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Study of the Pyridine 1-Oxide-Catalyzed Two-Phase Reversible Exchange Reaction
of Benzoyl Chloride and Butanoate Ion
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The reaction of benzoyl chloride (PhCOCI) and butanoate ion (PrCOO™) catalyzed by pyridine 1-oxide
(PNO) in the medium H20/CH2Cl; leads to equilibrium with butanoyl chloride (PrCOCI) and benzoate ion
(PhCOO™) and vice versa. The rate-determining step takes place in the organic phase and PrCOC]I is much more
reactive than PhCOC]. The effects of chloride ion, hydroxide ion, pyridine 1-oxide, reactants and temperature
on the reaction rate and the equilibrium conversion of acyl chloride (RCOCI) were investigated. Satisfactory
detailed mechanistic interpretations of the kinetic results are given.

Phase-transfer catalysis (PTC) has versatile applica-
tions in organic syntheses via two-phase reactions.'—®
PTC technique is extensively applied to various reac-
tions, such as substitution, alkylation, and redox reac-
tions to synthesize specialty chemicals. Normal phase-
transfer catalysis (NPTC) involves continuous trans-
port of the anion from the aqueous phase to the or-
ganic phase for reaction with the lipophilic quaternary
cation.*% In reverse phase-transfer catalysis (RPTC),
the cation in the aqueous phase is transported to the
organic phase for reaction with the lipophilic anion.” ™
In contrast, in inverse phase-transfer catalysis (IPTC),
the reactant in the organic phase is converted to an ionic
intermediate and transported to the aqueous phase for
reaction.!®=% The IPTC technique is applied to syn-
thesize acid anhydrides'”'® and ketones.!® Kuo and
Jwo'® studied the kinetics and mechanism of the IPTC
reaction of PhCOCI and PhCOO™ ion catalyzed by pyr-
idine 1-oxide (PNO).

In our preliminary systematic investigation of IPTC
reaction of PhCOCl and RCOO~ (R=Ph, Me, Et,
i-Pr, n-Bu and n-CsH;1), the expected acid anhydrides
were obtained and the limiting reactant (PhCOCI) was
consumed completely. However, only about half the
PhCOC] was consumed in IPTC reaction of PhCOCI
and PrCOO™ ion and the equilibrium concentration of
PhCOCI remained constant for several hours. IPTC re-
action of butanoyl chloride (PrCOCI) and benzoate ion
(PhCOO™) catalyzed by PNO also led to equilibrium.
Therefore this reaction system can be best described by
reaction (R1). It is worthwhile to study this interesting
system further. We investigated the effects of chloride
ion, hydroxide ion, pyridine 1-oxide (PNQ), reactants,
and temperature in this interesting system. The re-
sults are rationalized according to a proposed reaction
scheme,

PhCOCl(org) + PrCOO(—aQ) A
PrCOCl(org) + PhCOO,, (R1)

Experimental

Materials: Pyridine 1-oxide (PNO, CsHsNO,
95%), naphthalene (Ci0Hs, 99%) (Merck), benzoyl chloride
(PhCOCI, extra pure) (Ferak), benzoic acid (PhCOOH, ex-
tra pure), butanoic acid (PrCOOH, extra pure) (Hanawa),
sodium benzoate (PhCOONa, extra pure) (Ishizu), butanoyl
chloride (PrCOCI, GR) (TCI, Tokyo) were used. Other
chemicals used were of the highest reagent grade commer-
cially available. Because of the hydroscopic property of
PNO, (PNO)H*CI™ crystals (mp 179—181 °C) were used
instead. Deionized water was obtained from reverse osmosis
(Millipore Milli-RO 20).

Procedures: The reactor, a three-necked Pyrex
flask (250 mL), fitted with a flat-bladed stirring paddle,
is submerged into a water bath in which the tempera-
ture is controlled constant within £0.1 °C. A kinetic run
was started by adding aqueous solution (50 mL, containing
known amounts of PNO, PrCOOH, and NaOH) to organic
phase solution (50 mL, containing known amounts of Ph-
COCl and CjoHsg) in the flask. Both solutions were ther-
mostated at the desired temperature for at least 20 min.
During the reaction, an aliquot (0.2 mL) was withdrawn at
a chosen time and was immediately extracted with hexane
(0.2 mL) and water (0.5 mL), which was shaken vigorously
for 30 s. After separation of the two phases, the organic
phase was further dilluted with dichloromethane and ana-
lyzed by HPLC using an internal standard.

