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ABSTRACT: The oxidative behaviour and relative reactivities of three alkanols and 11 aryl alcohols towards
gold(lll) in sodium acetate—acetic acid buffer were studied. The reactions are first order with respect to [Au(lll)] and
in each [RR°CHOH]. Both H" and CI" ions retard the rate of reactions. The reactions obey the following rate
expression:

(k2 — ki)Kz (kg — k1)KoK3
] HC]

—d[Au(ll)]/dt = {kl + }[RlRZCHOH] [Au(lll)]

AuCl,;, AuCl3(OH,) and AuCk(OH)  are the reactive species of gold(lll) and the reactivity follows the order
AuCl3(OH)™ > AuCl3(OH,) > AuCl, . The activation parameters of the reactions were calculated. Alkanols react
with gold(lll) in the order ethanab methanot> 2-propanol. The unsubstituted benzyl alcohol reacts with gold(l1l) at

a faster rate than benzhydrol. The pseudo-first-order rate constants in the oxidations of aryl alcohols follow the order
NO, > 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 plausible. Since alkanols are soluble in water, the

oxidations have been studied in aqueous medium. The
Gold(lll) compounds, which are toxic in nature were substituted benzyl alcohols are partially soluble in water
used earlier in the treatment of tuberculosis. The but soluble in different solvents such as acetonitrile,
hydrolysis of AuCl~ has been studied by several dioxane, dimethylformamide andert-butyl alcohol.
investigators and the existence of different gold(lll) Since gold(lll) chloride is unreactive towardsrt-butyl
species has been suggestetiStudies involving the  alcohol, the oxidations of aryl alcohols by gold(lll) were
substitution reactions of gold(lll) with ethylenedi- studied in tert-butyl alcohol (15%, v/v). Again, gold(lll)
aminé®® and other polyaminé&® have been reported. chloride is partially hydrolyséd®® at lower acidities
The mechanism of the oxidation of some inorganic and (1.1-12.6x10~ " mol dm 3, and the reactions are too
organic compounds by gold(lll) have been studietf. slow to be monitored in a highly acidic medium
There are no literature data to date involving the (>103moldm 4), but take place at measurable rates
oxidation of alcohols by gold(lll), although the kinetics in sodium acetate—acetic acid buffer medium. The
of oxidations of some alkanols and aryl alcohols by oxidations of alkanols and aryl alcohols by Cu(lll) and
copper(lll) and silver(111f®*” have been studied. Ag(lll) occur by a free radical mechanism. Au(lll) may

The redox potentials only of HCHO-GBH and also be reduced to give Au(ll) in the rate-determining

CH3;CHO-CH;CH,OH couples are knowt The values  step followed by disproportionation of Au(ll) to give
are 0.190 and 0.192 V, respectively, whereas that of theAu(lll) and Au(l). Alternatively, a one-step two-electron
Au(lll)-Au(l) couple is 1.401 V2° Hence the possibility  transfer mechanism may also be operative in the
of the oxidation of the alcohols by gold(lll) seems oxidation of these substrates by Au(lll). The purpose of

this investigation was to elucidate the electron transfer

behaviour of the redox reactions involving gold(lll) and
*Correspondence toK. K. Sen Gupta, Department of Chemistry, the substrates. Ar_1 attempt was also made to compare the
Jadavpur University, Calcutta-700 032, India. present results with those for Cu(lll) and Ag(lll).
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REACTIVITY OF ALCOHOLS TOWARDS TETRACHLOROAURATE(III)

Table 1. Values of pseudo-first-order rate constants for
the oxidations of different alcohols by %old(lll) at 298K

with  [Au(ll)] = (0.8-3.0) x 10> moldm—3, [substrate] =
25x 10 ?moldm™>, [CI"]=1.0x10"?moldm—> and
No Alcohol kopd103S7Y)
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 9.184+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 427+ 0.05
11  p-Chlorobenzylalcohol 6.45+ 0.1
12 o-Methoxybenzylalcohol 2.73+£0.2
13 mMethoxybenzylalcohol 3.71+0.05
14  p-Methoxybenzylalcohol 5.53+0.07

