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Mechanistic and Kinetic Investigation of Liquid—Liquid Phase Transfer Catalyzed
Oxidation of Benzyl Chloride to Benzaldehyde
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The kinetics and mechanism of liquitiquid phase transfer catalyzed oxidation of benzyl chloride with
chromate salts is investigated in great detail in a systematic way to throw light on the selectivity of the
reaction to benzaldehyde. This system presents a complex case of consecutive and parallel reactions in which
benzyl alcohol is formed as an intermediate which is further oxidized to benzaldehyde. The results are novel,
and the experimental data fit the theoretical model very well.

chromic acid in which the reaction was found to be first order
in the concentration of each of benzyl chloride, oxidant, and
*. The mechanism involves rapid formation of a chromate
ester which subsequently decomposes to afford benzaldehyde
and Cr(IV) species. The reaction was overall third order.
Pletcher and Taif have studied the oxidation of alcohols with
stoichiometric quantity of dichromate 3 M agueous sulfuric
acid using tetrabutylammonium bisulfate as the phase transfer
catalyst (PTC). They have suggested that the reaction proceeds
via disproportionation of chromate ester in which the proton
catalyzed disproportionation of Cr(V) or Cr(IV) to Cr(VI) is
important. Cr(VI) in aqueous solution exists as a pH-dependent
mixture of several species as given below:

1. Introduction

Phase transfer (PT) catalysis has become a pervasive an
widely accepted synthetic tool, notwithstanding several limita-
tions on its commercial exploitation. However, there is very
limited information on the kinetics of multiphase PT catalysis
reactions, in liquie-liquid, liquid—solid, liquid—liquid—solid
(triphase) systems, particularly those involving complex mech-
anisms and series and/or parallel steps; for instance, the
oxidation of benzyl chloride with aqueous chromate salts is such
a case.

On laboratory scale, inorganic oxidizing agents have been
reported for the oxidation of benzyl chloride or benzyl alcohol
using solid-liquid (S—L) or liquid—liquid (L—L) systems, and
some of these include hypochlorite, chromic acid, chromates,
dichromates, hydrogen peroxide, etc. There is a dearth of
accounts on the mechanism and the kinetics of oxidation of alkyl
or aralkyl halides with chromate and dichromate ions under
phase transfer catalysis. This study was therefore undertaken
to investigate the Ii'quieH'iquid phase transfer ca‘galyzed oxida- All of the above species are capable of forming ion pairs
tion of benzyl chloride with aqueous chromate/dichromate salts. ith the PTC cation which are partitioned into the organic phase.
However, the different Cr(VI) species may not be equally active
for alcohol oxidation. Indeed there is an evidefiddat the

Various phase transfer catalysts, such as quaternary oniumfirst step of oxidation of alcohol is
salts, crown ethers, and poly(ethylene glycol)s, have been used
for oxidation of alkyl and aralkyl halides and also of alcohols. (4)
Haldavanekdrhas reviewed the literatlde’ on the preparation
of benzaldehyde under phase transfer catalysis. A new tech- Chromate ester has a greater solubility in organic solvents
nique of capsule membrane phase transfer catalyzed oxidatiorthan water. Hence, Pletcher and Faibave suggested the
of benzaldehyde has emanated from this laborafory. following mechanism:

Cardillo et al** have reported the usefulness of chromate ion
as a nucleophile for the crown ether catalyzed oxidation of alkyl
halide to aldehyde in hexamethylphosphoric triamide (HMPT),
where the reaction proceeds viaShkplacement of the halogen
atom by chromate ion to form a chromate ester which further
decomposes to the corresponding carbonyl compound.

Cro,2” = HCro,” ~~ H,Cro, @)

_ _ ~HO o +H*+ _
HCrO, + HCrO, —— Cr,0,” —HCr,0, (3)

2. Literature Review and Suggested Mechanisms

HCrO,” + ROH— ROCIQ,” + H,0

HCrO,” + Q" — Q"HCrO,” (in aqueous phase) (5)

org. solvent
=

[QTHCrO, 1, [QTHCIO, ] org (6)

[Q"HCrO, ],y + RCH,OH—

R—CH,X + K,Cr0, ———— RCH,CrO,K — RCHO [RCH,0CI0; Q'Jog + HO (7)

)

Gopalan and Subbarayamave, on the basis of kinetic study,
proposed a mechanism for the oxidation of benzyl chloride by

[RCH,0OCr0;"Q"],,— RCHO+ Cr(IV) + Q"+ H"  (8)

3Cr(IV) — Cr(VI) 4 2Cr(lll) 9)

*To whom correspondence should be addressed. FAX: (91-22) 414 where the bracketed quantities denote ion pairs.
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Dey and Mahantf have studied the kinetics of oxidation of
substituted benzyl alcohols by quinolinium dichromate in DMF
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in the presence of an acid and found that no further oxidation these reactions into four regimes. The theory is presented here
of benzaldehyde occurred under their experimental conditions. in brief in the context of &=L PT catalysis on the basis of a
two-film model (Figure 1).
3PhCHOH + 2Cr(VI) — 3PhCHO+ 2Cr(lll) + 6H" (10) Regime 1: Very Slow Reaction (Figure 1a)he rate of mass
transfer of the ion pair containing the nucleophile'\J] into
The literature reveals that most of the published information the reaction phase is far greater than the rate of its reaction
is patented and very few researchers have reported details ofvith the substrate RX. The concentration of the ion pair will

kinetics of the oxidation of benzyl chloride underL PT be uniform throughout the reaction (organic phase), and the
catalysis. overall rate is governed by the kinetics of the homogeneous
chemical reaction. Here the speed of agitation will have no
3. Experimental Section influence on the rate of chemical reaction.
3.1. Chemicals and Catalysts.Benzyl chloride (BnCl), Reactie 2: Slow Reaction (Figure 1b)ln this regime, the