On the HPLC (Shimadzu LC-9A, Japan), the analyti-
cal conditions were: column, Shim-pack CLC-ODS (M);
eluent, CH3CN/H20=65/35 by volume; flow rate, 1.2
mLmin™!; wavelength, 254 nm (UV detector); elution
period (min), PhCOCI (7.00), (PhCO)20 (8.10), CioHs
(8.70). The response factor f was calibrated using C;/Cis=
f(S8:/Sis) (C;, concentration; S, peak area; is, internal
standard; r, unknown compound). The values of f mea-
sured were 0.31040.003 for [PhCOCI]=(0.002—0.02) M
and 0.167+0.003 for [(PhCO)20]=(0.002—0.02) M with
[C10Hg] =0.0200 M (1 M=1 moldm™3). The observed
pseudo-first-order rate coefficient was determined by linear
least-squares fit of the plot In [PhCOC]] vs. time.

The effect of pH on the distribution of PNO between aque-
ous and CH>Cl; phases was tested by measuring the concen-
tration of PNO in CH2Cl; phase spectrophotometrically at
275 nm. The pH of sodium butyrate solution was adjusted
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by adding NaOH solution (1 M) to aqueous solution (20 mL)
containing a known amount of PrCOOH and (PNO)H*CIl~.

Results and Discussion

In the reaction of PhCOCI and PhCOO~ ion cat-
alyzed by PNO in a HoO/CH;,Cl, solution, Kuo and
Jwo'® found that the two-phase solution was mixed
uniformly when the speed of agitation exceeded 1100
rpm. Resistance of mass transfer was then kept con-
stant and the rate of reaction was unaffected by a
speed of agitation greater then 1100 rpm. The reac-
tion of PhCOCI and PNO in the organic phase to pro-
duce the intermediate (PhCOONP*) was the rate-de-
termining step. In this work, the reaction of PhCOCI
and PrCOO~ ion catalyzed by PNO in a H,O/CH,Cl,
medium was examined at 1200 rpm. The conversion
of PhCOCI, X (X =1-([PhCOClorg/[PhCOCl}; org))
vs. time and the equilibrium conversion of PhCOCI,
Xeq (Xeq=1—([PhCOCl]eq,0rg/[PhCOCI; org)) vs. reac-
tion factors were then investigated. [PhCOCI]; org and
[PhCOCl]eq,org are the initial concentration and the
equilibrium concentration of PhCOCI in the organic
phase, respectively.

From previous work'® and our preliminary experi-
ments, the reaction of PhCOC] and RCOO™ ion cat-
alyzed by PNO in the medium H,O/CH;Cl; produced
the unsymmetric acid anhydride (PhCOOCOR) and
the limiting reactant (PhCOCI) was consumed com-
pletely. These RCOO™ ions included benzoate, for-
mate, acetate, propanoate, 2-methylpropanoate, valer-
ate, hexanoate, heptanoate, and octanoate ions. We
found that only half the PhCOCI was consumed un-
der similar reaction conditions if sodium butanoate
(PrCOONa) was used as reactant in the aqueous
phase. The equilibrium concentration of PhCOCI re-
mained constant for 3 h and the expected product
(PhCOOCOPr) was not observed. However, PnCOOH,
PrCOCI and (PhCO)30 (trace) were observed. No bu-
tanoic acid anhydride ((PrCO)20) was detected. This
peculiar phenomenon is distinct from reaction of Ph-
COCI with other RCOO~ ions. This observation indi-
cates that reaction of PhCOCI] and PrCOO~ ion cat-
alyzed by PNO in the medium H,O/CH;Cl; is an equi-
librium chemical system (Eq. R1).

Kinetics of the Reaction of Benzoyl Chloride
and Butanoate Ion Catalyzed by PNO. (A)
Effect of Butanoate Ion : The reaction pro-
ceeded at constant ionic strength (I=0.500 M, adjusted
by NaNO3). For [PhCOClIJ; 61 =0.0100 M, [PNOJ; 5q=
6.00x10~* M, at 18 °C, the obtained equilibrium con-
version of PhCOCI (Xeq) is 0.536+0.003, 0.564+0.008,
and 0.55240.003 for [PrCOO~]; .4 =0.500, 0.300, and
0.100 M, respectively. This result indicates that Xeq
was insensitive to the concentration of PrCOO™ ion in
the aqueous phase. Nevertheless, as shown in Fig. 1 (b,
c), the initial rate of reaction increased with increas-
ing concentration of PrCOO~ ion before reaching the
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Fig. 1. Conversion of PhCOCI vs. time in the PNO-

catalyzed two-phase PhCOCI-PrCOO™ reaction;
[PhCOCI]; 0rg=0.0100 M, [PNOJ; aq=(a): 2.00x10~*
M; (b,c,d): 6.00x107*M, ;T=(a,b,c): 18 °C; (d): 25
°C; [PrCOO™)i,aq=(a,c,d): 0.500 M; (b): 0.0100 M;
pH=6.50.

equilibrium state.

