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Abstract 

The acid catalyzed hydrolysis of MTBE using p-toluenesulfonic acid was studied in nonpolar medium to ascertain the effect 
of nucleophile upon reaction. NMR measurements showed protonation of both MTBE and methanol by p-toluenesulfonic acid 
in nonpolar medium but no nucleophile-electrophile interaction of MTBE with p-toluenesulfonic acid methyl ester as potential 
nucleophile. Addition or in situ generation of a nucleophile did not accelerate the reaction. At low conversions and low catalyst 
concentration the reaction exhibited pseudo zero order with respect to reactant concentration and second order with respect to 
catalyst concentration. The results suggest protonation of MTBE in a fast preequilibrium step in which the acid catalyst exhibits 
cooperative effect. No nucleophilic assistance in the transition state of MTBE hydrolysis in nonpolar medium occurs. 

1. Introduction 

The development of methyl tert-butyl ether 
(MTBE) into an important industrial commodity 
has led to a significant increase in the study of the 
mechanism of its synthesis from methanol 
(MeOH) and isobutene (IB) under acid catalysis 
[ 11. The most commonly studied catalyst which 
is also used in commercial processes is a sulfo- 
nated ion exchange resin such as Amberlyst-15. 
Besides the large number of kinetic studies of 
MTBE formation on this catalyst some investi- 
gations targeting catalyst-substrate interactions 
have been published [2]. The mechanistic 
description which has widely gained acceptance 
postulates a change of mechanism depending 
upon the presence or absence of an excess of 
MeOH over IB [ 31. In the former case, in which 
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a polar medium exists around the acid site, pro- 
tonated MeOH is formed in a fast step and reacts 
with IB in the rate-determining step, forming a 
carbocation which is trapped by MeOH to give 
protonated MTBE (Eq. l-3). The acid-base reac- 
tion in Eq. 4 must also be fast. This mechanism is 
referred to as specific acid catalysis. 

AH + MeOH % A- + MeOH,f (1) 

MeOH: + H*C=CMe, % MeOH + Me,C’ 

(2) 

MeOH f Me,C + % Me,C-0( H) +-Me (3) 

Me,C-O( H) +-Me 

+A-%Me,C-0-Me+AH (4) 

In the mechanism proposed for the nonpolar 
medium, the catalyst, or more specifically the 
active site, is claimed to play a dual role of proton 
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Fig. 1. Proposed transition state for MTBE formation from MeOH 
and IB on Amberlyst- 15 [ 41. 

donor (acid) and nucleophile toward the substrate 
[ 41. No proton transfer step like Eq. 1 or 4 is said 
to be involved, however, instead, the catalyst 
interacts with the reactants and product exclu- 
sively by hydrogen bonding and the reaction is 
concerted. The proposed transition state for this 
mechanism comprises five participants (three 
S03H groups, MeOH, and IB) in a cyclic arrange- 
ment which subsequently dissociate into the reac- 
tion products, as shown in Fig. 1. This mechanism 
was described as general acid catalysis [ 41. 

There are some troublesome features, however, 
in the mechanism proposed for the nonpolar 
medium. First, there is no aromaticity of the tran- 
sition state proposed, therefore it represents a 
structure of high energy [ 51. Second, the mech- 
anism requires a pentamolecular collision. Such 
an aggregation, unheard of in solution, should be 
even more difficult to achieve on the solid, where 
proper orientation of sulfonic acid groups requires 
the distortion of the polymer chains. The highly 
oriented transition state is possible only if the pol- 
ymer itself has the S03H groups properly oriented 
around a cavity of the right size and shape such 
that the two reacting molecules fit in like in 
enzyme catalysis. The necessary consequence 
would then be a high sensitivity to substrate size: 
a catalyst good for MeOH and IB should be totally 
unsuitable for ethanol (EtOH) and 2-methyl-2- 
butene. There is no report of such a reactivity 
pattern. Third, in the reverse pathway a nucleo- 
philic attack by one of the sulfonic acid groups at 
the quatemary carbon of MTBE is required, which 
is sterically prohibited as shown long ago by the 
lack of reactivity of HO- toward teti-butyl chlo- 
ride [ 61, even though a combination of electro- 

philic and nucleophilic assistance by solvent was 
suggested for solvolyses involving carbocations 
as intermediates ( SN1 ) [ 71. 

