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ABSTRACT: The oxidative behaviour and relative reactivities of three alkanols and 11 aryl alcohols towards
gold(III) in sodium acetate–acetic acid buffer were studied. The reactions are first order with respect to [Au(III)] and
in each [R1R2CHOH]. Both H� and Clÿ ions retard the rate of reactions. The reactions obey the following rate
expression:

ÿd�Au�III ��=dt � k1 � �k2 ÿ k1�K2

�Clÿ� � �k3 ÿ k1�K2K3

�H���Clÿ�
� �

�R1R2CHOH��Au�III ��

AuCl4
ÿ, AuCl3(OH2) and AuCl3(OH)ÿ are the reactive species of gold(III) and the reactivity follows the order

AuCl3(OH)ÿ> AuCl3(OH2)> AuCl4
ÿ. The activation parameters of the reactions were calculated. Alkanols react

with gold(III) in the order ethanol>methanol> 2-propanol. The unsubstituted benzyl alcohol reacts with gold(III) at
a faster rate than benzhydrol. The pseudo-first-order rate constants in the oxidations of aryl alcohols follow the order
NO2> H> Cl>OMe. The reactions occur via C—H bond cleavage and through the intermediate formation of free
radicals. Copyright 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Gold(III) compounds, which are toxic in nature were
used earlier1 in the treatment of tuberculosis. The
hydrolysis of AuCl4

ÿ has been studied by several
investigators and the existence of different gold(III)
species has been suggested.2–6 Studies involving the
substitution reactions of gold(III) with ethylenedi-
amine7a,8 and other polyamines7a,b have been reported.
The mechanism of the oxidation of some inorganic and
organic compounds by gold(III) have been studied.9–15

There are no literature data to date involving the
oxidation of alcohols by gold(III), although the kinetics
of oxidations of some alkanols and aryl alcohols by
copper(III) and silver(III)16,17have been studied.

The redox potentials only of HCHO–CH3OH and
CH3CHO–CH3CH2OH couples are known.18 The values
are 0.190 and 0.192 V, respectively, whereas that of the
Au(III)–Au(I) couple is 1.401 V.19 Hence the possibility
of the oxidation of the alcohols by gold(III) seems

plausible. Since alkanols are soluble in water, the
oxidations have been studied in aqueous medium. The
substituted benzyl alcohols are partially soluble in water
but soluble in different solvents such as acetonitrile,
dioxane, dimethylformamide andtert-butyl alcohol.
Since gold(III) chloride is unreactive towardstert-butyl
alcohol, the oxidations of aryl alcohols by gold(III) were
studied in tert-butyl alcohol (15%, v/v). Again, gold(III)
chloride is partially hydrolysed2,4,5 at lower acidities
(1.1–12.6)�10ÿ7 mol dmÿ3, and the reactions are too
slow to be monitored in a highly acidic medium
(>10ÿ3 mol dmÿ3), but take place at measurable rates
in sodium acetate–acetic acid buffer medium. The
oxidations of alkanols and aryl alcohols by Cu(III) and
Ag(III) occur by a free radical mechanism. Au(III) may
also be reduced to give Au(II) in the rate-determining
step followed by disproportionation of Au(II) to give
Au(III) and Au(I). Alternatively, a one-step two-electron
transfer mechanism may also be operative in the
oxidation of these substrates by Au(III). The purpose of
this investigation was to elucidate the electron transfer
behaviour of the redox reactions involving gold(III) and
the substrates. An attempt was also made to compare the
present results with those for Cu(III) and Ag(III).
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RESULTS AND DISCUSSION

Effect of reactant concentrations

The reactionswere investigatedat different concentra-

tionsof Au(III) but at constant[substrate],pH, [Clÿ] and
temperature.Thepseudo-first-orderrateconstantsremain
unaltered in the [Au(III)] range (0.8–
3.0)�10ÿ3 mol dmÿ3 (Table 1). Theseresults indicate
that the rate is first order with respectto [Au(III)]. At
constant[Au(III)], [Clÿ], pH and temperature,the rate
increaseswith increasein [substrate].Theresultsplotted
in Fig. 1 indicate that eachreactionis first order with
respectto [substrate].

Effect of [H�]

Therateof thereactionwasstudiedat 298K at different
pH values(3.72–4.80)usingsodiumacetate–aceticacid
buffer while keeping [Au(III)], [substrate]and [Clÿ]
constant at 8.0�10ÿ4, 1.5�10ÿ2 and
1.0�10ÿ2 mol dmÿ3, respectively.No attemptwasmade
to keeptheionic strengthconstantsincethevaluesof kobs

remainsunchangedat different ionic strengths,0.05–
0.15mol dmÿ3, varied by the addition of sodium
perchlorate.The valueof kobs increaseswith increasein
pH. The plot of k (k = kobs/[substrate])vs [H�]ÿ1 gavea
straightline with apositiveslopeanda positiveintercept
on theordinate(Fig. 2).

