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Sulfoxidative Decarboxylation of 
Phenylsulfinylacetic Acid by
Oxo(salen)Cr(V) Complex in 

Aqueous Acetonitrile Medium 

The solvent of the reaction medium plays a vital role in deciding the active species, the 

reaction rate and in some cases even the mechanism of oxidation reactions. Chromium has 

shown large variation in reduction potential at different solvents and has the highest value 

in acetonitrile. The reduction potential of Cr(VI)/Cr(III) couple reported in different 

solvents are [1,2] acetonitrile: 1.63 V, acetic acid: 1.53 V,  water: 0.875 V and  dimethyl 

sulfoxide: 0.541 V. The oxidation of diphenyl sulfides (DPS) by pyridinium chloro-

chromate and quinolinium chlorochromate in glacial acetic acid [3] and by quinolinium 

fluorochromate (QFC) in acetonitrile medium [4] follow Michaelis-Menten kinetics, 

whereas with morpholinium chlorochromate (MCC) in DMSO medium [5] the reaction 

shows clear first-order dependence on [DPS] with the formation of sulfonium cation 
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intermediate in the slow step. The oxidation of methyl phenyl sulfide (MPS) by Cr(VI) in 

aqueous acetonitrile [6] and by MCC in DMSO medium [5] show first-order dependence 

on [MPS]. However, in acetonitrile medium the oxidation of MPS by nicotinium 

dichromate [2], QFC [4] and imidazolium dichromate [7] exhibit Michaelis-Menten type 

kinetics with fractional-order dependence on [MPS]. 

The change in mechanistic pathway by varying the reaction medium has been 

reported in the oxidation of aliphatic primary alcohols: oxidation by isoquinolinium 

bromochromate in aqueous acetic acid [8] is first-order in [substrate] and follows a 

mechanism involving nucleophilic attack of alcohol on chromium atom of the oxidizing 

species while in DCM-AcOH by cetyltrimethylammonium dichromate [9] the reaction 

follows Michaelis-Menten kinetics and shows negative-order in oxidant. Aromatic 

aldehydes on oxidation by pyridinium fluorochromate (PFC) in DMSO [10] follow 

Michaelis-Menten type kinetics while the mechanism involving the decomposition of 

monochromate ester intermediate in the slow step with unit-order dependence on aldehyde 

has been proposed with benzyltrimethylammonium fluorochromate (BTMAFC) in 

aqueous AcOH [11]. In the case of thiomalic acid oxidation by PFC in DMF [12], the 

reaction follows Michaelis-Menten type kinetics whereas oxidation by quinaldinium 

fluorochromate in DMSO-DMF [13] medium shows first-order dependence on [substrate].

The rate of the reaction is found to be increased with acetic acid content in the 

Cr(VI) oxidation of alkyl aryl sulfides and DPS [14] whereas decrease in rate has been 

observed in Cr(VI) oxidation of dialkyl sulfides [15] when acetonitrile content of the 

medium increases. In the Cr(VI) oxidation of dialkyl sulfides [15], different mechanistic 

paths have been proposed when the medium changes from high aqueous to high 

acetonitrile.
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Though the oxidation of sulfides, sulfoxides, aniline with oxo(salen)chromium(V)

complexes were carried out in acetonitrile medium [16-18] the oxidation study in aqueous 

acetonitrile medium [19] is very limited since the oxo(salen)chromium(V)+ ion is stable

for 1-2 hours only in aqueous medium whereas it is stable in non aqueous medium for 

several months. But the oxidation of sulfides, sulfoxides etc., catalysed by MnIII (salen) 

complexes were extensively studied in aqueous acetonitrile medium [20-24]. In 

continuation of the present work in 100 % acetonitrile medium, the reaction of the sulfur 

containing acid namely phenylsulfinylacetic acid (PSAA) and eleven substituted PSAAs 

with oxo(salen)chromium(V) complex is performed in aqueous acetonitrile medium and 

the results are presented in this chapter. The aim of the present study is to focus mainly on 

differences between various aspects of mechanism of reaction in acetonitrile and aqueous 

acetonitrile media. 