Much of the mechanistic problems stem from 
an unfortunate confusion of the meaning of gen- 
eral acid catalysis, which in fact does not mean 
absence of proton transfer, but its occurrence in 
the rate-determining step, rather than as a fast pre- 
equilibrium which is typical of specific acid catal- 
ysis [ 81. As general acid catalysis obeys 
Bronsted’s law of catalysis connecting catalytic 
rates with catalyst acid strengths, it now seems 
debatable whether hydrogen bonding is sufficient 
for manifestation of general acid catalysis [ 81 (b) , 
because it was found that there is no connection 
between hydrogen bond donor ability and acid 
strength [ 91. 

We felt that a careful mechanistic study of 
MTBE formation and hydrolysis in nonpolar 
medium was necessary to solve theseinconsisten- 
ties, either by amending the mechanismembodied 
by the transition state of Fig. 1, or by replacing it 
altogether. To avoid steric constraints and possi- 
ble mass transfer limitations within the resin cat- 
alyst, which have been reported to occur under 
reaction conditions typical for MTBE synthesis 
[ lo], we conducted our study in solution with p- 
toluenesulfonic acid (TsOH) as catalyst, as a 
close analog of the resin catalyst. The nonpolar 
medium was ensured by the use of toluene as 
solvent. At the molecular scale these conditions 
appropriately simulate the reaction on the acid 
sites of Amberlyst- 15. 

In order to study the reaction in solution without 
the need of working under pressure we studied the 
hydrolysis of MTBE. The transition state structure 
should obviously be the same for reaction in either 
direction [4]. The study of hydrolysis rates is 
complicated, however, by the position of the equi- 
librium, heavily on the ether side at temperatures 
below 373 K, unless IB is removed from the solu- 
tion. The best way to achieve this removal is by 
trapping IB with another molecule of alcohol, for 
example deuterated methanol. We preferred to use 
ethanol, which is less polar and allows the con- 
venient measurement of conversion by GLC. 
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Macroscopically, the reaction is, therefore, a tran- same sample gave a reproducibility of the same 
setherification. order. 

Three topics pertinent to the mechanism of 
interest were studied: the ability of TsOH to pro- 
tonate the reactant and product, MTBE and 
MeOH; the reaction rates and kinetic reaction 
orders; and the effect of added nucleophiles upon 
the rate. 

Typically, a 0.5 M solution of dried TsOH in 
toluene was used as starting sample. The sub- 
strates, methanol, MTBE, and TsOMe were grad- 
ually added to obtain mixtures of varying 
stoichiometric ratios. The NMR spectra of the var- 
ious catalyst-substrate solutions were compared 
with those of the pure substrate and catalyst solu- 
tions. For the determination of the equilibrium 
constant of protonation of pyridine by TsOH at 
298 K, the chemical shifts of characteristic carbon 
atoms of pyridine were measured in the fully pro- 
tonated and nonprotonated state [ 121 using pyri- 
dine and a 1:6 mixture of pyridine and 
trifluoromethanesulfonic acid (TFA) , respec- 
tively, and were compared with those obtained for 
a 1: 1 mixture of pyridine and TsOH in a solution 
mimicking that used for the kinetic measurements 
(MTBE, EtOH, and toluene as solvent). 

2. Experimental 

Toluene (Fisher Scientific, A.C.S. grade), 
MeOH (Mallinckrodt, AR), MTBE (Aldrich, 
99.9%)) pyridine (Fisher Scientific, A.C.S. 
grade), and EtOH ( AAPER Alcohol and Chem- 
ical Co., USP) were used as received. p-Toluene- 
sulfonic acid (monohydrate, Aldrich, 99%) was 
recrystallized from toluene. Before use, the puri- 
fied monohydrate was dried for 48 h at 321 K in 
the vacuum of a roughing pump and then capped 
under nitrogen atmosphere in order to allow addi- 
tion of solvent and reactants to the reaction tube 
without contamination of the hygroscopic TsOH 
with water. p-Toluenesulfonic acid methyl ester 
( Aldrich, 98%) (TsOMe) was purified by recrys- 
tallization from 35-60” petroleum ether. Due to 
the low melting point crystallization was induced 
in an acetonedry ice bath. 