(B) Effect of Pyridine 1-Oxide :  As expected,
the effect of PNO on the reaction is significant. The ini-
tial rate of reaction increased with increasing concentra-
tion of PNO. Typical conversion (X) vs. time are shown
in Fig. 1 (a,c). The obtained initial rate of reaction (R;)
are 6.20x1074, 1.00x 1073, and 1.35x1072 M min~! for
[PNOJ; aq=2.00x10"%, 4.00x107%, and 6.00x10~* M,
respectively. A good linear relation for R; vs. [PNOJ; 4
was obtained. The reaction of PhCOCI and PNO in the
organic phase is the rate-determining step. The corre-
sponding values of X.q are 0.494+0.006, 0.51940.006,
and 0.536+0.003 for [PNOJ; 5q=2.00x107%, 4.00x 1074,
and 6.00x10™% M, respectively.

(C) Effect of benzoate Ion : The effect of
PhCOO™ ion on the reaction was tested by compar-
ing the conversion after 10 min of reaction. As shown
in Table 1, the reaction rate and the equilibrium conver-
sion were enhanced with added PhCOONa. As PhCOCI
partially reacted with PhCOO™ ion to produce stable
(PhCO)50, the equilibrium conversion of PhCOCI in-
creases with the existence of PhnCOO™ ion.

(D) Effect of Chloride Ion : The effect of chlo-
ride ion the reaction was tested by adding benzyltri-
ethylammonium chloride (BTEAC), soluble in CH»Cl;
in contrast to NaCl. For [PNOJ; .q=6.00x10"% M,
[PhCOCllj,org =0.0100 M, at 18 °C, [PrCOO Jiaq=
(0.500—0.480 M), and I=0.500 M, the equilibrium con-
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Table 1. Effect of PhCOONa Concentration on the
Equilibrium Conversion of PhCOCI and the Yield
of (PhCO)20 in the PNO-Catalyzed Two-Phase
PhCOCI-PrCOO™ Reaction System®

[PhCOO ™ |aq/M Xeq (PhCO)20/%
0 0.4943-0.006 2.78
0.00250 0.52140.009 7.10
0.00500 0.560+0.010 9.60
0.0100 0.554+0.009 18.7
0.0200 0.554+0.006 25.7

a) [PNOJi aq=2.00x10"% M, [PrCOO~}; ,q=0.500 M,
[PhCOCI); org =0.0100 M, pH=6.50, 18 °C. Xeq=
1—([PhCOCljeq,org /[PhCOCI]; org)-

version of PhCOCI altered insignificantly in the pres-
ence of BTEAC (0.0100 M or 0.0200 M). Nevertheless,
the rate of reaction rate increased with BTEAC present
because BTEAC is itself a NPTC catalyst capable of
carrying PrCOO™ ion to the organic phase for reaction
according to Eq. R2.

PhCOC](org) + PrCO0,, s

PhCOOCOPr (o) + Cl,y (R2)