RESULTS AND DISCUSSION
Effect of reactant concentrations

The reactionswere investigatedat different concentra-

-l 1]

285

tionsof Au(lll) butatconstan{substrate]pH, [CI"] and
temperatureThepseudo-first-ordeateconstantsemain
unaltered in the  [Au(lll)] range (0.8—
3.0)x10 *moldm 3 (Table 1). Theseresultsindicate
that the rate is first order with respectto [Au(lll)]. At
constantfAu(lll)], [CIT], pH and temperaturethe rate
increasewvith increasdan [substrate] Theresultsplotted
in Fig. 1 indicate that eachreactionis first order with
respecto [substrate].

Effect of [H']

Therateof thereactionwasstudiedat 298K at different
pH values(3.72—-4.80)using sodiumacetate—acetiacid
buffer while keeping [Au(lll)], [substrate]and [CI 7]
constant  at 8.0x107%, 1.5x102 and
1.0x10 2 mol dm~3, respectivelyNo attemptwasmade
to keeptheionic strengthconstansincethevaluesof Kops
remains unchangedat different ionic strengths,0.05—
0.15moldm™3, varied by the addition of sodium
perchlorate The value of kypsincreasesvith increasan
pH. The plot of k (k = kopd[substrate]vs [H ] * gavea
straightline with a positiveslopeanda positiveintercept
on the ordinate(Fig. 2).
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Figure 1. Variation of pseudo-first-order rate constant with substrate concentrations. Oxidation of methanol was studied in
aqueous medium unlike benzyl alcohol in 15% tert-butyl alcohol. Plots of ks versus [substrate] at different temperatures.
[Au(lll] =8 x 10~*mol dm 3, [H*]=8.91 x 10> mol dm > and [CI"]=1.0 x 10 mol dm >
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Figure 2. Variation of second-order rate constant with acid concentration. Plots of k vs [H]~" for different substrates at 298 K.
[AU(IN] =8 x 10~* mol dm~3, [substrate] = 1.5 x 102 moldm ™3 and [CI"]=1.0 x 1072 mol dm~3

Effect of [ClI]

Thereactionwasstudiedat 298K at different[CI ] [(8—
35)x10 2 mol dm 3] varied by the additionof NaCl but
at constanfAu(lll)], [substrateland[H '] of 8.0x10 %,
1.5x10? and 8.91x10 °moldm 3,
Chloride ion inhibits the rate of the reaction.The plot

Table 2. Effect of solvent composition on the pseudo-first-
order rate constant for benzyl alcohol with [Au(lll)]=
8.0 x 10~*moldm™3, [benzyl alcohol]=8.0 x 10> mol
dm~3, [CI7]=1.0x 1072 moldm™3, pH=4.05 and tem-
perature = 303 K

tert-Butyl alcohol (%, v/v) kobs (1073s7%)

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

Copyright0 2001JohnWiley & Sons,Ltd.

respectively.

of k against[CI~] ! is linear with a positive slopeand
positiveintercepton the ordinate(Fig. 3).

Effect of solvent

The effect of variation of the solventsuchastert-butyl
alcohol on the pseudo-first-orderate constantwas also

Table 3. Values of pseudo-first-order rate constants for the
oxidation of alkanols and deuterated alkanols by gold(lll) at
298 K with [Au(lll] = 8.0 x 10~* mol dm—3, [alkanol] = 2.0 x
1072 mol dm~3,[CI"]=1.0 x 102 mol dm~3 and pH = 4.05

Alkanol kops (1074 s7Y) ke/ Ko
CH3OH 5.21 —

CH,0D 5.19 1.00
CD;0D 2.76 1.89
C,HsOH 6.69 —

C,HsOD 6.72 0.99
C,DsOD 3.87 1.73

J. Phys.Org. Chem.2001;14: 284-294
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Figure 3. Variation of second-order rate constant with chloride ion concentration. Plots of kvs [CI7]~" for different substrates at

298 K. [AuU(N] = 8 x 10~* mol dm~3, [substrate] = 1.5 x 102 mol dm~3 and [H*]=8.91 x 10~> mol dm~3

studiedfor the oxidationof benzylalcoholby gold(lll) at
constantreactantconcentrationsand temperature.The
rateincreaseswith increasdn dielectricconstant(Table
2).