toluene, potassium dichromate, and sodium carbonate of AR 'ate of reaction is much greater than the rate of transfer of the
grade were procured from M/s s.d. Fine Chemicals Pvt. Ltd., ion pair [Q"Y ] from the interface through the liquid (organic)
India. Tetrabutylammonium bromide (TBAB) and cetyltrim- film to the bulk liquid face. The _overall rate is _governe_d by
ethylammonium bromide (CTMAB) were obtained from Spec- the rate of_ mass Fransfer. The_re is a concentration gradient for
trochem, India. Aliquat-336 was obtained from Aldrich. the ion pair, and its concentration in the bulk reaction (organic
3.2. Experimental Setup and Procedure.Reactions were p_hase) is zero. quever, no reaction_occurs in the diffusion
studied h a 5 cmi.d. fully baffled mechanically agitated film next to the L—-L interface in the reaction phase. Here speed
contactor of 250 mL capacity equipped with a six-bladed of agitation hasapronom_Jr_lced effect on_the_ovgra}ll rate pecause
pitched-turbine impeller and a condenser. The reactor was keptthe mass transfer coefficient and the liquidjuid interfacial
in a thermostatic bath whose temperature was maintained atdreas are dependent on the speed of agitation.
the desired value. Initially, the required amounts of BnCl and ~ Regime 3: Fast Reaction (Figure 1c)nder certain condi-
toluene were fed to the reactor and the mixture was heated totions, the reaction of ion pair [Q¥ “]Jorg @nd substrate RX occurs
the desired temperature. A known amount of the catalyst was While the ion pair is diffusing through the liquid (organic) film
then added to the reactor. An aqueous solution of potassiumfrom the interface. The chemical reaction and diffusion become
dichromate and sodium carbonate which had already attainedsteps in parallel. There is an enhancement in the rate of
the reaction temperature was added to the reactor at the saméliffusion due to reaction.
temperature, and the moment of its addition was considered as Regime 4: Instantaneous Reaction (Figure 1t this case,
the zero time. Samples were withdrawn at a definite interval the reaction is so fast that the ion pairf@ ]og and substrate
of time, and the organic phase was analyzed by gas chroma-RX cannot coexist. At a certain distandefrom the L—L
tography. interface in the liquid (organic) film, a reaction plane is formed
Preliminary experiments were conducted with 34.1 g (0.3705 at which both the ion pair and substitute RX are consumed by
mol) of toluene, 11.803 g (0.0932 mol) of BnCl, 1.5030 g of the reaction. The rate of mass transfer here is controlled by
TBAB (5% mol/mol of benzyl chloride), 50 mL of 0.93 M the rate at which [QY ~]oqand RX diffuse to the reaction plane.
potassium dichromate solution, and 2.4 g (0.0222 mol) of  There are also cases of overlaps between regimes 1 and 2,
sodium bicarbonate at 10C for 4 h. The pH of the aqueous  regimes 1, 2, and 3, and regimes 3 and 4 depending on the
phase was measured after addition of sodium bicarbonate andeaction conditions and mass transfer effects (see Doraiswamy
was found to be in the range 6:66.75. All other experiments  and Sharnt).

were done at a temperature of 1GD with TBAB as a catalyst The theory suggests that the mass transfer rates will be
except w_hen the effect of temperature on the rate of reaction important in regimes 2 and 4, and here the speed of agitation
was studied. will play a dominant role.

3.3. Method of Analysis. The progress of the reaction was

studied by analyzing the samples with a gas chromatography, a5 yaried under otherwise similar conditions from 500 to 1500
(Perkin-Elmer 8500 model) equipped with a flame ionization oo (Figure 2). The conversion of BnCl remained unchanged
detector (column: 3 mmx 4 m, stainless steel; stationary 4 4 particular time beyond 1000 rpm, thereby indicating absence
phase: 5% OV-17 on chromosorb W"_'P,)' Synthetic MiXtUres ot mass transfer resistance to the transfer of ion pairs across
were prepared and used for quantifying the reactant and g jnterface. It is possible to calculate the rate of mass transfer
products. at 1000 rpm from established correlations for-IL agitated
systems as given by Doraiswamy and Shatthdhus for the
concentration of PTC used in standard experiments it would be
4.1. Mass Transfer Accompanied by Chemical Reaction = most appropriate to compare the relative rates of mass transfer
and Locale of Reaction. L—L PT catalyzed reactions involve  and chemical reaction. A typical calculation is given here. The
diffusion of the ion pairs back and forth between the aqueous estimated value of volumetric mass transfer coefficient for the
and organic phases and the reaction between the substrate anidn pair at 1000 rpm is 0.3"$ and the rate of mass transfer for
the ion pair incorporating the nucleophile. Most of thelL the PTC concentration of 9.32 107> mol/cn® is 2.796x 107°
PT catalyzed reactions are known to occur in the organic phase(mol/cn?® of organic phase)/s, whereas the measured value of
wherein the concentration of the desired ion pair must be the rate of reaction is 3.18 10~7 (mol/cn® of organic phase)/
maximum for achieving higher reaction rates and conversions. s, which is almost 2 orders of magnitude lower. Thus, it is
It is thus necessary to ascertain the values of the relative ratesclear that the rate of organic phase reaction is very slow in
of mass transfer and chemical reaction to deduce mechanismsomparison with the rate of mass transfer of the ion pair from
and kinetics. The theory of mass transfer accompanied by the interface. The reaction belongs to the so-called regime 1
chemical reaction in 6L, L—L, S—L, G—L—S (reactant), and  of very slow reaction free of any mass transfer effects. To be
G—L—S (catalyst) multiphasic systems is well documented, for on the safe side, the speeds of reaction were always maintained
instance, by Doraiswamy and Sharfayho have classified at or beyond 1000 rpm in all other experiments.

4.2. Effect of Speed of Agitation. The speed of agitation

4. Results and Discussion
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Figure 1. Theory of mass transfer accompanied by chemical reactiorn-ib BT calatysis: Typical concentration profiles according to the four

regimes of operation. [QY ~].q = ion pair of nucleophile in aqueous phasef§Q]og = ion pair of nucleophile in organic phase. RXsubstrate.

02 = thickness of aqueous phase film next to interfagk k= thickness of organic phase film next to interface I. (a) Regime 1: very slow reaction.

The reaction occurs in the bulk organic phase as a homogeneous reaction. Mass transfer effects are unimportant. (b) Regime 2: slow reaction. The
reaction occurs in the bulk organic phase. No free concentration of ion pairs exists in the bulk organic phase. (c) Regime 3: fast reaction. Diffusion
of [Q"Y "]org and its reaction with RX are steps in parallel, and the reaction occurs in the organic liquid film next telthaterface. (d) Regime

4: instantaneous reaction. The reaction betweer¥[Q.g and RX is so fast that they cannot coexist in the organic phase( T{3 diffuses from

the L—L interface, and RX diffuses from the bulk organic phase into the organic liquid film and react at aipleora the interface. No free

[Q*Y 1oy exists beyond distanck and no free RX exists beyond distandg - 1) toward the interface. Note that for simiplicity other ion pairs

are not shown.

