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Abstract

Chloroaluminate ionic liquids formed from either 1-ethyl-3-methyl-1H-imidazolium-chloride (EMIM-Cl) or 1-butyl-3-methy-1H-
imidazolium chloride (BMIM-Cl) were examined as conversion agents for toluene carbonylation at room temperature and at pressures
of 150 and 1100 psig. The effect was examined upon the toluene conversion and selectivity for changing the ratio of AlCl3/EMIM-Cl or
AlCl /BMIM-Cl from 1/2 to 2 mol/mol at a constant HCl partial pressure of 30 psig as well as the effect of changing the HCl partial pressure
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rom 0 to 30 psig at a constant value of AlCl3/EMIM-Cl or AlCl 3/BMIM-Cl = 2. The effect upon reactivity was also determined for chan
he Al3+/toluene ratio at a constant value of AlCl3/EMIM-Cl = 2 when thePHCl was 30 psig for pressures of 150 and 1100 psig.
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. Introduction

Ionic liquids (ILs) are substances that form liquids at room
emperature and lower at normal, atmospheric pressures[1].
any of these ILs are formed when organic cations,O+n,
re mixed with either organic or inorganic anions, A−m.
ome ILs are hydrophilic (e.g., A−m = AlCl41−) while others
re hydrophobic (A−m = CF3SO3

−1). The very hydrophilic,
hloroaluminate ILs,O+[Al nCl3n+1]−, are said to exhibit
cidity whenn> 1 [2,3]. These ILs may be prepared using
rganic cations such as the pyridinium (C5H5N)+ or the
ubstituted imidazolium, (R-C3N2H5-R′)+. The substituted

midazolium cation reported often in the literature is 1-ethyl-
-methyl-1H-imidazolium cation (EMIM+). Recently, it was
eported that strong, Brønsted acidity could be created in the
L, EMIM +(Al2Cl7)−, upon exposure to dry, HCl gas[4].

∗ Corresponding author. Tel.: +1 404 894 2822; fax: +1 404 894 2866.
E-mail addresses:gte775w@prism.gatech.edu (E.J. Angueira),

ark.white@chbe.gatech.edu (M.G. White).

Ma and Johnson[5] showed that carbocations were form
from selected arene hydrocarbons when combined with
derived from trimethylsulfonium bromide–AlCl3/AlBr3 and
exposed to HBr gas. These results suggested to us th
combination of a Brønsted acid with the chloroalumin
IL might result in a potent conversion agent for reacti
demanding high Brønsted acidity.

Room temperature ILs have been reported as conve
agents for arene carbonylation,[6] alkylation of benzen
with dodecene,[7] Friedel–Crafts sulfonylation,[8] and
Friedel–Crafts alkylations and acylations[9]. There is a
continuing interest in the subject of arene carbonyla
especially in strong acids such as trifluoromethanesul
acid [10] and environmentally benign alternatives
sought to HF/BF3 and to AlCl3 as conversion agen
Moreover, it was of interest to explore the properties of
chloroaluminate/EMIM-Cl and chloroaluminate/BMIM-
ILs as a function ofPHCl and as a function of then in the
formula: O+[Al nCl3n+1]−, where O is either EMIM or
BMIM. The probe reaction used for these characteriza
is toluene carbonylation, as it demands Brønsted ac
1 Tel.: +1 404 894 3598; fax: +1 404 894 2866. [10].

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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2. Experimental

2.1. Chemicals

The imidazolium compounds were obtained from
Sigma–Aldrich and used without further purification. Alu-
minum chloride (99.99%), obtained from Sigma–Aldrich,
was sublimed under a vacuum before use. Toluene (anhy-
drous, 99.8%) was obtained from Sigma–Aldrich and used
without further purification. Carbon monoxide, CP grade,
and HCl (anhydrous, +99%) were obtained from Airgas and
Sigma–Aldrich, respectively.

2.2. Preparation of ILs chloroaluminates/EMIM-Cl and
chloroaluminates/BMIM-Cl

The weighing instrument, chemicals, and material trans-
fers for AlCl3, either EMIM-Cl or BMIM-Cl were placed
in an AtmosBag filled with dry Ar. AlCl3 is weighed; ei-
ther EMIM-Cl or BMIM-Cl is added to obtain the desired
AlCl3/O+ ratio.

2.3. Reaction studies—low pressure

Low-pressure reactions were carried out in a Fisher Porter
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of HCl, carbon monoxide was added to a total pressure of
1100 psig.

