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Literature survey shows several reports of the oxidation of a variety of alcohols to the corresponding carbonyl compounds.
But there are relatively few reports of the kinetic and thermodynamic aspects of oxidation of alcohols.

This paper reports the kinetics of oxidation of primary perfumery alcohols, Nerol, Citronellol and Geraniol by ammonium

metavanadate in acidic medium under first order kinetic conditions with respect to the inorganic oxidant. The oxidation was
monitored by titrimetric estimation of the unreacted oxidant at regular intervals in the temperature range 303-318 K. K,SO,
was used to determine the effect of ionic strength on the oxidation rates of alcohols. The thermodynamic activation param-
eters have been interpreted in terms of the molecular dynamics and reaction mechanism suggested for the oxidation pro-

Cess.

Literature study indicates extensive use of costly catalysts like Os(vi), Cr(vi) and Ru in different oxidation states. In the
present study, relatively less expensive transition metal ions of the first series, Mn(i1), Co(ll) and Ni(i) have been effectively

used to catalyze the oxidation reaction.

The sequence of oxidation rates of alcohols, Nerol > Citronellol > Geraniol has been explained on the basis of their steric,
structural and isomeric features. The catalytic efficiency of metal ions follows the sequence, Mn(i) > Co(l1) > Ni(i1) for all the

primary alcohols studied.
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transition metal ions, homogeneous catalysis.

Introduction

The quantitative conversion of alcohols to the correspond-
ing aldehydes/ketones has been exhaustively reported in lit-
erature’=8. There are few reports of the kinetic studies of
oxidation of aliphatic alcohols”8, allyl alcohol using KIO,
oxidant?, cyclic alcohols'®!" and Cr(il) catalyzed oxidation
of ethane-1,2-diol and propane-1,2-diol using Ce(Iv) oxi-
dant'2. The mechanism of the oxidation of primary alcohols
using mild to strong oxidizing agents has also been re-
ported 3.

In our laboratory, we have studied the kinetics of oxida-
tion of some industrially important alcohols and phenols us-
ing inorganic and organic oxidizing agents'#-1%. Herein, we
report the kinetic and thermodynamic aspects of the oxida-
tion of the primary perfumery alcohols, Nerol, Citronellol and
Geraniol using ammonium metavanadate in H,SO, medium.

The effects of alcohol and oxidant concentrations, ionic
strength and temperature on the oxidation rates of alcohols
have been determined. The sequence of oxidation rates has
been interpreted in terms of steric, structural and isomeric
characteristics of the alcohols. Transition metal ions have
been used to catalyze the oxidation of alcohols and the se-
quence of their catalytic activity determined for each alco-
hol.

Experimental
Materials:

The primary perfumery alcohols were obtained from Shaivi
Industries, Lucknow and distilled before use. All other chemi-
cals and reagents used were of AR analytical grade.

Method:
The oxidation of alcohols was studied under first order
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kinetic conditions with respect to ammonium metavanadate
i.e. [oxidant] << [alc.]. The solutions of alcohol and oxidant in
required amounts were allowed to equilibrate in a previously
adjusted thermostat (accuracy +/- 0.1°C). After the tempera-
ture equilibrium was attained, the solutions were mixed to
start the reaction. Aliquots of the reaction mixture were with-
drawn at regular time intervals and the unreacted oxidant
was estimated iodometrically. The rate constants (k) were
determined from the linear plots of log (unreacted oxidant)
versus time. The energy of activation (E) and other thermo-
dynamic activation parameters were determined from the
Arrhenius graphs of log k versus T-".

The effect of ionic strength on the oxidation rates of
alcohols was determined in dilute solution in the range =5
to 25%10~2 mol dm3 at 313 K in accordance with Bronsted-
Bjerrum equation,

log k=1log ky + 1.02 ZyZg \u.

Using a similar procedure, the catalytic effect of transition

metal ions on the oxidation rates of primary alcohols was
determined.

Results and discussion

Kinetics of oxidation of primary alcohols:

The primary alcohols were oxidized to the corresponding
aldehydes by ammonium metavanadate in acidic medium.
For all the alcohols, the oxidation rate increased with [alc.]
but decreased with [oxidant] (Table 1, Fig. 1).