Effect of substituents

Thereactivitiesof alkanolstowardsgold(lll) wasstudied
in aqueous medium and follow the order
ethanol> methanobt> 2-propanol This orderis in agree-
mentwith thosereportedby Hoareand Waters® for the
cobalt(lll) oxidationsof the samealcohols.The rate of

oxidation increasesn the presenceof electron- with-

drawinggroupsanddecreasem thepresencef electron-
donatinggroups.When the substituentis chlorine, the
rate was found to be betweenthosefor the nitro and
methoxy derivatives. The pseudo-first-orderate con-
stantsfollow the orderNO, > H > Cl > OMe. The plots
of log kops againsto give a good linear relationship
(r =0.9847)andthevalueof p wascalculatedo be0.323.
This low valueof p is not unexpectecindhasalsobeen
reportedby other workers?* The unsubstitutecbenzy!

Copyright0 2001JohnWiley & Sons,Ltd.

alcohol reacts at a faster rate than benzhydrol. In
benzhydrol probably the steric hindrancedue to the
secondphenylgroup on the alcoholic carbonmakesthe
reaction less favourablé® than benzyl alcohol with
gold(lll), therebydecreasinghe ratein benzhydrol.

Kinetic isotope effect

Thekineticisotopeeffectsof CH;OH, CH;0D, C,HsOH
and C,HsOD were studied(Table 3). The ky/kp values
were 1.00 and 0.99, respectively.On the other hand,
CD3s0D and C,DsOD are oxidised at slower ratesthan
the respectiveparentalcohols. The resultsare given in
Table 3. The values of ky/kp are 1.89 and 1.73,
respectively.Smallervaluesky/kp of 1.2—-2.0havealso
been observed?* in the oxidations of some organic
compounds by manganese(lll), vanadium(V), ceriu-
m(lV) and cobalt(lll) in acidic medium where the
oxidations have beenshownto occur via C—H bond
fission. All theseresultsindicate that oxidationsof the
alcoholsby gold(lll) do not occurvia O—H bondfission
but rathervia C—H bondcleavagé®®

J. Phys.Org. Chem.2001;14: 284-294
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Figure 4. Influence of temperature on second-order rate constant. Plots of log (k/7) vs T~ for the oxidations of alkanols and aryl

alcohols

Activation parameters

The second-orderate constantgk) were determinedat
different temperatures(288—303). The activation
enthalpies (AH*) were calculated from the plots of
log(k/T) vs T (Fig. 4) followed by entropies of
activation(AS") usingthe equation

log(k/T) = [log(kg/h) + AS"/2.30R]—AH7/2.30RT
(1)

wherekg andh havetheir usualsignificance.

The activation parametersare given in Table 4. The
enthalpyof activationis linearly relatedto the entropyof
activation,asshownin Fig. 5. Theisokinetictemperature
was calculatedto be 280K for alkanolsand 350K for
aryl alcohols.Theisokineticbehaviouris alsosupported
by thelinearplot of log k' versudog k, wherek’ andk are
the second-orderrate constantsat temperature293K
(T1) and 298K (T,), respectively(Fig. 5). All these
results indicate that a similar mechanism may be
operativein all thesereactions.The isokinetic tempera-
ture was calculatedfrom the relation f=T,T(1—f)/

Copyright0 2001JohnWiley & Sons,Ltd.