Table 1. Values of pseudo-®rst-order rate constants for
the oxidations of different alcohols by gold(III) at 298 K
with [Au(III)] = (0.8±3.0)� 10ÿ3 mol dmÿ3, [substrate] =
2.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and
pH = 4.05

No. Alcohol kobs(10ÿ3Sÿ1)

1 Methanol 0.645� 0.02
2 Ethanol 0.839� 0.01
3 2-Propanol 0.462� 0.01
4 Benzylalcohol 7.60� 0.06
5 Benzhydrol 2.39� 0.2
6 o-Nitrobenzylalcohol 9.18� 0.04
7 m-Nitrobenzylalcohol 10.7� 0.08
8 p- Nitrobenzylalcohol 12.3� 0.2
9 o-Chlorobenzylalcohol 3.19� 0.2

10 m-Chlorobenzylalcohol 4.27� 0.05
11 p-Chlorobenzylalcohol 6.45� 0.1
12 o-Methoxybenzylalcohol 2.73� 0.2
13 m-Methoxybenzylalcohol 3.71� 0.05
14 p-Methoxybenzylalcohol 5.53� 0.07

Figure 1. Variation of pseudo-®rst-order rate constant with substrate concentrations. Oxidation of methanol was studied in
aqueous medium unlike benzyl alcohol in 15% tert-butyl alcohol. Plots of kobs versus [substrate] at different temperatures.
[Au(III)] = 8� 10ÿ4 mol dmÿ3, [H�] = 8.91� 10ÿ5 mol dmÿ3 and [Clÿ] = 1.0� 10ÿ2 mol dmÿ3

Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 284–294

REACTIVITY OF ALCOHOLS TOWARDSTETRACHLOROAURATE(III) 285



Effect of [Clÿ]

Thereactionwasstudiedat 298K at different [Clÿ] [(8–
35)�10ÿ3 mol dmÿ3] variedby theadditionof NaCl but
at constant[Au(III)], [substrate]and[H�] of 8.0�10ÿ4,
1.5�10ÿ2 and 8.91�10ÿ5 mol dmÿ3, respectively.
Chloride ion inhibits the rate of the reaction.The plot

of k against[Clÿ]ÿ1 is linear with a positive slopeand
positiveintercepton theordinate(Fig. 3).

Effect of solvent

The effect of variation of the solventsuchas tert-butyl
alcohol on the pseudo-first-orderrate constantwasalso

Figure 2. Variation of second-order rate constant with acid concentration. Plots of k vs [H�]ÿ1 for different substrates at 298 K.
[Au(III)] = 8� 10ÿ4 mol dmÿ3, [substrate] = 1.5� 10ÿ2 mol dmÿ3 and [Clÿ] = 1.0� 10ÿ2 mol dmÿ3

Table 2. Effect of solvent composition on the pseudo-®rst-
order rate constant for benzyl alcohol with [Au(III)] =
8.0� 10ÿ4 mol dmÿ3, [benzyl alcohol] = 8.0� 10ÿ3 mol
dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3, pH = 4.05 and tem-
perature = 303 K

tert-Butyl alcohol(%, v/v) kobs (10ÿ3sÿ1)

0 4.95
10 4.03
15 3.90
20 2.92
30 2.05
40 1.45

Table 3. Values of pseudo-®rst-order rate constants for the
oxidation of alkanols and deuterated alkanols by gold(III) at
298 K with [Au(III)] = 8.0� 10ÿ4 mol dmÿ3, [alkanol] = 2.0�
10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and pH = 4.05

Alkanol kobs (10ÿ4 sÿ1) kH/ kD

CH3OH 5.21 —
CH3OD 5.19 1.00
CD3OD 2.76 1.89
C2H5OH 6.69 —
C2H5OD 6.72 0.99
C2D5OD 3.87 1.73
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studiedfor theoxidationof benzylalcoholby gold(III) at
constantreactantconcentrationsand temperature.The
rateincreaseswith increasein dielectricconstant(Table
2).