4.3. Mechanism and Kinetics of Formation of Benzalde- only taken into account in this work. The species @ is
hyde. 4.3.1. Formation of Chromate Estefhe various ionic formed in strong acid. The species HGrOis the only
reactions of potassium dichromate and water are given below. predominant species in the pH range& which was used in

the current work.

K,Cr,0, = Cr,0,>” + 2K* (12) 4.3.2. Reaction PathsSince several species are involved in
the reaction mixture which can possibly follow different series
Cr2072_ + H,0 == 2HCrO,” (12) and parallel reactions resulting in the formation of benzyl alcohol

(BnOH), benzaldehyde (PhCHO), dibenzyl ether (BnOBn),

benzoic acid (BnCOOH), and benzyl benzoate (BhCOOBN), it
is essential to conduct the experiments under controlled condi-
the transfer of monovalent ion from aqueous phase to organicions limiting the byproduct formation. Some experiments were
phase is easier than that of the divalent ion. To conve®g&r designed to trace the path of the reaction of benzyl chloride,

into HCrO,~, it was thought worthwhile to add N&Os to the leading to the formation of benzaldehyde, the main product.
reaction miiture. The selectivityS of benzaldehyde, in general, is defined as

Thus, in this case along with HC5Q, an appreciable amount
of Cr,0" is formed. Starks and Liottdhave reported that

_ [PhCHO]
~ [BnOH] + [BnOBn] + [BnCOOH] + [BnCOOBN]
Cro,”” +H"=HCro,” (14) (15)

Na,CO; + Cr,0,>” = 2 Na" + 2CrQ,” + CO, (13) s

Starks and Liott? have given an account of chromate The preliminary =L PT catalysis experiments on the
extraction, particularly HCrgy, CrQs2~, HCr,O;~, and CpO72~ chromate oxidation of benzyl chloride (BnCl) with tetrabuty-
into organic solvents by using the PTC. Itis shown that HCrO  lammonium bromide (TBAB) as a phase transfer catalyst at 100
and HCpO;~ are readily phase transferred provided the aqueous °C showed that the reaction led to the formation of BhOH and
phase is acidic, but almost no transfer of chromate anions occursPhCHO only. There was no oxidation of the solvent toluene

from alkaline agueous solutions. The dichromate anio@gr, at all which was independently confirmed under otherwise
in contrast to HCr@, is reported to be difficult to transfer into  similar conditions except the addition of benzyl chloride. There
an organic solution, as is typical of divalent anions. was no formation of dibenzyl ether or benzyl benzoate. Further,

In the current studies, the pH of the solution was such that it since PhCHO could be overoxidized to benzoic acid (BhCOOH),
was always slightly acidic. Thus, formation of [RCrO,7] is both the aqueous and organic phases were further analyzed. The
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Figure 2. Effect of speed of agitation on conversion of benzyl chloride.
Temperature= 100°C. [BnCl] = 1.86 x 10~3 mol/cn¥of organic phase.
[K2CrCr0O7] = 9.33x 10~* mol/cn? of aqueous phase. Vi) = Vol

= 50 mL. [NaCQO;] = 4.44 x 10~* mol/cn? of aqueous phase.
[TBAB]org = 9.32 x 1075 mol/cnrs.

TABLE 1: Typical Selectivity Profile of Benzaldehyde in
Standard Experimentst

selectivity ratio selectivity ratio

time (min) [PhCHOJ/[BnOH] time (min) [PhCHOQOJ/[BnOH]
0 0 90 0.85
15 0.21 120 0.91
30 0.24 180 1.28
45 0.38 240 2.00
60 0.45

aTemperature= 100°C. [BnCl] = 1.86 x 10~2 mol/cnfof organic
phase. [KCrCrO;] = 9.33 x 10~4 mol/cn? of aqueous phase. VigJ
= Volaq= 50 mL. [NaCOs] = 4.44 x 10~* mol/cn¥ of aqueous phase.
[TBAB] org = 9.32 x 10°5 mol/cn®.

pH—metric titration of the aqueous phase as well as extraction

of the organic phase with aqueous NaOH did not detect any

benzoic acid.
Thus,

__[PhCHO]

~ [BnOH] (16)

Table 1 shows a typical selectivity profile of benzaldehyde,
which increases with time, thereby indicating that BnOH was
further oxidized to PhCHO. Thus, triangular reaction paths
starting from BnCl leading to PhCHO, as depicted in Figure 3,

were formulated and the hypothesis was tested by conducting

different isolated experiments under otherwise similar conditions
at 100°C and in the absence of any mass transfer limitations.

The type of experiments required per these paths are as

follows (see Figure 3):

1. Hydrolysis of benzyl chloride with aqueous HGrQo
benzyl alcohol by two paths a and b:

J. Phys. Chem. A, Vol. 101, No. 1, 19939
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Figure 3. Triangular paths of reaction. The PT catalysis path is due
to the formation of [QHCrOs Jorg.

(i) Path & in the presence of PTC (rate constégt This
path is possibly due to the formation of an intermediate chromate
ester [RCHOCrO;~H*], which decomposes to BnOH and GO
which is immediately transformed to aqueous phase to regener-
ate HCrQ™ ions.

(ii) Path b: without a PTC (rate constamt). Since trace
hydrolysis of BnCl is known to occur in water, it is essential to
compare the relative rates of paths a and b leading to the
formation of BnOH and whether the contribution due to the
noncatalytic path b could be neglected.

2. Path ¢ Oxidation of benzyl alcohol, formed in situ, with
aqueous HCrg to benzaldehyde under PT catalysis conditions.
This reaction is possible because of the formation an intermedi-
ate chromate ester [PhGBEICrO;~Q*] of BnOH which further
decomposes to PhCHO. The possibility of formation of PhCHO
by a noncatalytic oxidation of BhOH ought to be also verified.
This is not shown in Figure 3 for reasons put forward later.

3. Path d: Oxidation of benzyl chloride directly to benzal-
dehyde with aqueous HCEOin the presence of a PTC.

4.4, Testing of the Hypothesis on Reaction PathsThe
non-PT catalysis reactions were conducted under otherwise
similar conditions to find out the contributions of these reactions
to overall conversion in the absence of any phase transfer
catalyst.

