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Abstract: The kinetics of the oxidation of a series of substituted phenols by polyoxo-

metalate (POM), K5[SiVW11O40] . 12H2O were investigated. Under all conditions

studied second-order kinetics were observed. Electron-transfer from neutral phenols

(k1) was slower than that from the corresponding phenoxide anions (k2), and the

reaction rate was highly dependent on the nature of the substituent groups. The

observed rate constants decreased in the order: p-methoxyphenol (1) . p-methylphe-

nol (2) . m-methylphenol (4) . m-methoxyphenol (3) . phenol (5) . p-chlorophe-

nol (6) . p-bromophenol (7) . m-chlorophenol (8) . m-nitrophenol (9). A

Hammett plot of the data revealed a better correlation with sþ than with s, suggesting

a reaction involving the formation of an electron-deficient radical intermediate with the

rate-determining step being an electron-transfer from a neutral substrate. Depending on

the concentration of POM, oxidized phenolic and oxidative coupling products were

detected.
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INTRODUCTION

Polyoxometalates (POMs) are a rapidly growing class of metal-oxygen-cluster

anions.[1–4] They are synthetic inorganic compounds that contain highly sym-

metrical core assemblies of MO(x) units (M ¼ Vanadium, Molybdenum,

Tungsten) and react as outer-sphere electron-transfer oxidants and

catalysts.[4–7] The properties of POMs can be controlled by altering the

POM composition and structure.[5,8] As a result, polyoxometalates

have found applications in analytical and clinical chemistry, catalysis

(including photocatalysis), biochemistry (electron transport inhibition),

medicine (anti-tumor, anti-viral, and even anti-HIV activity), and solid-state

devices.[9]

Over the last decade there has been an increasing interest in the appli-

cation of POMs in the catalytic delignification of wood pulp.[10–12] POMs

offer a safe and environmentally benign alternative to traditional bleaching

reagents such as elemental chlorine. Efficient and selective removal of

lignin, an aromatic polyol, from wood pulps without severe degradation to

carbohydrates (e.g., cellulose) can be accomplished using POMs under

anaerobic and aerobic conditions.[10–12] The catalytic mechanism involves a

series of redox cycles wherein the reduction of the POM(ox) by the substrate

(lignin) is accompanied by subsequent reoxidation of the POM(red) by O2 –

the total electron transfer if from substrate to O2.

Several investigations into the mechanisms of POM oxidations of

phenolic compounds have been reported.[13–18] Reportedly, POM oxidation

of phenolic compounds proceeds via either hydrogen atom transfer or

proton coupled electron transfer mechanisms. The oxidized resonance stabil-

ized phenoxy radical intermediate then undergoes (i) a second oxidation step

to the corresponding cation and subsequent benzoquinone formation, or (ii)

radical coupling with a second oxidized phenol and dimer[13–15]/
oligomer[15] formation. The resulting dimeric/oligomeric compounds can be

subsequently oxidized, and undergo the same oxidative reaction steps as the

initial phenol. Although a number of studies on the reactions of POMs with

phenolic lignin model compounds have been reported,[13–18] very little infor-

mation is available on the effect of phenolic compound structure on reaction

mechanism and kinetics. As lignin is a cross linked highly functionalized

macromolecule containing methoxyl, hydroxyl, carbonyl, and various functio-

nalized aliphatic side-chains,[19–22] a comprehensive understanding of

substrate structure on the reaction/oxidation kinetics is critical to further

develop this technology.

In this article, we report the results of a study on the kinetics and

mechanism of the oxidation of substituted phenols in aqueous solutions by

POM (K5[SiVW11O40] . 12H2O). Of particular interest is the relationship

between phenol substitutent groups and reaction kinetics. Using the

Hammett equation, the relationship between electron density of substituted

phenols and POM oxidation rate is reported.

Y. S. Kim et al.2
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EXPERIMENTAL

Materials

K5[SiVW11O40] . 12H2O (POM) was provided from the USDA Forest

Products Laboratory (Madison WI, US).[10] The aromatic compounds:

p-methoxyphenol (1), p-methylphenol (2), m-methoxyphenol (3), m-methyl-

phenol (4), phenol (5), p-chlorophenol (6), p-bromophneol (7), m-chlorophe-
nol (8), p-nitrophenol (9), and 1,4-benzoquinone (10) were purchased from

Aldrich Chemicals. CDCl3, DMSO-d6, and acetone-d6 were purchased from

Cambridge Isotope Laboratories. All other chemicals were purchased from

either Fisher Scientific or Sigma-Aldrich and used as received.

Sodium Acetate-Acetic Acid Buffer System

All the kinetic reactions were carried out in a sodium acetate-acetic acid buffer

system. The pH range used was 3.8–6.0, and adjusted by adding acetic acid to

a 0.2 M sodium acetate stock solution. pH values were measured using a

Fisher pH meter, model Accumet AR 15.