Effect of substituents

Thereactivitiesof alkanolstowardsgold(III) wasstudied
in aqueous medium and follow the order
ethanol>methanol> 2-propanol.Thisorderis in agree-
mentwith thosereportedby HoareandWaters20 for the
cobalt(III) oxidationsof the samealcohols.The rate of
oxidation increasesin the presenceof electron- with-
drawinggroupsanddecreasesin thepresenceof electron-
donatinggroups.When the substituentis chlorine, the
rate was found to be betweenthose for the nitro and
methoxy derivatives.The pseudo-first-orderrate con-
stantsfollow theorderNO2> H>Cl>OMe. Theplots
of log kobs against� give a good linear relationship
(r = 0.9847)andthevalueof �wascalculatedto be0.323.
This low valueof r is not unexpectedandhasalsobeen
reportedby other workers.21 The unsubstitutedbenzyl

alcohol reacts at a faster rate than benzhydrol. In
benzhydrol probably the steric hindrancedue to the
secondphenylgroupon the alcoholiccarbonmakesthe
reaction less favourable22 than benzyl alcohol with
gold(III), therebydecreasingthe ratein benzhydrol.

Kinetic isotope effect

Thekinetic isotopeeffectsof CH3OH, CH3OD, C2H5OH
and C2H5OD were studied(Table 3). The kH/kD values
were 1.00 and 0.99, respectively.On the other hand,
CD3OD and C2D5OD are oxidisedat slower ratesthan
the respectiveparentalcohols.The resultsare given in
Table 3. The values of kH/kD are 1.89 and 1.73,
respectively.SmallervalueskH/kD of 1.2–2.0havealso
been observed23,24 in the oxidations of some organic
compounds by manganese(III),vanadium(V), ceriu-
m(IV) and cobalt(III) in acidic medium where the
oxidationshave beenshown to occur via C—H bond
fission.All theseresultsindicate that oxidationsof the
alcoholsby gold(III) do not occurvia O—H bondfission
but rathervia C—H bondcleavage25,26.

Figure 3. Variation of second-order rate constant with chloride ion concentration. Plots of k vs [Clÿ]ÿ1 for different substrates at
298 K. [Au(III)] = 8� 10ÿ4 mol dmÿ3, [substrate] = 1.5� 10ÿ2 mol dmÿ3 and [H�] = 8.91� 10ÿ5 mol dmÿ3
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Activation parameters

The second-orderrate constants(k) were determinedat
different temperatures (288–303K). The activation
enthalpies (DH≠) were calculated from the plots of
log(k/T) vs Tÿ1 (Fig. 4) followed by entropies of
activation(DS≠) usingtheequation

log�k=T� � �log�kB=h� ��S6�=2:303R�ÿ�H 6�=2:303RT

�1�

wherekB andh havetheir usualsignificance.
The activationparametersare given in Table 4. The

enthalpyof activationis linearly relatedto theentropyof
activation,asshownin Fig. 5. Theisokinetictemperature
was calculatedto be 280K for alkanolsand 350K for
aryl alcohols.The isokineticbehaviouris alsosupported
by thelinearplot of log k' versuslog k, wherek' andk are
the second-orderrate constantsat temperatures293K
(T1) and 298K (T2), respectively (Fig. 5). All these
results indicate that a similar mechanism may be
operativein all thesereactions.The isokinetic tempera-
ture was calculated from the relation b = T1T2(1ÿf )/

(T1ÿT2 f ), wheref is the slopeof the Exnerplot.27 The
valueof b wasfoundto be266K for alkanolsand359K
for aryl alcohols.Thevalueof b for alkanolsis lowerthan
theexperimentaltemperatureof 295K whereasb for aryl
alcohols is higher than 295K. Hencethe reactionsof

Figure 4. In¯uence of temperature on second-order rate constant. Plots of log (k/T) vs Tÿ1 for the oxidations of alkanols and aryl
alcohols

Table 4. Values of activation parameters for the oxidation of
different alcohols by gold(III)

No Alcohol
DH≠

(kJmolÿ1)
DS≠

(JKÿ1 molÿ1)

1 Methanol 77� 2 ÿ17� 7
2 Ethanol 85� 2 11� 7
3 2-Propanol 72� 4 ÿ36� 14
4 Benzyl alcohol 73� 2 ÿ10� 7
5 Benzhydrol 92� 4 44� 14
6 o-Nitrobenzylalcohol 70� 4 ÿ18� 14
7 m-Nitrobenzylalcohol 66� 6 ÿ30� 7
8 p-Nitrobenzylalcohol 64� 2 ÿ36� 7
9 o-Chlorobenzylalcohol 88� 2 33� 7

10 m-Chlorobenzylalcohol 83� 8 19� 27
11 p-Chlorobenzylalcohol 74� 4 ÿ8� 14
12 o-Methoxybenzylalcohol 91� 2 42� 7
13 m-Methoxybenzylalcohol 86� 2 28� 7
14 p-Methoxybenzylalcohol 81� 2 14� 7
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alkanolsare entropy controlled28 whereasthoseinvol-
ving aryl alcohols are believed to be enthalpy con-
trolled.29 It may be mentionedthat the oxidation of
alkanolshasbeenstudiedin aqueousmedium,unlikearyl
alcohols,studiedin tert-butyl alcohol(15%,v/v).