Table 1. Rate constant data for the oxidation of primary perfumery
alcohols by ammonium metavanadate: [H,SO,] = 0.1 mol dm™3,
temperature =303 K

[Alc]x10"  [NH,VO5]x10%  Nerol Citronellol  Geraniol
(moldm™3)  (moldm™3) kx104(s™") kx10*(s™") kx10%(s™")
0.25 5.00 5.52 4.14 1.84
0.50 5.00 5.60 4.21 2.53
0.63 5.00 5.98 4,60 2.76
0.75 5.00 7.06 469 3.68
0.88 5.00 8.75 5.29 483
1.00 5.00 9.48 5.98 5.07
1.00 2.50 5.62 4,60 5.29
1.00 5.00 483 3.91 4.14
1.00 10.00 3.68 3.22 2.50
1.00 15.00 2.07 2.76 2.30
1.00 20.00 1.92 1.15 1.80
1.00 25.00 1.77 0.90 1.38
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Fig.1. Variation of rate constant of oxidation of primary perfumery
alcohols with [alc.]

Reaction mechanism of oxidation of primary alcohols:

In acidic medium, ammonium metavanadate NH,VO,
forms vanadic acid which is a strong acid and strong oxi-
dant. For a primary alcohol, the oxidation reaction can be
shown as

RCH,0H + (VO3)'~ + 2H* —— RCHO + (VO)* + 2H,0
The oxidation product i.e. aldehyde was identified by 2,4-
dinitrophenyl hydrozone test and further confirmed by TLC.

The oxidation rates follow the sequence: Nerol > Cit-
ronellol > Geraniol

/J“\\/\)\I\D i OH/L/\/]\/\
H NN

Citronellol

Nerol Geraniol

The oxidation rates of the primary alcohols are consistent
with their steric hindrance effects on the oxidation. Nerol has
the least hindered alpha hydrogen hence its oxidation is the
fastest.

Effect of ionic strength on the oxidation rates of primary
alcohols:

The effect of ionic strength on the oxidation of alcohols
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Table 2. Effect of ionic strength on the oxidation rates of primary
perfumery alcohols by ammonium metavanadate in acidic medium:
[Alc.]= 0.1 mol dm™3, [H,S0,] = 2.5%10~2 mol dm=3, [Amm.
metavanadate] = 2.5x103, temperature = 313 K

n Y Nerol Citronellol Geraniol
(mol dm=3) kx104(s™!)  kx10%(s™")  kx10%(s™")
0.00 0.00 4.96 2.08 2.51
0.05 0.22 515 2.05 2.52
0.10 0.32 4.91 2.02 2.50
0.15 0.39 5.00 2.07 2.53
0.20 0.45 5.08 2.1 2.49
0.25 0.50 4.95 2.10 247

was studied in the range,
1 =510 25x1072 mol dm=3 at 313 K (Table 2).

The graphs of log k versus \ i were straight lines parallel to
the Y axis indicating that ionic strength has no effect on the
rate of oxidation of alcohols (Fig. 2). This observation is sup-
ported by the reaction mechanism suggested for the oxida-
tion of alcohols which involves participation of a neutral spe-
cies viz. alcohol.

Variation of oxidation rates of primary alcohols with tem-
perature:

From the variation of oxidation rates with temperature

Vhmelf dm?
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Fig. 2. Effect of ionic strength on rate constant of oxidation of primary
perfumery alcohols.

(303-318 K), the thermodynamic activation parameters were
evaluated (Table 3). The negative values of entropy of acti-
vation AS* indicate a decrease in the rotational and vibra-
tional degrees of freedom of the reacting system due to the
formation of a rigid short lived activated complex during the
course of the reaction followed by reorientation of water
molecules around the activated complex2%21.

