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Summary 

The kinetics of oxidation of unsaturated alcohols viz. 
allyl, crotyl and cinnamyl alcohol by sodium bis[2-ethyl- 
2-hydroxy butanoato (2 - )1  oxochromate(v), Cr v, has 
been investigated in 25% (v/v) aq. HOAc:HC10 4. The 
order in [oxidant] and [substrate] was 1.0 and 0.7 
respectively. The oxidation rate increased with increase in 
[2-ethyl-2-hydroxybutyric acid] (EHBA) and decreased 
with increase in the percentage of HOAc. The rate 
decreases slightly with increase in [H + 1. The unsaturated 
alcohols exhibited higher reactivity compared to their 
saturated analogues. A mechanism involving the form- 
ation of a complex between Crv and alcohol which in 
turn disproportionates into products in a slow step is 
advanced to explain the kinetic results. 

Introduction 

Among the series of chromium(V) (bis) chelates, the most 
robust is the 2-ethyl-2-hydroxybutyrato derivative <1). 
This complex is stable in air and dissolves easily in polar 
solvents, without immediate disproportionation, in the 
2-4 pH range. The facile preparation of this compound, 
has ted to a study of the redox properties of this typical 
oxidation state. Chrominm(V) has been extensively used 
as an oxidant for a variety of inorganic substrates (2) in 
the 2-4 pH range. However only a few references to the 
oxidation kinetics of organic substrates by chromium(V) 
have appeared. In our earlier paper (3), results on the 
oxidation of benzyl alcohol and its substituted analogues 
by chromium(V) in the 2-4 pH range were presented 
and discussed. The oxidation of allyl alcohol has been 
reported by several workers (4-6). Jones and Waters 
pointed out that allyl and crotyl alcohols were oxidised by 
vanadium(V) more easily than their saturated analogues 
due to the formation of highly reactive mesomeric inter- 
mediates (v). It therefore seemed worthwhile to us to 
investigate the mechanistic aspects of oxidation of un- 
saturated alcohols, such as allyl, crotyl and cinnamyl 
alcohols by chromium(V), and to compare the reactivities 
of compounds with those of their saturated analogues. 

Materials and methods 

All the chemicals used were of AR grade and purified by 
standard methods where necessary. 2-Ethyl-2-hydroxy- 
butyric acid (EHBA, Aldrich) was recrystallized from 
benzene and hexane. Allyl alcohol (AA) was purified by 
boiling under reflux with 2, 4-dinitrophenylhydrazine for 
4-5h followed by distillation. Sodium bis[2-ethyl-2- 
hydroxybutanoato(2- )1 oxochromate(V) was prepared 
according to the literature method (1). Stock solutions of 
Crv were prepared in 1.0 x 10-3 moldm-3 HC10 4 in 
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the presence of 1.0 x 10- 2 tool din- 3 EHBA, which 
suppresses the decomposition of Crv. EHBA does not 
undergo perceptible oxidation under the experimental 
conditions. Solutions were standardized iodometrically 
as well as spectro-photometrically using the molar 
extinction coefficient of Crv complex as 1.68 x 102 dm 3 
mo1-1 cm -1 at 510nm m. HOAc, which is a co-solvent, 
was also not oxidized under the experimental conditions. 
The reaction was initiated by adding the requisite 
quantities of Crv solution to the flask containing the 
alcohol, HOAc and HC10 4 after thermostatting the two 
solutions separately for 30 min. The reaction was moni- 
tored by noting the absorbance of the Crv complex 
at 510 nm at regular intervals using a Carl-Zeiss VSU-2- 
p-spectrophotometer. The pH of the solution was main- 
tained in the 2-4 range by varying the concentration of 
HC10 4. NaC10 4 was used to maintain constant ionic 
strength. 

Products and stoichiometry 

Under the conditions: [CrV]>> [alcohol] in 25% 
(v/v) acetic acid medium, Cr v, was allowed to react 
with unsaturated alcohol for a sufficiently long time and 
later the excess oxidant was estimated. Values of 
A[CrV]/A[alcohol] under different concentration ranges 
revealed a t:1 stoichiometry. Acrolein was characterised 
as the oxidation product by g.l.c.. Acrolein was not 
oxidised under these experimental conditions. 

H 2 C : - C H - - C H 2 O H  + Crv 

H 2 C = C H - - C H O  + Cr Iu + 2H + 

No polymerisation occurred when acrylonitrile was 
added to the reaction mixture under a N 2 atmosphere, 
indicating absence of free radical formation during the 
course of the reaction. 