2.5. Analytical

Organic products were analyzed in a HP-5890 Series II
Plus GC equipped with a HP-5972 mass spectrometer. High
purity helium (99.995, Airgas) was the carrier gas and the col-
umn was 15 m long, 0.25 mm i.d., and 0.25�m film thickness
obtained from Supelco (SPB-524032). An analytical method
was developed to separate all the liquid-phase products using
the following GC oven protocol: initial temperature = 35◦C,
hold for 5 min, then increase temperature 10◦C per min, and
finally hold temperature at 180◦C for the final 5.50 min.

3. Results—activity versus intrinsic acidity

Five ILs, [AlnCl3]−/O+, were prepared for whichn= 1/2,
1, 1.11, 1.5, and 2 whenO+ was 1-ethyl-3-methyl-1H-
imidazolium (EMIM) cation and three more ILs for which
n= 1.11, 1.5 and 2 whenO+ was 1-butyl-3-methyl-1H-
imidazolium (BMIM) cation. These ILs were used as con-
version agents for the low-pressure, carbonylation of toluene
at room temperature using an amount of IL that would
g 3+ e-
p zole
a 3-
M ents
t
f HCl
a th the
s l gas
a re of
1 the
l .e.,
n ob-
s as
p s
o r,
lass tube. A dried Fisher Porter tube with a stirring ma
as placed in the AtmosBag. The chloroaluminate/EM
l IL or chloroaluminate/BMIM-CL IL was weighed int

he Fisher Porter tube. Toluene was added to obtain th
ired Al3+/toluene ratio. The reactor was sealed, remo
rom the AtmosBag and purged with HCl gas before
as was added to the desired partial pressure and the
ixture was stirred for 30 min at room temperature. Ca
onoxide was then added to give a total pressure of 150
he reaction temperature was room temperature and th
ressure was monitored to verify CO consumption. Afte
eaction was completed, the reactor was slowly vented
urged with Ar. The mixture was poured into a separa

unnel filled with an ice/distilled water mixture so as to
ute the acidic components. The organic layer was colle
fter it was neutralized with a saturated sodium bicarbo
olution. Previous experiments with HOTF showed that a
ing rate of 800 rpm was sufficient to overcome mass tra
esistance. Since the conversion rate in the IL is similar to
or HOTF (vide infra) when the acid/substrate = 10 mol/m
e will use a similar stirring rate of 1000 rpm.

.4. Reaction studies—high pressure

The high-pressure experiments were completed usin
ame procedure described in the low-pressure experim
ut we used a Parr Instrument Co. (Moline, IL) stirred
oclave (50 cm3) lined with Hastalloy C. The stirring ra
as adjusted to 1000 RPM. The post-reaction work-u

he products after the high pressure runs was the sam
hat described for the low pressure runs. After the add
,

ive 1 mol Al /mol of toluene. One additional IL was pr
ared by the action of HCl gas contacting 3-Me-imida
t room temperature[11]. The product of this reaction is
e-imidazolium chlorohydrogenate and this IL repres

he case wheren= 0. BMIM-Cl or EMIM-Cl were not used
or this case since both form solids upon reaction with
t room temperature. We began each of these tests wi
ame amount of toluene. The gas phase contained HC
t 30 psig and the balance was CO for a total pressu
50 psig and the reaction was stopped after 16 h. From

iterature[3], it was expected that only the acidic ILs, i
> 1, should be active for this carbonylation and we did
erve this trend (Fig. 1). Even with HCl added to the g
hase at 30 psig, no reaction product,p-tolualdehyde, wa
bserved for the three ILs for whichn= 0, 1/2, or 1; howeve

Fig. 1. Toluene conversion as a function ofn: [Al nCl3n+1]−O+.
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increasing toluene conversion was observed for the three ILs
havingn= 1.11, 1.5 and 2 derived from either BMIM-Cl or
EMIM-Cl. Previous authors have characterized these ILs as
intrinsically acidic whenn> 1 and our results appear to con-
firm this characterization when the probe reaction is toluene
carbonylation, which is known to demand strong acidity.

These results also suggest that the ILs derived from either
EMIM-Cl or BMIM-Cl were equally active for the toluene
carbonylation reaction when the value ofnwas >1. BMIM-Cl
was reliably dry from the source whereas some batches of the
EMIM-Cl were contaminated with water. Accordingly, we
used BMIM-Cl as the organic cation in many of the remaining
parts of this manuscript.

4. Results—activity versus Brønsted acidity

We were interested to know if the intrinsic acidity of the
acidic chloroaluminate IL could be increased by adding a
Brønsted acid, as suggested by the results of others[4,12].
The Brønsted acid was HCl gas and the acidic chloroalumi-
nate system was EMIM+/Al2Cl7−. This choice of HCl as the
Brønsted acid follows from (1) the fact that its concentration
in the IL can be adjusted reversibly by changing the partial
pressure of HCl above the IL and (2) the acidity of the re-
s
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activity of the IL system for this Brønsted-initiated reaction
appears to be greatly enhanced with the addition of HCl in
the gas phase even at modest partial pressures. These results
are consistent with the findings of others who claimed that
HCl gas was absorbed by the acidic, chloroaluminate ILs
developed from EMIM+ as the organic cation[4,7].