Kinetic Measurements

Kinetic reactions were carried out using a dual-syringe stopped-flow apparatus

equipped with a mixing chamber and attached to a 2 cm3 cuvette (quartz

micro flow cell). The temperature was maintained over a range of 4–

90+ 18C by a Haake D1/G recirculating refrigerated bath. Absorbance

measurements were performed on a PerkinElmer Lambda 45 UV/VIS spectro-

photometer with a cell pathlength of 1 cm. In a typical kinetic experiment

(pseudo-first order conditions), equal volumes (3 mL) of the phenolic

substrate (73.5 mmol) in acetate buffer (0.2 M, pH 5) and POM (1.5 mmol)

acetate buffer solution (0.2 M, pH 5) were mixed using the dual-syringe

stopped-flow apparatus. Prior to mixing all phenolic and POM buffer solutions

were thoroughly purged with argon and equilibrated for at least 2 h at the

reaction temperature in a MaxQTM 4000 Incubated and Refrigerated Shaker

(Barnstead/Lab-Line co.). For slow reacting model compounds (e.g., 8 and 9),
a 1.9 mL aliquot of degassed phenolic compound (24.5 mmol) was loaded into

a 5 mL quartz cuvette and sealed with a rubber septum. The cuvette was put

into the UV and equilibrated at the reaction temperature for at least 2 h.

Reactions were initiated by injecting 0.1 mL of a POM (0.5 mmol) stock

solution and manually mixed. The final concentrations of the phenolic

compounds and POM were 12.25 mmol L21 and 0.25 mmol L21, respectively

(49 molar equivalents of phenolic substrate to POM).

Reaction kinetics were spectrophotometrically recorded by monitoring the

decrease in absorbance of the oxidized POM at 350 nm or the increase in
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absorbance of the reduced POM at 520 nm. Data were recorded every 0.1–600 s

for 0.5 to 50 h, depending on the experiment. Reactions involving compounds 1–
9were run in acetate buffered solution (0.2 M, pH 5.0). All reactions were run in

triplicate and rate constants reported as average values. Prior to kinetic analysis

the extinction coefficient (1) for the oxidized POM (1 ¼ 2630 M21 cm21 at

350 nm) and reduced POM (1 ¼ 610 M21 cm21 at 520 nm) was determined

from linear regression of the plots of absorbance versus concentration of POM

(see Appendix).

Reaction Order

The reaction order with respect to phenol (5) and POMwere determined by the

plotting initial rate versus concentration of POM or phenol according to the

initial rate law (see appendix). First, the POM concentration was held

constant at 0.25 mmol L21, while the concentration of the phenolic

compound was varied, for example, [5] was varied from 9.0 to 45 mmol L21.

Then, the phenolic concentration was held constant at 15 mmol L21 and the

concentration of the POM varied from 1.25 to 6.25 mmol L21.

Reaction Rate

Reaction rates were measured using pseudo-first order and second-order

reaction conditions. Rate constants (kobs) were determined by fitting a

straight line through the initial 25–50% POM conversion (see Appendix).

Under pseudo-first order conditions ln[(POMo)/(POM)] versus time plots

were used, while second-order rate constants (k) were calculated from either

k ¼ (initial rate)/(2 . [POM] . [phenol]) or k ¼kobs/(2 . [phenol]).

Effect of pH

As outlined in Scheme 1 the oxidation of phenols is dependent on pH (5, 15,

16). To evaluate the effect of pH on the reaction rates, POM oxidation of

compounds 1, 2, 5, and 8 were studied over the pH range 3.8–6.0 at 20, 35,

45, and 808C. The pH of the acetate buffer (0.2 M) was adjusted by adding

acetic acid. The concentrations of the phenolic compounds and POM were

12.25 mmol L21 and 0.25 mmol L21, respectively (49 molar equivalents of

phenolic substrate to POM).

Kinetic Model

According to Scheme 1 two equivalents of POM are required to fully oxidize

phenols. The overall reaction can be represented by Eq. (1).[5,15]

x-C6H4-OHþ 2ðSiVW11O
5�
40 Þ�!

k productsþ 2ðSiVW11O
6�
40 Þ þ Hþ ð1Þ

Y. S. Kim et al.4
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Accordingly, Eq. (1) can be written as the rate law Eq. (2).

d½SiVW11O
6�
40 �

dt
¼ 2 k½SiVW11O

5�
40 �

a
½x-C6H4-OH�

b
ð2Þ

The reaction order (a and b) of each reactant can be calculated from the initial

rate Eq. (3)

v ¼ k0½SiVW11O
5�
40 �

a; k0 ¼ 2 k½x-C6H4-OH�
b
o or

v ¼ k00½x-C6H4-OH�
b k00 ½SiVW11O

5�
40 �

a
o

ð3Þ

The second-order rate expression (a ¼ b ¼ 1) can be expressed as Eq. (4).

d½SiVW11O
6�
40 �

dt
¼ 2 k½SiVW11O

5�
40 �½x-C6H4-OH� ð4Þ

Under pseudo-first order conditions, that is, .10-fold excess of phenolic

substrate Eq. (4) can be written as Eq. (5).

d½SiVW11O
6�
40 �

dt
¼ kobs½SiVW11O

5�
40 � or

ln
½SiVW11O

5
40�

½SiVW11O
5
40�o

¼ kobst

ð5Þ

Further, based on the relationship between Eqs. (4) and (5), the observed

pseudo-first order rate constant (kobs) can be expressed according to Eq. (6).