4.4.1. Path b: Hydrolysis of Benzyl Chloride(BnCl) with
Aqueous HCr@ without Phase Transfer CatalystThe hy-
drolysis of BnCl was carried out at 108C with aqueous
chromate solution but without the addition of a phase transfer
catalyst. It was interesting to note that the hydrolysis of BnCl
took place even in the absence of phase transfer catalyst and
BnOH was the sole product. However, the formation of
benzaldehyde was detected only in the presence of a phase
transfer catalyst. The rate of reaction can be described by a
first-order kinetics.

d[BnCI
_ diBnCl] = k[BnClI] (17)
dt
Upon integration eq 17 gives
—In(1 — X,) = kit (18)

whereX, is the fractional conversion of benzyl chloride.
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Figure 5. Oxidation of benzyl alcohol with HCr© under PT catalysis
| | . conditions. Speed= 1000 rpm. Temperature 100 °C. [BnOH] =
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Figure 4. First-order kinetics plot for the hydrolysis of benzyl chloride
in the absence of phase transfer catalystJiCr,0;] = 9.33 x 1074

and PhCHO given in Figure 5 shows a pseudo-first-order
mol/cn®. Volog = Volag= 50 mL. [N&CO;] = 4.44 x 10-* mol/cn.

behavior. Further, there was no benzoic acid formed because
the analysis of aqueous phase did not show any detectable

The kinetic plot of=In(1 — Xa) vs time is shown in Figure  pono0ic acid. The kinetics of this reaction were established from
4. It confirms that the reaction is first order with respect t0 {a gata up to 2 h.

benzyl chloride. The rate constagtwas found to be 3.4%

The rate of reaction of benzyl alcohol in presence of a PTC
105 51 at 100°C. 4 P

is given by
The above experiment also demonstrated that there was no
simultaneous formation of PhCHO directly from BnCl by a d[BnOH]
noncatalytic oxidation route. T g~ KalBnOH] (19)
To elucidate whether the presence of chromate is essential
or not, another set of experiments was conducted at a pH of where k;=kJ[PTC] (20)

6.6 between BnCl and water, both in the presence and absence

of phase transfer catalyst at 100. However, a very negligible  \herek, is a pseudo-first-order rate constant.
amount of BnOH was noticed even afteh of reaction. This Equation 19 can be integrated, to get
suggested that the species Hgr@vas necessary for hydrolysis
of BnCl.

4.4.2. Oxidation of Benzyl Alcohol (BnOH) with HGO
without Phase Transfer CatalystTo verify whether the
oxidation of BnOH requires a phase transfer catalyst or not,
typical experiments were conducted with BnOH and potassium
dichromate without the phase transfer catalyst at A00 No
formation of benzaldehyde was observed even after 4 h, which

Vv
suggested that the presence of phase transfer catalyst was need%@
for the oxidation of BnOH. Thus, further experiments were be
conducted in the presence of a PTC.

4.4.3. Path c: Oxidation of Benzyl Alcohol with HGO 4.4.4. Reaction of Benzyl Chloride with Aqueous HETO
with Phase Transfer CatalystTo examine the role of phase i the Presence of PTC: Path a or Path d or Botltds rather
transfer catalyst in the oxidation of BnOH, some experiments tricky to verify the formation of PACHO directly from BnCl
were conducted, under otherwise similar conditions, with by path d because of its parallel reaction by path a followed by
tetrabutylammonium bromide (TBAB) as the phase transfer path c. One of the ways is to tag some molecules of BnOH
catalyst at 100C. and add them in the reaction mixture. However, a simple way

There was a suspicion that dibenzyl ether might be formed is to carefully analyze the progress of the reaction vigsahe
from BnOH. However, the earlier literature on oxidation of concentration profiles of BnCl, BnOH, and PhCHO.
alcohol to benzaldehyde under PT catalysis conditions men- To establish the correct paths for the formation of benzal-
tioned no formation of dibenzyl ether. When samples drawn dehyde, several experiments were conducted with stoichiometric
at different times were analyzed, no detectable dibenzyl etheramounts of benzyl chloride and HCJOunder otherwise similar
was noticed upa 3 h or so. Theoncentration profile of BnOH conditions, with TBAB as the PTC. Figure 7 depicts the typical

—In(1 — Xg) = kst (21)

whereXg is the fractional conversion of benzyl alcohol.

A plot of —In(1 — Xg) against timet is given in Figure 6,
from which the value ok, is obtained as 1.1% 1074 s for
the TBAB concentration of 9.3% 107> mol/cn® (org). The
lue ofk. was calculated as 1.2123 éifmol s). It is thus
vious that only the phase transfer catalyzed oxidation of
nzyl alcohol leads to the formation of benzaldehyde (path
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Figure 6. Kinetics of plot of oxidation of benzyl alcohol with HCtO
under PT catalysis conditions. Speed 000 rpm. Temperature 100
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Figure 7. Reaction of benzyl chloride with aqueous HGrOn the
presence of PTC. Speee 1000 rpm. Temperature 100°C. [BnClI]
= 1.86 x 103 mol/cn®. [K.CrCrO7] = 9.33 x 10~* mol/cn?. Volog
= Volaq = 50 mL. [NaCOs] = 4.44 x 10~* mol/cne. [TBAB] org =
9.32 x 1075 mol/cn®.

concentration profiles of the reactants and products, and it is

divided in two regions, | (up to 2 h) and Il (beyond 2 h).

It is seen that the concentration of benzyl alcohol increases

J. Phys. Chem. A, Vol. 101, No. 1, 19971

throughout in region 1. The concentration of benzaldehyde is
less than that of benzyl alcohol in region I, and it becomes
greater in region II.

The concentration of benzyl chloride decreases continuously
in both the regions. However, an interesting trend is seen in
region Il. The BnCl concentration drop is linear in time in that
region, and simultaneously, the increase in concentration of
PhCHO is also linear in time. This suggests that the rate of
reaction of BnCl in region Il is independent of its concentration
and that of formation of PhCHO also independent of benzyl
chloride concentration. Further, the slope of concentration of
BnCl with time in region Il is identical and opposite in sign
with the slope of concentration of PhCHO in that region.

Since the concentration of BnOH is constant in region Il, its
net rate is zero, that is, the rate of formation of benzyl alcohol
(by path a) is equal to its consumption by path c to produce
benzaldehyde. It is obvious that the rate of reaction of benzyl
chloride is equal to the rate of formation benzaldehyde in region
.