6.1.   Absorption spectral study 

In the present study, oxo(salen)Cr(V) complex was prepared from (salen) 

chromium(III) hexafluorophosphate and iodosobenzene in acetonitrile medium. The 

formation of the oxo(salen) complex was confirmed by the UV-vis absorption spectrum 

 ! max "#$%&#'()*#+#,-.#/0123#1'#30-#!max value from 560 nm to 600 nm and an increase in 

the 4max value are noticed when H2O is added to oxo(salen)Cr(V) in acetonitrile. The shift 

1'#!max 567'8#9130#5#/:;/35'3156#1'<,-5/-#1'#30-#4max indicates that H2O acts as donor ligand 

and binds with oxo(salen) complex [25] similar to the ligand oxides (LOs). When PSAA is 

added to the above solution of oxo(salen)Cr(V) in aqueous acetonitrile, a decrease in 

5;/7,;5'<-# 1/# 7;/-,=-.#  >18:,-# %*?)# 91307:3# 5'@# <05'8-# 1'# !max value. The extent of 

decrease in absorbance increases with concentration of PSAA. This indicates the binding 

of PSAA with the oxo(salen)-H2O adduct.  
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Figure 6.1.  Absorption spectra of Ia in the presence of H2O and PSAA: a = Ia; 
b = Ia + H2O + PSAA;  c = Ia + H2O.

6.2.   Kinetic study

The self-decay of oxo(salen)chromium(V)+ ion in aqueous medium is checked and 

is found to be very slow compared to the rate of the title reaction. The sulfoxidation 

reaction of PSAA and the substituted PSAAs with oxo(salen)chromium(V) complex 

(Ia) was conducted under pseudo-first-order conditions in 80 % CH3CN–20 % H2O

mixture (v/v) by taking excess of PSAA over oxo(salen)chromium(V)+ ion. The progress 

of the reaction was monitored by measuring the decrease in the absorbance of the 

oxo(salen)chromium(V)-H2O adduct at 600 nm using spectrophotometric technique. A

sample run showing the decrease in absorbance of oxo(salen)Cr(V)-H2O adduct with time 

is given in Figure 6.2.
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Figure 6.2.  Decrease in absorbance for the reaction betweenp-Me PSAA and Ia at 
different time intervals: [Ia] = 5 x 10-4 M.

6.3.   Effect of PSAA and oxo(salen)chromium(V) on the reaction rate

The influence of [PSAA] on the rate of the reaction is studied by measuring the 

rate of the reaction at different [PSAA] in the range 0.1 M to 0.6 M and the results are 

tabulated in Table 6.1. The oxidation reaction is overall second-order, first-order each with 

respect to the oxo(salen)chromium(V) and PSAA. The kinetic data indicate that the rate of 

the reaction increases with increase in [PSAA] and no saturation kinetics is observed with 

[PSAA]. The pseudo-first-order plots for PSAA variation is shown in Figure 6.3. 

The first-order dependence on [PSAA] is confirmed from the unit slope value in 

the double logarithmic plot of k1 against [PSAA] (Figure 6.4) and also from the linear plot 

of k1 against [PSAA] (Figure 6.5). Constant second-order rate constant calculated by 

dividing the pseudo-first-order rate constants with [PSAA] at all concentrations of PSAA 

(Table 6.1) also confirmed the first-order dependence on PSAA.  
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Table 6.1.  Pseudo-first-order (k1) and second-order (k2) rate constants for the reaction 

between PSAA and oxo(salen)chromium(V)  complex 

[PSAA]
(M)

104 [Ia] 
(M)

104  k1

(s-1) 
104  k2 

(M-1 s-1) 

0.10 5.0 0.351 ± 0.02 3.51 ± 0.21 

0.20 5.0 0.865 ± 0.02 4.33 ± 0.08 

0.30 5.0 1.31 ± 0.06 4.37 ± 0.22 

0.40 5.0 1.84 ± 0.06 4.60 ± 0.16 

0.60 5.0 2.58 ± 0.04 4.30 ± 0.06 

0.40 4.0 1.90 ± 0.06 4.75 ± 0.16 

0.40 7.0 1.74 ± 0.05 4.35 ± 0.12 

0.40 8.0 1.48 ± 0.07 3.70 ± 0.17 

0.40 9.0 1.78 ± 0.13 4.45 ± 0.31 

0.40 10 1.69 ± 0.07 4.05 ± 0.17 

[Ia] = 5 x 10-4 M; temp. = 303 K; solvent = 80 % CH3CN-20 % H2O.