kobs ¼ 2k½x-C6H4-OH� ð6Þ

Scheme 1. Possible reaction mechanism for POM (SiVW11O40
52) oxidation of

phenols.
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Calculation of k1 and k2

The oxidation of phenols can occur through reaction with either the neutral

phenol or phenolate ion. Using a steady-state approximation for the initial

oxidized intermediates, that is, 2d[x-C6H4-OH
þ]/dt ¼ 2d[x-C6H4-O

.]/
dt ¼ 0, the following expression can be obtained.[23,24]

d½SiVW11O
6�
40 �

dt
¼ 2 k1 þ

k2Ka

½Hþ�

� �
½SiVW11O

5�
40 �½x-C6H4-OH� ð7Þ

where Ka is the acid dissociation constant of the phenol and k1 and k2 are the rate

constants for the oxidation of x-C6H4-OH and x-C6H4-O
2, respectively

(Scheme 1). The rate of POM reduction (phenol oxidation) is dependent on the

pH of the reaction system, therefore the observed second-order rate constant

can be expressed as Eq. (8).

k ¼ k1 þ
k2Ka

½Hþ�

� �
ð8Þ

Product Analysis

Depending on the reactivity of the phenol, different reaction conditions were

used to ensure sufficient oxidation/product formation. In a typical reaction,

the substituted phenol (0.4 mmol) was dissolved in 1 mL of ethanol (to

ensure dissolution) and added via syringe to a sealed reaction flask containing

POM (1.6 mmol) dissolved in acetate buffered solution (80 mL, pH 5.0,

0.2 M). All air was displaced by purging with argon. The final concentration

of the phenol and POMwere�5.0 mmol L21 and�20 mmol L21, respectively.

For compound 1 the reaction mixture was agitated for 1 h at room temperature,

while compounds 4 and 5were reacted for 2 and 5 h at 608C, respectively. At the
end of the reaction, the solutions were filtered using a nylon membrane filter

(0.45 mm, 47 mm), and any precipitated products were washed repeatedly

with deionized water, isolated and freeze-dried using a VirTis EX freeze-

dryer. The filtrate (�80 ml) was acidified to pH 2 with concentrated HCl and

diluted with a 2:1 (v/v) mixture of chloroform and acetone (70 mL). The

organic phase was separated, and the aqueous layer was repeatedly extracted

with a 2:1 (v/v) mixture of chloroform and acetone (2 � 70 mL). The

organic phases were combined, dried over anhydrous MgSO4, filtered and con-

centrated under reduced pressure to approximately 3 mL; the crude product

mixture. A portion of the crude product mixture was then analyzed by GC-

MS; one sample (�1 mL) was analyzed directly, while a second sample

(�1 mL) was first silylated by reacting with N,O-bis(trimethylsilyl)acetamide

(200 mL) in pyridine (0.5 mL) at room temperature for 24 h. The remaining

reaction product mixture (�1 mL) was separated, if possible, by thin layer

chromatography (eluent: 5% acetone in CHCl3) and analyzed by NMR.

Y. S. Kim et al.6
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Analytical Methods

Gas chromatography-mass spectroscopy (GC-MS) analyses were conducted

using a ThermoFinnigan TraceGC and PolarisQ ion-trap mass spectrometer.

GC analyses were performed with a J&W Scientific Inc. DB-5 column

(30 m � 0.32 mm � 0.25 mm). The injection temperature was set to

2008C, the transfer line temperature to 2008C, and the ion source to

3008C. The Helium flow was 1 mL min21. After a 5 min solvent delay at

708C, the oven temperature was increased at 58C min21 to 2808C and

held at temperature for 5 min prior to being cooled down to 708C. Mass

spectra were recorded from m/z ¼ 50 to 650 at 0.58 s scan21 with an

electron ionization of 70 eV. When available, commercial samples of ident-

ified products were used to verify chromatographic retention time and

spectral data.
1H and 13C nuclear magnetic resonance (NMR) analyses of isolated

products were conducted on a Bruker AVANCE 300 MHz spectrometer at

300 K using CDCl3, acetone-d6 or DMSO-d6 as the solvent. Chemical shifts

were referenced to tetramethylsilane (TMS; 0.0 ppm).

The average molecular mass and distribution of the products were deter-

mined by gel permeation chromatography (GPC; Agilent 1100, UV and RI

detectors). Chromatographic separation was performed using styragel

columns (Styragel HR 4 and HR 2) at 358C, THF (HPLC Grade) as the

eluting solvent (0.5 mL min21) and UV detection at 280 nm. Sample

concentration was 1 mg mL21 and the injection volume was 75 mL. The

GPC system was calibrated using standard polystyrene samples

(Showa Denko) with molecular weights ranging between 580 and 1,800,000

Daltons.