5. Results—activity versus Al3+/substrate ratio

The effect of changing the Al3+/substrate ratio has been
reported for the Gatterman-Koch, AlCl3-mediated carbony-
lation of benzene at high pressure (∼1000 psig)[14]. They
showed that the benzene conversion versus time curves
were higher for a series of reaction isotherms in which the
Al3+/substrate increased from 1/2 to 1. We were curious if this
same result could be observed for the chloroaluminate ILs. In
determining the effect of changing Al3+/toluene, we must be
mindful of the findings of Campbell and Johnson[13] who
showed the [HCl] dissolved in the IL also depended upon
the intrinsic acidity of the IL (i.e., the Al3+/EMIM+ ratio).
Accordingly, batch reactor data were collected at room tem-
perature and for HCl partial pressure equal to 30 psig when
the total pressure was adjusted to either 150 or 1100 psig by
adding dry CO. Each run contained an acidic chloroalumi-
n − +
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t sion
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r the
r psig.
ulting IL was claimed to be super acidic[4,12,13]. For these
ests the Al3+/substrate ratio was 1 mol/mol and the dissol
Cl concentration in the IL phase was adjusted by chan

he HCl gas partial pressure[13] (0, 5, 15, and 30 psig) whi
he partial pressure of the CO was adjusted so that the
ressure remained constant at 150 psig. All tests were
leted at room temperature for varying durations from 15

o 21 h.
Even the IL not treated with HCl gas showed some

ctivity for toluene carbonylation (Fig. 2,∼12% toluene con
ersion in 4 h); however, when HCl was added to the gas p
n little as 5 psig, the toluene conversion at 4 h was > 3
ther runs for the HCl partial pressure was≥ 15 psig showe
bout 40–45% toluene conversion at 4 h. Apparently, th

Fig. 2. Effect of HCl pressure upon reactivity.
ate IL [(AlnCl3n+1) /EMIM ] for which n= 2, but the ini-
ial amounts of IL were increased at constant initial amo
f toluene so that the Al3+/toluene ratio was 1/2, 1, 1
r 2 mol/mol. The transient results are shown inFig. 3 for
ach value of Al3+/toluene. These data show transients in
onversion versus time that are similar to the earlier w
14] for the benzene carbonylation in AlCl3. For each ra
io of Al3+/toluene, the toluene conversion increased rap
t short reaction times, then, the conversion change

le at long reaction times. The ultimate toluene conver
ppears to increase with increasing value of Al3+/toluene
t low (150 psig) and high total pressures (1100 psig).
ate of approach to ultimate conversion is higher for
uns operated at 1100 psig than those completed at 150

Fig. 3. Toluene conversion for changing the Al3+/toluene ratio.
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Fig. 4. Ultimate toluene conversion vs. Al3+/toluene.

When Al3+/toluene = 1/2, the ultimate conversion was 28%
for both low and high pressure runs. For the 1100 psig
run, Al3+/toluene = 1, the conversion at 15 min (50%) was
nearly equal to the ultimate conversion observed for this run
(51%) and for the lower pressure run (∼50%). When the
Al3+/toluene ratio was 3/2, only one run was completed for
which the conversion was 79% at 21 h for the high pressure
run. For the runs at Al3+/toluene = 2, the ultimate conversion
was 97.2% at 1100 psig (∼4 h) and 87.2% at 150 psig (16 h).
If the reaction had been allowed to run at these conditions
for a longer time, the ultimate conversion would be nearly
complete. Taken together, these data suggest that Al3+ is the
limiting reagent in these runs.

The ultimate conversion of toluene increased linearly with
increasing values of the Al3+/toluene ratio,Fig. 4, showing a
slope of∼1/2 and an intercept near zero. Holloway and Krase
[14] observed a similar result for benzene carbonylation over
AlCl3 at 1000 psig and room temperature although the slope
of their data, when plotted on the same figure, was higher
(∼0.64 mol converted/mol AlCl3) also with an intercept near
zero. For the runs where the toluene conversion <0.8, the re-
action products remained as a liquid; however, when the con-
version exceeded a value of 0.8 a slurry was formed. The data
at the low and high pressure formed a single line when the
conversion was less than 0.8; however, for the data at higher
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selectivity was less than <3% to the only other products: di-
and tri-tolymethanes. These regio- and chemical-selectivity
for the IL systems are very similar to those we reported for the
triflic acid system when the acid/substrate ratio > 6 mol/mol
[10].

