disappearance of PhCO O and2

Ž .2-ClC H CO O are illustrated in Fig. 5. The6 4 2
wŽeffect of PhCOOLi alone on yd 2-

. xClC H CO O rd t is more than that of 2-6 4 2

wŽ . x Ž .Fig. 5. Plots of RCO O versus time for the 2-ClC H CO O-2 6 4 2
Ž . wŽ . x wŽ . xPhCO O reaction. PhCO O s 2-ClC H CO O s5.002 2 o 6 4 2 o

y3 Ž . Ž .=10 M, CHCl , 508C; Rs a, c and e Ph; b, d and f3
Ž . Ž .2-ClC H ; a and b saturated with 2 g PhCOOLi; c and d6 4

Ž .saturated with 2 g 2-ClC H COOLi; e and f saturated with 1.5 g6 4

PhCOOLi and 1.5 g 2-ClC H COOLi.6 4

wŽ . xClC H COOLi alone on yd PhCO O rd t6 4 2
Ž .Fig. 5b and c . As expected, the effect of

wŽ . xPhCOOLi on yd PhCO O rd t or the effect2
w Žo f 2 -C lC H C O O L i o n y d 2 -6 4

. x Ž .ClC H CO O rd t is small Fig. 5a and d .6 4 2

When both PhCOOLi and 2-ClC H COOLi are6 4
wŽ . x wŽpresent, yd PhCO O rd t and yd 2-2

. xClC H CO O rd t are depressed somewhat6 4 2
Ž .Fig. 5e and f , which can be explained by
considering the competitive opposite reactions

Ž .to form the symmetric anhydrides PhCO O2
Ž .and 2-ClC H CO O.6 4 2

3.2. Mechanism

Based on the above kinetic results, Scheme 1
is proposed for the exchange reaction of
Ž . Ž .PhCO O and 2-ClC H CO O in CHCl and2 6 4 2 3

with the presence of PNO or benzoate salt.
Reactions M1–M4X describe the uncatalyzed re-

Ž . Ž . Ž .action of 2-ClC H CO O A and PhCO O6 4 2 2 2
Ž .B , in which A and B first undergo the2 2 2

association or complex formation reaction to
Ž .produce A B reaction M1 . The A B com-2 2 2 2

plex can further form complexes with B and2

A to produce A B and A B , respectively2 2 4 4 2
Ž X.reactions M2 and M2 . Complexes A B ,2 2

A B and A B then undergo the exchange2 4 4 2

reactions to produce the mixed anhydride AB
Ž X.reactions M3, M4 and M4 . The PNO-cata-
lyzed reactions consist of reactions M5–M7X,
PNO can react with A , B and A B to2 2 2 2

produce PNOAq, PNOBq, Ay and By ions,
Ž X X.respectively reactions M5, M5 , M6 and M6 .

PNOAq and PNOBq ions then react rapidly
with the counter By and Ay ions, respectively,

Ž X.to produce AB reactions M7 and M7 . Reac-
tions M8–M11X are for reactions involving

Ž Ž .lithium benzoates 2-ClC H COOLi LiA and6 4
Ž .. y yPhCOOLi LiB . B and A ions promote the

reaction by reacting with A , B and A B ,2 2 2 2
Ž Xrespectively, to produce AB reactions M8, M8 ,

X.M9 and M9 . Due to the low solubilities of
Ž . Ž .LiB s and LiA s in CHCl , reactions M10 and3

M10X remain at equilibrium when saturated
Ž . Ž .amounts of LiB s and LiA s are present. In the
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Scheme 1.

presence of both PNO and lithium benzoates,
PNO can react with LiqBy and LiqAy to
produce PNOLiqBy and PNOLiqAy, respec-

Ž X.tively reactions M11 and M11 . A sketch of
A B , A B , PNOAq ion and PNOLiq ion is2 2 2 4

depicted in Scheme 2.

3.2.1. PNO-catalyzed reaction of A and B2 2

In the absence of lithium benzoate, the mech-
anism for the PNO-catalyzed reaction of A and2

B consists of reactions M1–M7X. If initially2
w x w x X X XB 4 A , reactions M2 , M4 and M5 can2 o 2 o

be neglected. Then, the following rate equations
can be written

d A rd tsy k B qk PNO AŽ .2 1 2 5 2

Xq k qk PNO A B 4Ž .Ž .y1 6 2 2

d A B rd tsk B A y k qk BŽ2 2 1 2 2 y1 2 2

Xqk q k qk PNO A BŽ . .3 6 6 2 2

qk A B 5Ž .y2 2 4

d A B rd tsk B A B y k qkŽ .2 4 2 2 2 2 y2 4

= A B 6Ž .2 4

Applying steady-state approximation to A B2 2
w x w x .and A B , i.e. d A B d tsd A B rd ts02 4 2 2 2 4

