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KINETIC STUDY OF THE OXIDATION OF PROPAN-1-OL BY ALKALINE
HEXACYANOFERRATE(IIl) CATALYZED BY RUTHENIUM
TRICHLORIDE

A. E. MUCIENTES* F. J. POBLETE, M. A. RODRIGUEZ AND F. SANTIAGO

Departamento de Quimica Fisica, Facultad de Quimica, Universidad de Castilla-La Mancha, Campus Universitario s/n, 13071 Ciudad
Real, Spain

The oxidation kinetics of propan-1-ol by alkaline hexacyanoferrate(l11) catalyzed by ruthenium trichloride were studied
spectrophotometrically. Theinitial rate method was used for kinetic analysis. The reaction rate shows a fractional order
in [oxidant] and [substrate] and a first-order dependence on [RuCl;]. The dependence on [OH ] is complicated. A
reaction mechanism involving two active catalytic speciesis proposed. Each one of these species forms an inter mediate
complex with the substrate. The attack of these complexes by hexacyanoferrate(l11) in rate-determining step produces
aradical species which isfurther oxidized in the subsequent step. © 1997 John Wiley & Sons, Ltd.
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INTRODUCTION

The oxidation of organic compounds by hexacyano-
ferrate(l11) is generaly slow. However, trace amounts of a
transition metal such as osmium(V111),* ruthenium (111)? or
iridium(111)® is normally sufficient to catalyze many such
oxidations.

In the hexacyanoferrate(lll) oxidation of acohols and
diols, different ruthenium catalysts, e.g. Ru(l11),** Ru(V1)®
and Ru(VIII),” have been used. The ruthenium(lll)-cata-
lyzed oxidation of some acohols by akaline
hexacyanoferrate(I11)%° generally proceeds via the forma-
tion of a complex between the ruthenium(l11) species and
the substrate and its subsequent disproportionation (slow
step) into oxidation products and ruthenium—hydride spe-
cies. The ruthenium—hydride species are rapidly
reconverted to ruthenium(lll) by hexacyanoferrate(lll).
Thus the order with respect to the hexacyanoferrate(lll) is
zero.

In this paper, we report on the oxidation of propan-1-ol
by akaine hexacyanoferrate(lll) using ruthenium(lil) as
catalyst. We found the oxidation rate varies with the initial
hexacyanoferrate(l11) concentration. Moreover, the forma-
tion of free radicals in the reaction mixture was detected.
These results, which have not been reported previously
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(although we have described a radical mechanism for the
oxidation of butane-2,3-diol'), led us to propose a hydro-
gen-atom transfer mechanism that assumes the attack of
hexacyanoferrate(l11) on the substrate—catalyst complex in
the rate-determining step.

EXPERIMENTAL

Materials. Thereagents employed were potassium hexa
cyanoferrate(ll1), sodium hydroxide, sodium perchlorate,
propan-1-ol (al of A.R. grade, Merck) and ruthenium
trichloride (Johnson-Matthey). All the solutions were pre-
pared in water obtained using a Millipore Milli-Q water
purification system. A stock solution of ruthenium trichlor-
ide (2:4x 10~ m) was prepared by dissolving the samplein
very dilute hydrochloric acid (16-38x 1072 m). The ionic
strength was kept constant at 0-5m by adding sodium
perchlorate.

Kinetic measurements. The temperature of the reaction
was kept constant at 30-0+0-1°C. The reactions were
initiated by addition of propan-1-ol to other reagents. The
progress of the reaction was followed spectrophotomet-
rically by measuring the optica absorbance of
hexacyanoferrate(l1) a 420 nm on a Shimadzu UV-160
spectrophotometer. In al the kinetics, an excess of propan-
1-ol and sodium hydroxide over the oxidant was used.

The initial rate method™ was used for kinetic analysis.
While such a method is perfectly compatible with the
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normal standards of experimental accuracy, in certain
circumstances it offers advantages over the integral method
(e.g. the presence of competitive reactions is considerably
less important when the initial rate method is employed).
Although both aldehyde and acid were detected as reaction
products, the oxidation of alcohol to adehyde can be
studied by using this method, thus overcoming the over-
oxidation problem.

The initial rates were obtained by fitting the absorbance
versus time data, for a small percentage of the reaction
(5% or less),”” to a dtraight line, A= ay+ayt, by the
least-squares method; the slope provides the initia rate,
Vo=ay=— (dA/dt), given in absorbance units. The initia
rate, v, expressed in mmin~!, is given by
vo=— Ue(dA/dr)y=— (d[Fe(CN)s>~1/di),, where
£=1000m *cm™* at 420 nm.

