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3.  CHROMIUM(II) CATALYSED CERIUM(IY) OXIDATION OF
CYCLOHEXANOL

Carcinogenic nature of chromium compounds is predicted to be due to
intervention’’ of a typical Cr(IV) and Cr(V) species. These species are produced
either by reduction® of Cr(VI) by the substrate or in oxidation® of Cr(Ill) by
oxidants like peroxide or Ce(IV). In Cr{1II) oxidation by Ce(IV), Cr(IV) is produced
1n an equailibrium prior to the rate determining step which has been utilized for
catalysic. of organic® and inorganic" oxidations. Recently, it has been shown that
for furtter reduction of Cr(IV) by the substrate, the hydride ion transfer path is
more favorable than the free radical formation as reported in our earlier study®. In
continuazion of our effort to understand the reactivity of Cr(IV) produced by
Cr(I)-C=(IV) system and its application in synthetic organic chemistry’' the

oxidaticn of cyclohexanol was studied.
3.1 Experimental

3.1.1 Results

1** and found

The uncatalysed oxidation of cyclohexanol was studied in detai
to procesd with a oxidant alcohol complex which decomposes in a rate determining
step. Tterefore, in the present study, the rate constant of uncatalysed reaction,
Kuncat, 1 -sed for determination of contribution from the catalysed reaction, kca. The
values of k., were calculated by subtracting Kyuexr from the observed rate constant,
kobs. The order in oxidant was found to be unity as pseudo-first order plots were
linear for both uncatalysed and Cr'" catalysed reactions. The pseudo-first order rate

constants were found to decrease as the concentration of oxidant concentration

increases [Table 1II(1)]. The effect of cyclohexanol on both uncatalysed and



Effect of Ce" on Cr'" catalysed cyclohexanol oxidation by cerrum(IV).

Table ITI(i)

10°[Cr™] = 4.0 mol dm™, 10’ [Cyclohexanol] = 2.0 mol dm
[HCIO.] = 1.0 mol dm™, 10? [H,S0,4] = 6.0 mol dm™ , T =298 K.

2%

10°[Ce"] 10"k, s™ 10* k. s™ 10* keky s™
mol dm™

1.0 0.95 2.76 1.81

2.0 0.69 2.56 1.87

3.0 0.32 1.96 1.64

4.0 0.10 1.78 1.68

5.0 0.05 1.46 1.41
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catalysed reactions are given in Table II(i1). The order in cyclohexanol was
determined from the plot of log k against log [cyclohexanol] plots [Figure ITI(1)]
and for both catalysed and uncatalyéed reactions was found to be fractional (0.5).
The order in catalyst concentration was also found to be 0.34 [Table III (i11) and
Figure I (i1)]. The effect of perchloric acid concentration was studied between 0.1
to 1.0 mol dm™ keeping all other concentrations constant. The rate of reaction
increases with the concentration of perchloric acid [Table II(iv)]. The plot of kyncat
and (k.k,) against [H'] was found to be linear for catalysed reaction and a curve
for‘uncatalysed reaction both passing through origin [Figure III(iv)]. The order in
hydrogen ion concentration was found to be more that one (1.33) [Figure II(v)].
Added -roduct Ce'™ decreases the rate of the reaction slightly [Table IlI(v)]. The
effect o~ temperature was studied between 25 to 40°C and the activation parameters
were determined from the plots of log k and log k/T against 1/T [Figure IlI(vi) and
Figure I(vii.)]. The kinetic data and the activation parameters are given in Table

(vi).
3.2 Discussion
3.2.1 Uncatalysed Reaction

According to the above observations and the stoichiometry of the
uncatalvsed reaction, the mechanism proceeds through an oxidant alcohol complex
formation® followed by its decomposition in a slow step as shown in Scheme 1
and the corresponding rate low would be given by equation 1. The order in
hydrogen ion concentration of more than one indicate involvement of two

protona:ion.
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Table ITI(ii)

It

Effect of cyclohexanol on Cr™ catalysed cyclohexanol oxidation by cerium(IV).