The following equilibria areknown6,9,30 to exist in a
dilute solutionof tetrachloroauric(III)acid:

HAuCl4 �
K1

H� � AuClÿ4 �2�

AuClÿ4 � H2O�K2

AuCl3�OH2� � Clÿ �3�

AuCl3�OH2� �
K3

AuCl3�OH�ÿ � H� �4�

whereK1 = 1.0,K2 = 9.5� 10ÿ6 andK3 = 0.25at 298K.
Consequently, four different species, viz. HAuCl4,
AuCl4

ÿ, AuCl3(OH2) and AuCl3(OH)ÿ, may act as
oxidants under the present experimental conditions.
However, in a solution of [H�] � 10ÿ4 mol dmÿ3,
[HAuCl4] is insignificant compared with [AuCl4

ÿ].
Alcohols are known to be weak proton acceptorsand
are convertedto alkoxoniumions only in the presence
of high concentrationsof mineral acids. Since the
present reactions were studied at low acidities
(�10ÿ4 mol dmÿ3), it is highly unlikely that an appreci-

ableamountof eachalcoholremainsasalkoxoniumion,
R1R2CHOH2

� or XC6H4CH2OH2
�. Hencethe molecular

forms of the alcoholsandnot their anionsor protonated
formsreactwith theoxidant.

Gold(III) is known9 to behaveasaone-or two-electron
transferoxidant.In thepresentinvestigation,thereaction
mixture gavea polymericsuspensionin the presenceof
acrylonitrile. This suggeststhat free-radicalintermedi-
atesare formed during the reactions,when gold(III) is
reducedto gold(II) in the rate-determiningstep. The
formation of unstablegold(II) as an intermediatehas
beenpredictedby a numberof workers.2,31–33 Conse-
quently, reductionof gold(III) to gold(I) in a one-step,
two-electron processmay be ignored. A free-radical
intermediate may also be produced by the reaction
between R1R2CHOH with gold(I). However such a
possibility has beendiscountedsince neither colloidal
goldnoranyprecipitateof gold(0)wasdetectedunderthe
kinetic conditions.

The reactions were carried out in alcohol–water
mixtures and it is believed that radical intermediates
are formed during the reactions[Eqns ((7)–(9))]. Spin
trappingstudiesduringtheoxidationof benzylalcoholby
hexachlorometallateions (M = Pt, Pd and Ir) have
shown34 the formation of PhCH2O� in pure alcoholic
mediumwhereasin alcohol–watermixtures the radical
PhC

.
HOH is formed either directly or via secondary

Figure 5. Isokinetic plots of the oxidations of alcohols by gold(III). Plots of (i) DS≠ vs DH≠ and (ii) log k' vs log k. (1) MeOH; (2)
MeCH2OH; (3) Me2CHOH; (4) PhCH2OH; (5) o-NO2; (6) m-NO2; (7) p-NO2; (8) o-Cl; (9) m-Cl; (10) p-Cl; (11) o-OMe; (12) m-OMe;
(13) p-OMe; (14) Ph2CHOH

Copyright  2001JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 284–294

REACTIVITY OF ALCOHOLS TOWARDSTETRACHLOROAURATE(III) 289



reactionsof PhCH2O� by H atomtransferreaction[Eqn.
(5)] or an isomerizationreaction[Eqn. (6)]:35

PhCH2O� � PhCH2OH! PhC� HOH� PhCH2OH �5�

PhCH2O� � H2O! PhC� HOH� H2O �6�

However,theobservedkinetic isotopeeffect rulesout
the involvementof Eqns (5) and (6). The free radical
further reactswith anotherAu(III) to give R1R2CO and
Au(II) asshownin steps(10)–(12).The following steps
maybeproposedto explainthereaction.Theadditionof
alcohol to the mixture containinggold(III) and buffer
solutionfailed to increasetheabsorbance,indicatingthe
absenceof intermediatecomplexformationbetweenthe
reactants.AuCl4

ÿ, AuCl3(OH2) and AuCl3(OH)ÿ react
with the substrates R1R2CHOH or XC6H4CH2OH
accordingto thesteps(7)–(9):