Products and stoichiometry. Product analyses were
performed on a Hewlett-Packard Model 5890 Series Il gas
chromatograph equipped with a BP-21 polyethylene glycol
column (50 mx 0-22 um i.d., 25 um film thickness). The
reaction products were determined under the following
kinetic conditions: [propan-1-0l]=0-6 m,
[FE(CN) ]=1-2x10"3m, [RuCl;]=121x 10" m,
[NaOH]=0-2m and I=0-5m. After complete reduction of
hexacyanoferrate(l11), the organic products were separated
from the reaction mixture by extraction with diethyl ether.
The ether solution was analyzed by gas chromatography and
it was found that propanal (60%) and propionic acid (40%)
were the reaction products. We took the ether solution as a
reference, obtained from the extraction of an akaline
solution, [NaOH] =0-2 m, where [propan-1-ol] =[propanal]
=[propionic acid] =0-1 m.

Moreover, under the conditions [Fe(CN)¢3~ ] > [propan-
1-0l] and [RuCl;]=1-21x10"°m, [NaOH]=02m and
1=0-5 m, the reaction was allowed to go to completion and
the residual oxidant concentration was determined spec-
trophotometrically. These measurements indicate that 1 mol
of alcohol reacts with 4 mol of oxidant, suggesting that the
adehyde, formed in the first instance, is further oxidized to
propionic acid. Therefore, the stoichiometry of the reaction
based on propanal as oxidation product is as follows:

C,HsCH,OH + 2Fe(CN)¢*~ +20H —
C,H,CHO+2Fe(CN)s* +2H,0 (1)

RESULTS

Effect of Fe(CN)Z~ concentration

The variation of the initial rate, v, as a function of the
oxidant concentration is shown in Figure 1. It is observed
that v, varies linearly with the hexacyanoferrate(l11) concen-
tration at low concentrations (first-order kinetics) and
becomes independent of hexacyanoferrate(lll) concentra-
tion at high concentrations (zero-order kinetics). When 1/v,

© 1997 John Wiley & Sons, Ltd.
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Figure1l. Effect of [Fe(CN): "] on the initiad rate.

[RuCIj]=121X10"%m; [=0-5m; T=30°C. (a) [propan-

1-0l]=0-6 m, [NaOH]=0-1 m; (b) [propan-1-0l]=0-2 m,
[NaOH] =004 w; (c) [propan-1-0l] =0-2 m, [NaOH] =0-3 m

was plotted versus 1/[Fe(CN)2"], straight lines with
positive slopes and intercepts were obtained.

Effect of propan-1-ol concentration

It was observed that at low concentrations of propan-1-ol
the initial rate is proportiona to [propan-1-ol] (first-order
kinetics); at a higher concentration of propan-1-ol theinitial
rate becomes independent of that concentration (zero-order
kinetics). This variation was studied for different concentra-
tions of hydroxyl ions. The plots of 1/v, versus
1/[propan-1-ol] gave straight lines with positive slopes and
intercepts (Figure 2), which corresponds to the equation

1 b
TN @

where [§] is the propan-1-ol concentration. This result
suggests a Michaelis—Menten-type dependence of the initial
rate on the concentration of propan-1-ol.

A linear correlation was obtained by plotting b versus
1/[F&(CN) "], with a positive intercept. The plot of a
versus 1/[Fe(CN)s>"] was linear with a zero intercept.
Hence the experimental rate equation that shows the
dependence of initial rates on oxidant and reductant
concentrations can be written as

KOXI[S]

Tk S +k[OX] 3
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Figure 2. Plot of 1/v, Versus 1/[propan-1-ol].

[F(CN) ]1=12Xx10%m; [RuCly=1-21X10 "®m; [=0-5m;

T=30°C. (a8 [NaOH]=0-04m; (b) [NaOH]=0-15m; (c)
[NaOH] =0-3 m; (d) [NaOH] =0-4 m

where [Ox] is the potassium hexacyanoferrate(l11) concen-
tration.

Effect of the basicity of the medium

It was observed (Figure 3) that the initial oxidation rate
increases at lower concentration of hydroxide ions, reaching
amaximum; further addition of sodium hydroxide decreases
the initial rate. It was also observed that when the propan-
1-ol concentration increases, the maximum occurs at higher
concentration of hydroxide ions.

No simple mathematical relationship that might justify
the dependence of v, on [OH ] was found. This indicates
that the variation of the initial rate with the basicity of the
medium is complicated, and obeys the general equation

_Ag+A[OH J+A[JOH [P+ -
"0 148, [OH J+B,[OH 1%+ - --

(4)

where A,=0 since v, approaches zero when [OH ] tends
towards zero.