An additional test was completed to address the is-
sue of isomerization of tolualdehyde after its formation.p-
tolualdehyde was added to an acidic IL (n= 2) in the ratio of
one mole of aldehyde per mole of Al in the IL and HCl gas
was contacted with this IL at a pressure of 30 psig for 1/2 h.
The HCl was vented and this mixture was stirred at room tem-
perature for 9 h. The products were worked up per the usual
procedure and analyzed by GC/MS. No other isomers of tolu-
aldehyde were observed to form in this mixture. Apparently,
the IL does not promote the isomerization ofp-tolualdehyde
at these conditions.

6. Discussion

It appears that acidic, chloroaluminate, ILs formed from
either BMIM-Cl or EMIM-Cl are equally strong acids that
can initiate the toluene carbonylation reaction at even modest
pressures. We[10] observed, initial toluene conversion rates
of 2 h−1 in triflic acid, when the acid/substrate ratio was 10 for
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onversion, the data collected from the lower pressure
id not obey this same relationship. Mass transport ef
ould be influencing the lower pressure data at the h
onversions when the slurry was formed.

.1. Selectivity

The regio-selectivity to the three isomers (p-tolualdehyde
-tolualdehyde,m-tolualdehyde) in all of these tests w
0%/7%/3% at conversions approaching 100%. There w
ubstantial effect upon this distribution of regio-isomers
arying the HCl partial pressure, the Al3+/EMIM-Cl ratio, the
l3+/toluene ratio, or thePCO when the toluene conversi
f the tests were similar. The selectivity to thepara-isomer
pproached 95% at lower toluene conversions. The che
total pressure of 1100 psig at room temperature. This
ersion rate in triflic acid can be compared to the data
he IL (2.6 h−1) having Al3+/toluene = 2 also at 1100 psig a
oom temperature. Considering that these initial reaction
ata are free from mass transport effects, it becomes
us that the acidic chloroaluminate ILs described here
ctivities that are similar to or greater than that of the tr
cid system for the toluene carbonylation reaction. One
omparison from the old literature is appropriate. Hollow
nd Krase[14] showed that benzene could be carbonyl

n CO (1000 psig) at room temperature using a molar eq
ent of AlCl3. Under the proper conditions, the initial benz
onversion rate was 2.4 h−1 which was only slightly smalle
han what we report here for the initial toluene carbonyla
ate in the acidic chloroaluminate/EMIM-Cl ILs (2.6 h−1).

Chloroaluminate ILs,O+[Al nCl3n+1]−, prepared with
≤ 1 and derived from either BMIM-Cl or EMIM-Cl are n
ctive (Fig. 1) for the toluene carbonylation reaction ev
hen HCl is added to the gas phase at a partial pressu
0 psig. HCl is absorbed[13] by these basic or neutral ILs
oncentrations greater than the intrinsically acidic ILs; h
ver, the HCl does not produce Brønsted acids as indi
ere and as speculated by others[13]. These authors represe
Cl absorption by ILs as follows:

Cl(g) + O+A− = O+[H(ClA)] −,

hereO+ is the organic cation (BMIM-Cl or EMIM-Cl)
− is the chloroaluminate anion and its speciation dep
pon the value of nin the formula:O+[Al nCl3n+1]−. When
= 1; then they suggest that the anion A− is the monomeri
hloroaluminate anion, AlCl4

−, and the proton in the resu
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ing species [HCl(AlCl4)]− is not labile and therefore cannot
act as a Brønsted acid. Moreover, whenn is less than 1, say
1/2 then, A = AlCl4− and the HCl absorption can be modelled
as:

HCl(g) + O+Cl−O+ = O+(HCl2)−O+[AlCl 4]−.

The anionic species (HCl2)− also is very unlikely to sur-
render a labile proton. If we use this model for this system of
ILs, then it becomes obvious that no carbonylation activity
will result from the basic or even neutral chloroaluminate ILs
notwithstanding that HCl is present in the system. The gen-
esis of labile protons in the acidic chloroaluminate ILs will
be discussed below.