AuClÿ4 � R1R2CHOHÿ!k1

slow

R1R2C�OH� AuCl24 ÿ�H� �7�

AuCl3�OH2� � R1R2CHOHÿ!k2

slow

R1R2C�OH� AuCl3�OH2�ÿ � H� �8�

AuCl3�OH�ÿ � R1R2CHOHÿ!k3

slow

R1R2C�OH� AuCl3�OH�2ÿ � H� �9�

The free radicals react further with the respective
gold(III) speciesto give the carbonyl compoundand
gold(II) asshownin steps(10)–(12):

AuClÿ4 � R1R2C�OHÿ!fast

R1R2CO� AuCl2ÿ4 � H� �10�

AuCl3�OH2� � R1R2C�OHÿ!fast

R1R2CO� AuCl3�OH2�ÿ � H� �11�

AuCl3�OH�ÿ � R1R2C�OHÿ!fast

R1R2CO� AuCl3�OH�2ÿ � H� �12�

Au(II) undergoesfast disproportionationinto Au(I) and
Au(III):

2AuCl2ÿ4 ÿ!
fast

AuClÿ2 � AuClÿ4 � 2Clÿ �13�

2AuCl3�OH2�ÿ ÿ!fast
AuClÿ2 � AuClÿ4 � 2H2O �14�

2AuCl3�OH�2ÿ � 2H� ÿ!fast

AuClÿ2 � AuClÿ4 � 2H2O �15�

According to the suggestedmechanism,the rate of
disappearanceof [Au(III)] maybeexpressedas

ÿd�Au�III ��
dt

� fk1�AuClÿ4 � � k2�AuCl3�OH2��
� k3�AuCl3�OH�ÿ�g�R1R2CHOH� �16�

If C0 = [Au(III)], x = [AuCl3(OH)2)] and y =
[AuCl3(OH)ÿ] Eqn.(16) maybewritten as

ÿd�Au�III ��
dt

� fk1�C0ÿ xÿ y� � k2x� k3yg�R1R2CHOH� �17�

Again, thevalueof K2 indicatethat C0� x, y, so that

K2 � x�Clÿ�
C0ÿ xÿ y

� x�Clÿ�
C0

Therefore,

x� K2Co

�Clÿ�

and

K3 � y�H��
x
� y�H���Clÿ�

K2C0

or

y� K2K3C0

�H���Clÿ�

Substitutionof x andy in Eqn.(17) gives

ÿd�Au�III ��
dt

� k1 C0ÿ K2C0

�Clÿ� ÿ
K2K3C0

�H���Clÿ�
� ��

�k2
K2C0

�Clÿ� � k3
K2K3C0

�H���Clÿ�
�
�R1R2CHOH� �18�

Now,

ÿ1
�Au�III ��

d�Au�III ��
dt

� kobs

Therefore,

kobs� k1 � �k2ÿ k1�K2

�Clÿ� � �k3ÿ k1�K2K3

�H���Clÿ�
� �
� �R1R2CHOH� �19�
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and

k � k1 � �k2ÿ k1�K2

�Clÿ� � �k3ÿ k1�K2K3

�H���Clÿ�
� �

�20�

wherek = kobs/[R
1R2CHOH].

Equation (19) predicts a linear plot of kobs against
[R1R2CHOH], passingthrough the origin at constant
[Au(III)], [H�], [Clÿ] and temperature.This has been
verifiedexperimentally(Fig. 1).

Equation(3) further indicatesthat theadditionof Clÿ

decreases the concentrations of AuCl3(OH2) and
AuCl3(OH)ÿ thereby increasing the concentrationof
the lessreactivespeciesAuCl4

ÿ andhencetheretarding
effect of the Clÿ ion on the reaction rate. From the
interceptof thelinearplot of k against[Clÿ]ÿ1 (Fig. 3) at
constanttemperaturethe value of k1 was evaluatedat
298K for different substrates(Table5).

The reactionsare inhibited by H� ions at constant
[Clÿ], indicating that AuCl3(OH)ÿ is the most reactive
amongstdifferentAu(III) species.Thelinearplot of k vs
[H�]ÿ1 at298K (Fig. 2) conformsto Eqn.(20).Fromthe
interceptandslopeof thestraightline andusingthevalue
of k1 obtained earlier, the values of k2 and k3 were
evaluatedat 298K for different substrates(Table 5).
Thus the reactivity of three Au(III) speciesfollow the
orderAuCl3(OH)ÿ> AuCl3(OH2)> AuCl4

ÿ and this is
in keepingwith theobservationsmadeearlier.14 Thefact
thatAuCl3(OH)ÿ andAuCl3(OH2) aremorereactivethan
AuCl4

ÿ is dueto theeasierdisplacementof anOHÿ/OH2

groupthana Clÿ1 ion.14 Substitutingthevaluesof k1, k2

andk3 into Eqn. (19), the valuesof kobs werecalculated
underdifferent experimentalconditions.The calculated
andexperimentalvaluesareshownin Table6. The two
valuesarenotwidely different,whichconfirmsthatthree
differentgold(III) speciesparticipatein the reactions.