If both the concentrations of benzyl alcohol and benzaldehyde
had increased with time, then it would have suggested that there
was no oxidation of benzyl alcohol and that benzaldehyde was
formed directly from benzyl chloride by path d. Under such a
case, benzyl chloride would disappear by two parallel reactions,
namely, one leading to the formation of benzyl alcohol and
another leading to the formation of benzaldehyde. However,
this supposition is contrary to the facts.

The material balance for region Il of Figure 7 is as follows:

Rate of reaction of benzyl chloride

—d[BnClI
% = k[PTC][BnCI] + k[PTC][BnCI] (22)
Net rate of formation of benzaldehyde

% = k[PTC][BNCI] — k[PTC][BNOH] (23)

=0 inregionll

Net rate of formation of benzaldehyde

d[PhdﬁL kPTC][BNCI] + k[PTC][BnOH] (24)
In eqs 21-23,
[PTC]=[Q"HCrO, ], (25)

From eq 23k{BnCl] = kJ[BnOH] in region II. Since bottk,
andk. are finite and BnOH is not overoxidized to benzoic acid,
it follows that for region I

—d[BnCl] _ d[PhCHO]
da dt

= k[PTC][BNnCI] = rate of formation of
BnOH from BnCl

= k[PTC][BnOH] = rate of reaction of BnOH
generated in-situ to yield PhACHO (26)

in region | up to 2 h, and thereafter, it remains constant Therefore, k;=0
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20

Transfer of HCrQ from Agueous Phase to Organic Phase

O BENZYL CHLORIDE

o BENZYL ALCOHOL TH At - _
X BENZALDEHYDE (Q X )aq+ HCrO, o= (Q HCrO, )+ X o (27)

pry
U
T

(The parentheses show the ion pair.)
Extraction of lon Pairs into Organic Phase
(Q'HCrO, ),q= (Q'HCrO, )y (28)
Reactions in the Organic Phase

PhCHCI + (Q"HCrO, ),y =
PhCHOCIOH + (Q"Cl),, (29)

CONCENTRATION x 104 gmol/cm3
=

PhCH,OCrOH = PhCHOH + CrO, (patha) (30)

0

0 50 100 150 200 750 Chromium trioxide dissolves in water with accompanying
TIME, min depolymerization, as given below:

Figure 8. Concentration profiles for reaction of benzyl chloride with
aqueous HCr@ in the presence of PTC (at higher concentration).

Speed= 1000 rpm. Temperature: 100 °C. [BnCl] = 1.86 x 103 (CrOy), + nH,0 — nH,CrO,(aq) (31a)
mol/cn¥. [K,CrCr0O;] = 9.33 x 1074 mol/cn®. Volog = Volaq = 50

mL. [Na,COs] = 4.44 x 10~* mol/cn?. [TBAB] org = 1.86 x 104 mol/ H,CrO, — HY + HCrO, (aq) (31b)
cne.

Further proof for the existence of path a through path c for which helps in regeneration of HCEO (refer to Cainelli and
the formation of the benzaldehyde is provided in what follows. Cardillo??). Equation 31 represents a hydrolysis reaction and
The independent experiments on the oxidation of BnOH (Figure not oxidation.

5 and Figure 6) show that the PT catalyzed oxidation of BnhOH
is first order in BnOH concentration. In region | of Figure 7,
the concentration of BnOH is always higher than that of PhCHO,
thereby indicating that the net rate of formation of BnOH (by
path a) is higher than the net rate of formation of PhCHO by PhCHOH + (Q+HCr04*)0rg<—_>

both paths c and d, up to 2 h. The initial rate of formation of _

BnOH and the initial rate of reaction of BnCl, as calculated (PhCHOCIO; Q7)o + HO (32)
from the concentration profiles in region | of Figure 7 indicate

that they are practically the same and hence contribution by _ R

the path d to the formation of PhCHO could be neglected. (PhCROCIG, Q+)0rg‘_PhCHO+ Cro, + Q +H"
Indeed, all experiments conducted thereafter confirmed the same. (33)
Table 1 also shows that the selectivity of benzaldeyde increases

with time at the cost of benzyl alcohol.

Another mechanistic interpretation is based on the relative N .
rates of formation of the chromate esters [PhOBrO;~ H'] HCrQ, + H" =H,CrQ, (34)
and [PhCHOCrO;-Q*] from BnCl and BnOH, respectively,
in the organic phase where the ion pair TlCrO,7] is - -
preferentially partitioned. [PhC#CrO; H*] immediately (Q'ClNog= (QCl ) (35)
decomposes to BnOH with Cg@s byproduct, which goes back
into the aqueous phase and is regenerated as IHCtlereby .
indicating that it is a hydrolysis reaction (path a) and not Let Q, be _the amount of quaternary salt addr_sd to the OrQa”'C
oxidation. The decomposition of PhGBICrO; H* directly to phase at timé = 0. The material balance d is as follows:
PhCHO is a dehydration reaction which is not favored in the
organic phase. To supplement these arguments, higher cony _ 1+ - + - -
centrations of catalyst and longer reaction times were chosenQO [QTHCIO, Jaq +[Q HCIO, o +1Q "X Jaq +
as shown in Figure 8, which depicts a continuous decline in [Q"X 1, (36)
[BNCl], [BnOH] goes through a maximum and declines slowly,
and [PhCHO] increases with time accordingly.

Thus, the reaction path for the formation of benzaldehyde As the distribution coefficient of quaternary salts is generally
under L—L PT catalysis from benzyl chloride is via the high in organic phase than in agueous phase,
formation of benzyl alcohol (path a) followed by its subsequent
oxidation (path c).

4.5. Measurement of Kinetics. The L—L PT catalysis

mechanism for formation of benzaldehyde from benzyl chloride ] . _ o
can now be described: if [Q"HCrO, J,q=[Q X ],4=0 (37a)

Now benzyl alcohol generated in situ reacts with i {ZTrO, ™)
in the organic phase.