The effect ofn upon the formation of Brønsted acidity
with the addition of HCl can also be related to its effect upon
the speciation of the Al in the IL[1]. That is, whenn> 1, a
fraction of the total aluminum in the IL is a dimer, [Al2Cl7]−
and a trimer, [Al3Cl10]−. We speculate that both multimeric
chloroaluminate species can form protons by interacting with
HCl via a mechanism shown below.1

HCl(g) + O+(AlnCl3n+1)−

= H+(AlCl4)− + O+[Al n−1Cl3n−2]−.
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Fig. 5. Toluene conversion vs. mol fraction [Al2Cl7]− + 2 mol fraction
[Al 3Cl10]−.

of Al3+ present initially here at 1 mol Al3+/mol toluene. In
other tests, vide supra, the ultimate conversion was 0.97 for
a starting mixture having 2 mol Al3+/mol toluene when the
value ofn= 2. Using this final conversion of 0.97 instead of a
value of 0.58, slope now becomes (0.57× 0.97/0.58 = 0.95).
This slope suggests that one mole of toluene is converted for
every mole of protons that are formed by the reaction of HCl
with the Al species in the IL.

The mechanism[16] for the toluene carbonylation re-
action was reported to be a Brønsted-mediated reaction by
electrophilic substitution of an aryl ring hydrogen.Para-
selectivity is favored by this mechanism, which is reported
to proceed by a carbocation intermediate. For the triflic acid
system, the source of the proton is obvious; however, for the
chloroaluminate ILs the genesis of the protons must be exam-
ined further. Consider the data and subsequent interpretation
of their data by Campbell and Johnson[13] who speculated
that the HCl gas became absorbed in the IL by a mechanism
shown below.

HCl(g) + O+(Al2Cl7)− = H+(AlCl4)− + O+(AlCl4)−; K1

They speculated that the proton associated with the
chloroaluminate anion, (AlCl4)−, was labile and thus
could function in the role normally associated with a labile
proton. Consider now the role of this labile proton in the
r ony-
l

4)− +
+ O

)− + O
eric

c
B lu-
m l and
An alternative formalism has been recently describe
handler and Johnson[15]. This reaction can proceed fu

her to form additional labile protons such that whenn= 3
riginally, then two moles of protons could be produced.

oluene conversion data could be correlated with the mol
ion of the total Al3+ that can produce protons and weigh
hese mole fractions according to their reaction stoichiom
o produce protons: number protons= ∑n

i (i − 1)Xi; where
i = mole fraction of chloroaluminate of nuclearity =i. That

s, wheni = 1, the chloroaluminate anion is a monomer, w
= 2, it is a dimer, etc. The result,Fig. 5, shows a linear re
ationship between the toluene conversion and the weig

ole fraction of the Al species[1] that are capable of formin
rotons when HCl is added to the IL:

∑n
i (i − 1)Xi. This re-

ult should not be a surprise in view of the reports reporte
ampbell and Johnson who showed that the proton con

ration in the same IL does change linearly with the frac
f the Al that was initially present as a dimmer[13].

Consider further the finding that the slope of these cu
s ∼0.57. The conversion of toluene is limited by the amo

1 Chandler and Johnson express this equation forn= 2 by the follow-
ng formalism: HCl(g)+ O+[Al 2Cl7]− = O+[ClHAl 2Cl7]−, for the sake
f clarity in the discussion here, we will use the formalism found in re
nces[1,13].

CO(g)+ H+(AlCl

Arene+ HCO+(AlCl4)−

AreneHCOH+(AlCl4
eaction mechanism normally advanced for arene carb
ation:

O+(AlCl4)− = HCO+(AlCl4)− + O+(AlCl4)−; K2
+(AlCl4)− → AreneHCOH+(AlCl4)− + O+(AlCl4)−; K3
+(AlCl4)− + H2O → AreneCHO+ aqueous phase;K4

Here the labile proton is associated with one monom
hloroaluminate anion whereas the organic cation (O+ =
MIM +) in the IL is associated with the other chloroa
inate anion. For this mechanism, the absorption of HC
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its association with the IL species is assumed to be reversible
under equilibrium constantK1 and that the formation of the
formyl cation is also reversible and governed by equilibrium
constant,K2. The electrophilic substitution reaction is pre-
sumed to be the rate-determining step under rate constantK3.
The product can be freed from the carbocation intermediately
upon contact with water. This step is not reversible because
the formed hydronium ion, H3O+, is of too low acidity to cat-
alyze the reverse step in the toluene carbonylation reaction
[10]. The data shown inFigs. 3 and 4made it necessary to
derive a rate equation assuming that the Al3+ species was the
limiting reagent. One rate law derived from this mechanism
for which the chloroaluminate species is the limiting reagent
is as follows:

rate = KPCO[Al 3+]o
2[H+](1−f )(M−1/2f )

where,M = N0
tol/N

0
Alcl3+ andf is the fractional conversion of

Al3+. Integration of this rate law according to the isothermal,
batch design equation leads to the following equation:[

1

M − 0.5

]
ln

[
M − 1/2f

M(1 − f )

]

= K

2
[Al 3+]0PCO[H+]t; for M >
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Fig. 6. Effect ofPHCl: integrated rate plot.