‘H and 13C NMR spectra were recorded with a 
Bruker MSL 300 NMR spectrometer at ambient 
temperature (298 K) in 8 mm sample tubes placed 
in 10 mm outer tubes containing CDC13 as locking 
agent and TMS as external reference. ‘H spectra 
were run at 300 MHz, a sweep width of 5400 Hz, 
a.pulse width of 9 ps, and a recycle delay of 2 s. 
For 13C spectra, an irradiation frequency of 75.468 
MHz with a spectral width of 20 kHz, a pulse 
width of 9 ps, a receiver blanking delay of 20 ps, 
and a recycle delay of 8.5 s was used. The i3C 
spectra were recorded with irradiation at the pro- 
ton frequency during acquisition for decoupling 
and for 1.5 s before excitation to establish NOE 
[ 111. As discussed earlier [ 111, the resolution 
was 0.03 ppm; recording multiple spectra of the 

For kinetic measurements, between 0.05 and 
0.1 g of TsOH each were dried in glass tubes 
( 130 X 7 mm) and capped under nitrogen with 
rubber septa. Calculated amounts of solvent and 
reactants were added to each tube through the 
septum using syringes (250, 100, and 10 ~1) and 
the tube was weighed after each addition. The 
tubes were then immersed in an oil bath at 338 K 
where reaction was allowed to proceed. Samples 
( 100 ~1) were taken from the glass tubes at inter- 
vals, quenched in diluted aqueous KOH, and the 
organic layer was analyzed by GLC using a Hew- 
lett Packard 5890 series II gas chromatograph 
equipped with FID and a 3 m X 3 mm OD column 
packed with 10% methyl silicone SP2100 on 80/ 
100 mesh Supelcoport. After 7 min isothermal 
operation at 308 K the GC oven was heated to 393 
K with 20 K/min using 20 cm3/min of nitrogen 
as carrier gas. 

3. Results 

3.1. Substrate-catalyst interaction 

The results of the 13C NMR measurements are 
compiled in Table 1 and those of the ‘H NMR 
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Table 1 
Variation of the chemical shift ’ of carbon signals in 13C NMR measurements of solutions of different reactant combinations in toluene at 298 
K 

TsOH (ppm) b 

m-C P-C o-c c-so3 

TsOMe (ppm) b 

O-CH, o-c 

MTBE/MeOH (ppm) 

c-so, (-CH,), 0-CHS o-c- 

TsOH ’ 
TsOMe 
MTBE 
MeOH 

TsOMe + MTBE 
TsOH + MTBE 
TsOH + MTBE + TsOMe 
TsOH + MTRE + 2 TsOMe 

TsOH + 0.5 MeOH 
TsOH + MeOH 
TsOH + 2 MeOH 
TsOH + MeOH + TsOMe 
TsOH + MeOH + 2 TsOMe 
TsOH + 2 MeOH + TsOMe 

126.81 129.58 134.11 144.25 
55.07 133.04 144.03 

26.77 48.11 71.79 
49.76 

55.09 133.10 144.06 26.71 48.79 71.94 
126.77 no. a n.0. d 142.73 25.99 48.77 76.10 
126.75 n.o. * n.o. d 142.86 55.26 132.79 144.24 26.01 48.78 76.11 
126.73 no. d n.0. * 142.93 55.35 132.71 144.34 26.02 48.79 76.07 

126.63 129.39 136.86 143.08 50.59 
126.52 129.23 137.93 142.49 50.06 
126.45 n.0. d 139.04 141.98 49.78 
126.47 129.58 137.84 142.63 55.21 132.72 144.26 50.07 
126.47 129.64 137.47 142.70 55.38 132.64 144.38 50.05 
126.36 n.o. d 138.93 142.13 55.29 132.73 144.29 49.80 

a Chemical shifts are reported with respect to TMS as external standard. 
b The signals for +CHs, m-C, and p-C of TsOMe and for +CHB of TsOH were not observable separately because they were covered by signals 
of toluene used as solvent (21.02, 125.29, 128.12, 128.95, 137.41 ppm). 
’ One equivalent corresponds to 0.5 M solution. 
d The corresponding signal was not observable separately, see footnote b. 