               Figure 6.3.  Pseudo-first-order plots for PSAA variation. 
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Figure 6.4. Log-log plot of k1 vs. [PSAA]: General conditionsas in Table 6.1.

Figure 6.5.  k1 vs. [PSAA] plot for the reaction between PSAA and Ia.

The effect of oxo(salen)Cr(V) is studied by carrying out the reaction at different 

concentrations ranging from 4 x 10-4 M to 10 x 10-4 M at constant [PSAA] and the pseudo-

first-order rate constants calculated from the slope of log (OD) vs. time plot is collected in  

Table 6.1. The kinetic data in the table indicate that the pseudo-first-order rate constant 
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values did not vary appreciably with [oxo(salen)chromium(V)] which is shown by 

constant k1 value at all concentrations. The linearity of log (OD) vs. time plot (Figure 6.6) 

also indicates the first-order dependence on oxo(salen)Cr(V).  One striking contrast 

observed with 100 % acetonitrile medium is that the pseudo-first-order rate constant is 

found to be decreased with increase in concentration of oxo(salen).  

Figure 6.6.  Pseudo-first-order plots for the oxo(salen)Cr(V) complex variation:
[PSAA] = 0.4 M. 

6.4.   Effect of substituent on the rate of reaction 

The effect of various meta- and para-substituents in the aryl moiety of PSAA is 

investigated to probe the reaction mechanism between PSAA and oxo(salen)chromium(V) 

complex and the results are tabulated  in Table 6.2. Kinetic data in the table indicate that 

both electron-releasing and electron-withdrawing substituents in the phenyl ring of PSAA 

accelerate the rate of the reaction. The electron-releasing groups enhance the reactivity to 

a significant extent while the electron-withdrawing ones increase the rate marginally. The 

kinetic data obtained are treated using Hammett equation by plotting log k2 vs.  and is 

represented in Figure 6.7.   
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Table  6.2.  Second-order rate constant (k2), enthalpy A‡H) and -'3,7B@# A‡S) of 
activations for the reaction of PSAAs with Ia.

X 
10 4  k2 

M-1 s-1 A‡H 
(kJ mol-1) 

-A‡S 
(JK-1 mol-1) 