The rateof thecopper(III) andsilver(III) oxidationof

the alkanolsand aryl alcohols increaseswith the first
powerof eachof [M(III)] and[substrate]but the rate is
independentof [OHÿ]. The gold(III) oxidation of the
substratesstudiedin sodium acetate–aceticacid buffer
mediumis kinetically dissimilar.Threedifferent species
of gold(III) areinvolved in thebuffer medium,unlike in
alkaline medium where a single speciesof each of
copper(III) andsilver(III) oxidize the substrates.Conse-
quently,therateconstantsof thepresentreactionscannot
becomparedwith thosereportedearlierfor theoxidation
of respectivesubstrateswith copper(III) and silver(III).
However, irrespectiveof whether the oxidations were
carriedout in alkaline or buffer medium,one common
piece of information was obtained,namely that both
alkanolsandaryl alcoholsareoxidizedto give carbonyl

Table 5. Rate-determining steps for the oxidations of the alcohols by different gold(III) species at 298 K with [substrate]
= 1.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 [Au(III)] = 8.0� 10ÿ4 mol dmÿ3 and pH = 4.05

k1 k2 k3
No. Alcohol (10ÿ2 dm3 molÿ1sÿ1) (10ÿ2 dm3 molÿ1sÿ1) (10ÿ2 dm3 molÿ1sÿ1)

1 Methanol 0.600 0.916 1.25
2 Ethanol 0.732 1.05 1.56
3 2-Propanol 0.334 0.544 0.869
4 Benzylalcohol 15.0 18.2 20.3
5 Benzhydrol 2.10 2.32 3.20
6 o-Nitrobenzylalcohol 20.0 23.2 25.8
7 m-Nitrobenzylalcohol 24.0 27.2 31.0
8 p- Nitrobenzylalcohol 28.0 31.2 36.1
9 o-Chlorobenzylalcohol 3.00 3.53 5.29

10 m-Chlorobenzylalcohol 4.00 6.11 7.65
11 p-Chlorobenzylalcohol 11.0 13.1 16.0
12 o-Methoxybenzylalcohol 2.50 2.82 4.44
13 m-Methoxybenzylalcohol 3.10 4.05 5.81
14 p-Methoxybenzylalcohol 8.00 10.1 12.5

Table 6. Measured and calculated pseudo-®rst-order rate
constants of the oxidations of different alcohols by gold(III) at
298 K with [Au(III)] = 8.0� 10ÿ4 mol dmÿ3, [substrate] =
1.5� 10ÿ2 mol dmÿ3, [Clÿ] = 1.0� 10ÿ2 mol dmÿ3 and
pH = 4.05

No. Alcohol
kobs

(10ÿ3 sÿ1)
kcal

(10ÿ3 sÿ1)

1 Methanol 0.376 0.352
2 Ethanol 0.489 0.439
3 2-Propanol 0.282 0.294
4 Benzyl alcohol 4.53 4.39
5 Benzhydrol 0.96 0.785
6 o-Nitrobenzylalcohol 5.46 5.33
7 m-Nitrobenzylalcohol 6.41 6.40
8 p- Nitrobenzylalcohol 7.46 7.43
9 o-Chlorobenzylalcohol 1.60 1.37

10 m-Chlorobenzylalcohol 2.42 2.11
11 p-Chlorobenzylalcohol 3.82 3.67
12 o-Methoxybenzylalcohol 1.32 1.17
13 m-Methoxybenzylalcohol 1.80 1.58
14 p-Methoxybenzylalcohol 3.25 2.98
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compoundsthrough the intermediateformation of free
radicals.

EXPERIMENTAL

Reagents. The alcohols(BDH, Merck or Sigma)were
usedas supplied.CH3OD, CD3OD, C2H5OD, C2D5OD
andD2O (by99atom%D) wereobtainedfrom Aldrich. A
stock solution of gold(III) was preparedby dissolving
HAuCl4 (JohnsonMatthey) in 0.01mol dmÿ3 HCl. The
strengthof thesolutionwasestimatedgravimetrically.36

To a knownvolume(5 ml) of thestandardgold solution
in a 150ml beakerwasaddeddropwisewith stirring, a
1 M solution of KOH until the yellow color was just
discharged.A further2 ml of KOH solutionwereadded,
followed by dilution to ca. 75ml with distilled water.
Then5–6ml of 1 N oxalicacidwereaddeddropwisewith
stirring and the contentswere kept on a boiling water-
bath.Thesolutionturnedpurplewith a violet tingewhen
gold separatedout. The beakerwas kept on the water-
bathfor about1 h with occasionalstirring. The solution
was filtered through a whatmanNo. 42 (7 cm) filter-
paper.The precipitatewaswashedwith distilled water,
dried, ignited in a silica crucibleandweighedasmetal.
The gold(III) solutionafter estimationwasstoredin the
darkandusedundersubduedlighting andwasdiluted to
thedesiredconcentrationsbeforekinetic experiments.