MALDI-TOF (matrix-assisted laser desorption ionization time-of-flight)

mass spectrometry analyses were obtained on an Applied Biosystems

Voyager System 4311 with linear geometry (positive polarity). Matrices

were prepared using 2 mg samples dissolved in 10 mL of THF. A 1 mL

sample solution was mixed with 3,5-dimethoxy-4-hydroxycinnamic acid

(sinapic acid) and/or 2,5-dihydroxybenzoic acid (gentistic acid) matrix, in a

matrix-to-analyte ratio of 1:1. One mL of the mixture was spotted on a

stainless steel plate and inserted into the instrument.

Identification of Reaction Products

1,4-Benzoquinone (10)

EI-MS m/z (low resolution) 108(Mþ, 75), 80(76), 52(100). Compound identi-

fication was confirmed using a commercial sample (Aldrich) and comparing

the chromatographic retention time and spectral data.

POM Oxidation of Phenols 7
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2-(2-Hydroxy-5-methoxy-phenyl)-[1,4]benzoquinone (11)

EI-MS m/z (low resolution) 230 (Mþ, 100), 215 (10), 202 (30), 187 (45), 174

(9), 159 (14), 148 (10), 131 (8), 107(6), 95 (5), 79 (11), 63 (5), 51 (9); 1H-

NMR: (DMSO) d 3.78(3H, s, OCH3), 5.48 (1H, d, OH), 6.78 (1H, dd,

J ¼ 3.0 Hz, 10.2 Hz, ArH), 6.91(1H, d, J ¼ 10.2 Hz, ArH), 7.03 (4H, m,

ArH)); 13C-NMR: (DMSO) d 55.67, 110.79 115.32, 121.81, 134.53, 137.07,

145.65, 157.86, 159.09, 181.76, 187.61.

5,50-Dimethoxy-biphenyl-2,20-diol (12)

EI-MS m/z (low resolution) 246 (Mþ, 100), 108 (40), 78 (7); 1H-NMR:

(CDCl3) d 3.81(6H, s, OCH3), 5.24 (2H, d, OH), 6.84 (6H, m, ArH); 13C-

NMR: (CDCl3) d 55.97, 115.57, 115.91, 117.80, 124.62, 146.56, 154.19.

The assignments are in agreement with literature data.[25]

Biphenyl-2,20-diol (13)

EI-MS m/z (low resolution) trimethyl silyl ether: 330 (Mþ, 71), 315 (42), 242

(7), 227 (19), 147 (7), 73 (100)); 1H-NMR: (acetone-d6) d 6.95 (4H, m, ArH),

7.22 (4H, m, ArH); 13C-NMR: (acetone-d6) d 116.86, 120.39, 126.23, 128.69,

131.65, 153.96. Compound identification was confirmed using a commercial

sample (Aldrich) and comparing the chromatographic retention time and

spectral data.

Dimers (14�)

Dimers formed during the POM (SiVW11O40
52) oxidation of 4 (m-methylphe-

nol) as listed in Table A1 (see Appendix).

RESULTS AND DISCUSSION

Kinetics and Mechanism

Figure 1 shows the change in absorbance for aqueous solutions (pH 5.0) of

POM (0.25 mmol L21) and 2 and 5 (12.25 mmol L21) at 258C and 458C,
respectively. On mixing with excess phenol, there is a decrease in absorbance

at 350 nm (peak of oxidized POM) with a concurrent increase in absorbance at

520 nm (reduced POM). For 2 an isosbestic point is observed at 446 nm, while

for 5 it is not clearly seen. In 5 the point of intersection was observed at

446 nm early in the reaction and 457 nm late in the reaction (Figure 1b). A

similar phenomena was observed in the reaction of phenol with a platinum

(III) dinuclear complex.[26] This shift in isosbestic point was attributed to a

reaction system that proceeds via at least two steps.

Y. S. Kim et al.8
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POM oxidation with phenols is known to proceed via an electron-transfer

mechanism.[5,15,16] In aqueous conditions neutral phenols and phenoxide

anions exist in a rapid-equilibrium, where the concentration of each is pH

dependent.[27] Both neutral phenols and phenoxide anions can react with the

POM to give a phenoxy radical intermediate. Possible reaction pathways

are shown in Scheme 1.

According to Scheme 1 two equivalents of POM are required to fully

oxidize phenols. The first step in evaluating the reaction kinetics of POM

oxidation of the various phenols was to determine the respective reaction

orders. This was accomplished by determining the initial rates of reaction

between POM and the phenols using UV-VIS spectroscopy. The reaction

order of each reactant was calculated from the initial rates,[28] Eq. (3).

Plotting the initial rates against the concentration of phenol or POM

resulted in a straight line that passed through the origin, indicative of first-

order kinetics. Similarly, plots of ln[v] versus ln[POMox] or ln[substrate],

respectively, also produced straight lines with slopes ¼ 1, and indicating

first-order kinetics for both POM and substrate (see Appendix).

Figure 1. Change in POM (SiVW11O40
52) absorbance during reaction with a) 2 and b)

5 in sodium acetate buffer (0.2 M, pH 5.0) at 258C and 458C, respectively.

([2] ¼ [5] ¼ 12.25 mmol L21, [POM] ¼ 0.25 mmol L21). The arrows indicate the

decrease ( # ) in absorbance of the oxidized POM at 350 nm and the increase ( " )

in absorbance of the reduced POM at 520 nm, respectively.