(E) Effect of pH : The effect of OH™ on
the reaction was tested for [PNOJ; q=6.00x10"% M,
[PhCOCl]; 0rg=0.0100 M, and [PrCOO~]; ,4=0.0500 M,
at 25 °C. As shown in Fig. 2 (a,b,c), the equilibrium
conversion (X.q) was insignificantly affected by the vari-
ation of pH within the range of 6.5—10.7. However, it
increased substantially with increasing pH for pH>11.4
(Fig. 2 (d,e)). At pH=12.7, the value of X., was equal
to 1.0, i.e. PhCOCI being completely consumed (Fig. 2
(f)). The initial rate of reaction (R;) increased also with
increasing concentration of OH™ ion. For [PNOJj aq=
6.00x10~* M and [PhCOCl}; 0r; =0.0100 M, at 18 °C,
the values of kybs are: 0.235 min~! and 0.133 min—! for
[NaOH]; 5q=0.500 M and [MeCOONal; ,q=0.500 M, re-
spectively. For [PhCOCIJ; or=0.0100 M, the values of
ky, at 18 °C are 6.70x1072 min~?! and 5.73x1073 min~!
for [NaOHJ; aq=0.500 M and [MeCOONaj; .q=0.500
M, respectively. The initial rate of reaction (R;) vs.
[PNO]oyg is presented in Table 2. Hydroxide ion ex-
hibits both basic and nucleophilic effects. According
to its basic effect, OH™ ion affects the distributions of
RCOOH and PNO in the organic phase. According
to its nucleophilic effect, OH™ ion competes effectively
with RCOO™ ion as a nucleophile to react with Ph-
COCI. For pH>11.4, the nucleophilic effect exceeded
the basic effect, and R; increased with increasing con-
centration of OH™ ion. For 8.7<ph<10.7, both effects
of OH™ ion compensated each other, and R; was un-
affected by OH™ ion. For pH<6.5, the solution was
weakly acidic and the contents of RCOOH and PNO in
the organic phase increased. Therefore, the rate of re-
action at pH<6.5 was greater than that at pH=8.7. In
most kinetic experiments, the pH of the aqueous phase
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Fig. 2. Conversion of PhCOCI vs. time in the PNO-

catalyzed two-phase PhCOCI-PrCOO~ reaction;
[PhCOClJ;,0rg =0.0100 M, [PNOJ; 2q=6.00x10"*% M,
[PrCOO ™ ]i,aq=0.500 M, 25 °C, pH=(a): 6.50; (b):
8.70; (c): 10.7; (d): 11.4; (e): 12.0; (f): 12.7.

Table 2. Effect of the pH-Value on the Initial Rate
of the PhCOCI-PrCOO~ Reaction and the Distri-
bution of PNO in the H,O/CH2Cl2 Medium

pH R,¥/1073*Mmin~!  pH [PNOJo/10"° M

6.50 1.35 5.30 7.70

8.70 1.04 6.46 4.83
10.7 1.02 8.86 4.50
114 1.83 10.5 4.50
12.0 2.10 12.0 4.55
12.7 3.00

a) [PhCOCI]; org =0.0100 M, [PrCOO~]; 2g=0.500 M,
[PNOJi,aq =6.00x10"% M, 25 °C. b) [PNOJjaq=
1.00x10~3 M, [PrCOO~];,2q=0.500 M, 18 °C.

was kept about 6.5.

(F) Effect of Temperature : As shown in Fig. 1
(b,d), the equilibrium conversion (X.q) is insignificantly
influenced by temperature. For [PNOJ; aq=6.00x1074
M, [PrCOO™|; aq=0.500 M, and [PhCOCIJ; ;g =0.0100
M, the values of X, are 0.55440.005, 0.536+0.003, and
0.577+0.007 at 10, 18, and 25 °C, respectively. The cor-
responding values of Xeq for [PhCOCI]; 2q=0.0200 M are
0.581+0.006, 0.526+0.005, and 0.579+0.003 at 10, 18,
and 25 °C, respectively. This heterogeneous equilibrium
phenomenon is obtained from the combination of vari-
ous equilibrium reactions and is distinct from a single
homogeneous reaction equilibrium. Therefore the tem-
perature cannot directly reflect the equilibrium between
reactants and products or intermediates.

Kinetics of the Reaction of Butanoyl Chloride



2952

and Benzoate Ion Catalyzed by PNO. The re-
action of PrCOCI and PhCOOQO~ ion catalyzed by PNO
in the medium H,O/CH;Cl, rapidly reached the equi-
librium state of reaction (R1) and with no acid anhy-
dride observed. Therefore, the relative reactivities of
PhCOCI and PrCOCI are understood on comparing the
time required to reach the equilibrium state. The equi-
librium concentration of PhCOCI us relatively small in
the PrCOCI-PhCOO™ reaction system. Under similar
conditions, the reactivity of PrCOCI is obviously much
greater than that of PhCOCI.