Qo = [QJFHCI’OAJ] org + [Q+x7]org (37)
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The anion exchange equilibrium across the interface is

_ — K — —
(Q+X )org + (HCI’O4 )aqz (Q+HCI‘O4 )org +X aq (38)

_ [Q"HCrO, JodX Tag
[Q"X o HCrO, Taq

(39)
BUtv [Q+HCTO4_] org[x _] aq =
K{Q, — [Q;HCrO, 1,4 [HCrO, 1,, (40)

_KQo[ HCFO4_] aq_ (41)
[X 1aq+ KIHCrO, 1,4

Hence, [QHCrO, Jo=

Now, the net rates of reaction of BnCl and of formation
BnOH and PhCHO can be written as

—d[BnCl] _ KQ,[HCrO, ]4q
dt [BnCl] [[x Tagt K[HCrO4]aD] 42)
—d[thOH] = k{[BnCI] —
KQJHCrO, 1o
kC[BnOH]}{ [X Tag+ K[HCrO4]aJ 43)
d[PhCHO] _ KQ,[HCrO, 14
d k°[BHOH][ X g+ K[HCrouaa} )

The instantaneous selectiviBof PhCHO over BnOH is given
by the ratio of eq 44 to 43:

d[PhCHO] k[BNOH]
d[BnOH]  k[BnCl] — k[BnOH]

(45)
The left-hand side of eq 45 is the difference in concentrations
in time incrementd; andti+; and is given by

A[PhCHO] _ k[BNOH]
A[BnOH]  k,[BnCI] — k. [BnOH]

(46)

Thus, the selectivity is independent of catalyst concentration
or its type.

KQ[HCrO, 14
[X 1aq+ KIHCIO,

Let

— = constant= K, (47)
]aq

Equation 47 is the same as eq 41, &agl is the concentration
of [QTHCrO,] in the organic phase.
Equations 42 and 43 can be rewritten as

—d[BnCl]
—a k.K.iBNnCl] =k [BnCl] (48)
d[BnOH]
g = {kIBNCIl — k{BnOHJ}{K.} (49)
= k,[BNCI] — k4[BnOH] (50)

The value ofk; was obtained independently from the PT
catalysis oxidation of BnhOH to PhCHO from the slope of
—In(1 — Xg) vst (see section 4.4.3, Figure 6).
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d[PhCHO] _

dt - kc[BnOH]{ Kcat} = kcl[BnOH]

(51)

The above eq 51 can be analytically solved to get the
following (see for instance, Levenspdl provided Ky is
constant.

[BnCI] = [BnCl], e ** (52)
[BNOH] = [BNCl]of Ko/ (key — ko)) (€' — &™) (53)
[PhCHO]= [BnCl], — [BnCI] — [BnOH]  (54)

where the subscript represents initial concentration condition.
The time,tmax When [BnOH] attains a maximum is obtained
by setting the derivative of [BnOH] with respect to time as zero.

_In(kyrk:y)
" (e ) 59
From eq 52,
[BNOH] o = [BNCIl f kyy/ kit ™) (56)
BnCl
”[[B:cu]o = —In(1 — X,) = k.t (57)

KQHCIO, by | o
[X Tag+ KIHCTO, 1,

|

If K[HCrO4™] > [X]ag then eq 58 can be equatedkaQo,
from the slope of whiclk,; can be calculated.

From the independent oxidation of BnOH, the valuekgf
can be similarly found (see egs 19 and 21). The slope will be
equal tok.Qo.

Sincekys is known andk.; is also known independently as
given in section 4.4.3 it is possible to calculafg, the time at
which the concentration of BnOH goes to a maximum value,
from eq 55 at a particular concentrati@® of a PTC. This
value can now be verified with that obtained from the plot of
concentration vs time for the PTC catalyzed oxidation of BnClI.

Upon the basis of the above mechanistic and kinetic analysis,
the effects of the various pertinent variables which appear in
the final rate equation were studied to ascertain the validity of
the theory.

4.6. Effect of Catalyst Concentration. As given by eq 48,
the rate of reaction of benzyl chloride should be directly
proportional toK¢4;, Which is a function of the effective catalyst
concentration in the form of [HCrO, ] ion pair in the organic
phase. In other words, it is a function of the quaternary species
Q" and its distribution between the organic phase and aqueous
phase. Although it is most desirable to have the distribution
coefficient ([Q"HCrOs Jorg/[QTCl ]ag) greater than 100, a
conservative estimate shows that a value of above 10 or so
makes the PT catalysis process very effective and the rate of
reaction will be directly proportional to the catalyst concentration
added initially Q,) (see Dehmlow and Dehmld®).

The effect of catalyst concentration was studied for TBAB
in the range 9.32Z 1075 to 3.72x 10~ mol/cn? of organic
phase, by keeping all other variables constant. The results are
plotted in Figure 9, from which the initial rates of benzyl
chloride were calculated. Figure 10 shows the plot of initial
rate of reaction agains,. During the initial period, the
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Figure 9. Effect of catalyst concentration on conversion of benzyl Figure 11. Effect of concentration of benzyl chloride on conversion.
chloride. Speed= 1000 rpm. Temperature 100 °C. [BnCl] = 1.86 Speed= 1000 rpm, Temperature 100 °C. [K.CrCrO;] = 9.33 x
x 1073 mol/cn¥. [K,CrCr,07] = 9.33 x 10~* mol/cn?. Volorg = Volaq 10-*# mol/cn®. VOolorg = Volag= 50 mL. [NaCOs] = 4.44 x 10~4 mol/

= 50 mL. [NaCOQs] = 4.44 x 1074 mol/cn®. [TBAB]og = 9.32 x cnE. [TBAB]org = 9.32 x 1075 mol/cn®,
1075 mol/cn.
TABLE 2: Effect of Catalyst Concentration on Selectivity of
20 Benzaldehyde after 4 h
catalyst catalyst
concn selectivity concn selectivity
(mol/cn¥)  [PhCHO]/[BnOH] (mol/cn?)  [PhCHOJ/[BnOH]
15} 1.864x 10°° 0.56 2.793x 10 8.63
1.864x 107 4.17 3.729< 10 11.70

taken equal to the amount of catalyst added initially divided by
] the volume of the organic phase.