10°[Cr™] = 4.0 mol dm™, 10 [Ce""] = 4.0 mol dm™ [HCIO,] = 1.0 mol dm™,
10% [H,804]=6.0 mol. dm™ T =298 K

10° [Cyclohexanol] | 1/[Al] | 10%k, | 10%k, | 10%(keky) | 10° [1/(keky)]
mol dm? s 5" 5"
1.0 1000 | 057 | 1.28 0.71 1.41
2.0 500 | 069 | 1.78 1.09 0.92
4.0 250 | 082 | 220 1.38 0.73
6.0 167 | 120 | 2.80 1.60 0.63
8.0 125 | 1.41 | 3.40 1.99 0.50
10.0 100 | 1.65 | 3.80 2.15 0.47
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[CONDITIONS AS IN TABLENI (i),
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Table IT1(iii)
Effect of catalyst on Cr'" catalysed cyclohexanol oxidation by cerium(1V).

10°[Ce'"] = 2.0 mol dm™, 10°[Cyclohexanol] = 2.0 mol dm
[HCIO;s]= 1.0 mol. dm™, 10*[H,SO4] = 6 mol dm™, T =298 K

127[C™] | 10%kes™ | 1 o* (keka) s | -log[Cr"] | -log(keky)
mol dm™
0.0 0.69 - - -
2.0 2.08 1.39 4.69 3.86
4.0 2.56 1.87 439 3.73
8.0 3.07 2.38 4.09 3.62
12.0 335 2.66 3.92 3.57
16.0 3.59 2.90 379 3.54
20.0 3.78 3.09 3.69 3.51
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Effect of HCIO, on Cr'" catalysed cyclohexanol oxidation by cerium(IV).

10*[Ce"” = 2.0 mol dm™, 10°[Cyclohexanol], 2.0 mol dm?,

Table HI(iv)

107 [H,£0,]=6.0 mol dm™, 10°[Cr"] = 4.0 mol dm™. T =298 K

[HC1D4] mol dm™ 10*k, s 10*ke s 10%(ke-ky)
0.1 0.04 0.13 0.09
0.2 0.07 0.46 0.39
0.4 0.10 0.76 0.66
0.6 0.21 1.21 1.00
0.8 0.45 1.85 ' 1.40
1.0 0.69 2.56 1.87
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Table I1I(v)
Effect o- Ce™ on Cr'" catalysed cyclohexanol oxidation by cerium(IV).
10° [Cr'"] = 4.0 mol dm, 10* [Ce'V]=4.0 mol dm?,
10° [Cyclohexanol]=2.0 mol dm™ [HCIO,] = 1.0 mol dm”,

10%[H,SD4] 6.0 mol dm™, T =298 K

10°[ce™ | 1otk,

mol im’3
1.0 1.78
3.0 1.72

6.0 1.64
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Effect of temperature on uncatalysed and Cr

cyclohexanol.

Table III(vi)

11

10° [C1'"] = 4.0 mol dm™, 10*[Ce"] = 4.0 mol dm?, 10°

catalysed Ce*" oxidation of

36

[Cyclohexanol] = 2.0 mol dm™ [HCIO,] = 1.0 mol dm™ 10* [ H,S0,] 6.0 mol dm™.

T 10"k, s™ 10'kes" | 10%keky) s™
298 0.10 1.78 1.68
303 0.16 2.00 1.84
308 0.26 295 2.69
313 0.35 3.48 3.13
Ea AH AS"* AG"
KJ mol™! KJ mol™ JK ! mol™ KJ mol™
Uncat 64.2 +4 52.6%5 - 13319 103.945
cat 33.7215 35.4£5 -212+10 96.9+5




Ce” + Cyclohexanol ———>  Complex K,

Complex ———p Free radical ki
Free radical + Ce** — Ce’* + Cyclohexanone  Fast
Scheme 1

{rate)uncar = k1ky [Alcohol] [Ce*]/ (1 + K, [Alcohol] ) .................. (1)

prior equlibria. In solutions containing sulphate, cerium(iv) will be predominantly®

present as Ce(SO4)s> and is further protonated as shown by equilibria 2 and 3.
The dec-ease in the rate constants as the oxidant concentration increases

3

TTable~IH(i)] may be due to the dimerization ** of Ce'” as shown in equation 4 and

only monomer is the active species in the present study. Since, the order in [H'] is

Ce(S0,)* + HY ———> H Ce(SO,); 1’4 @)
HCe(SO4)* +H" ——= H,Ce(S0,), I, 3)
2Ce(S04)"  ——=> [Ce(SO,),L* X, @

more than one therefore, diprotonated , H,Ce(SO4)s, species of the oxidant is active
in both uacatalysed and catalysed reactions. In order to express the rate law (1) in
terms of active species the concentration of H,Ce(SOy4); is obtained in the

following manner.
The total oxidant concentration is given by
[Ce™1r = [Ce(S0u)" ]
= [Ce(S04)7] g+ [H Ce(SO4);j.+ [H,Ce(SOu)sl+ [Ce(SO4)skt......(5)

where [Ce(SO,):%}r and [Ce(SO.)s” | are total and free [Ce(SO4)s~ ] respectively.