Table 2 
Variation of the chemical shift ’ of proton signals in ‘H NMR measurements of solutions of different reactant combinations in toluene d at 298 
K 

TsOH @pm) 

+CH3 ArH 

TsOMe ( ppm) 

SOsH +-CHs 0-CHs ArH 

MTBE/MeOH ( ppm) 

(CH,), 0-CH, -OH 

TsOp 1.90 6.71 6.14 7.71 7.74 11.25 
TsOMe 1.98 3.23 6.80 6.83 7.61 7.65 
MTBE 1.11 3.09 
MeOH 3.06 4.54 

TsOMe + MTBE 1.99 3.25 6.83 6.85 7.65 7.67 1.11 3.08 
TsOH + MTRE 1.99 6.83 6.88 7.64 7.67 12.51 0.97 3.00 
TsOH + MTBE + TsOMe 2.01 = 6.85 ’ 6.89 ’ 7.83 7.86 12.37 2.01 3.26 6.85 6.89 7.62 7.65 0.98 3.00 
TsOH + MTBE + 2 TsOMe 2.03 ’ 6.88 ’ 6.91 ’ 7.82 7.85 12.17 2.03 3.29 6.88 6.91 7.62 7.65 0.99 3.01 

TsOH + 0.5 MeOH 1.95 6.80 6.83 7.81 7.84 11.78 3.31 
TsOH + MeOH 1.98 6.84 6.87 7.86 7.89 11.12 .3.30 
TsOH + 2 MeOH 2.01 6.89 6.92 1.89 7.92 9.32 3.30 
TsOH + MeOH + TsOMe 1.99 6.89 6.91 7.83 7.86 10.89 2.02 3.25 6.82 6.85 7.60 7.63 3.31 
TsOH + MeOH t: 2 TsOMe 2.02’ 6.92 6.96 7.82 7.85 10.57 2.02 3.28 6.86 6.89 7.61 7.64 3.31 
TsOH + 2 MeOH + TsOMe 2.01 6.90 6.94 7.89 7.91 9.63 2.06 3.27 6.84 6.87 1.62 7.65 3.31 

a Chemical shifts are reported with respect to TMS as external standard. 
b One equivalent corresponds to 0.5 M solution. 
’ Not distinguishable from the signals of TsOMe. 
d The signals of toluene used as solvent: 2.15, 6.99-7.13 (multiplet) ppm. 
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measurements in Table 2. The assignment of sig- 
nals to specific carbon and hydrogen atoms, 
respectively, were done in accordance with liter- 
ature [13]. 

Upon addition of 1 equiv. TsOH to MTBE, the 
quatemary carbon atom of the tert-butyl group of 
MTBE shifted from 71.94 to 76.10 ppm, the 
methyl groups from 26.77 to 25.99 ppm, whereas 
the methoxy carbon remained unaffected. At the 
same time, the a-carbon (ipso) of TsOH next to 
the S03H group shifted from 144.25 to 142.73 
ppm. The P-carbon (ortho) was no longer sepa- 
rately observable but was shifted downfield and 
covered by a solvent peak at 137.40 ppm. The y 
( meta) and Scar-bon (para) were only weakly 
affected. In the corresponding ‘H spectrum, the 
observed upfield shift of the signals for both types 
of methyl groups in MTBE indicates increased 
shielding of those protons as a consequence of the 
interaction with TsOH. While generally the 
changes in the shifts of the TsOH hydrogen atoms 
were small, the acidic proton showed a downfield 
shift from 11.25 to 12.5 1 ppm. 

When methanol was added to TsOH the carbon 
signal of methanol shifted from 50.59 ppm for a 
2: 1 TsOH:MeOH mixture to 49.78 ppm for a 1:2 
TsOH:MeOH mixture, a value almost identical 
with pure methanol. The a-carbon of TsOH was 
found some 1.2 ppm upfield from its original posi- 
tion for the 2:l TsOH:MeOH mixture and about 
2.2 ppm upfield for the 1:2 TsOH:MeOH mixture. 
Analogous changes were observed for the &car- 
bon which showed a downfield shift with increas- 
ing MeOH concentration. Only very subtle 
changes were observed in the proton spectra. The 
methyl protons of methanol shifted from 3.06 to 
3.3 1 ppm, but were fairly insensitive to the meth- 
anol concentration. The acidic proton of TsOH, 
however, shifted downfield at first (from 11.25 to 
11.78 ppm for the 2: 1 TsOH:MeOH mixture) and 
then upfield again to 11.12 ppm for the 1: 1, and 
to 9.32 ppm for the 1:2 TsOH:MeOH mixture. 