The finite but small [H+] concentration in the run without
HCl added to the gas phase may be an artifact introduced by
the less-than-perfectly-dry, AtmosBag in which the reagents
were prepared. Others reported the finding of water in the
room temperature melts in concentrations of 7.5–20 mM[17].
This adventitious water vapor[14] can react with dry AlCl3
to form HCl gas that can then combine with other dry AlCl3
to form a strong Brønsted acid. Holloway and Krase[14]
actually added up to 1 cm3 of water per every 60 g of AlCl3
to obtain a maximum activity in their results. As with our
experience[18] in other systems that have high affinity for
water vapor, such as KO2, the attainment of nearly zero water
partial pressure in a dry box is never realized.

Consider now the effect that the Al3+/toluene ratio has
upon the reactivity of the system. We speculate that the reac-
f

1 − f
= K

2
[Al 3+]0PCO[H+]t; for M = 1

2
(2)

The conversion of the Al3+ species,f, is directly related
o the toluene conversion using the stoichiometry reveal
ig. 4: 1/2 mol of toluene is used in the conversion of 1 m
f Al species. The toluene conversion data (Fig. 2) were fit

o Eqs.(1) and(2), using this stoichiometry for varyingPHCl
henM = 1 and the total pressure was 150 psig (Fig. 6). The
lopes of these curve-fits are the product: K [Al3+]oPCO[H+].
or these testsPCO and the temperature was nearly const
hus, the variation of the slope is proportional to the [H+] in

he IL.
Next, these slope data were plotted,Fig. 6, versus the ab

olute partial pressure of HCl (psia) to determine how
roduct K[Al 3+]oPCO[H+] responded to increasing part
ressure of HCl (Fig. 7). These results show almost a lin

ncrease in the slopes ofFig. 6 with increasing partial pre
ure of HCl, when expressed as an absolute pressure.
, [Al 3+]o andPCO are nearly constant in these tests, we c
lude that the [H+] in the IL increases linearly with increasi
artial pressure of HCl gas above the IL. A linear relation
f [H+] with HCl pressure was also reported earlier by Ca
ell and Johnson[13] who showed that the concentration

H+] in an acidic, EMIM-Cl/chloroaluminate IL varied wi
HCl as follows:

HCl] , mM = {1.3 × 103 − 1.43× 103 XAlCl3}PHCl

herePHCl was expressed in atmospheres andXAlCl3 is the
ole fraction of AlCl3 in the IL which equalled 2/3 for thes
ata.
 Fig. 7. Effect of HCl partial pressure upon [H+] in IL.



E.J. Angueira, M.G. White / Journal of Molecular Catalysis A: Chemical 227 (2005) 51–58 57

tion stops when 1/2 of the Al3+ cations initially in the mixture
become associated with the product tolualdehyde molecules
to form the complex CH3(C6H4)CHOH+AlCl4

− since the
other 1/2 of the Al3+ species are needed to form the IL with
the organic cation. The solid formed at high conversion could
be related to this association of the chloroaluminate anion
with the tolualdehyde carbocation. Holloway and Krase[14]
also reported the formation of a solid during benzene car-
bonylation over AlCl3. Their system being simpler than ours,
suggests that the solid formed could also be the result of the
association of the benzaldehydeH+ with AlCl4

−.
The linear relationship of the ultimate, fractional, toluene

conversion with the ratio of mol Al3+/mol toluene, initially in
mixture, suggests that the reaction is not catalytic and from a
consideration of the slope (mol toluene converted/mol Al3+)
we conclude that at least two aluminum cations are needed for
each toluene converted. A similar[10] result was observed
for toluene carbonylation in the presence of triflic acid, except
the slope of those data suggested that 10 triflic acid molecules
were required for every tolualdehyde produced.

From the forgoing we believe that the reaction mechanism
often cited for the triflic acid mediated arene carbonylation
also explains well the data for the acidic, chloroaluminate
IL system. The selectivity of the IL-based system is similar
to the triflic acid system. Moreover, the way in which the
A ery
s Koch
A It is
p y for
t spec-
u rect
c tants
( i-
l d,

s.