(A) Effect of Pyridine 1-Oxide :  As the re-
action reached equilibrium quickly the effect of PNO
on the rate of reaction was not obtained. However,
PNO had a great effect on the equilibrium yield of
PhCOCI. As shown in Table 3 and Fig. 3, the equi-
librium concentration of PhCOCI increases with in-
creasing concentration of PNO. A little PhCOCI
was produced even in the absence of PNO. As
PrCOCI is reactive, OH™ ion can compete effectively
with PNO even at small concentration. When the
pH was constant at 6.50, the PNO-catalyzed reac-
tion of PrCOCl and PhCOO~ ion was favored by
PNO at a larger concentration. Therefore, the equilib-
rium concentration increased with increasing concen-
tration of PNO. For example, the observed equilib-
rium concentration of PhCOCI was (7.09+£0.04)x10~*
M for [PrCOCIJ; org =0.0100 M, [PhCOO™[; aq=0.500
M, [PNOJ; q=4.00x10"%, 18 °C, but it decreased to
(0.77240.072)x10~% M in the presence of NaOH (0.04
M), which is almost equal to the value of [PhCOCl]eq,org
obtained for the uncatalyzed reaction. As reported in
the literature,2® in the uncatalyzed reaction PhCOCI
is produced via reaction (R3).

PI‘COCI(org) + PhCOOH(O,g):
PhCOCl(org) + PrCOOH org) (R3)

Table 3. Effect of PNO Concentration of the Equi-
librium PhCOCI Concentration in the PNO-Cat-
alyzed Two-Phase PrCOCl-PhCOO™ Reaction

System?®
[PNOJi,aq/107* M [PhCOCleq,0rg/107% M

0.00 1.160.001
(0.854+0.064)>

2.00 4.7340.02

4.00 7.0940.04
(0.772+0.072)>

6.00 8.8940.06

(16.740.1)®

(15.3+0.1)¥
8.00 10.3+0.1
10.3 11.5+0.1

a) [PrCOCI]; 0rg =0.0100 M, [PhCOO~]; 2q=0.500 M.
b) 0.04 M NaOH added. c) [BTEAC];.q=0.0100 M,
[PhCOO™|; 0q=0.490 M. d) [BTEAC]; .q=5.00x10"3
M, [PhCOO™|; aq=0.495 M.
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Fig. 3. Concentration of PhCOCI vs. time in the

PNO-catalyzed two-phase PrCOCI-PhCOO™ reac-
tion; [PrCOCI];,0rg =0.0100 M, [PhCOO™]; aq=0.500
M, 18 °C, [PNO]=(a): 0 M; (b): 2.00x10™* M; (c):
4.00x107* M; (d,g,h): 6.00x10™* M ; (e): 8.00x10~*
M; (f): 10.0x10™*M;[PhCOO™ i aq=(g)]:0.495M; (h):
0.490M;[BTEAC]; aq=(g)]:0.495=(g):5.00x10~% M;
(h): 0.0100 M; pH=7.5.

For [PhCOCI]; 0rg=1.00x10~3 M, the values of the
equilibrium constant ( K) of reaction (R3) in CH5Cl; are
(7.9240.40) x 103, (8.53+0.79)x 103, (7.7340.36)x103,
and (6.93+0.44)x10? for [PrCOOH]; 5q=0.500, 0.750,
1.00, and 1.50 M, respectively. For [PhCOCI}; org =
1.00x10=3 M, the values of K are (8.0340.52)x103,
(7.73+£0.36)x 103, (7.5840.57)x10%, and (6.2340.60)
x10% at 10, 18, 25, and 32 °C respectively. The
thermodynamic parameters obtained from the plot
of In(K) vs. 1/T are AH®°=—(7.514+3.02) kJmol™!,
AS°=(48.5+10.3) Jmol~! K~!. Hence that both AH®°
and AS° favor the forward reaction of (R3). This result
is consistent with the fact that the reactivity of PrCOCI
is greater than that of PhCOCL

(B) Effect of Chloride Ion : Similarly, the effect
of C1~ ion on the reaction in the PrCOCI-PhCOO~ re-
action system was tested with BTEAC. As presented in
Table 3 (b,c) and Fig. 3 (g,h), the equilibrium concentra-
tion of PhCOCI increased significantly in the presence
of Cl™ ar a relatively small concentration, in contrast
to the effect of C1~ ion the PhCOCI-PrCOO~ reaction
system.

Mechanism of the Reaction

As proposed by a Mathias and Vaidya,'? the reaction
processes for PNO-catalyzed IPTC reaction of acyl chlo-
ride (RCOCI) with carboxylate ion (R'"COO™) in the
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medium HoO/CH;Cly can be summarized in reactions
(R4) and (R5)

RCOCI + PNO _— RCOONP*CI~ (R4)
CH2Clo
RCOONP* 4+ R'COO~ a RCOOCOR' + PNO  (R5)

The presumed intermediate, 1- (acyloxy)pyridinium
chloride (RCOONP*CI™) formed in the organic phase
can rapidly transfer to the aqueous phase for reaction
with R’COO~ ion. Kuo and Jwo'® investigated the ki-
netics and mechanism of the PNO-catalyzed reaction of
PhCOCI with PhCOO™ ijon in HoO/CH,Cly medium.
Under appropriate conditions, they found that the re-
action is essentially irreversible and that the rate of re-
action was represented according to Eq. 1

_ d[PhCOClorg

= = (kn+ ke[PNOJ; ,)[PhCOClorg

= kobs[PhCOClorg (1)
in which k) is the uncatalyzed rate coefficient and &
is the catalyzed rate coefficient and ko5 is the observed
pseudo-first-order rate coefficient.