Compared with the NMR spectra of the pure 
compounds, no significant changes in the carbon 
or proton signals were observed when MTBE and 
TsOMe were in solution simultaneously, suggest- 

ing at most a very weak interaction between these 
two compounds in solution. The addition of 1 
equiv. of TsOMe to a 1: 1 TsOH/MTBE solution 
also gave essentially identical NMR spectra. Min- 
imal effects were observed for the signal of the 
acidic proton which shifted from 12.51 to 12.37 
ppm and for the (Y, p, and methoxy carbon atom 
of TsOMe that exhibited shifts of 0.2 ppm. 
Besides a small upfield shift of the acidic proton 
by 0.2 ppm the addition of another equivalent of 
TsOMe to the solution did not yield any further 
changes in the NMR spectra. 

The gradual addition of TsOMe to a 1: 1 mixture 
of TsOH:MeOH again induced only minimal 
changes in the ‘H and 13C NMR spectra. The (Y 
and Pcarbon of TsOH were displaced in the usual 
manner from 141.98 to 142.70 ppm and from 
139.04 to 137.47 ppm, respectively, whereas the 
changes of the signals for TsOMe compared to the 
pure solution were in the range of 0.2 ppm. In the 
proton spectra, the changes of the TsOMe signals 
were negligible, however, the signal for the acidic 
proton moved upfield for 1: 1 TsOH:MeOH by 0.5 
ppm after addition of 2 equiv. of TsOMe but 
downfield by 0.3 ppm after addition of 1 equiv. of 
TsOMe to a 1:2 TsOH:MeOH mixture. This last 
result shows that TsOMe does not enter acid-base 
interaction but only modifies the polarity of the 
solution. 

3.2. Kinetic measurements 

All reaction data obtained from our kinetic stud- 
ies could be fitted by a zero order rate law regard- 
ing the reactants. A typical example of the 
linearization is shown in Fig. 2 for the reaction 
with varying catalyst concentration. The conver- 
sion was kept below 10% to avoid the influence 
of the backward reaction upon kinetics which is 
illustrated in Fig. 3. From this experiment, the 
equilibrium constant of transetherification at 338 
K was determined as 0.774. Table 3 summarizes 
the results of the transetherification of MTBE with 
ethanol at 338 K, atmospheric pressure, and var- 
ious catalyst-substrate ratios. The set of experi- 
ments indicated by A showed a more than 
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Time (min) 

Fig. 2. Linearized plot of reaction resul!s for the transetherification 
of MTJSE with EtOH at 338 K at catalyst concentrations of ( ??) 
0.369, (+) 0.238, (A) 0.161, and (0) 0.093 mol/l. 

proportional increase of the reaction rate constant 
with increasing catalyst concentration. The reac- 
tion order with respect to the catalyst concentra- 
tion, determined by plotting the logarithm of the 
catalyst concentration versus the logarithm of the 
reaction rate in Fig. 4, was 2. 

The addition of TsOMe as potential nucleophile 
to the reaction mixture did not affect the reaction 
rates, as is shown by the constant values for the 
reaction rates in Table 3 for the experiments indi- 
cated by Bl-B2. In a different approach, we 
attempted to replace part of the acid as nucleophile 
by the much more strongly nucleophilic tosylate 
anion which was generated by partial neutraliza- 
tion of the catalyst with pyridine. The reaction rate 
was determined for the reactant composition of 

‘IL 
500 1000 1500 2000 2500 3000 

Time (min) 
Fig. 3. Approach to equilibrium for the transetherification of MTBE 
with EtOH at 338 K. 

experiment A4 in Table 3 with the addition of 
increasing amounts of pyridine. The values of the 
rate constant for experiments Cl-C3 in Table 3 
show clearly that the reaction rate decreased with 
increasing conversion of the acid to its anion (pyr- 
idinium salt, TsO-PyH+ ) . The quantity of pyri- 
dine for experiments Cl-C3 was chosen such that 
the remaining concentration of acid would be the 
same as in experiments Al-A3 if complete neu- 
tralization of pyridine occurred. Fig. 5 shows, 
however, that the reaction in each experiment in 
series C was faster than its corresponding experi- 
ment in series A. 