Inorganic materials were of the highest available
purity. All solutionsweremadein doublydistilled water.
The oxidation studies were carried out in a sodium
acetate–aceticacid buffer. Buffer solutions were pre-
pared37 from standardsolutionsof sodiumacetateand
aceticacid.

Instrumentation. Spectralmeasurementswere recorded
in theUV–Vis regionusinga Systronics(India) spectro-
photometer.1H and13C NMR spectrawererecordedona

BrukerDPX 300spectrometer(300MHz). ThepH of the
solution was measuredat room temperature(�25°C)
using an Elico (LI 120) pH meter (India), calibrated
againststandardpH solutions.Melting-point determina-
tionswerecarriedout usinga Gallenkampapparatus.

Absorption spectra of gold(III) and carbonyl com-
pounds. The spectrumof AuCl4

ÿ hasbeenreportedto
have two intense absorption maxima at 226nm
(� = 25600mol dmÿ3 cmÿ1) and 315nm (" = 4800mol
dmÿ3 cmÿ1) in 1 mol dmÿ3 HCl,38 Spectraof AuCl4

ÿ

were also recordedfor different [Clÿ] at the various
acidities. The spectrum for gold(III)14 at [Clÿ] of
1.0mol dmÿ3 andpH 2.0 is identicalwith that obtained
for 1.0mol dmÿ3 HCl. However,as AuCl4

ÿ is hydro-
lysed a blue shift in the spectrumis observed.4 There
is an isosbesticpoint at 295nm (" = 3.02� 103 mol
dmÿ3cmÿ1) and under conditions in which the absor-
banceattheisosbesticpointdoesnotchange,AuCl4

ÿ and
AuCl3(OHÿ) are the main speciespresent,the latter
obviously being generatedby the rapid dissociationof
AuCl3(H2O).

Saturatedcarbonylcompoundsexhibit threebandsin
the UV region: a weakbandat 280nm, a more intense
bandaround190nmandastill moreintensebandaround
150nm, which areassignedto n→p*, n→�* andp→p*
transitionsrespectively.39 Then→p* transitionof a large
numberof carbonylderivativeshavebeenreportedin the
literature.40(a)Thepositionof then→p* bandof carbonyl
group varies with the substituentson the molecule of
aliphaticcompoundsandareformedin the region277–
291nm. The aromatic carbonyl compoundsabsorbat
higher wavelength(>325 nm) than acetone(277 nm).
Theabsorptionmaximafor benzophenoneandbenzalde-
hyde are at 348 and 328nm, respectively,owing to
conjugation39 of thesemolecules.Sincecarbonylcom-
poundswere obtainedas the productsof oxidation, the
kinetic studieswere carriedout in the visible region at

Table 7. Identi®cation of products of the reactionsa

Yield (%) M.p. Lit. m.p.44

No. Alcohol (2,4-DNPderivative) (°C) (°C)

1 Methanol 43 166 166–167
2 Ethanol 47 147 148
3 2-Propanol 51 127 126–128
4 Benzylalcohol 61 238 237
5 Benzhydrol 64 239 238
6 o-Nitrobenzylalcohol 56 265 265
7 m-Nitrobenzylalcohol 58 291 292
8 p- Nitrobenzylalcohol 59 321 320
9 o-Chlorobenzylalcohol 63 208 209

10 m-Chlorobenzylalcohol 65 248 248
11 p-Chlorobenzylalcohol 68 265 265
12 o-Methoxybenzylalcohol 69 252 253
13 m-Methoxybenzylalcohol 72 233 232
14 p-Methoxybenzylalcohol 78 255 254

a TheoxidationproductsexceptNos1–3wereidentifiedin 15% tert-butyl alcohol.
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400nm in order to eliminate the absorptionsdue to
carbonyl compounds.Alkanols and aryl alcohols are
transparentat this wavelength.