In contrast, the PNO-catalyzed IPTC reactions of
the PhCOCI-PrCOO~ and PrCOCI-PhCOO~ sys-
tems lead to equilibrium as described by reaction (R1).
Therefore, a distinct reaction scheme is required. Based
on the above kinetic results, Scheme I is proposed for
this reaction. The reactions can be classified as being
in the organic or aqueous phases or at the interface.

Scheme I.
Organic-phase reactions :
PhCOCI + PNO = PhCOONP™ + C1~™ (O1f, O1r)
PrCOCI + PNO = PrCOONP* + CI~ (02f, O2r)
PrCOOCOPh + PNO = PrCOO~ + PhCOONP*
(03f, 03r)
PrCOOCOPh 4+ PNO = PhCOO~ + PrCOONP*
(041, O4r)
(PhCO)20 +PNO = PhCOONP™* +PhCOO™~ (O5f, O5r)
(PrC0)20 +PNO = PrCOONP™* + PrCOO~ (06f, O6r)
PrCOCI + PhCOOH = PhCOCI + PrCOOH (OTf, OTr)
PhCOOH + PNO = PNOH* + PhCOO~ (O8f, O8r)
PrCOOH + PNO = PNOH™ + PrCOO™ (091, O9r)
Interface reactions :

PhCOONP{, . + Cl,,y = PhCOONP{, ) + Cl,,

(I1f, I1r)
PhCOONP{, ., + Cl,,,) = PhCOONP, ) + Cl,,

(12f, I2r)
PhCOOCOPr(org) = PhCOOCOPr ) (13f, 13r)
(PhC0)20 org) = (PhCO)20 aq) (14f, I4r)
(PrC0)20 org) = (PrC0O)20(aq) (15, I51)
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PNO(OFS) = PNO(aq) (IGf, 161‘)
PhCOOH (org) = PhCOOH 5 (17, T7r)
PhCOOH (grg) = PhCOOH (nq) (I8¢, 18r)

Aqueous-phase reactions :
PhCOONP* 4+ PrCOO~ — PhCOOCOPr + PNO (Al)
PPrCOONP™* + PhCOO~ — PrCOOCOPh + PNO (A2
PhCOONP* + PhCOO™ — (PhCO)20 + PNO (A3
PrCOONPT + PrCOO~ — (PrC0O)20 + PNO (A4
PhCOONP* 4+ H,O — PhCOOH + PNO + H* (A5
PrCOONP?* + H;0 — PrCOOH + PNO + H* (A6
PhCOOH = PhCOO~ + H™ (A7
PrCOOH = PrCOO~ + H' (A8

f: forward reaction, r: reverse reaction.

T~ D N N

The main reactions in the organic phase involve the
reactions of PNO. For the PhCOCI-PrCOO~ reac-
tion, the initial rate of reaction was a linear function
of [PNOJ;aq- This result indicated that the rate-de-
termining step took place in the organic phase before
reaching equilibrium (reaction (O1f) and (O2f)). At
an early stage of the PhCOCI-PrCOO~ reaction, the
main reaction was that of PhCOCI and PNO in the or-
ganic phase to produce the intermediate (PhCOONPT)
which rapidly transferred to the aqueous phase to react
with PrCOO~ to yield PhCOOCOPr (reaction (A2))
or with water to produce PhCOOH (reaction (A5)).
The product PhCOOCOPTr then transferred to the or-
ganic phase for further reaction. In the reaction of
PhCOCI with PhCOO~ ion, a stable acid anhydride
(PhCO)20 was produced that did not participate sig-
nificantly in further reactions. Therefore, an irreversible
kinetic behavior of the reaction was observed, The lim-
iting reactant (PhCOC]) was completely consumed and
acid anhydride was obtained at a high yield. In con-
trast PhCOOCOPr was unstable and reacted with PNO
to produce intermediate products (PhCOONP* and
PrCOONPT) according to reactions (O3f) and (04f).2V
The behavior of the reaction of PhCOOCOPr and PNO
is similar to that of the reaction of mixed carboxylic
anhydride (RCOOCOR/) with AICl; used for the acy-
lation of benzene.?? The reaction of catalyst AlCl; and
RCOOCOR!/ produced the intermediates in equilibrium
with each other (reaction (R6)).