(T:—T. f), wheref is the slopeof the Exnerplot?’ The
valueof  wasfoundto be 266K for alkanolsand359K
for aryl alcohols Thevalueof f for alkanolsis lowerthan
theexperimentatemperaturef 295K wheread for aryl
alcoholsis higher than 295K. Hencethe reactionsof

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

AH* AS
No Alcohol (kdmol™)  (IKtmol™)
1 Methanol 77+2 -17+7
2 Ethanol 85+2 11+7
3 2-Propanol 72+ 4 —-36+ 14
4 Benzylalcohol 73+2 -10+7
5 Benzhydrol 92+ 4 44+ 14
6 o-Nitrobenzylalcohol 70+4 —-18+14
7 m-Nitrobenzylalcohol 66+ 6 -30+7
8 p-Nitrobenzylalcohol 64+ 2 —36+7
9 o-Chlorobenzylalcohol 88+2 33+7
10 m-Chlorobenzylalcohol 83+8 19+ 27
11 p-Chlorobenzylalcohol 74+ 4 -8+14
12 o-Methoxybenzylalcohol 91+2 42+7
13 m-Methoxybenzylalcohol 86+ 2 287
4 p-Methoxybenzylalcohol 81+2 14+7

J. Phys.Org. Chem.2001;14: 284-294
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Figure 5. Isokinetic plots of the oxidations of alcohols by gold(lll).

Plots of (i) AS® vs AH" and (i) log k' vs log k. (1) MeOH; (2)

MeCH,0H; (3) Me,CHOH; (4) PhCH,0H; (5) 0-NO,; (6) m-NO,; (7) p-NO5; (8) o-Cl; (9) m-Cl; (10) p-Cl; (11) 0-OMe; (12) m-OMe;

(13) p-OMe; (14) Ph,CHOH

alkanolsare entropy controlled® whereasthoseinvol-
ving aryl alcohols are believed to be enthalpy con-
trolled®® It may be mentionedthat the oxidation of
alkanolshasbeenstudiedin aqueousnedium,unlike aryl
alcohols,studiedin tert-butyl alcohol (15%, v/v).

The following equilibria are knowr?°*°to existin a
dilute solutionof tetrachloroauric(lll)acid:

K
HAUCl, = H* + AuCl; )

K
AUCI; + H0 = AuCl5(OH,) + CI (3)

K
AUCIl3(OHp) = AuCl3(OH)™ + H* (4)

whereK; =1.0,K;=9.5x 10 ° andKz = 0.25at 298K.
Consequently, four different species, viz. HAUCI,,
AuCl,~, AuCl3(OH,) and AuCl;(OH)", may act as
oxidants under the present experimental conditions.
However, in a solution of [H']~ 10 *moldm 3,

[HAUCI,] is insignificant compared with [AuCl, ].

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
(~10"*moldm™3), it is highly unlikely thatan appreci-

Copyright0 2001JohnWiley & Sons,Ltd.

ableamountof eachalcoholremainsasalkoxoniumion,
R'R’CHOHJ or XCgH4CH,OH3 . Hencethe molecular
forms of the alcoholsandnot their anionsor protonated
formsreactwith the oxidant.

Gold(l1l) is knowr? to behaveasaone-or two-electron
transferoxidant.In the preseninvestigationthereaction
mixture gavea polymeric suspensiorn the presenceof
acrylonitrile. This suggestghat free-radicalintermedi-
atesare formed during the reactions,when gold(lll) is
reducedto gold(ll) in the rate-determiningstep. The
formation of unstablegold(ll) as an intermediatehas
been predictedby a numberof workers?3733 Conse-
quently, reductionof gold(lIl) to gold(l) in a one-step,
two-electron processmay be ignored. A free-radical
intermediate may also be produced by the reaction
between R'R*CHOH with gold(l). However such a
possibility has been discountedsince neither colloidal
goldnoranyprecipitateof gold(0)wasdetectedinderthe
kinetic conditions.

The reactions were carried out in alcohol-water
mixtures and it is believed that radical intermediates
are formed during the reactions[Eqgns ((7)—(9))]. Spin
trappingstudieduringthe oxidationof benzylalcoholby
hexachlorometallateions (M =Pt, Pd and Ir) have
showr?* the formation of PhCHO" in pure alcoholic
mediumwhereasin alcohol-watemixturesthe radical
PhCHOH is formed either directly or via secondary

J. Phys.Org. Chem.2001;14: 284-294
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reactionsof PhCHO" by H atomtransferreaction[Eqn.
(5)] or anisomerizationreaction[Eqn. (6)]:3°