Results and discussion 

Under the conditions: [alcohol] >> [CrV], plots of log 
(a/a-x) versus time [where 'a' and '(a-x)' are initial and 
final concentrations at time 't' of Crv] were linear, 
indicating a first order dependence in [CRY]. From the 
slopes of such plots the pseudo-first order rate constants 
(kobs) were evaluated at different [CrVl and found to be 
the same (Table 1). The order in [alcohol], as obtained 
from the slope of the linear plot of log(kobs) versus 
log [alcohol] (Figure 1A), was 0.70 within the concen- 
tration range of alcohol (0.06 - 0.6 mol. din- 3) studied. 
At fixed [CrV], [alcohol] and [H+], an increase in 
[EHBA] led to an increase in the oxidation rate 
(Table 1). This rate decreased slightly with increase in 
[H +] in the 2-4 pH range (Table 1). The rate also 
decreased with increase in HOAc percentage (Figure 1C). 
Addition of salts such as NaC1 or NaC104 had a negligible 
effect on the reaction rate. 

The chromium(V) complex, [CrVO(EHBA)a] -, was 
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Table 1. Effect of [CRY], [EHBA], [H +] on the rate constant, 
kob~, in the CrV-allyl alcohol reaction a. 

103 [Cr v] 102 [EHBA] 103 [H +] 104 kob s 
(tool din- 3) (tool din- 3) (mol din- 3) (s - l) 

2.00 1.00 1.00 4.60 
3.00 1.00 1.00 4.50 
4.00 1.00 1.00 4.40 
5.00 1.00 1.00 4.60 
6.00 1.00 1.00 4.30 
3.00 0.500 1.00 4.00 
3.00 1.00 1.00 4.50 
3.00 2.00 1.00 4.80 
3.00 5.00 1.00 5.30 
3.00 1.00 0.300 4.81 
3.00 1.00 0.500 4.70 
3.00 t.00 1.00 4.50 
3.00 1.00 2.00 4.40 
3.00 1.00 3.00 4.20 

~FA.A] = 2.00 x 10-1 mol dm-3;  H O A C  = 25% (v/v); Temp = 303 K. 

found to be stable with the 2 - 4 p H  limits, but outside 
this range decomposition occurred. The possible 
chromium(V) species present in the above pH range 
as suggested by Krumpolc and Rocek (8) are 
[CrV(OH)(EHBA)2] (neutral), [CrVO(EHBA)2]-(mono - 
anionic) and another species containing only one EHBA 
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Figure 1. (A). Plot of logkobs versus log [A.A] ([Cr v] = 3.00 x 
10-amoldm-3; [EHBA] = 1.00 x 10-2moldm -3 [H +] = 
1.00 x 10-3 mol din-3; AcOH = 25.0% (v/v); Temp = 303 K) 
(B). Plot of 104/kobs versus 1/[S] where [S] = [A.A] ([Cr v] = 
3.00 x 10-3moldm-3; [EHBA] = 1.00 x 10-2moldm -3 
[H +] = 1.00 x 10-3 moldm-3; AcOH = 25.0% (v/v); Temp = 
303 K) 
(C). Plot of logkob~ versus 102/D ([CRY]=3.00 x 10-3tool 
dm-3; [A.A] = 2.00 x 10-1moldm -3 [H +] = 1.00 X 10 .3 
tool din- 3; [EHBA] = 1.00 x 10- z mol dm- 3 Temp = 303 K). 
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molecule, the complex [CrVO(EHBA)-], which exists as 
shown in the following equilibria. 

K1 
[CrV(OH)(EHBA)2]~[CrVO(EHBA)z] - + H + (1) 

K 2 
[CrVO(EHBA)2] - ~ [CrVO(EHBA)] - + EHBA (2) 

If [CrVO(EHBA)2]- is the reactive form of chromium(V), 
the rate should increase with decrease in [H +] and 
increase in [EHBA] according to equilibria (1) and (2). 
This phenomenon was in fact observed, suggesting that 
the monoanionic species [CrVO(EHBA)2]- could be the 
most probable reactive species under the experimental 
conditions. Complex formation between chromium(V) 
and alcohol was confirmed by the shift in the 2 .... of 
chromium(V) when alcohol was added. 

In view of these considerations, we propose a mechan- 
ism involving formation of a complex between a negative 
ion, (Cr v) and dipole (alcohol), which in turn dissociates 
into products by the elimination of hydride ion from the 
a-carbon of alcohol in a slow step. This contention is 
supported by the effect of the dielectric constant (D) on 
the reaction rate; a negative slope was obtained for a log 
k plot versus 1/D (Figure 1C). Scheme 1 is therefore 
suggested as a possible course of the reaction. 