R-C=0 —AICl

R-C=0

AN AN

O + AlCl; — O

/
R-C=0 R'-C=0
R-C=0

N

= 0]
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Because of the dielectric property of CH,Cls, the re-
action of PhCOCI and PNO in CH;Cl; is more reason-
ably expressed as reaction (R7).

PhCOCI + PNO =
(PhCOONP*CI™) = PhCOONP™* + CI~ (RT)

However, for convenience, reaction (R7) was simplified
as reaction (O1). Some other reactions in the organic
phase were simplified in the same way. The intermedi-
ates PnCOONP*Cl~ and PrCOONP*CI~ are soluble
in water and reactive. Therefore, a pseudo-steady state
approximation was applied to the kinetics of the re-
action. In this system, PhCOONP* (or PrCOONP)
ion was consumed by reacting rapidly with PhCOO~
(or PrCOO™) ion to produce acid anhydride (reactions
(O3r) or (O4r)). It also reacted with Cl~ ion to re-
produce PhCOCI (reactions (O1r) or PrCOCI (reaction
O2r)) or transferred to the aqueous phase for reaction.
In the PhCOCI-PrCOO~ reaction system, PrCOCI was
produced because of the combined reactions (O4f) and
(O2r). Similarly, PhCOCI was produced because of the
combined reactions of (O3f) and (Olr). '

The effect of Cl~ ion is explained by considering re-
actions (01), (02), (03), (04), (I1), and (12). In the
PrCOCI-PhCOO™ reaction system, reaction (Olr) is
enhanced on addition of chloride ion because of the rel-
atively small concentration of PhCOCIl. The increased
equilibrium concentration of PhCOCI is more signifi-
cant in the PrCOCI-PrCOO™ reaction system. In con-
trast, the effect of chloride ion the PhCOCI-PrCOO~
reaction system is less significant due to the relatively
large equilibrium concentration of PhCOCI.

As shown in Figs. 1 and 3, the reactivity of PrCOCI
was greater than that of PhCOCI. The rate coefficient
of reaction (O2f) was expected exceeded that of (O1f).
Similar results were obtained for homogenous reaction
(O7). The equilibrium constant (K) of reaction (O7)
is about 103—10%. Reactions (O8) and (O9) are con-
sidered because the protonation of PNO by RCOOH
affects the concentration of free PNO in the organic
phase, which turn affects the reaction rate.

The interface reactions included the distribution of
intermediate, acid anhydride, catalyst and carboxylic
acid between two phases. The rates of mass transfer of
those compounds were greater than those of the reac-
tions taking place in both phases. Therefore, the overall
reaction was not affected by mass transfer. However,
the equilibrium state was built up with transfer of the
catalyst or the product from one phase to another.

The intermediate also reacted with other species in
the aqueous phase. For example, the intermediate
PhCOONPT reacted with PrCOO~ ion, PhCOO~ ion
H>0 to produce PhCOOCOPr, (PhCO)20, and Ph-
COOH via reactions (A1), (A3), and (A5), respectively.
In the PhCOCI-PrCOO~ reaction system, the yield
of PhCOOH was about 30%. Only a trace amount of
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(PhCO)20 was obtained. As (PhCO)50 is very stable,
it does not react further. Therefore, adding PhCOO~
ion to the reaction system increased both the yield of
(PhCO)20 and conversion of PhCOCL. In contrast, the
PhCOOCOPr produced is highly reactive and reacts
immediately with PNO. Therefore, PnCOOCOPr was
not observed during reaction. Similarly, PrCOONP*
ion reacted with PhCOO~ ion, PrCOO~ ion and H2O
to produce PrCOOCOPL, (PrC0O),0, and PrCOOH via
reactions (A2, A4, and A6) respectively. Some symmet-
ric acid anhydrides with small alkyl such as (PrCO),0,
(EtCO)20, and (MeCO)20 were unstable and decom-
posed rapidly in the presence of HoO or alcohol.?®
Therefore, (PrCO)20 was not observed during the re-
action.

Additional reaction steps (R8)—(R12) are considered
to explain the effect that OH~ ion, which competes ef-
fectively with PNO to react with acyl chlorides and acid
anhydrides when pH>11.