PhCHO" + PhCHOH — PhCHOH + PhCHOH  (5)
PhCHO" + H,0 — PhCHOH + H,0 (6)

However,the observedinetic isotopeeffectrulesout
the involvementof Eqns (5) and (6). The free radical
further reactswith anotherAu(lll) to give R'R*CO and
Au(ll) asshownin steps(10)—(12).The following steps
may be proposedo explainthereaction.The additionof
alcohol to the mixture containing gold(lll) and buffer
solutionfailed to increasethe absorbancendicatingthe
absencef intermediatecomplexformation betweenthe
reactants AuCl,, AuCl(OH,) and AuClI;(OH)™ react
with the substrates R'R?CHOH or XCgH4CH,OH
accordingto the steps(7)—(9):

AUCI; + RIRECHOH -,

slow

R'R?COH 4 AuCI3 — +H* (7)

AUCl3(OH,) + RIRECHOH %,

slow

R'R?’COH + AuCl3(OHy) ™ + H' (8)

AuCl3(OH)~ + R'R?CHOH-%

slow

R'R?COH + AuCl3(OH)*™ 4 H* (9)

The free radicals react further with the respective
gold(lll) speciesto give the carbonyl compoundand
gold(ll) asshownin steps(10)—(12):

fast

AuCl; + R'R*COH —
R'R?CO+ AuCl§~ +H" (10)

fast

AuCl3(OH,) + R'R?*COH —
RR?CO+ AuCl3(OHy) ™ + H' (11)

fast

AuCl3(OH)™ + R'R?COH —
R'R?CO+ AuCl3(OH)*” +H* (12

Au(ll) undergoedast disproportionatiorinto Au(l) and
Au(ll):

fast

2AuCl~ — AuCly + AuCly + 2CI- (13)

fast

2AUCK(OHy)™ == AUC; + AuCl; +2H,0  (14)

2AUCK(OH)?™ + 2H+ B2
AuCl; + AuCl, +2H,0 (15)

Copyright0 2001JohnWiley & Sons,Ltd.

According to the suggestednechanism the rate of
disappearancef [Au(lll)] may be expresseds

—d[Au(Ill)]

& = (Ki[AUCI;] + ko[AUCI(OHy)]

+ k3[AuCl3(OH) ]} [R'R*CHOH| (16)

If Co = [Au(ll)], x = [AuCl3(OH),)] and y =
[AuCl3(OH)™] Egn.(16) may be written as

—d[Au(lll)]
dt

= {k1(Co — X — y) + kox + kay}[R'R°CHOH|  (17)

Again, the valueof K, indicatethat Co > X, y, sothat

Ko — xC-] _ xCI]
2 Co—X— Yy - Co
Therefore,
o K2C0
R
and
<. _YIH']_ylH[Cr]
3 X cho
or
~ KaK3Co
~ [HA][CI]

Substitutionof x andy in Eqgn. (17) gives

—d[Au(lll )] KoCo  KoKsC
i {"1 (C" NEENTE [itlo])

+ko 'féﬁf]’ + ks [gi'ﬁgfﬁ] } [R'R’CHOH ~ (18)

Now,
~1 dAu()]
Au(l)] dt o

Therefore,

B (ko — k1)Ko (ks — kq)KoK

s o 8 g B
x [R'R?CHOH (19)

J. Phys.Org. Chem.2001;14: 284-294
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Table 5. Rate-determining steps for the oxidations of the alcohols by different %old(lll) species at 298 K with [substrate]

=15x%10"2moldm~3, [CI7]1=1.0 x 1072 mol dm~—3 [Au(lll] =8.0 x 10~*moldm™

and pH=4.05

ky
(10 2dm®*mol~1s7Y

ko ks
(1072dm*mol~1s7?}) (10 2dm*mol~1s7})

No. Alcohol
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 mNitrobenzylalcohol 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 10.1 125
and the alkanolsand aryl alcoholsincreaseswith the first
powerof eachof [M(IIl)] and[substratelbut the rateis
_ _ independentof [OH™]. The gold(lll) oxidation of the
k= {kl + (ke [ Clk_l])Kz (k?’[H :il élr_z]Kg’} (20) substratesstudiedin sodium acetate—acetiacid buffer

wherek = kopd[R*R*CHOH].