     298 K      303 K     313 K 

 p-OMe 40.3 ± 0.40 50.5 ± 0.85 90.5 ± 0.68 39.9 ± 1.2 157 ± 4.1 

p-OEt 27.4 ± 0.31 35.8 ± 0.15 61.2 ± 1.0 39.1 ± 1.1 162 ± 3.7

p-Me 11.8 ± 0.16 16.3 ± 0.11 32.9 ± 0.22 50.8 ± 0.96 131 ± 3.3

H 2.25 ± 0.01 4.22 ± 0.04 8.66 ± 0.09 65.5 ± 0.79 94.7 ± 2.7

p-F 3.01 ± 0.03 4.37 ± 0.05 10.1 ± 0.18 60.5 ± 1.3 110 ± 4.5

p-Cl 3.59 ± 0.05 4.85 ± 0.07 13.3 ± 0.15 66.8 ± 1.1 87.6 ± 3.8

p-Br 4.17 ± 0.07 5.66 ± 0.05 15.7 ± 0.09 67.6 ± 1.3 83.5 ± 4.5

m-F 4.81 ± 0.03 7.05 ± 0.08 18.6 ± 0.14 68.9 ± 0.86 77.9 ± 3.0

m-Cl 1.56 ± 0.06 2.12 ± 0.02 4.10 ± 0.05 47.6 ± 2.0 158 ± 6.9

m-Br 1.70 ± 0.05 2.97 ± 0.03 7.39 ± 0.14 72.9 ± 2.0 130 ± 6.9

p-NO2 13.6 ± 0.21 20.1 ± 0 38.2 ± 0.26 50.5 ± 0.76 72.3 ± 2.6

! - = 
r = 

-4.60 ± 0.19 
0.998

-3.95 ± 0.25 
0.997

-3.68 ± 0.19 
0.997

- -

! + =
r = 

1.04 ± 0.07 
0.990

0.970 ± 0.09 
0.987

0.892 ± 0.05 
0.994

- -

[Ia] = 5 x 10-4 M; solvent = 80 % CH3CN-20 % H2O

Non-linear upward V-shaped Hammett plot with high negative !" value (!" = -3.68 

to -4.60) for electron-releasing substituents and small positive !" value (!" = 0.892 to 1.04) 

for electron-withdrawing substituents are obtained. The experimental data correlate better 

with  constants rather than  +/ - which is contradictory to that in 100 % acetonitrile 

medium, where the rate constants were correlated better with  + rather than  " for electron-

withdrawing substituents.  
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Figure 6.7.Hammett plot for the reactions of PSAAs with Ia at different temperatures: 
General conditions as in Table 6.2. 

 
 

 ')



For the same reaction in 100 % acetonitrile medium, though the observed reaction 

constant for electron-releasing substituents (-3.34) is almost the same, it largely varies 

with electron-withdrawing substituents (4.79). Yet another difference observed is that 

PSAAs with strong electron-withdrawing p-OMe and electron-releasing p-NO2

substituents deviate from the observed Hammett correlation in 100 % acetonitrile medium 

while they do not deviate in aqueous acetonitrile medium. From the Table 6.2 and 

Figure 6.7, it is apparent that the reactivity increases with temperature but the Hammett 

reaction constant (! ) decreases. This shows the existence of an inverse relationship 

between reactivity and selectivity [26]. Among the meta-substituents, m-Cl and m-Br 

PSAAs deviate from the Hammett correlation while m-F PSAA fall on the correct 

correlation.  

6.5.   Effect of polarity of the medium 

The effect of polarity of the medium on the sulfoxidative decarboxylation of PSAA

is studied by varying the composition of acetonitrile-water mixture. The rate constant 

values obtained at different solvent compositions are given in Table. 6.3. This study 

reveals that the rate of sulfoxidation is facilitated by the increase in water content 

indicating charge separation in the transition state [27,28]. The solvent effect observed is 

in favour of polar mechanism. These results are similar to the observations made in the 

oxidation of aryl methyl sulfides [24], aryl phenyl sulfides [22] and aryl methyl sulfoxides 

[21] by NaOCl catalysed by MnIII salen. In the oxidation of aryl methyl sulfides, dialkyl 

sulfides [27] and methionine [19] by oxo(salen)chromium(V) complex and sulfides by

phenyl iodosodiacetate [29] similar trend of solvent effect is noted.       
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Table  6.3.   Effect of changing the solvent composition on the reaction rate 

% H2O - % CH3CN
(v/v) 

104  k1 

(s-1) 

0 - 100 1.44 ± 0.02 

10 - 90 1.72 ± 0.03

20 - 80 1.84 ± 0.16

30 -70 3.05 ± 0.09

40 - 60 3.93 ± 0.08

50 - 50 5.66 ± 0.12

60 - 40 5.78 ± 0.26

80 - 20 10.9 ± 0.31

[PSAA] = 0.4 M; [Ia] = 5 x 10-4 M;  temp. = 303 K.  