Kinetics of transition metal ion catalyzed oxidation of pri-
mary alcohols:

The primary perfumery alcohols were oxidized to the cor-

Table 3. Thermodynamic activation parameters of the oxidation of primary perfumery alcohols by ammonium metavanadate in acidic
medium: [Alc.] = 0.1 mol dm=3, [H,SO,] = 0.1 mol dm™3

Temp. kx104 E K*x1017
(K) s (kJ mol)

Nerol:

303 2.53 20.45 4,05
308 2.76 20.45 434
313 3.68 20.45 5.70
318 5.52 20.45 8.41
Citronellol:

303 1.29 21.67 2.06
308 1.38 21.67 2.17
313 3.45 21.67 5.34
318 3.67 21.67 5.29
Geraniol:

303 1.38 21.94 2.21
308 1.61 21.94 2.53
313 1.84 21.94 2.85
318 3.45 21.94 5.26

AH* AG* AS*

(kJ mol) (kJ mol) (kJ K=" mol™")
17.95 94.16 -0.2540
17.91 95.55 -0.2545
17.87 96.41 -0.2538
17.83 96.95 -0.2511
19.17 95.84 -0.2550
19.13 97.61 -0.2560
19.09 96.58 -0.2500
19.05 98.17 -0.2510
19.44 95.69 -0.2540
19.40 96.91 -0.2541
19.36 98.20 -0.2543
19.32 98.15 -0.2500
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responding aldehydes by ammonium metavanadate in acidic
medium using transition metal ion catalysts in the range [M(11)]
= 2.5 t0 4.5x1073 mol dm™2. For each of the metal ion cata-
lysts, the oxidation rates of all alcohols increase with [M(11)]
(Table 4, Figs. 3a, 3b and 3c).

Table 4. Catalytic effect of transition metal ions on the oxidation of
primary perfumery alcohols by ammonium metavanadate in acidic
medium: [Alc.]=0.1 mol dm=3, [H2SO§] =0.1 mol dm™3, [Amm.
metavanadate] = 2.5x10~3 mol dm™, temperature = 303 K

[M(n)]x103 Mn(it) Co(ll) Ni(n)
(mol dm™3) kx10%(s7) kx10%(s7) kx104(s™")
Nerol:
0.00 2.30 2.30 2.30
2.50 4.79 4.14 3.68
3.50 5.83 5.29 4.72
450 8.06 6.98 7.59
Citronellol:
0.00 2.07 2.07 2.07
2.50 6.21 4.14 3.22
3.50 6.67 4.37 3.91
4.50 7.59 6.90 483
Geraniol:
0.00 0.90 0.90 0.90
2.50 5.06 4.60 2.05
3.50 7.02 6.44 4.15
4.50 8.06 6.67 5.06
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Fig. 3a. Variation of rate constant of oxidation of Nerol with [M(11)] se-
quence of catalytic activity: Mn(11) > Co(1r) > Ni(11).

728

.
Mn(i)
*
*7 com d
. 7
l//
P ®
Ni(Il -~
A . Nifm) :
! 7
o g
2 !-ET‘T T T T T 1
0 1 2 3 4 5

[metal] x 10*mol/dm?

Fig. 3b. Variation of rate constant of oxidation of Citronellol with [M(11)]
sequence of catalytic activity: Mn(1) > Co(l1) > Ni(l1).
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Fig. 3c. Variation of rate constant of oxidation of Geraniol with [M(11)]
sequence of catalytic activity: Mn(1) > Co(l1) > Ni(l1).

Reaction mechanism of transition metal ion catalyzed
oxidation of primary alcohols:

For a primary alcohol, the first step is the formation of a
short lived complex between the substrate and M(Il) ions.

K
RCH,OH + M(ll) «— M(11).RCH,0H (i)
Complex

In the second step, the complex reacts with the vanadate ion
in the presence of acid to yield aldehyde
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slow
M(11).RCH,OH + (V03)1‘ +2HY ——

RCHO + (VO)'* + 2H,0 + M(1) (ii)
The catalytic efficiency of metal ions is inversely proportional
to the stability of their transient complexes formed during the
course of a reaction which in turn depends largely on the
charge density of the metal ions. The stability order for the
complexes of the metal ions under study is expected to be
Ni(1) > Co(ll) > Mn(11)2223, Consequently the catalytic acti-
vity of metal ions is expected to follow the sequence, Mn(1i)
> Co(l) > Ni(n). All the primary alcohols under study show

this expected sequence of catalytic activity.

Conclusions

The oxidation rates of primary perfumery alcohols follow
the sequence, Nerol > Citronellol > Geranniol. The oxidation
reaction is unaffected by ionic strength in dilute solution and
is accompanied by decrease in entropy of activation. The
oxidation of primary alcohols is catalyzed by relatively less
costly metal ions, Mn(11), Co(ll) and Ni(ll) in acidic medium.
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