Equation (4) was fitted with the help of a non-linear
regression program and the best total average error for this
equation was found to be 4-5% for grade two. Therefore,
equation (4) may be reduced to

A,[OH ] +A,[OH"]?

0= 14B,[OH ]+B,[OH |? ®)

© 1997 John Wiley & Sons, Ltd.
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Figure3. Effect of [NaOH] on the initid rate

[F(CN)?"]1=12X10"%*m; [RuCly]=121X10"%m [I=0-5wm;

T=30°C. (8 [propan-1-o0l] =0:05 m; (b) [propan-1-0l]=0-2 m; (C)

[propan-1-0l]=0-4m; (d) [propan-1-0l]=0-6wm; (€) [propan-
1-0l]=0-8m

Effect of RuCl; concentration

The plots of v, versus catalyst concentration were linear
with zero intercet (Figure 4). Hence the kinetics are first

0.0 05 1.0 1.5 2.0 2.5
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Figure4. Effect of [Ru(lll)ly on the initid rate

[FE(CN)# 1=12%10"%wm; I=0-5m; T=30°C. (a) [propan-

1-0l]=0-3 m, [NaOH] =04 m; (b) [propan-1-0l]=0-2 m,

[NaOH]=0-15wm; (c) [propan-1-0l]=0-4m, [NaOH]=0-2wm; (d)
[propan-1-0l] =0-6 m, [NaOH] =0-1 m
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order in catalyst concentration and the rate of the uncata-
lyzed reaction is negligible in comparison with the
catalyzed reaction.

Absence of polymerization of RuCl,

No evidence for the existence of oxo-bridged ruthenium(l11)
complexes was obtained from the following experiment. A
1x10*m solution of 2,2'-bipyridine in toluene was
added to a 5x10 °m solution of Ru(lll) in O1wm
NaOH. The organic ligand was slowly extracted into the
aqueous phase. The spectrum of the aqueous phase was
then recorded. The absence of an intense band about 650 nm
indicates that oxo-bridged dimers such as [(bipy),(H,O)
RUORu(H,0)(bipy),|** are not formed.™

The absence of oxo-bridged Ru(lll) complexes was also
confirmed as follows: the evaporation of a 24x107%m
solution of RuCl; in 0-04m NaOH to dryness yielded a
green solid. The IR spectrum of this solid did not display
any absorption bandsin the 800-900 cm™ ! region, where an
asymmetric stretch for linear M—O-M species®® is normally
located.

Substituent effects

Under kinetic conditions, the tertiary alcohol 2-methylbu-
tan-2-ol was unreactive, implying that a hydrogen on the
a-carbon of the alcohol is necessary for the reaction to
occur.

Reaction with alcohols

It is well known that methanol is more difficult to oxidize
than propan-2-ol by a one-electron (hydrogen atom ab-
straction) path: AH°(R-H)=95-9 kcal mol ~* (1 kcal=
4-184 kJ) for CH;OH and 90-7 kcal mol ~* for (CH,),CHOH
[AH°(R-H) is the bond dissociation energy at 298 K
for the gasphase reaction RH—R+H].* Thus, we
obtained v, (methanol)=0-37x10"° and v, (propan-
2-0)=1-26x10"*m min~* for the conditions
[alcohol] =05 m, [KsFE(CN)g]=12x 10 3 m,
[NaOH] =0-2 m, [RuClj]=1-21x 10~ ®m and /=05 m. This
result suggests a hydrogen atom abstraction in the rate-
determining step.

Detection of freeradicals

When acrylonitrile (0-01m) was added to the reaction
mixture, in a typical kinetic experiment, the initia rate
decreased (25%). Also, when acrylonitrile (0-7 m) was
added, large amounts of polymer were formed after a few
minutes, indicating the formation of free radicals in the
reaction. No polymeric species were formed when acryloni-
trile (0-7m) was added to the reaction mixture without
propan-1-ol.

© 1997 John Wiley & Sons, Ltd.

Activation parameters

Under the conditions [propan-1-0l]=0-5 m,
[FE(CN)3"]=1-20x 103 m, [RuUCl;]=121x 10" m,
[NaOH]=0-3m and I=0-5wm, the experimental activation
parameters found were AH =56-07kJmol™! and
AS*=—148-38 JK *mol .

MECHANISM

Before considering the probable oxidation mechanism, it
may be helpful to discuss the species of ruthenium(lil) that
may act as catalysts in the reaction.