[CrVO(EHBA)2]- + H z C = C H C H 2 O H  
(s) 

OH H 
K r ~ 1  

~,_~_ [ ( E H B A ) 2 - - C r •  - (3) 
I 

H 

(c) 

( C )  k C H 2 = C H C H O  + [(EHBA)2CrnIOH] + H + (4) 

Scheme 1 

Scheme 1 leads to the rate law (5) 

- d[Cr(V)]/dt = kK[Cr(V)] [alcohol]/ 

[1 + K[alcohol]  (5) 

kK [alcohol] (6) 
k~ = 1 + K[alcohol]  

Equation (6) predicts a first order dependence of reaction 
rate on alcohol at higher concentrations and zero order 
dependence at lower concentrations. This trend could not 
be observed in the present study due to experimental 
difficulties outside the concentration range (0.06 
- 0 . 6 m o l d m  -3) of alcohol. Taking reciprocals of 
equation (6) we obtain: 

1/kob~ = 1/kK[alcohol] + 1/k (7) 

According to Equation(7) a plot of 1/kob~ versus 
1/[alcohol] should be linear with an intercept. This result 
has been obtained in the present case (Figure 1B), sup- 
porting the proposed mechanism. Similar behaviour was 
also observed in the ruthenium(VI)-catalysed oxidation 
of unsaturated alcohols by hexacyanoferrate (9). From the 
slope and intercept values of these plots at different 
temperatures, formation (K) and disproportionation (k) 
constants of the complexes were calculated (Table 2). 
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Table 2. Formation constants, disproportionation constants, thermodynamic and activation parameters for the CrY-unsaturated 
alcohol reaction a. 

Alcohol K 104 k Eex p AH ~ AG ~ AS ~ 
(din3 tool - I  ) (s -1 ) (kJ mot -1 ) (kJ mo1-1 ) (kJ tool -1 ) (J K-1 tool -1 ) 

- 76.5 -- 11.0 288 
Cinnamyl 77.2 13.9 43.0 b 45.5 b 67.5 b -- 72.6 u 

- 55.5 - 7.55 208 
Croty! 20.0 11.2 51.6 b 54.5 b 68.0 b - 45.8 b 

- 34.6 - 1.55 119 
Allyl 1.85 7.80 60.5 b 63.0 b 68.9 b - 19.4 b 

a[Cr v] = 3.00 x 10- 3 mol dm- 3; [H + ] = 1.00 x 10- 3 mol dm- 3; [EHBA] = t.00 x 10- 2 tool dm- 3; Temp = 303 K; bActivation parameters. 

Table 3. Reactivity of various organic compounds towards Crv 

Substrate 106 kob~ 
(s- ~) 

PhCH=CHCH2OH 613 
Crotyl alcohol 92.0 
CH2=CHCHaOH 64.1 
P h C H = C H C H O  10.2 
Acrolein 2.90 
n-BuOH 1.60 
n-PrOH 1.20 

"[CrVj =3.00 x 10 -3 mol dm 3; [EHBA] = 1.00 x 10 -2 mol dm -3 
[ H + ~ = l . 0 0 x 1 0  3 tool dm 3; A c O H = 5 0 % ;  T e m p = 3 0 3 K  
[substrate] = 0.025 mol d in -  3. 

The order of reactivity of these three alcohols is 
cinnamyl > crotyl > allyl alcohol. The high reactivity 
of cinnamyl and crotyl alcohol is attributed to resonance 
stabilization and greater positive character of the transi- 
tion state in these reactions compared with the allyl 
alcohol reaction. This conclusion receives support  from 
the equilibrium constant data (Table 2). The unsaturated 
acids viz., acrylic and cinnamic acid, did not undergo 
perceptible oxidation under the experimental con- 
ditions, indicating that C = C  is unaffected by 
chromium(V). This result is also confirmed from the 
identification of the product, viz. acrolein, obtained from 
allyl alcohol. The unsaturated aldehydes undergo slow 
oxidation by chromium(V) (Table 3). The oxidation rates 
for allyl, crotyl and cinnamyl alcohol were found to be 
much greater than their corresponding saturated analo- 
gues viz., n- propanol  and n-butanol. The greater reacti- 
vity of the former is attributed to the formation of 
mesomeric intermediates (+ C H 2 - - C H = C H - - O H  , 

C H 2 = C H - -  + C H - - O H ) ,  which are known to be highly 
reactive. A similar trend was also observed by Jones and 
Waters (7) during their study on the oxidation of allyl and 
crotyl alcohol by vanadium(V). 

The disproportionation constant k and the activation 
parameters, Ea, AH ~, AG* and AS* are given in Table 2. An 
examination of the latter reveals that the fastest reaction 
has the lowest activation energy, indicating that the 
reactions are enthalpy controlled. The negative entropies 
of activation for crotyl and cinnamyl alcohol might be due 
to the formation of a more rigid complex. The formation 
constants, K and the thermodynamic parameters, AH ~ 
AG ~ and AS ~ have also been calculated and are listed in 
Table 2. 
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