acidic-chloroaluminate ILs, and AlCl3. Here, data of initial
arene conversion rate (h−1) were plotted versusPCO for re-
actions completed at room temperature. The data for benzene
carbonylation in AlCl3 (Al3+/benzene = 1) shows conversion
rates of 0.5–0.7 h−1 over the range of pressures from 500 to
1000 psig. These data were larger than the conversion rates
for the triflic acid system where the acid/substrate ratio was 2
(0.1–0.4 h−1) but less than the conversion rate data for triflic
acid in large excess (10 mol acid/1 mol substrate) where the
conversion rate was 2 h−1. Data for the IL system showed
conversion rates of 0.4–1 when Al3+/toluene = 1 and the con-
version rates were 0.6 to 2.6 h−1 when the Al3+/toluene = 2.
The increased reactivity of the IL systems could be a direct
result of the superior solvation power normally attributed to
ILs in that the reactant CO and the source of protons, HCl, are
readily dissolved in the IL. The reason for this better solva-
tion power (e.g., higher acidity) cannot be ascertained from
the data presented here, although sparse data in the litera-
ture suggests that the acidic chloroaluminates derived from
EMIM-Cl are very strong acids showing Hammett acidity
functions near−18 [3,4,19]. The high solubility of HCl gas
and its formation of protons in the IL would directly influence
the reactivity of these arene carbonylations.

The regioselectivity to form the isomers of tolualdehyde
apparently changes little with conversion level. Moreover, it
a reac-
t with
t her
i , the
r the
t

7

act
w cies
t Al
s rmed
p orp-
t for-
m yed
b ved
f The
A anic
c alde-
h lCl
T mi-
n wer
f

A

ced
M om
l 3+ species limits the reactivity of the IL system is v
imilar to what has been observed for the Gatterman–
lCl3 system, even to the formation of solid products.
lausible that the IL does not use any unusual chemistr

he arene carbonylation conversion. Therefore, we can
late that the higher reactivity of the IL system is a di
onsequence of it being a superior solvent for the reac
arene and CO) and for the catalyst: H+. Consider a comp
ation of data (Fig. 8) for arene carbonylation in triflic aci

Fig. 8. Arene conversion rate for room temperature carbonylation
ppears that p-tolualdehyde does not isomerize under
ion conditions in the IL. Sood observed the same result
riflic acid [10]. By inference, it is assumed that the ot
somers of tolualdehyde do not isomerize in the IL. Thus
egioselectivity is determined by the reaction(s) that form
olualdehyde isomers, initially.

. Summary

The Al3+ species in acidic chloroaluminate ILs inter
ith HCl gas to form protons and chloroaluminate spe

hat can harbor the product aldehydes. As such, the3+

pecies are co-reactants with the arene and CO. The fo
rotons are probably very highly acidic such that the abs

ion of CO is favored even at modest pressures and the
ation of formyl cation takes place rapidly. The role pla
y the proton in the IL system is not unlike that obser

or protons in the perfluoroalkanesuflonic acid systems.
l3+ species that are not directly associated with the org
ation in the IL system are free to sequester the product
ydes much the same way as has been observed for A3.
he superior reactivity demonstrated by acidic, chloroalu
ate ILs is probably due to their enhanced solvation po

or HCl and CO.

cknowledgments

We gratefully acknowledge the support from Advan
aterials WI Technologies, Inc. (Woodstock, GA) and fr



58 E.J. Angueira, M.G. White / Journal of Molecular Catalysis A: Chemical 227 (2005) 51–58

the Georgia Institute of Technology Molecular Design Insti-
tute, under prime contract N00014-95-1-1116 from the Office
of Naval Research. We also thank Professor A. V. Iretskii,
Department of Chemistry, Lake Superior State University,
Sault St. Marie, MI for the thought provoking discussions.
We would also like to acknowledge that this submission was
created using the RSC article template.

References

[1] P. Wasserscheid, W. Keim, Ionic liquids—new “solutions” for tran-
sition metal catalysis, Angew Chem. Int. Ed. 39 (2000) 3772–3789.

[2] H.A. Øye, M. Jagtoyen, T. Oksefjell, J.S. Wilkes, Mater. Sci. Forum
73-75 (1991) 183–189.

[3] Z.J. Karpinski, R.A. Osteryoung, Inorg. Chem. 23 (1984) 1491–
1494;
A.A.K. Kbdul-Sada, K.R. Greeway, K.R. Seddon, T. Welton, Org.
Mass Spectrom. 28 (1993) 759–765.

[4] P. Smith, A.S. Dworkin, R.M. Pagni, S.P. Zingg, Brønsted superacid-
ity of HCl in liquid chloroaluminate. AlCl3-1-Ethyl-3-methyl-1H-
imidazolium chloride, J. Am. Chem. Soc. 111 (1989) 525.

[5] Ma Minhui, K.E. Johnson, Carbocation formation by selected hydro-
carbons in trimethylsulfonium Bromide–AlCl3–AlBr3–HBr ambient
temperature molten salts, J. Am. Chem. Soc. 117 (1995) 1508–1513.