The electronic spectra of Ru(H,0);OH*" and
Ru(H,0)s;OH?* show absorption peaks at 225 and 290 nm,
respectively, which are assigned to ligand to metal charge-
transfer transitions. Both spectra display a much weaker
peak at 392 nm assigned to an allowed d—d transition.’®

When the pH of a4x 10~ °wm agueous solution of RuCl,
isincreased by stepwise addition of NaOH, three absorption
peaks at 212, 280 and 390 nm are observed. First, as[OH 7]
increases the intensity of the peaks at 280 and 390 nm
increases. In the interval [OH ™ ]1=10"3-0-4 m the intensity
of the peaks at 212 and 390 nm increases while the intensity
of the peak at 280 nm decreases dightly. Moreover, the
absorption peaks are dlightly shifted. In the interval of
[OH"] used, three unclearly defined isosbestic points
located at about 219, 357 and 429 nm are observed. This
optical behavior could involve the existence of several
hydroxo—aquo ruthenium complexes in equilibrium:

Kq
RU(H,0)* +OH~ =Ru(H,0).0H*+H,0  (6)
Ky
Ru(H,0);0H?*+OH~ =Ru(H,0),(OH),"+H,O (7)

K;
Ru(H,0),(OH),"+OH~ =Ru(H,0);(OH);+H,0 (8)

where pK,=—11.1.%

Literature data suggest that ruthenium trichloride existsin
agueous alkaline media as [Ru(H,0),_(OH),]¢ ", where
x is aways <6.7*° Anderson and McConnell® observed
similar species for hydroxo—aquo ruthenium(lV) com-
plexes.

Given the tendency of Ru(lll) complexes to form oxo-
bridged species, the existence of polynuclear species such
as (H,0)sRu(OH),Ru(H,0); is probable. Thus, an equation
similar to equation (7) may be written:

K}
Ru,(OH),**+OH ™~ =Ru,(OH)** 9)

However, the behavior of ruthenium trichloride under the
experimental conditions seems to be similar to that of
Ru(lV), which has been shown to polymerize slowly.®
Furthermore, the oxo-bridged dimers have not been
detected by using the aforementioned 2,2’-bipyridine test.
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Therefore, we propose a mechanism involving cataytic
paths by both the ruthenium complexes Ru(H,0),(OH),*
and Ru(H,0)4(0OH),, because equilibrium (6) is largely
shifted forwards under the experimental conditions.

The dependence of rates on the concentration of propan-
1-ol suggests the formation of an intermediate complex
between the acohol and the active species of the catalyst.
Therefore, for the species Ru(H,0),(OH),* the following
may be written:

ky
Ru(H,0),(OH),"+RCH,OH ﬁC1++ H,O (20

where R=CH,CH,.

Cundary and Drago® have shown that a prior coordina-
tion between the substrate and the metal via hydroxylic
oxygen, before hydride transfer from methanol to the oxo
ligand of Ru(HN=CHCH=NH),(NH,)O?", lowers the acti-
vation energy. Such an intermediate complex in the
Ru(H,0),(OH),* reaction with propan-1-ol would have the
following structure:

+
H
N R
HO ciH
HORu~—O ct
H

The formation of this cyclic intermediate would certainly
contribute to the large negative value of entropy observed.
A similar intermediate has been proposed in the reaction of
CrO?** with methanol .»

Prior coordination may explain why sterically hindered
acohols react more dowly? We  obtained
v9=6-2x10"°m min~! for (CH,),CHOH and
v=1:0x10"°m min~* for CH,CH,OH using the following
conditions: [alcohol]=0-1m, [K;Fe(CN)]=1-2x10"3m,
[NaOH]=02m, [RuClj]=20x10"°m, 7I=05wm and
T=30°C.

To explain the effect of hexacyanoferrate(lll) on the
initial reaction rate, we propose the attack of the complex by
the oxidant, in a slow step [equation (11)], producing
Ru(H,0)sOH?* and a free ketyl radical:

ky .
C; +Fe(CN)3~ — RCHOH +Fe(CN)¢~ +Ru(H,0)sOH** (11)

This attack could involve a hydrogen-atom transfer from
the «—C—H bond to the oxygen of the hydroxo ligand of
ruthenium and an outer-sphere one-electron transfer from
the ruthenium to the oxidant. This hydrogen atom abstrac-
tion is supported by the conventional reactivity order for the
aforementioned oxidation of methanol and propan-2-ol. The
radical nature of reaction (11) was inferred on the basis of
the previously discussed polymerization test.