Table 2 demonstrates the effect of concentration of catalyst
on the selectivity of benzaldehyde (after 4 h). It can be seen
that the selectivity improves with an increase in the concentra-
tion of catalyst. This is due to the fact that the pseudo rate
constantk;; increases, leading to higher rates of oxidation of

RATE OF PhCHO FORMATION x 108 gmol/cm3 min
>

|- [ ]
’ y BnOH formed in situ.
4.7. Effect of Concentration of Benzyl Chloride and
. Benzyl Alcohol. Figure 11 shows typical plots of benzyl
chloride conversion against time under otherwise similar condi-
o o 2 o %0 tions, from which the initial rates were calculated. A plot of
CATALYST CONCENTRATION x 105 grmol/cm3 initial rate of reaction of BnCl against its initial concentration

Figure 10. Plot of initial rate of reaction of benzyl chloride against is shown in Figure 12, which demonstrates a linear relationship.

concentration catalyst. Speed 1000 rpm. Temperature= 100 °C. The reaction is first order in BnCI concentration. _

[BnCI] = 1.86 x 1073 mol/cn?. [K2CrCrO;] = 9.33x 104 mol/cn?. To study the effect of concentration of benzyl chloride on
VOlorg = VOlaq= 50 mL. [Na&COs] = 4.44 x 104 mol/cr. [TBAB] o selectivity, the selectivity of benzaldehyde afté h was

= 9.32x 107° mol/cn?. calculated for each run (Table 3). The selectivity of benzal-

dehyde was found to increase with an increase in the concentra-

formation of BnOH is predominant and 1 mol of BnCl requires tion of benzyl chloride.
1 mol of [Q"HCrO,7]. 4.8. Effect of Concentration of Nucleophile, HCrQ~.

The best fit shows that the rate of reaction BnCl, expressed Since the pH was maintained at 6.6.7, only HCrQ~ was
as (mol/cnd of organic phase)/min, is linearly proportional to the predominant oxidizing species present. The amountof K
the catalyst concentratio,. This also suggests that the CrCr0O; added to the aqueous phase was varied from 4.66
equilibrium constanK is quiet high and most of the catalystis 1074 to 1.87 x 1072 mol/cn® of the aqueous phase by keeping
in the organic phase as [®ICrO,~]. The reasons for plotting ~ NaCOs; constant at 4.44x 10~4 mol/cm?® under otherwise
initial rates is that the contribution of %44 in the denominator  similar conditions. Figure 13 shows the conversion of BnCl
of the eq 47 forKcot is very small because the leaving species against time. The conversions are practically the same because
CI~ has less concentration in the aqueous phase. the concentration of the species' @O, is constant in the

The linear dependence of the rate of reaction on the catalystorganic phase. This further lends credence to the argument
concentration is truely characteristic of PT catalysis. Thus, the proposed in section 4.4 thKt, is constant for a give, and
oxidation of BnCl to BnOH and PhCHO is a PT catalysis thus, from eq 47,Q, = [QTHCrO,7], for the K,CrCr,O;
reaction. The catalyst concentration in the organic phase isconcentration used.
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TABLE 3: Effect of BnCl Concentration on Selectivity of

Benzaldehyde after 4 h

J. Phys. Chem. A, Vol. 101, No. 1, 19945

TABLE 4: Effect of the Concentration of K ,Cr,O- on the
Selectivity of Benzaldehyde after 4 h

BnCl BnCl K2CrCr,Or7 K2CrCr,0Or
concn selectivity concn selectivity concn selectivity concn selectivity
(mol/cn¥)  [PhCHOJ/[BnOH]  (mol/cn?)  [PhCHOJ/[BnOH] (mol/cn¥)  [PhCHO)/[BnOH] (mol/c®) [PhCHO]/[BNOH]
0.932x 1073 1.44 3.732x 1073 6.50 0.466x 1072 1.96 1.44x 1073 2.18
1.866x 1072 1.83 5.596x 1073 8.38 0.933x 1072 2.00 1.87x 1073 2.22
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Figure 12. Plot of initial rate of reaction against conversion of BnCl.

CONCENTRATION OF BnCl x103 gmol/cm3

Speed= 1000 rpm. Temperature 100 °C. [K,CrCrO;] = 9.33 x
10~ mol/cn®. Volorg = VOlaq= 50 mL. [Na&COs] = 4.44 x 104 mol/
cm®. [TBAB]org = 9.32 x 105 mol/cne.

CONCENTRATION OF K;Cry07 x 104 gmol/cm3

Figure 14. Effect of concentration of nucleophile on the rate of

formation of benzaldehyde. Speed1000 rpm. Temperature 100
°C. [BnCI] = 1.86 x 1072 mol/cn?. Volog = Volag = 50 mL. [Na-
COs] = 4.44 x 10~* mol/cm?., [TBAB] org = 9.32 x 105 mol/cn?.
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Figure 13. Effect of concentration of nucleophile HCyOon rate of
reaction of benzyl chloride. Speed 1000 rpm. Temperature 100
°C. [BnCI] = 1.86 x 102 mol/cn®. Volgg = VOolag = 50 mL. [Na-
CQs] = 4.44 x 10~* mol/c?. [TBAB]org = 9.32 x 1075 mol/cn.

The effect of concentration of nucleophile on the initial rate
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o 00 gmol/cm3
+ 4-53 x 1074 gmol/m3
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O 1.86 x 1073 gmol/cm3
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Figure 15. Effect of addition of sodium carbonate on conversion of
benzyl chloride. Speed 1000 rpm. Temperature 100 °C. [BnCl]

= 1.86 x 1072 mol/cn¥. [K,CrCr0O7] = 9.33 x 1074 mol/cn. Vol

= VOlaq = 50 mL. [TBAB]org = 9.32 x 1075 mol/cn®.

ing an experiment without sodium carbonate. The pH deter-

250

of reaction is presented in Figure 14. Table 4 shows that the mines the existence of the oxidizing species in a particular form.
selectivity is practically the same.