POM Oxidation of Phenols 9
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The method of initial rates only samples a few initial data points, and

might not reveal the full rate law. To avoid this, the data should be fit through-

out the reaction. Another method is to force the rate law into first-order form

using an excess of phenol, pseudo first-order rate law. Figure 2 shows the

absorbance-time plots for the reaction of POMwith 1 at different temperatures

under pseudo-first order conditions. The pseudo-first order rate constants

(kobs) are determined by fitting a straight line through the initial 25–50% of

ln[(POMo)/(POM)] versus time plots (Table 1).

Table 1 lists the pseudo-first order rate constants (kobs) for the reaction

between POM and 1 in sodium acetate buffer (I ¼ 0.2 M, pH 5.0) at various

temperatures. From the pseudo-first order rate constant (kobs), the second

order rate constant (k) can be calculated using Eq. (6) or determined

according to Eq. (4) using the initial rate method. The calculated (Eq. (7) –

pseudo-first order) and measured (Eq. (3)– initial rate law) second order

rate constants (k) are included in Table 1. It can be seen that values

obtained by both methods are in good agreement with each other, and

indicates overall second-order behavior under these conditions (Figure 3).

According to Scheme 1 the oxidation of phenols can occur through

reaction with either the neutral phenol or phenolate ion. To further understand

the mechanism of POM oxidation of phenols, the impact of acidity on k1 and

k2 (Eqs. (7) and (8) for the reaction of POM with 1, 2, 5, and 8 was studied

over the pH range 3.8–6.0 at 20, 35, 45, and 808C. Figure 3 shows that the

rates of oxidation of 1, 2, 5, and 8 increase linearly with decreasing [Hþ].

According to Eq. (8), k1 is the y-intercept and k2Ka is the slope of the line

generated from plotting k versus 1/[Hþ]. The rate constants, k2 were calculated

using pKa values at 258C: 10.21, 10.14, 9.98, and 9.02 for 1, 2, 5, and 8, respect-
ively.[29] Table 2 lists the calculated rate constants k1 and k2 for the POM

oxidation of 1, 2, 5, and 8. It can be seen that k2 � k1, indicating the reaction

mechanism involves a rate-determining electron transfer from neutral phenol

Figure 2. Absorbance-time plots for the reaction of POM (SiVW11O40
52) with 1 at

different temperatures (8C) in sodium acetate buffer (0.2 M, pH 5.0).

[1] ¼ 12.25 mmol L21, and [SiVW11O40
52] ¼ 0.25 mmol L21.

Y. S. Kim et al.10
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to POM (Scheme 1). Likewise, k2/k1 is � 106, consistent with the kphenolate/
kphenol ratio reported for the bromination of phenols and phenolate ions.[30]

It should be noted that the pKa values used in the determination of k2 are for

room temperature conditions, therefore some error may be associated with these

values. However, as k2 is � 106 times larger than k1, any error associated with

the calculation of k2 would not substantially affect the value, and would not be

of the same order of magnitude or less than k1. Finally, although these data

indicate the reaction mechanism involves a rate-determining electron transfer

from neutral phenol to POM, these results do not differentiate between

hydrogen atom transfer and proton-coupled electron transfer mechanisms.

Activation Parameters

The effect of temperature on kobs was studied from 4–908C at pH 5.0 (acetate

buffer, 0.2 M) for a series of substituted phenols. The concentrations of the

Table 1. The observed rate constants (kobs) and second-order rate constants (k) for the

oxidation of 1 by SiVW11O40
52 in sodium acetate buffer (0.2 M, pH 5.0).

[1] ¼ 12.25 mmol L21, [SiVW11O40
52] ¼ 0.25 mmol L21

Temp.8C
Initial late raw k

(M21s21)a

Pseudo-first order late raw

kobs
(s21)b � 1022 k (M21s21)c

4 2.48+ 0.42 5.84+ 0.51 2.38+ 0.21

10 3.10+ 0.35 7.46+ 0.14 3.04+ 0.06

15 3.65+ 0.09 9.15+ 0.11 3.74+ 0.04

20 4.76+ 0.19 11.76+ 0.10 4.80+ 0.04

25 6.68+ 0.47 15.64+ 0.11 6.38+ 0.04

aSecond-order rate constants calculated from Figure A4 a in Appendix.
bPseudo-first order rate constants calculated from Figure A4 b in Appendix.
cSecond-order rate constants calculated by Eq. 6 using kobs

b .

Table 2. Calculated rate constants k1 and k2 for the oxidation of 1, 2, 5, and 8

by SiVW11O40
52 in sodium acetate buffer (0.2 M, pH 3.9–6.0). [phenols] ¼ 12.25

mmol L21, [SiVW11O40
52] ¼ 0.25 mmol L21

Compound† k1 M
21s21 k2

a M21s21 Temp.8C

1 1.59 1.21 � 106 20

2 8.61 � 1024 5.88 � 104 35

5 7.85 � 1024 5.30 � 103 45

8 0.79 � 1024 1.42 � 101 80

†1 (p-methoxylphenol), 2 (p-methylphenol), 5 (phenol), 8 (m-chlorophenol).
aEstimated using [Ka] at 258C.
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phenols and POM were 12.25 mmol L21 and 0.25 mmol L21, respectively.