The pseudo-first-order rate constant, k1 in different proportions of solvent mixture 

is linearly related to 1/D and is represented in Figure 6.8. Since the influence of solvent on 

the rate is very large, the increase may not be due to change in polarity only but also due 

to some other effects. The redox potential of Cr(V) complex is solvent dependent and this 

may also affect the reaction rate [3&C*#D0-#/0123#1'#!max upon addition of water from 560 

nm to 600 nm confirmed the co-ordination of water to the oxidant and the water-

oxo(salen) complex adduct acts as the oxidizing species. Water acts as a donor ligand 

similar to ligand oxides and affords weak complex compared with other oxygen donor

ligands [31]. Hence increase in rate with increase in water content may also be due to 

facilitation of formation of more reactive species, oxo(salen)Cr(V)-H2O adduct. 
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Figure  6.8. Plot of log k1 vs. 1/ D: [PSAA] = 0.4 M; [Ia] = 5 x 10-4 M; temp. = 303 K. 

6.6. Effect of temperature 

The oxidation reaction is carried out at three different temperatures for all 

substituted PSAAs in the range of 298 K-313 K and the second-order rate constant values 

calculated for all PSAAs are reported in Table 6.2. The Eyring’s plot for different 

substituted PSAAs is shown in (Figure 6.9).  

Figure  6.9.   Eyring’s plot for the sulfoxidation of PSAAs by (Ia) in 80 % CH3CN-20 % 
H2O medium: [Ia] = 5 x 10-4 M.

  '$



The second-order rate constant values in the table reveal that the rate of the 

reaction increases with temperature. The activation parameters calculated from the slope 

and intercept of linear Eyring’s plot of log (k2/T) against 1/T are given in Table 6.2.  

6.7. Reactivity-selectivity principle 

In order to test the applicability of reactivity-selectivity principle, the k2 values 

(Table 6.2) obtained for the reactions of substituted PSAAs with oxo(salen)chromium(V) 

complex at three different temperatures are subjected to a mathematical treatment 

formulated by Exner [26] using Eqs. (6.1) and (6.2)  

iSiFi kbak  !!" loglog (6.1) 

N

kk SiiFii
loglog #$#

"% (6.2) 

The lines obtained by plotting logarithm of one fast and one slow reactions are parallel to 

7'-# 5'730-,# 5'.# B,7.:<-# '7# (581<# B71'3#  >18:,-# %*?&)*# D0-# =56:-/# 72# ;# 5'.# E# 5,-#

calculated for all of the three possible combinations of one fast and one slow reaction at 

three different temperatures. The results are summarized in Table 6.4. In all the cases the 

value of b is nearly one. These results are as expected for an indifferent RSP. It may be 

mentioned here that a strong RSP has been observed in the oxidation of PSAAs by 

oxo(salen)chromium(V) complexes in the presence of nitrogen bases (cf. Chapter 3). The 

failure of RSP and operation of indifferent RSP in the present case confirms the operation 

of different mechanism among different substituted PSAAs.  
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Figure 6.10. Log kFi vs. log kSi plot for the reaction at 80 % CH3CN-20 %  H2O:

(a) = 298 K & 303 K; (b) = 303 K & 313 K; (c) = 298 K & 313 K. 

Table 6.4.   Results of correlation between log kFi vs. log kSi

Parameters (a) (b) (c)

r 0.995 0.987 0.989

b 0.935 0.843 0.899

E 0.16 0.50 0.34

6.8.   Mechanism 

+#/:;/35'3156#,-.#/0123#1'#30-#!max value from 560 to 600 nm is noted along with an 

increase in absorbance value upon the addition of water to the oxo(salen)Cr(V) complex in 

5<-37'13,16-*#D07:80#/5(-#!max shift is observed in the presence of PSAA as well as water, 

the increase in the absorbance value is higher for water than forPSAA which is shown in 

Figure 6.1. From the change in the absorption maximum of oxo(salen)chromium(V) 

<7(B6-F#1'#5G:-7:/#5<-37'13,16-#(-.1:(#5'.#5'#1'<,-5/-#1'#30-#4max value it is proposed 

that the formation of putative oxidant, oxo(salen)Cr(V)-H2O adduct (C1) by the ligation of 