Equation (19) predictsa linear plot of ks against
[R*'R?CHOH], passingthrough the origin at constant
[Au(ln], [H], [CI7] and temperature This has been
verified experimentally(Fig. 1).

Equation(3) furtherindicatesthat the additionof CI~
decreasesthe concentrations of AuCls(OH,) and
AuCI;3(OH)™ thereby increasingthe concentrationof
the lessreactivespeciesAuCl,” andhencethe retarding
effect of the CI™ ion on the reaction rate. From the
interceptof thelinearplot of k agains{CI ] * (Fig. 3) at
constanttemperaturethe value of k; was evaluatedat
298K for differentsubstrate¢Table5).

The reactionsare inhibited by H* ions at constant
[CI7], indicating that AuCI3(OH) ™ is the mostreactive
amongstdifferent Au(lll) speciesThelinearplot of k vs
[HT]~*at298K (Fig. 2) conformsto Eqn.(20). Fromthe
interceptandslopeof thestraightline andusingthevalue
of k; obtainedearlier, the values of k, and ks were
evaluatedat 298K for different substrateqTable 5).
Thus the reactivity of three Au(lll) speciesfollow the
order AuCl3(OH)™ > AuCl3(OH,) > AuCl,~ andthis is
in keepingwith the observationsnadeearlier* Thefact
thatAuCl;(OH)™ andAuCl;(OH,) aremorereactivethan
AuCl, is dueto theeasiedisplacemendf anOH /OH,
groupthana Cl~* ion.** Substitutingthe valuesof ky, ky
andks into Eqgn. (19), the valuesof k,,s were calculated
underdifferent experimentalconditions.The calculated
andexperimentalaluesare shownin Table6. The two
valuesarenotwidely different,which confirmsthatthree
differentgold(lll) speciegparticipatein the reactions.

The rate of the copper(lll) andsilver(lll) oxidationof

Copyright0 2001JohnWiley & Sons,Ltd.

mediumis kinetically dissimilar. Threedifferent species
of gold(lll) areinvolvedin the buffer medium,unlike in
alkaline medium where a single speciesof each of
copper(lll) andsilver(lll) oxidize the substratesConse-
quently,therateconstant®f the presenteactionscannot
be comparedvith thosereportedearlierfor the oxidation
of respectivesubstratesvith copper(lll) and silver(lll).
However, irrespectiveof whetherthe oxidationswere
carriedout in alkaline or buffer medium,one common
piece of information was obtained, namely that both
alkanolsandaryl alcoholsare oxidizedto give carbonyl

Table 6. Measured and calculated pseudo-first-order rate
constants of the oxidations of different alcohols by gold(lll) at
298K with [Au(lil] =8.0 x 10~*mol dm~3, [substrate] =
1.5x 10 2moldm™3, [CI']=1.0x 10 ?moldm—3 and

pH=4.05
ko S |
No Alcohol (10‘§’ s (105%?5‘1)
1 Methanol 0.376 0.352
2 Ethanol 0.489 0.439
3 2-Propanol 0.282 0.294
4 Benzylalcohol 453 4.39
5 Benzhydrol 0.96 0.785
6 o-Nitrobenzylalcohol 5.46 5.33
7 meNitrobenzylalcohol 6.41 6.40
8 p- Nitrobenzylalcohol 7.46 7.43
9 o-Chlorobenzylalcohol 1.60 1.37
10 m-Chlorobenzylalcohol 2.42 211
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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Table 7. Identification of products of the reactions®

Yield (%) M.p. Lit. m.p*
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 mNitrobenzylalcohol 58 201 292
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 mMethoxybenzylalcohol 72 233 232
14 p-Methoxybenzylalcohol 78 255 254

& The oxidation productsexceptNos 1-3wereidentifiedin 15% tert-butyl alcohol.

compoundsthrough the intermediateformation of free
radicals.