Activation energies (Ea) were calculated from the slope of ln(kobs) versus

1/T plots according to Arrhenius Eq. (9) (Figure 4), and the activation

enthalpy (DH‡) and entropy (DS‡) were calculated from the slope and

y-intercept of ln(kobs/T) versus 1/T, respectively (according to the Erying

Eq. (10) (see Appendix).[28]

kr ¼ A e�Ea=RT ð9Þ

kr ¼
kkT

h
ðe�DHz=RTÞðeDS

z=RÞ ð10Þ

Here, kr is the rate constant, A is the pre-exponential factor or frequency

factor, Ea is the activation energy, R is the gas constant, T is absolute

Figure 3. Effect of acidity (1/[Hþ]) on the second order rate constant (k) for the POM

(SiVW11O40
52) oxidation of a) 1, and b) 2, 5, 8 at 208C, 358C, 458C, and 808C, respect-

ively in sodium acetate buffer (0.2 M, pH 3.9–6.0). [phenols] ¼ 12.25 mmol L21,

[SiVW11O40
52] ¼ 0.25 mmol L21.

Y. S. Kim et al.12
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temperature, k is the transmission coefficient, which is usually taken to be 1, k

is the Boltzmann constant, and h is the Planck constant.

From Figure 4 an isokinetic relationship (IKR) can be seen for this series

of reactions. This common point or small area of intersection in the Arrhenius

lines (ln(kobs) versus 1/T) indicates that the same reaction mechanism is

present in this series of compounds.[31] This is further confirmed by the

linear relationship or compensation effect observed between the activation

enthalpy (DH‡) and entropy (DS‡) (Figure 5);[32] changing the phenol substi-

tuent increases DH‡ while decreasing the degree of order in the transition state

(DS‡). However, in both cases 1 does not seem to agree with the rest of the

data. This may imply that the POM reaction mechanism with 1 is different

than that of the other series of phenols, but is more likely the result of exper-

imental error, as this compound was extremely reactive, completely

consuming the POM within seconds of addition to the system.

Figure 4. Isokinetic relationship (Arrhenius plots) of various substituted phenols.

Figure 5. Activation enthalpy versus entropy for the oxidation of phenols with

SiVW11O40
52 in sodium acetate buffer (0.2 M, pH 5.0) at 258C.
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POM Oxidation of Substituted Phenols

One of the most widely employed relationships between substituents and

reaction mechanisms/rates is the Hammett equation:[33,34]

logðkX=kHÞ ¼ sr ð11Þ

where kX and kH are the rate constants for substituted and unsubstituted substrate,

respectively, r is the reaction constant and s is the substituent constant. The

Hammett relationships were made by plotting log (kX/kH) versus s.
For compounds 8 and 9, wherein high reaction temperatures were required

to obtain satisfactory reactions, room temperature rate constants were deter-

mined from extrapolation of results obtained from a plot of ln(kobs) versus 1/
T (Figure 4). The reaction rates were very sensitive to the nature of the substi-

tuent group; electron-donating groups accelerated the reaction, whereas

electron-withdrawing groups decreased the reaction rate. The observed order

in rate constants was 1 . 2 . 4 . 3 . 5 . 6 . 7 . 8 . 9 (see Appendix).

To quantify the substituent effects, the corresponding reaction constants (r)

were determined from a plot of log (kX/kH) against the corresponding Hammett

s and sþ constants (Figure 6); r ¼26.00 (r2 ¼ 0.88) using s values, and

24.70 (r2 ¼ 0.98) for sþ values. The negative reaction constants imply that the

reaction rate is favored as a result of an increase in electron density at the

reaction site,[34,35] that is, electron donating substituents enhance the reaction

Figure 6. Hammett plots for the oxidation of substituted phenols with SiVW11O40
52 in

sodium acetate buffer (0.2 M, pH 5.0) at room temperature. The rate constants and sub-

stituent constants (s and sþ) are those listed in Table A3.

Y. S. Kim et al.14
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rate. This is consistent with an electron-transfer reactionmechanism.[27] The better

correlation between rate data and sþ (r2 ¼ 0.98) values as compared to s

(r2 ¼ 0.88) support an electronic deficient intermediate in the transition state and

a reaction mechanism leading to the formation of an electron-deficient phenoxy

radical (Scheme 1). The strong correlation with sþ is further an indication that

the reaction mechanism of all phenols oxidized by POM is essentially the same.

Product Analysis

Product analysis revealed both phenol oxidation and oxidative coupling

products. In the reaction of POM with 1 p-benzoquinone (10 � 3%), 5,50-2-(2-

hydroxy-5-methoxy-phenyl)-[1,4]benzoquinone (11 � 27%), and dimethoxy-

biphenyl-2,20-diol (12 � 0.7 %) were detected. Scheme 2 illustrates a possible

reaction pathway leading to the observed reaction products.