4.9. Effect of Sodium Carbonate, NaCOs. Since sodium

Figure 15 demonstrates the effect of the amount of sodium
carbonate on the conversion of BnCl.

carbonate was added to the aqueous solution of potassium The quantity of NaCO; added to vary the pH resulted in the
dichromate to maintain a pH of 6.6, the effect of sodium four experiments resulted in pHs of 2.92, 6.6, 7.04, and 9. When
carbonate on the rate of consumption of BnCl was found by no NaCOs; was added, the pH was 2.92, at which the species
carrying out the reaction with different amounts of sodium Cr,0O;~ predominantly exists and is difficult to extract ag-Q
carbonate under otherwise identical reaction conditions, includ- Cr,Oy; in organic phase (Starks and Lig#g and therefore, rates
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Figure 17. Effect of type of catalyst. Speed 1000 rpm. Temperature
=100 °C. [BnCl] = 1.86 x 10-2 mol/cn®. [K,CrCr0O;] = 9.33 x
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Figure 16. Effect of amount of water on conversion of benzyl chloride.
Speed= 1000 rpm. Temperature 100 °C. [BnCl] = 1.86 x 1073

TABLE 6: Effect of the Quantity of Water on the
Selectivity of Benzaldehyde after 4 h

mol/cn®. [KCrCrOy] = 9.33x 107* mol/cn. Volog = 50 mL. [Na- amount of selectivity amount of selectivity
CO4] = 4.44 x 10°* mol/cn®. [TBAB] o = 9.32 x 10°° mol/cn?. water (cnd) [PhCHOJ/[BnOH] water (cnd) [PhCHOJ/[BnOH]
TABLE 5: Effect of the Concentration of Na,COs on the 0 79.32 50 1.82
Selectivity of Benzaldehyde after 4 h 5 10.95 100 1.60
Na,C Na.C . .
C%mo; selectivity C%nc% selectivity found to enhance until the amount of water was increased to
(molicn®)  [PhCHOJ[BNOH] (molicn®)  [PhCHOJ/[BnOH] 50 cn®, and then conversion practically remains constant upon
3 further addition of water up to 100 ém The rates were lower
0 165.66 1.865¢< 10~ 2.26 S
0.453% 10-3 200 2.794x 103 1.30 where 150 crf of water was used because the distribution
0.930x 1073 2.65 coefficient of QHCrO,~ is low and the pH is more than 8.

The selectivity for benzaldehyde decreases with an increase in
the amount of water as the formation of benzyl alcohol takes
place with water even without catalyst.

were found to be low. The conversion was maximum at a pH
of 6.6 because the speciesiQCrO,™ is easily extracted in the
organic phase. 4.11. Effect of Type of Catalyst. Besides TBAB, two other
Chromium exists as HCrD species in the pH range-@, catalysts were tried. Figure 18 shows plots of conversion against
which being an univalent ion can get extracted easily in the time. It is seen that practically no change in conversion is
organic phase, and therefore, the rate of reaction was found toobtained because for all the catalysts Kevalues are quite
increase. When the pH is 9, chromium exists as £r(which high, rendering the [@HCrO,~] species concentration in the
being a divalent ion cannot be extracted easily, and hence, theorganic phase about the same@s the added quantity. The
rate of reaction was found to slightly decrease. selectivity for benzaldehyde was practically the same in
The effect of the amount of sodium carbonate on the consonance with the theory (see eq 46) that it should be
selectivity of PhCHO is given in Table 5. The selectivity of independent of catalyst type.
PhCHO was found to decrease with increase in the amount of 4.12. Kinetics of the Reaction. The effect of various
NaCOs. parameters on the rate of reaction established that the oxidation
When no NaCO; was added, the pH was more acidic (i.e., of benzyl chloride is a true phase transfer catalyzed consecutive
2.6) and the oxidizing species was,0O¢?~. Since QCr,0; reaction which follows the path a through path c to form
ion pairs are difficult to extract, the rates of reaction were low benzaldehyde. The mechanism and mathematics developed
but the BnOH formed in situ got oxidized to PhCHO and thus earlier are thus valid (see Figure 18).
the selectivity was highly favored. Here selectivity was found ~ Now, as mentioned earlier, the valueslgafand k. can be
to increase at the cost of conversion of BnCl. calculated and are & 1075 and 3.4x 1074 s~ 1 at 100°C for
4.10. Effect of the Amount of Water. The effect of the TBAB as catalyst. When back-checked, the valuetfix
amount of water was studied by varying the amount of water obtained by using eq 55 is 6610 s whereas the experimental
from O to 150 cm under otherwise similar conditions. When Tnaxis 7200 s (see Figure 6). There is deviation of 8.2% which
no water was added to the reaction mixture, conversion of benzylis indeed in good agreement.
chloride was low because the HCyOspecies was not formed 4.13. Effect of Temperature. The temperature of the
initially (Figure 16). Chromium exits in other forms which are reaction was varied from 80 to 10C in order to elucidate the
not so extractable. The selectivity for benzaldehyde was almosteffect of temperature on the rate of consumption of BnCl. The
complete (Table 6). The conversion of benzyl chloride was conversion of BnCl was found to increase with an increase in



Oxidation of Benzyl Chloride to Benzaldehyde J. Phys. Chem. A, Vol. 101, No. 1, 19947

0.7

56} 1-3-90

0.6 {-410

0.5 1430

-4-50

@

~
In kcn
In kgo

{570

=In (1= Xp)

o
.
w

1-490

0.2 -5-10

-7 . -530
265 275 285
1 %103,k
T

Figure 20. Arrhenius Plots: (1) Hydrolysis of benzyl chloride to benzyl

L \ ) alcohol (path aka). (2) Oxidation of benzyl alcohol to benzaldehyde
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Figure 18. First-order kinetics plot. Speed 1000 rpm. Temperature

= 100 °C. [BnCl] = 1.86 x 1072 mol/cn?. [K,.CrCrO7] = 9.33 x

10* mol/cn®. Volog = Volag= 50 mL. [N&COs] = 4.44 x 10-* mol/

cme. [TBAB] g = 9.32 x 1075 mol/cn®. temperature selectivity temperature selectivity
(°C) [PhCHO]/[BNnOH] (°C) [PhCHO]/[BnOH]

60 80 2.07 100 2.00
—e— 80 C 90 1.95

—o— 90 °C
—a— 100 °C proportionately with an increase in temperature and the activa-
tion energy values are on the same order of magnitude or about
the same.

Typical Arrhenius plots are shown in Figure 20, from which
the activation energies for the path a and path c are formed as
13.13 and 5.67 kcal/mol, respectively, thereby proving that the
reactions are kinetically controlled.

TABLE 7: Effect of Temperature on Selectivity of
Benzaldehyde after 4 h

SO0

40

sk 5. Conclusions

A thorough and systematic analysis of the mechanism and
kinetics of the oxidation of benzyl chloride by dichromate in
L—L PT catalysis has been provided to throw light on the course
of reaction.

The rate of reaction depends on the pH of the aqueous phase
in view of the fact that chromium exists as dichromate,
perchromate, or chromate depending on the pH. It was observed
that Q"HCrO,~ was the active species for oxidation. The
reaction proceeds via the formation of benzyl alcohol, which is
oxidized to benzaldehyde.

Percent conversion of BnCl

10+
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