Ž .gives Eq. 7 :

k k qk B AŽ .1 y2 4 2 2
A B s 7Ž .2 2 ss k qk B qk PNOp1 p2 2 p3

Ž .Ž .where k s k qk k qk , k sk k ,p1 y1 3 y2 4 p2 2 4
Ž X .Ž .k s k qk k qk .p3 6 6 y2 4

Ž . Ž .Substituting Eq. 7 into Eq. 4 gives Eq.
Ž .8 :

yd A rd ts k B qk PNO A 8Ž .Ž .2 B 2 5 2

Ž w x w x. Žwhere k s k qk PNO qk B r kB m1 m2 m3 2 p1
w x w x. Ž .qk B qk PNO , k sk k k qk ,p2 2 p3 m1 1 3 y2 4

Ž .k sk k k qk , k sk k k .m2 1 6 y2 4 m3 1 2 4
w x w xIf B and PNO are sufficiently low and2

the terms in the denominator of k containingB

Scheme 2.
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w x w x w xB and PNO and the k PNO term are negli-2 5
Ž . Ž .gible, then Eq. 8 reduces to Eq. 9 , which

rationalize the main features of the results in
w xTable 2 and Fig. 4a and b, i.e. when B 42 o

w x w xA , k depends linearly on PNO and when2 o obs
w xPNO is kept constant, k varies nonlinearlyo obs

w xwith B .2 o

yd A rd ts k qk PNO BŽ .½ ž2 m1 m2 2

2qk B rk A5/m3 2 p1 2

sk A 9Ž .obs 2

3.2.2. Benzoate-promoted reaction of A and B2 2

In the absence of PNO catalyst, the presence
Ž . Ž .of benzoate salts, LiB s and LiA s , can pro-

mote the exchange reaction of A and B . The2 2

main reaction steps consist of reactions M1–
X X X w xM4 , M8, M8 , M9 and M9 . If initially B2 o
w x X X

4 A , reactions M8 and M9 can be ne-2 o

glected. Then, the rate equations can be written
Ž . Ž . Ž .as Eqs. 6 , 10 and 11 .

yyd A rd ts k B qk B AŽ .2 1 2 8 2

yk A B 10Ž .y1 2 2

d A B rd tsk B A y k qk BŽ2 2 1 2 2 y1 2 2

yqk qk B A B.3 9 2 2

qk A B 11Ž .y2 2 4

Applying steady-state approximation to A B2 2
Ž .and A B reactions M11 and M6 gives Eq.2 4

Ž .12 :

k k qk B AŽ .1 y2 4 2 2
A B s 12Ž .X2 2 ss yk qk B qk BŽ .p1 p2 2 p3

Ž .Ž .where k s k qk k qk , k sk kp1 y1 3 y2 4 p2 2 4
X Ž .and k sk k qk .p3 9 y2 4

Ž . Ž .Substituting Eq. 12 into Eq. 10 gives Eq.
Ž .13 :

X yyd A rd ts k B qk B A 13Ž .Ž .2 B 2 8 2

X Ž X w yx w x. Žwhere k s k qk B qk B r k qB m1 m2 m3 2 p1
w x X w yx Ž .k B qk B , k sk k k qk , andp2 2 p3 m1 1 3 y2 4

w x w yxk sk k k . If B and B are sufficientlym3 1 2 4 2

low, the terms in the denominator of kX con-B

w x w yxtaining B and B are negligible. Then, Eq.2
Ž . Ž .13 reduces to Eq. 14 , which explains the

Ž .results in Table 2 entries 1, 14, 33 and 35 , i.e.
X w xthe value of k is not zero at B s0 M andobs 2 o

X w xk varies nonlinearly with B .obs 2 o

X yyd A rd ts k qk B BŽ .½2 m1 m2 2

2 yqk B rk qk B A. 5m3 2 p1 8 2

Xsk A 14Ž .obs 2

In the presence of both PNO and lithium
benzoates, the catalytic effect of PNO is dimin-
ished by LiqBy and LiqAy due to reactions
M11 and M11X. However, when saturated

q y Ž . q y Ž .amounts of PNOLi B s and PNOLi A s
are produced, reactions M11 and M11X reach
equilibrium and PNO will regain its catalytic
effect as shown in Fig. 4d.

4. Conclusion

The pyridine 1-oxide-catalyzed exchange re-
action of benzoic and 2-chlorobenzoic anhy-
drides in chloroform in the absence or presence
of benzoate salt was investigated. The main
conclusions are:

Ž .a The rate of reaction changes abnormally
wŽ . x wŽw ith the ratio of PhC O O r 2-2

. xClC H CO O .6 4 2
Ž .b The uncatalyzed reaction does not follow

the simple second-order or pseudo-first-order
kinetics.

Ž .c Under pseudo-order reaction condition,
the pyridine 1-oxide-catalyzed exchange reac-
tion follows the pseudo-first-order kinetics.

Ž .d The presence of benzoate salt promotes
the reaction substantially with the order of ef-
fectiveness being PhCOOLi, PhCOONBu )4

PhCOONa)PhCOOH.
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