The first step in the reaction of 1 with POM is oxidation of the phenolic

substrate.[2,4,5,15] This likely involves either hydrogen atom transfer or proton-

coupled electron transfer mechanisms. The resonance stabilized phenoxy

radical intermediate then undergoes (i) reaction with a second POM and further

oxidation to the corresponding cation and subsequent benzoquinone formation

(10), or (ii) radical coupling with a second oxidized phenol and dimer

formation (12). The resulting dimeric compound is then rapidly oxidized,[36]

and undergoes the same oxidative reaction steps as the initial phenol, leading to

oxidized biphenols (11) and other coupling products. In reactions run under the

Scheme 2. Possible mechanism for the POM (SiVW11O40
52) oxidation of 1 under

anaerobic conditions.
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conditions used for kinetic analysis (1:49, POM:phenol) only oxidized phenolic

products were detected. However, when product analyses were performed on

reactions run in an excess of POM relative to phenol (4:1, POM:phenol), the

primary products detected were oxidative coupling products, which precipitated

during the reaction. In fact, the yield of precipitated material was approximately

40, 50, and 70 wt%of the reaction products detected from 1, 4, and 5, respectively.
GPC analysis (Figure 7) of the precipitated solids confirmed they were oli-

gomeric materials; relative average molecular masses (Mw) were 428, 741, and

549 daltons for 1, 4, and 5, respectively. MALDI-TOF spectra (Figure 8)

further confirmed the precipitated products to be phenolic oligomers. Positive-

ion linear mode MALDI-TOF spectra of the solid precipitate from 1, 4, and 5
contained masses corresponding to oligomeric series of each phenolic unit.

The mass difference between peaks in Figure 8 (numbers 122, 106, and 92)

represent the molecular weight of the respective phenolic units. Thus, in the

presence of excess POM, subsequent electron transfer of the initial oxidized

and oxidatively coupled products occurs. Scheme 3 shows the possible structures

of the oligomeric materials formed during POM reactions of 1, 4, and 5.
1H-NMR spectra of the oligmeric products are presented in Figure 9.

The NMR spectra are broad, particularly in the aromatic region (7.5–6.6 ppm),

the methoxyl region (3.8–3.2 ppm) and the methyl region (2.3–1.8 ppm). The

broad and multiple peaks observed in the 1H-NMR spectra of the oligomeric

materials are similar to results reported for the 1H-NMR analysis polyphenols.[37]

These results suggest the formation of oligomers consisting of a mixture of

phenylene and oxyphenylene units, as shown in Scheme 3.[37–39]

Figure 7. Gel permeation chromatography (GPC) elution curves of the precipitated

materials formed during POM (SiVW11O40
52) reaction with 1 (258C for 1 h), 4, and 5

(608C for 2 h and 5 h, respectively) in sodium acetate buffer (0.2 M, pH 5.0).

Y. S. Kim et al.16
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Figure 8. MALDI-TOF-MS spectra of oligomeric materials formed during the POM

(SiVW11O40
52) reaction with 1 (258C for 1 h), 4, and 5 (608C for 2 h and 5 h, respect-

ively) in sodium acetate buffer (0.2 M, pH 5.0). 3,5-dimethoxy-4-hydroxycinnamic

acid was the matrix for 1 and 2,5-dihydroxybenzoic acid was the matrix for 4 and 5.

Scheme 3. Possible structures of oligomeric materials formed from the reaction of

POM (SiVW11O40
52) with 1 (258C for 1 h), 4, and 5 (608C for 2 h and 5 h, respectively)

in sodium acetate buffer (0.2 M, pH 5.0).
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CONCLUSIONS

The reaction kinetics and mechanism of POM oxidation of a series of substituted

phenols were examined under anaerobic conditions. Using an initial rates method

and pseudo-first order kinetics the rate determining step was found to be a second-

order reaction in this series of phenols, first-order in substrate and oxidant. Both

the Hammett equation and activation kinetic data indicate the same reaction

mechanism exists in this series of phenols, the rate of which is highly

dependent on the nature of the substituent group: electron donating groups

(EDG) accelerated reaction rates whereas electron withdrawing groups (EWG)

retarded reaction rates. The rate-determining step appears to involve an

electron-transfer from a neutral substrate by POM. Product analyses revealed

the oxidized resonance stabilized phenoxy radical intermediate then undergoes

a second oxidation step to the corresponding cation and ultimately benzoquinone

formation, or radical coupling with a second oxidized phenol and dimer

formation. In the presence of excess POM, the resulting dimers can then

undergo further reaction with POM, leading to oligomer formation.
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APPENDIX

Table A1. Dimers (14�) formed during the POM (SiVW11O40
52) oxidation of

4 (m-methylphenol)

Mass spectral data

214(Mþ, 86), 199(100), 181(50), 171(13), 153(14), 128(8), 115(6), 107(2), 77(3)

214(Mþ, 100), 199(19), 181(12), 171(6), 153(5), 122(50), 94(16), 77(6), 66(8)

214(Mþ, 100), 199(61), 181(26), 171(25), 153(11), 128(10), 115(8), 91(3), 77(3)

214(Mþ, 57), 199(100), 184(8), 171(53), 143(14), 128(25), 115(11), 91(3), 77(3)

214(Mþ, 100), 199(92), 181(36), 171(16), 152(12), 128(8), 115(9), 77(4)

214(Mþ, 100), 199(64), 181(35), 153(12), 141(8), 128(4), 115(8), 91(2), 77(3)
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Table A2. Observed kinetic constants for the oxidation of substituted

phenols by SiVW11O40
52 in sodium acetate buffer (0.2 M, pH 5.0)

Compound

Temp.