Product analyses. After the kinetic experiments,each
mixturewasallowedto standfor 3 h andthenfiltered to
removesuspendedparticles,if any. In one part of the
filtrate the oxidation products in the oxidations of
alkanolswere testedby colour testsas described.41–43

The other part of the filtrate was acidified with dilute
H2SO4, thenaddedto 2,4-dinitrophenylhydrazinehydro-
chloridesolution,heatedon a steam-bathfor 15min and
left at roomtemperaturefor 1 h, giving yellow crystalsof
2,4-dinitrophenylhydrazonederivativesof the respective
carbonyl compounds.The derivatives were filtered,
washedand dried, followed by determinationof the
melting-points44 andyields (Table7).

In anotherexperiment,the amountof benzaldehyde
formed in the absence of tert-butyl alcohol was
determinedby the preparationof 2,4-dinitrophenylhy-
drazonederivativesat different time intervalsat 303K.
The resultsshownin Fig. 6 indicatethat the amountof
benzaldehydeformedincreasedwith time (yields calcu-
lated basedon total parentcompoundconcentrationat
t = 0).Thelowerpercentageyieldsof 2,4-DNPderivative
obtained(Table7) ascomparedwith thosein Fig.6 areto
be expectedsince the valueswere determinedin 15%
tert-butyl alcohol.This is dueto the solubility problems
associatedwith tert-butyl alcoholthatmakeit difficult to
isolateall thealdehyde.Theoxidationproductof benzyl

alcohol was extracted with diethyl ether, washed
thoroughly with NaHCO3 and water, dried over anhy-
drousNa2SO4 andtheetherwasthenevaporated.1H and
13C NMR spectraof the oxidation product of benzyl
alcohol in CDCl3 showedthe —CHO proton peak at
10.05 and 192.4ppm, respectively.These values are
closeto theliteraturevalues40bof 9.98ppmand192ppm
reportedfor the —CHO proton of benzaldehyde.The
oxidationsoccuraccordingto the following reactions:

R1R2CHOH� Au�III � ! R1R2CO� Au�I�
� 2H� �21�

where R1 = R2 = H for methanol,R1= H, R2 = Me for
ethanolandR1 = R2 = Me for 2-propanol,and

XC6H4CH2OH� Au�III �
! XC6H4CHO� Au�I� � 2H� �22�

where,X = NO2, Cl andOMe.
The oxidation of methanoland ethanolby gold(III)

leadsto theformationof formaldehydeandacetaldehyde,
respectively,andfurtheroxidationof thealdehydesdoes
not take place at lower acidities.45 Again, aldehyde
oxidationproceedsvia thealdehydehydrateasshownin
the following sequence:

RCH2OH! RCHO ÿ!H2O H�
RCH�OH�2

! RCOOH �23�

Since the hydration reaction is acid catalyzed,it is
likely that the reactionmight be sufficiently retardedat
low acidities to make formic acid and acetic acid
formation negligible. A few runs with the respective
oxidation products, formaldehyde, acetaldehydeand
acetone,with gold(III) were made at pH 4.05 and it
wasfound that oxidationis too slow comparedwith the
oxidation of the alcohols.Aromatic aldehydesare not
hydratedto any appreciableextent owing to the extra
resonancestabilization. The results in Fig. 6 indicate
that further oxidation of benzaldehydeto give benzoic
acid is also insignificant during kinetic investigations.
The comparativelylower yields obtainedin the oxida-
tions of alkanolscomparedwith the oxidationsof aryl
alcoholsmay be due to volatilization of the oxidation
products.

Test for free radicals. Acrylonitrile [50% (v/v)] was
addedto the reactionmixture during the courseof the
reactions.An immediatehazinessappearedduring the
oxidation of alcohol by gold(III). The appearanceof a
white precipitateof polyacrylonitrileshowsthepresence
of free-radical intermediatesin the oxidation process.
Blank experimentsin which eithergold(III) or alcohols
wereexcludedgaveno detectablepolymers.

Figure 6. Plots of% yield (2,4-DNP derivative of benzalde-
hyde) vs time for the oxidations of benzyl alcohol by gold(III)
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Kinetic measurements. Thereactionratewasdetermined
spectrophotometrically at 400nm using a sodiumacet-
ate–aceticacid buffer solution under conditionswhere
[alcohols]� [Au(III)]. After therequisitevolumesof the
reactantsat theappropriatetemperaturehadbeenmixed,
themixturewasimmediatelytransferredto a cell having
a pathlength of 1 cm. The cell compartmentof the
spectrophotometer waskeptat constanttemperature.The
rateof decreaseof gold(III) wasfollowed for at leasttwo
half-lives. Pseudo-first-orderrate constantswere calcu-
latedfrom logA (A = absorbance)againsttime plots.The
maximumerror in the measurementof the rateconstant
was�5%, dependinguponthe experimentalconditions.
However,for mostexperiments,duplicatemeasurements
werereproducibleto within �3%.
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