37
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Then from equilibria 2 to 4 we get
[Ce(SO):7 Tt = [Ce(SO4)s* ]+ Ky [H'] [Ce(SOa)> I+ + Ky Ko [H'T [Ce(S04)Y) /
+K; [Ce(SO0):2]2
=[Ce(SO)) { 1+ Ki[H'] + KIK,[H'T* Ks[Ce(SO):7] /
[Ce(SO,)2 )

[CetSO,)57%= (6)
1+ K, [H*] + KK, [H*]2 + K, [Ce(SO,), %],

from equilibrium (3) substituting the value of [Ce(SO4)32’]/expressed by equation
(6) we ge-.

K, K, [H'? [Ce(SO,) 2}y

H,[Ce(SO,)52] = (7)
1 +K, [H]+ K,K,[H*]? + K; [Ce(SO,):2);

subtractirg the values of [H;Ce(SO4)s] for [Ce*'] in equation 1 in the rate law in
terms of active species HCe(SO4); is obtained as in equation (8) and the
K Ku K K [HT2[Ce(SO,):2]; [Alcohol]

(rate)yncar = (8)
(1 + Ku[Alcohol])+ K, [H*] + K, K,[H*]? + K;[Ce(SO,);%];

K, K K K, [H'] [Alcohol]

Kuncar = Ky = (9)
(1 +K, [Alcohol]) (1 +k,[H*] + K, K,[H'], + k; [Ce(SO,);2]¢

The corresponding psuedo-first-order rate constant by equation (9).
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3.2.2 Catalysed Reaction

The first order dependence on oxidant concentration and decrease in the rate
of the rzaction in presence of added product Ce™ [Table III(v)] indicate
involvemrent of both in reversible equilibrium with the catalyst. The oxidation of
Cr' by Ce' is known to involve such an equilibrium’® with the formation of Cr'"
intermed_ate followed by its slow conversion to Cr¥ due to change in co-ordination
number from 6 to 4. The fractional order in the alcohol and the Michealis-Menten
plot of (1/kear-kuncat) against 1/[Alcohol] [Figure II (viii)] shows its involvement in
the complex formation. Since, the catalyst, Cr™ is known for its innert nature, the
probabls path would be its reaction with oxidant generating labile Cr'" in an

equilibmam which may then form a complex with the alcohol. The complex formed

may undergo internal oxidation reduction as shown in Scheme 2.

Ce ¥ + ¢ =—= (e +0c" Kox
cr + Cyclohexanol ==—==  Complex K,
Complex ____  Cyclohexanone + cr* }(2
Crtf+Cet' —» Crt +Ce™ fast
Scheme — 2
k, K, K, [Alcohol]
(rate),,= (10)

[Ce*] [ 1 + K, [Alcohol]

The complex formed may undergo either one electron or two electron
transfer %o produce Cr' and Cr'" respectively. The former path will produce free
radicals and the latter leads to the generation of Cr' without any significant change

in the rate law. Although, the two electron path is more favorable® . it is difficult to
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differentiate between the two. Considering latter path as the probable the
mechansm of catalysed reaction is represented in Scheme 2 and the
correspcnding rate law by equation (10). Since the hydrogen ion concentration is
similar .n both catalysed and uncatalysed reaction considering same oxidant
species, H,Ce(SO,); as the active one the rate law interms of active species would

be as in 2quation (11). The rate law (11) is verified by,

[ K, [Alcohol]
1 [Ce 3*] 1 + K, [Alcohol]

(k-ky) =

K, [H+P

(11)
(14K, [HT+ K KH P + k; [Ce(SO,)5?]

plotting 1 / k- k, against 1 /[A;cohol] [Figure I (vii1)]

The activation energy for the catalysed path is lesser than that or the
uncatalysed path as expected. Low entropy of activation for both catalysed and
uncatalysed reaction suppcrt, the formation of complex due to which loss of degrees

of freedom occurs.
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