3.3. Determination of the equilibrium constant 
of protonation of pyridine by TsOH 

By interpolation of the 13C NMR signals of 
pyridine, pyridine-TsOH mixtures, and pyridine 
fully protonated in a mixture with TFA (see 
Experimental) we determined the equilibrium 
constant of protonation KProt of pyridine by TsOH. 
The results in Table 4 allowed calculation of 
K,,, = 190 f 20 l/mol at 298 K. From this value 
and the reaction enthalpy of - 15.3 kcal/mol 
[ 141 (a) weobtainedK,,,=9.2l/molatourreac- 
tion temperature of 338 K using the equation of 
van’t Hoff. In view of the uncertainty in all the 
quantities employed and of the difference of the 
solvent composition between our experiments and 
those in the literature [ 141, the value is only a 
rough estimate. 

It is also possible to calculate a value of the 
equilibrium constant of protonation from our reac- 
tion data taking that the decrease in the rate of 
reaction is due entirely to incomplete protonation. 
Knowing that the reaction rate depends upon the 
square of catalyst concentration one can calculate 
the concentration of free acid from the reaction 
rates obtained with the partially neutralized sam- 
ples. This true concentration of free acid 
( [ TsOH] ) together with the initial concentration 
of TsOH (C’TSoi., ) and pyridine ( eW) can be 
used to express the real concentration of pyridine 
([Py]) and pyridinium salt ([TsO-PyH+]) in 
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I 
f 

0 100 200 300 400 500 

Time (min) 
Fig. 5. Linearized plot of reaction results for the transetherification 
of MTJ3E with EtOH at 338 K, 0.369 mol/l TsOH and pyridine 
concentrations of ( W) 0.0, ( + ) 0.129, ( A ) 0.207, and (0) 0.277 
molll; the dashed lines correspond to the expected decrease in rate 
assuming complete neutralization (experiments Al-A3 in Table 3). 

4.2. Reaction rates, reaction orders, and rate 
law 

found from the combined changes of the protons 
of the alcohol hydroxyl group and the sulfonic 
acid group in the ‘H NMR spectra. The observa- 
tion of only one signal for the proton of the alcohol 
hydroxyl group and the acid proton indicates rapid 
hydrogen exchange between the two groups which 
can only occur by protonation-deprotonation, as 
demonstrated before [ 131 (c) . Hence, protonation 
of methanol was established. The position of the 
average signal is determined by the amount of 
protonation in equilibrium. For negligible proton- 
ation, the signal would be found at 7.9 ppm, the 
average of the S03H and MeOH signals, whereas 

Because protonation of the ether occurs fast in 
a pre-equilibrium step, the formation of the car- 
bocation and alcohol, as outlined earlier in Eq. 3, 
should represent the rate limiting step. For this 
type of mechanism one expects a first order 
dependence in MTBE and zero order in EtOH as 
quenching reagent. The rate, however, is propor- 
tional to the concentration of protonated MTBE. 
Because of the high substrate-to-catalyst ratio 
used (between 8 and 30) and the significant 
degree of protonation of MTBE the concentration 
of protonated MTBE changes negligibly at low 
conversions ( < 10%) which makes the reaction 
pseudo zero order with respect to MTBE. 

The second order dependence of the reaction 
rate upon catalyst concentration is a very interest- 

Table 4 
Dependence of the shift ’ of “C NMR signals of pyridine upon extent of protonation 

a downfield shift would indicate increased extent 
of protonation in equilibrium. The initial down- 
field shift observed at low MeOH:TsOH ratio 
demonstrates that the degree of protonation is sub- 
stantial. In the presence of excess MeOH the sig- 
nal moved upfield, as expected, but its position 
indicates that protonation was still significant. 
These observations contradict the proposed mech- 
anism [4] which assumed that there was no pro- 
tonation in nonpolar medium. 