EXPERIMENTAL

Reagents. The alcohols(BDH, Merck or Sigma)were
usedas supplied.CHsOD, CD;0D, C,Hs0D, C,DsOD
andD,0 (by 99 atom%D) wereobtainedrom Aldrich. A
stock solution of gold(lll) was preparedby dissolving
HAUCI, (JohnsorMatthey)in 0.01moldm™2 HCI. The
strengthof the solutionwasestimatedyravimetrically>®
To aknownvolume (5 ml) of the standardgold solution
in a 150ml beakerwas addeddropwisewith stirring, a
1™ solution of KOH until the yellow color was just
dischargedA further2 ml of KOH solutionwereadded,
followed by dilution to ca. 75ml with distilled water.
Then5-6ml of 1 N oxalic acidwereaddeddropwisewith
stirring and the contentswere kept on a boiling water-
bath.The solutionturnedpurplewith aviolet tingewhen
gold separatedut. The beakerwas kept on the water-
bathfor aboutl1 h with occasionaktirring. The solution
was filtered through a whatmanNo. 42 (7 cm) filter-
paper.The precipitatewas washedwith distilled water,
dried, ignited in a silica crucible andweighedas metal.
The gold(lll) solutionafter estimationwas storedin the
darkandusedundersubduedighting andwasdilutedto
the desiredconcentrationdeforekinetic experiments.

Inorganic materials were of the highest available
purity. All solutionsweremadein doublydistilled water.
The oxidation studies were carried out in a sodium
acetate—aceti@cid buffer. Buffer solutions were pre-
pared’ from standardsolutionsof sodiumacetateand
aceticacid.

Instrumentation. Spectralmeasurementa/ere recorded
in the UV-Vis regionusinga SystronicqIndia) spectro-
photometer'H and**C NMR spectravererecordecdbna
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BrukerDPX 300spectromete(300MHz). The pH of the

solution was measuredat room temperature(~25°C)

using an Elico (LI 120) pH meter (India), calibrated
againststandardoH solutions.Melting-point determina-
tions were carriedout usinga Gallenkampapparatus.

Absorption spectra of gold(lll) and carbonyl com-
pounds. The spectrumof AuCl,~ hasbeenreportedto
have two intense absorption maxima at 226nm
(e =25600moldm 3cm™%) and 315nm (¢ = 4800mol
dm=3cm™) in 1moldm 3 HCI,*® Spectraof AuCl,~
were also recordedfor different [CI™] at the various
acidities. The spectrum for gold(lll)** at [CI"] of
1.0moldm ™2 andpH 2.0 s identical with that obtained
for 1.0moldm~2 HCI. However, as AuCl,” is hydro-
lysed a blue shift in the spectrumis observed' There
is an isosbesticpoint at 295nm (e = 3.02x 10°* mol
dm~3cm™1) and under conditionsin which the absor-
banceattheisosbestipointdoesnotchangeAuCl,™ and
AuClI3(OH™) are the main speciespresent,the latter
obviously being generatedoy the rapid dissociationof
AUCI3(H20)

Saturatedcarbonylcompoundsexhibit threebandsin
the UV region: a weak bandat 280nm, a more intense
bandaround190nmandastill moreintensebandaround
150nm, which areassignedo n- n*, n-¢* andzn - n*
transitionsrespectively*® Then - n* transitionof alarge
numberof carbonylderivativeshavebeenreportedn the
literature?*®@Thepositionof then - =* bandof carbonyl
group varies with the substituentson the molecule of
aliphaticcompoundsand areformedin the region277—
291nm. The aromatic carbonyl compoundsabsorb at
higher wavelength(>325 nm) than acetone(277 nm).
The absorptiormaximafor benzophenonandbenzalde-
hyde are at 348 and 328nm, respectively,owing to
conjugatiori® of thesemolecules.Since carbonylcom-
poundswere obtainedas the productsof oxidation, the
kinetic studieswere carriedout in the visible region at
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Figure 6. Plots of% yield (2,4-DNP derivative of benzalde-
hyde) vs time for the oxidations of benzyl alcohol by gold(lll)

400nm in order to eliminate the absorptionsdue to
carbonyl compounds.Alkanols and aryl alcohols are
transparenat this wavelength.