H2O with the Cr centre in the oxo(salen)complex is the first step in the mechanism. Kochi 
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et. al. [32,33] confirmed the ligation of H2O with the Cr centre by isotopic studies. Earlier 

studies [25,31] revealed that water behaves like donor ligand oxides and bind with the 

metal through the oxygen atom. Venkataramanan et al. [19] also gave evidence and 

proposed oxo(salen)Cr(V)-H2O adduct as the oxidant in aqueous acetonitrile medium 

rather than unbound oxo(salen)chromium(V) complex. The observed kinetic data in 

aqueous acetonitrile medium (Table 6.1) indicate that the oxo(salen)Cr(V) oxidation of 

PSAA is overall second-order, first-order  each in [PSAA] and [oxidant]. The formation of 

CrIII species as the final product is confirmed by UV-vis spectra. The second-order rate 

constant values observed in the aqueous acetonitrile medium are higher than that in 100 % 

acetonitrile medium (cf. Chapter 3). This confirms that oxo(salen)Cr(V)-H2O adduct is the 

better oxidant than the unbound oxo(salen)chromium(V) complex.  

Excellent linear correlation with a negative slope value is observed in the 

Hammett plot for PSAAs containing electron-donating substituents. This trend can be 

explained by a mechanism involving the rate determining nucleophilic attack of sulfur 

center of PSAA on the oxo group of the oxo(salen)chromium(V) complex with the 

formation of sulfur cation in the transition state. The rate acceleration by electron donating 

groups on PSAA is explained on the basis of resonance stabilization of this sulfur cation. 

This indicates that the six-coordinated oxo(salen)chromium(V) complex maintains 

significant electrophilic character towards PSAAs having electron-donating substituents.

The very high !" value obtained with these groups indicates a significant charge separation 

in the transition state involving a more polar intermediate than reactants, supporting the 

proposed mechanism. 

PSAAs with electron-withdrawing substituents also lead to an increase in reaction 

rate with a low positive ! value. Such a V-shaped Hammett plot suggests a distinct change 

in mechanism among electron-releasing and electron-withdrawing substituted PSAAs. A 
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possible explanation for the increase in rate by electron-withdrawing groups is given 

below. The electron-withdrawing substituents in PSAA generate partial positive charge on 

the sulfur center through field effect making these substrates as electrophilic in nature. It is 

well known that field effects are operating more in aqueous medium than in non-aqueous 

medium. In such cases the axially ligated oxo(salen)Cr(V)-H2O adduct can function as 

nucleophile and adds on electron deficient sulfur atom of PSAA. Thus electron-

withdrawing substituents facilitate the S-O bond formation. From the above results and 

discussion two mechanistic path ways as shown in Scheme 1 & 2 have been proposed. For 

electron-releasing substituents, an initial electron transfer from PSAA to oxo(salen)Cr(V)-

H2O adduct (C1) followed by S-O bond formation and for electron-withdrawing 

substituents direct oxygen transfer from oxo(salen)Cr(V)-H2O adduct (C1) to PSAA are 

proposed. Neu et. al. [34] proposed elecrophilic and nucleophilic pathways for the 

sulfoxidation of thioether by axially ligated manganese(V) oxocorrolazine complex. 

The observed constant pseudo-first-order rate constant by varying the 

<7'<-'3,5317'#72#7F7 /56-')<0,7(1:( H)#<7(B6-F#1'.1<53-/#3053#I-oxo dimer formation is 

not favoured in aqueous acetonitrile medium. This is contradictory to that in 100 % 

acetonitrile medium where the pseudo-first-order rate constant decreases with 

concentration of oxo(salen)chromium(V) complex and explained by the formation of 

inactive #-oxo dimer. Venkataramanan et. al. [19] reported significant formation of the 

relatively stable #-oxo dimer during the sulfoxidation of methionine by 

oxo(salen)chromium(V) complex in aqueous conditions.  Bryliakov et al. [35] and 

Gilheany and co-workers [36] also r-B7,3-.# 30-# -F1/3-'<-# 72# I-oxo dimer in the 

epoxidation reactions by oxo(salen)chromium(V) complexes. 
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Scheme 6.1.Mechanism for PSAAs with electron-releasing groups

. Scheme 6.2.Mechanism for PSAAs with electron-withdrawing groups 
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