Awasthi and Upadhyay?® have also proposed a slow step
for the ruthenium(l11)-catalyzed oxidation of formaldehyde
and acetaldehyde by akaline hexacyanoferrate(l11) which
involves the attack of the ruthenium(l11)—substrate complex
by hexacyanoferrate(l11).

© 1997 John Wiley & Sons, Ltd.

Finally, hexacyanoferrate(l11) reacts with the ketyl radical
to yield the reaction products, i.e. propanal and hexa
cyanoferrate(ll):

Fe(CN)2~ +RCHOH—Fe(CN)s* +RCHOH  (12)

RCHOH +OH~ —RCHO+H,0 (13)

We can write the same mechanism for the other active
species of the catalyst:

&
RU(H,0)5(OH)s+ RCH,0HF C,+H,0 (14)
ky .
C,+Fe(CN)#~ — RCHOH +Fe(CN)¢*~ + Ru(H,0),(OH),*
(15)

The next steps would be the same as those of reactions
(12) and (13). Hence the disappearance rate of hexa
cyanoferrate(lll) is given by

- W agemon+akiciion ()

By applying the steady-state hypothesis to both com-
plexes C," and C,, we obtain

_ki[S][Ru(H,0),(CH),"]

[Ci1= k_,+k,[OX] (17)
_K3[SI[Ru(H,0)5(OH),]
[C1= k_4+k,[OX) (18)

The total ruthenium(l11) concentration may be obtained
from the mass balance:

[Ru(l11)]r=[Ru(H,0)s0H**] +[Ru(H,0)(OH),"]
+[Ru(H;0)5(OH)4] +[C, "] +[CJ] 19
where
[Ru(H,0),(OH),"] =K [Ru(H,0)sOH*"][OH"]  (20)
[from equilibrium (7)] and
[RU(H,0)5(OH),] =K[Ru(H,0),(OH),"][OH"] (21)
[from equilibrium (8)].
Thus assuming that
k_+k[OX]=k_;+k,[OX] (22)
and replacing the expressions for [Ru(H,0).0H*],
[Ru(H,0),(0OH),*], [Ru(H,0O)5(OH),4] and [C,] in terms of
[C,*] into equation (19), solving for [C,*] gives
[C]=
kK, [OH™][S][Ru(l)]+

23
(1+K,[OH]+K,K,[OH 1) (k -, +k,[OX]) )
+[S](k,K,[OH ] +k:K, K,[OH"]?)
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It follows from equations (17), (18), (21) and (22) that
[C1=1 KIC, TIOH | (24)

and therefore [C,] in terms of the total concentration of
ruthenium(lI1) is

[Cl=
ks K\ Ko[OH ™ TSI [Ru(lD]

25
(1+Ky[OH"]+K K [OH " J?) (k- +k,[Ox]) )
+[S](k,K\[OH "]+ kK, K[OH 1%

Substitution of the expressions for [C,"] and [C)]
[equations (23) and (25)] into equation (16) leadsto reaction
rate:

d[ox]
dr

2(k kK [OH "]+
kk,K K-[OH~1A)[OX][S][Ru(l1)];

(1+K,[OH™]+K,K,[OH 1) (k_ , +k,[Ox])
+[S](k,K,[OH™]+k:K, K,[OH %)

This eguation indicates that at low concentrations of
either hexacyanoferrate(ll) or substrate the rate is propor-
tiona to either [Ox) or [S]; a a higher concentration of
either the rate becomes independent of that concentration.
Equation (26) shows aso a first-order dependence on
[catalyst] and the same complicated dependence on [OH "]
as observed experimentally. Therefore, all the experimental
results are in complete agreement with the rate equation
(26). This equation can be expressed as follows:

dox]
dr

2{P(D[OH"1+P(J[OH "I OX][SI[Ru(I]

{1+P(3)[OH "1+ P(4)[OH " 13{P(5)+P(6)[Ox]}
+[S{P(7)[OH"]+P(§[OH "]}

The kinetic data were fitted to equation (27) using a non-
linear regression program based on the Marquardt
algorithm.® The values obtained for the parameters of
equation (27) were P(1)=2.97x10", P(2)=4-22x 10°,
P(5)=1-00x 10° P(6)=3-42x 107, P(3) x P(5) =1-00 x 10,
P(3) x P(6)=7-45x 10° P(4)=1-64 x 10°, P(4)xP(5)=
1.63x10° P(4)xP(6)=9-57x10°, P(7)=2:07x10° and
P(8)=1.00x 10°. The agreement between vg(calc) and
vo(exp) is satisfactory, as observed in Figure 5. The average
error of equation (27) was 5-90%.

© 1997 John Wiley & Sons, Ltd.
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