[6] R.Y. Saleh, “Process for making aromatic aldehydes using ionic liq-
uids”, WO-00/15594, US-6, 320, 083 (2000).

[7] K. Qiao, Y. Deng, Alkylations of benzene in room temperature ionic
1)

yla-
ds,

eac-
986)

[ ne
ane-

D.S. Sood, S.C. Sherman, A.V. Iretskii, J.C. Kenvin, D.A. Schiraldi,
M.G. White, Formylation of toluene in triflic acid, J. Catal. 199
(2001) 149.

[11] G. Driver, K.E. Johnson, 3-Methylimidazolium bromohydro-
genates(I): a room-temperature ionic liquid for ether cleavage, Green
Chem. 2 (2003) 163–169.

[12] S.P. Zingg, A.S. Dworkin, M. Sørlie, D.M. Chapman, A.C. Buchanan
III, G. Pedro Smith, Reactivity of anthacene in liquid SbCl3-AlCl3-
N-(1-butly)pyridinium chloride mixtures, J. Electrochem. Soc. 131
(#7) (1984) 1602–1608.

[13] J.L.E. Campbell, K.E. Johnson, The chemistry of protons in ambient-
temperature ionic liquids—solubility and electrochemical profiles of
HCl in HCl-IMCl-AlCl 3 ionic liquids as a function of pressure
(295 K), J. Am. Chem. Soc. 117 (1995) 7791.

[14] J.H. Holloway, N.W. Krase, Synthesis of benzaldehyde from benzene
and carbon monoxide under pressure, Ind. Eng. Chem. 25 (No.5)
(1933) 497.

[15] W.D. Chandler, K.E. Johnson, Thermodynamic calculations for re-
actions involving hydrogen halide polymers, ions, and lewis acid
adducts. 3. Systems constituted from Al3+, H+ and Cl−, Inorg. Chem.
38 (1999) 2050–2056.

[16] G.A. Olah, S.J. Kuhn, in: G.A. Olah (Ed.), Friedel–Crafts and re-
lated reactions, III, Wiley Intersciences, New York, 1964, Chapter
XXXVIII ;
B.L. Booth, T.A. El-Fekky, J. Chem. Soc., Perkin Trans. 1 (1979)
2441–2446;
G.A. Olah, K. Laali, O. Farooq, J. Org. Chem. 50 (1985) 1483–
1486.

[17] S. Sahami, R.A. Osteryoung, Anal. Chem. 55 (1983) 1970.
[18] J.O. Stull, M.G. White, Hyperbaric kinetics of the simple hydration

cean

of
cean

g. 12

[ tudy
sys-
de)

ol%
liquids modified with HCl, J. Mol. Catal. A: Chemical 171 (200
81–84.

[8] S.J. Nara, J.R. Harjani, M.M. Salunkhe, Friedel–Crafts sulfon
tion in 1-butyl-3-methylimidazolium chloroaluminate ionic liqui
J. Org. Chem. 66 (2001) 8616–8620.

[9] J.A. Boon, J.A. Levisky, J.L. Pflug, J.S. Wilkes, Friedel–Crafts r
tions in ambient-temperature molten salts, J. Org. Chem. 51 (1
480–483.

10] Xu Bo-Qing, D.S. Sood, L.T. Gelbaum, M.G. White, Tolue
carbonylation catalyzed by mixtures of water and trifluorometh
sulfonic acid, J. Catal. 186 (1999) 345–352;
and potassium superoxide O.E.D., Curr. Prac. New Technol. O
Eng. 11 (1986) 325–342;
S. Poehlein, M.G. White, Hyperbaric kinetics for the reaction
potassium superoxide with water and carbon dioxide A.S.M.E. o
engineering division, Curr. Practices New Technol. Ocean En
(1987) 55–61.

19] G.P. Smith, A.S. Dworkin, R.M. Pagni, S.P. Zingg, Quantitative s
of the acidity of hydrogen chloride in a molten chloroaluminate
tem (aluminum chloride/1-ethyl-3-methyl-1H-imidazolium chlori
as a function of HCl pressure and melt composition (51.0–66.4 m
AlCl3), J. Am. Chem. Soc. 111 (1989) 5075–5077.


	Arene carbonylation in acidic, chloroaluminate ionic liquids
	Introduction
	Experimental
	Chemicals
	Preparation of ILs chloroaluminates/EMIM-Cl and chloroaluminates/BMIM-Cl
	Reaction studies-low pressure
	Reaction studies-high pressure
	Analytical

	Results-activity versus intrinsic acidity
	Results-activity versus Brnsted acidity
	Results-activity versus Al3+/substrate ratio
	Selectivity

	Discussion
	Summary
	Acknowledgments
	References