8C
Rate constants kobs

(s21)

DH‡

kJ . mol21
DS‡ J . mol21

K21
Ea

kJ . mol21s21

1 4 (5.84+ 0.51) � 1022 29+ 2 2162+ 7 32+ 2

10 (7.46+ 0.14) � 1022

15 (9.15+ 0.11) � 1022

20 (11.76+ 0.10) � 1022

25 (15.64+ 0.11) � 1022

2 15 (4.00+ 0.26) � 1024 44+ 1 2158+ 3 46+ 1

25 (7.65+ 0.33) � 1024

35 (1.54+ 0.04) � 1023

45 (2.61+ 0.06) � 1023

4 25 (1.90+ 0.26) � 1024 47+ 3 2158+ 9 49+ 3

35 (4.08+ 0.88) � 1024

45 (7.38+ 0.33) � 1024

55 (1.18+ 0.02) � 1023

5 25 (4.17+ 0.06) � 1025 52+ 1 2156+ 4 54+ 1

35 (9.00+ 0.11) � 1025

45 (1.63+ 0.03) � 1024

55 (3.13+ 0.04) � 1024

7 25 (1.21+ 0.06) � 1025 59+ 1 2140+ 4 62+ 1

35 (3.33+ 0.11) � 1025

45 (6.67+ 0.03) � 1025

55 (1.20+ 0.04) � 1024

8 25a 2.38 � 1027 70+ 1 2136+ 3 73+ 1

60 (5.78+ 0.08) � 1026

70 (1.01+ 0.03) � 1025

80 (2.29+ 0.04) � 1025

90 (5.00+ 0.02) � 1025

9 25a 4.13 � 1028 80+ 1 2120+ 3 83+ 1

60 (1.56+ 0.02) � 1026

70 (2.56+ 0.04) � 1026

80 (9.00+ 0.04) � 1026

90 (1.60+ 0.02) � 1026

aExtrapolated from a plot of ln(kobs) versus 1/T.
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Table A4. Oligomerization of 1 (258C for 1 h),

4, and 5 (608C for 2 h and 5 h, respectively)

using POM (SiVW11O40
52) in sodium acetate

buffer (0.2 M, pH 5.0)

Compounds Ma
w # of unitsb

1 428 4

4 741 7

5 549 6

aDetermined by GPC using THF as eluent

with polystryrene standards.
bNumber of units calculated from Mw

divided by molecule weight of each monomer.

Table A3. Second-order rate constants for the reaction between SiVW11O40
52

and substituted phenols in sodium acetate buffer (0.2 M, pH 5.0) at 258C

Compound† Rate constants kobs (s
21) log[kX/kH]

Substituent constants[26]

s sþ

1 (1.56+ 0.04) � 1021 3.57 20.27 20.76

2 (7.65+ 0.14) � 1024 1.26 20.17 20.31

3 (6.38+ 0.01) � 1025 0.19 0.12 0.05

4 (1.90+ 0.93) � 1024 0.66 20.07 20.07

5 (4.17+ 0.02) � 1025 0.00 0.00 0.00

6 (1.43+ 0.29) � 1025 20.46 0.23 0.11

7 (1.21+ 0.45) � 1025 20.54 0.23 0.15

8 2.38 � 1027a 22.24 0.37 0.37

9 4.13 � 1028a 23.00 0.71 0.67

aExtrapolated from a plot of ln(kobs) versus 1/T (Figure 4).

1 (p-methoxylphenol), 2 (p-methylphenol), 3 (m-methoxylphenol), 4 (m-methylphe-

nol), 5 (phenol), 6 (p-chlorophenol), 7 (p-bromophenol), 8 (m-ch chlorophenol), and 9

(m-nitrophenol).
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Figure A1. Relationship between concentration of POM and absorbance at a) 350 nm

(SiVW11O40
52) and b) 520 nm (SiVW11O40

62).

Figure A2. Plot of initial rate versus a) [POM] or b) [5] at 258C in sodium acetate

buffer (0.2 M, pH 5.0). 5 (phenol).
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Figure A3. Plot of ln[initial rate] versus a) ln[POM] and b) ln[5] at 258C in sodium

acetate buffer (I ¼ 0.2 M, pH 5.0). 5 (phenol).

Figure A4. Kinetic analysis of SiVW11O40
52 oxidation of 1 at different temperatures (8C)

in sodium acetate buffer (0.2 M, pH 5.0): a) initial rate plot and b) pseudo-first order plot.

[1] ¼ 12.25 mmol L21, and [SiVW11O40
52] ¼ 0.25 mmol L21. 1 (p-methoxylphenol).
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