PhCOCI + 20H™ = PhCOO™ +ClI~ +H,0  (R8)

PrCOCl + 20H™ = PrCOO™ +CI” +H,O0  (R9)
PrCOOCOPh + 20H™ =

PrCOO~ + PhCOO~ + H,0 (R10)

(PhCO),0 + 20H™ — 2PhCOO™ +H,0  (Rl1)

(PrC0),0 + 20H™ = 2PrCOO~ +H,O  (R12)

Therefore, concentrations of all of PhCOCI, PrCOCI,
intermediate, and use the unsymmetrical acid anhy-
dride decreased in the presence of sufficient OH™ ion.
The presence of OH™ ion exhibits the effects of increas-
ing the rate of reaction and the equilibrium conversion
of PhCOCI as observed in the PhCOCI-PrCOO~ reac-
tion system. When [OH™}; ,4=0.500 M, complete con-
sumption of PhCOC] was observed and the catalysis of
PNO was insignificiant. In the present work, the pH
value was generally kept at about 6.5, at which reac-
tions (R8)—(R12) are negligible.

It is generally believed that the exchange reaction of
acyl halide (RCOX) and carboxylic acid (R’COOH) in
a homogeneous organic medium takes place via a mixed
anhydride intermediate (reaction (R13))

RCOX + R'COOH =
(RCOOCOR’ + HX) = RCOOH + R'COX(R13)

The establishment of the equilibrium of (R13) de-
pends greatly on the reactivities of RCOX, R'COX,
and RCOOCOR'. As reported by Ugi and Beck,?¥
the relative reactivities of acyl chlorides (RCOCI) to-
ward hydrolysis in 89% aqueous Me;CO at —20 °C
were R=Cl3C (9200), Cl;CH (2800), C1ICH; (1.9), CH3
(1.0), CoHs (0.69), n-CsHy (0.54), (CHs)oCH (0.41),
(CH3)3C (0068), n-C5H11 (050), ’I’L—C7H15 (043),
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PhCH. (0.33), PhyCH (0.23), and Ph (0.0038). The
reactivity of RCOCI is increased by electron-withdraw-
ing substituent and lowered by either electron-donating
or steric-hindered substituent. Acid anhydrides are less
reactive than the corresponding acyl chlorides. How-
ever, similar electronic and steric effects are expected
to be exhibited in acid anhydrides. As reported by
Bunton et al.,?® the relative reactivities of acid anhy-
drides toward hydrolysis in dioxan/water (60/40 v/v) at
25 °C were (MeCO)20 (1.0)>MeCOOCOPK (0.74) >
(PhCO)20 (0.033). Acid anhydrides with small alkyl
groups are unstable and those with phenyl groups are
relative stable. In the PNO-catalyzed two-phase reac-
tion of PhCOC] with RCOO~ ion (R=Ph, Me, Et, +Pr,
n-Bu, and n-C5H;y), the expected acid anhydrides with
yields higher than 90% could be obtained the limiting
reactant PhCOC] was consumed completely. In con-
trast, the unexpected reversible exchange reaction was
observed in the PNO-catalyzed two-phase reaction of
PhCOCI with PrCOO~ ion as shown in (R1). This
observation cannot be explained simply by considering
the reactivities of PhCOCI, PrCOCI, and PhCOOCOPr
toward reacting with PNO alone. More complicated re-
actions as proposed in Scheme I are considered to be
operating in establishing the reversible exchange reac-
tion of (R1).

Conclusion

Two-phase equilibrium reaction was observed for
IPTC reaction of PhCOCl and PrCOO~ ion or of
PrCOCI1 and PhCOO~ ion catalyzed by PNO in the
medium HpO/CH3Cly,. The expected acid anhydride
PhCOOCOPr was not observed. The rate-determin-
ing step takes place in the organic phase. PrCOCI is
much more reactive than PhCOCIL. In the PhCOCI-
PrCOO™ reaction system, the hydroxide ion enhanced
both the initial rate of consumption and the equilib-
rium conversion of PhCOCI. The equilibrium conver-
sion was affected insignificantly by Cl~ ion. In con-
trast, in the PrCOCI-PhCOO~ reaction system, the
equilibrium yield of PhCOCI increases with increasing
concentration of Cl~ ion and decreases with increasing
concentration of hydroxide ion. For both reaction sys-
tems, PNO increases the initial rate of reaction and the
equilibrium conversion of acyl chloride.
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