Product analyses. After the kinetic experiments,each
mixture wasallowedto standfor 3 h andthenfilteredto
remove suspendegarticles,if any. In one part of the
filtrate the oxidation products in the oxidations of
alkanolswere testedby colour testsas described 3
The other part of the filtrate was acidified with dilute
H,SQ,, thenaddedto 2,4-dinitrophenylhydrazie hydro-
chloridesolution,heatedon a steam-battior 15min and
left atroomtemperaturdor 1 h, giving yellow crystalsof
2,4-dinitrophenylhyrazonederivativesof the respective
carbonyl compounds. The derivatives were filtered,
washedand dried, followed by determinationof the
melting-point§* andyields (Table 7).

In anotherexperiment,the amountof benzaldehyde
formed in the absenceof tert-butyl alcohol was
determinedby the preparationof 2,4-dinitrophenylhy-
drazonederivativesat different time intervalsat 303K.
The resultsshownin Fig. 6 indicatethat the amountof
benzaldehydéormedincreasedwith time (yields calcu-
lated basedon total parentcompoundconcentrationat
t=0). Thelower percentaggieldsof 2,4-DNPderivative
obtainedTable7) ascomparedvith thosein Fig. 6 areto
be expectedsince the valueswere determinedin 15%
tert-butyl alcohol. This is dueto the solubility problems
associateavith tert-butyl alcoholthatmakeit difficult to
isolateall the aldehyde The oxidationproductof benzyl
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alcohol was extracted with diethyl ether, washed
thoroughly with NaHCGQ; and water, dried over anhy-
drousNa,SO, andthe etherwasthenevaporated?H and
13C NMR spectraof the oxidation product of benzyl
alcohol in CDCl; showedthe —CHO proton peak at
10.05 and 192.4ppm, respectively. These values are
closeto theliteraturevalue$° of 9.98ppmand192ppm
reportedfor the —CHO proton of benzaldehydeThe
oxidationsoccuraccordingto the following reactions:

R'RZCHOH + Au(lll ) — R'R?CO+ Au(l)
+ 2H" (21)

where R'=R?=H for methanol,R'= H, R>=Me for
ethanolandR* = R? = Me for 2-propanol,and

XCgHaCH,OH + Au(lll )

where X =NO,, Cl andOMe.

The oxidation of methanoland ethanolby gold(ll)
leadsto theformationof formaldehydeandacetaldehyde,
respectively andfurtheroxidationof the aldehydesioes
not take place at lower acidities®® Again, aldehyde
oxidationproceedwia the aldehydehydrateasshownin
the following sequence:

RCH,OH — RCHO"™2Y" RCH(OH),

— RCOOH (23)

Since the hydration reactionis acid catalyzed,it is
likely thatthe 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(lll) were madeat 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 resultsin Fig. 6 indicate
that further oxidation of benzaldehyddo 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 immediate hazinessappearedduring the

oxidation of alcohol by gold(lll). The appearancef a

white precipitateof polyacrylonitrile showsthe presence
of free-radicalintermediatesin the oxidation process.
Blank experimentdn which eithergold(lll) or alcohols
wereexcludedgaveno detectablgpolymers.
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Kinetic measurements. Thereactionratewasdetermined
spectrophotonteically at 400nm using a sodiumacet-
ate—aceticacid buffer solution under conditionswhere
[alcohols]>> [Au(lll)]. After therequisitevolumesof the
reactantst the appropriatdemperaturdadbeenmixed,
the mixture wasimmediatelytransferredo a cell having
a pathlengthof 1cm. The cell compartmentof the
spectrophotonter waskeptat constantemperatureThe
rateof decreasef gold(lll) wasfollowed for atleasttwo
half-lives. Pseudo-first-orderate constantswere calcu-
latedfrom logA (A = absorbancedgainsttime plots. The
maximumerror in the measuremendf the rate constant
was +5%, dependinguponthe experimentakonditions.
However for mostexperimentsgduplicatemeasurements
werereproducibleto within £3%.
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