TsOH (ppm)b Pyridine (ppm) ’ 

m-C P-C o-c c-so3 Cd P-C YC 

TsOH d 126.53 129.15 140.78 141.43 
Py 149.39 124.21 136.65 

0.5Py + TsOH 126.46 128.99 140.61 142.24 142.00 127.63 146.74 
Py+TsOH 126.37 128.89 140.03 143.28 143.01 127.20 145.42 

4r+6TFA 141.50 127.78 147.15 
3Py + 6TFA 141.67 127.89 147.27 

’ Chemical shifts are reported with respect to TMS as external standard. 
b The signal for +CH, was not observable separately because it was covered by the signals of toluene used as solvent: (21.02, 125.29, 128.12, 
128.95, 137.41 ppm). 
’ The assignment of carbon signals of pyridine in dependence of pH was done in accordance with [ 121. 
d One equivalent corresponds to 0.162 M solution. 
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ing result because it implies that two TsOH mol- 
ecules participate in the rate determining step or 
in the step preceding it. According to the proposed 
mechanism [ 41 this could mean that the acid acts 
both as proton donor and as nucleophile toward 
the reactant. It has been shown, however, that in 
nonpolar media TFA forms aggregates with trifla- 
tes of the structure AH-A-, ( HA)2-A-, and 
( HA)3-A- [ 161 and that two molecules of acid 
are required to transfer a proton to a base [ 171, 
especially in nonpolar media (cooperative effect, 
Eq.6) [171(c). 
2AH+B=AH- -A- +BH+ (6) 

In our case, where we have quite a nonpolar 
medium, a similar effect could take place, mean- 
ing that the acid itself acts to stabilize the anion 
through hydrogen bonding. Since this is a neces- 
sary requirement for the dissociation it leads to a 
second order dependence of the rates upon the acid 
catalyst concentration. Analogously, a reaction 
order greater than one in catalyst concentration 
was observed for transalkylation reactions cata- 
lyzed by TFA [ 181 and Ancillotti et al. [ 31 
reported a third order and higher dependence of 
MTBE formation rates upon the concentration of 
sulfonic acid groups in Amberlyst-15. Gates and 
coworkers suggested that a network of mutually 
hydrogen bonded sulfonic acid groups governs 
catalytic activity in Amberlyst- 15 [ 21 (b), [ 191, 
but Ancillotti et al. [ 31 argued that at high alcohol 
concentrations inside the resin this could not be 
the case. It is conceivable that sulfonic acid groups 
of the resin in close vicinity also exhibit cooper- 
ative effect in nonpolar medium and, thus, that a 
site could actually consist of two or more sulfonic 
acid groups. This may also lead to a better under- 
standing of the proposed chemisorption of reac- 
tants on two sites and subsequently of the 
transition state’ on three sites as concluded from 
fitting reaction data by Langmuir-Hinshelwood- 
Hougen-Watson kinetics [ 4,201. Because all the 
reactions considered involve in the critical step 
the interaction of an electrophile with a nucleo- 
phile and the adsorbate acquires a positive charge 
upon chemisorption on heterogeneous acid cata- 

lysts, it cannot be expected to observe a reaction 
between two chemisorbed species on acid cata- 
lysts as Langmuir-Hinshelwood kinetics would 
require. 

4.3. Effect of nucleophile upon interactions and 
reaction 

The lack of any effect of TsOMe upon the 
chemical shift of the methyl and quatemary car- 
bon atoms of MTBE protonated at equilibrium 
indicates the absence of nucleophilic effects of the 
ester upon the substrate. This result was very well 
reflected in the kinetic experiments. The addition 
of TsOMe to the reaction mixture containing 
MTBE, EtOH, and TsOH should have increased 
the rate of reaction if the participation of the nucle- 
ophile in the transition state (see Fig. 1) was 
required because replacement of TsOH by TsOMe 
as nucleophile would increase the effective con- 
centration of catalyst. The reaction rate remained 
unaffected by the addition of TsOMe, however, 
which suggests that the nucleophile does not play 
an important role in determining the overall reac- 
tion rate. 

For the partial replacement of the acid as nucle- 
ophile by the much more strongly nucleophilic 
tosylate anion, one would expect to see a decrease 
in the rate of reaction equivalent to the amount of 
catalyst neutralized by pyridine, if there was no 
contribution of the nucleophile to the reaction. On 
the other hand, if the nucleophile had an effect, a 
less pronounced decrease or rather an increase in 
the rate of reaction would be expected. Indeed, if 
the two molecules of acid have different roles in 
the transition state the expression for the reaction 
rate can be written as in Eq. 7 where k, relates to 
acidic strength and kNu to nucleophilicity. 

r=R,[AH]k,,[AH] =k,k,,[AH]* (7) 

Let us consider that 20% of the acid catalyst 
was replaced by its anion. Because [A-] = 0.2 
[AH] Eq. 7 changes to Eq. 8. 

r’=k,0.8[AH]kN,0.8[AH] 

+k,0.8[AH]k’,,0.2[AH] (8) 



40 A. Kogelbauer et al. /Journal of Molecular Catalysis A: Chemical 103 (1995) 3141 

In order to observe constant reaction rates r = r’ 
after partial neutralization it is necessary that the 
nucleophilicity of the anion, kNu’, be equal to 2.25 
kNu. The relative nucleophilicities for some acids 
and their anions were reported in the literature 
[21]. Thus, for H,O/HO- kNu’ = 104.*kN, 
[ 211 (a), for MeOH/MeO- kNu’ = 106,3kN, 
[211(b), and for CH3COOH/CH3COO- 
k ’ = 104.‘kN, [ 211 (a). These values show that 
gEerally the anion is about 4 to 6 orders of mag- 
nitude more nucleophilic than the acid, from 
which it follows that in the case of the participation 
of the anion as nucleophile in the reaction the rate 
should be much higher. For instance, for 75% 
neutralization ( experiment C 1 in Table 3) we can 
estimate an acceleration of about three orders of 
magnitude. Comparing the data presented in 
Table 3 ‘( Al-A3 and Cl-C3) and in Fig. 5 we 
realize that this was clearly not the case. 

Nevertheless, the decrease in the reaction rate 
was not as great as expected from the amount of 
pyridine added. Two factors may account for these 
differences. The first is a small acceleration due 
to the addition of an electrolyte (TsO-PyH+ ) to 
the solution, also known as salt effect [ 221. The 
second is the possibility of incomplete protonation 
of pyridine in the reaction mixture, thus, increas- 
ing the amount of free acid available as catalyst. 
Although the value for the equilibrium constant 
of protonation could only be estimated to range 
between 9.2 and 70 l/mol it indicates, neverthe- 
less, that protonation of pyridine is incomplete at 
the reaction temperature. An evaluation of the 
effect of incomplete protonation of pyridine is 
given in Fig. 6 which shows the rate of reaction 
without pyridine and with pyridine added under 
the assumption of complete protonation 
(K,,, = a), and of partial protonation according 
to &rot =9.2 l/mol as determined by NMR and 
extrapolated to 338 K. The experimental values 
were in between the limits of these two assump- 
tions, thus, demonstrating the absence of any 
nucleophilic acceleration in the hydrolysis of 
MTBE in nonpolar medium. 
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Fig. 6. Comparison of expected and measured rate of transetherifi- 
cation of MTBE with EtOH at 338 K after 75% neutralization with 
pyridine (Table 3, exp. Cl), (@) measured data, (-) no protona- 
tion, (...) partial protonation (K,,,= 9.2 l/mol), (- - -) complete 
protonation (K,,, = m) . 

5. Conclusions 

In nonpolar media both MeOH and MTBE were 
protonated by TsOH. NMR measurements 
showed that there was no nucleophile-electro- 
phile interaction between TsOMe and 
MTBE***H+. The transetherification of MTBE 
with EtOH at 338 K in the presence of small 
amounts of catalyst exhibited pseudo zero order 
kinetics with respect to reactants and second order 
with respect to the catalyst. This is consistent with 
the rate determining step being the dissociation of 
equilibrium-protonated MTBE and manifestation 
of cooperative effect with formation of complex 
anions AH-A- in the proton transfer from the 
catalyst to the substrate. Addition of TsOMe as 
potential nucleophile had no effect upon reaction 
rate whereas conversion of a fraction of the cata- 
lyst to the corresponding anion resulted in a 
decrease in the reaction rate. Therefore, there is 
no nucleophilic assistance in the transition state 
of MTBE hydrolysis in nonpolar media. 
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