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Rate constants of methanolyses of pare-Z-substituted benzenesulfonyl chlorides have been determined in various iso-
dielectric solvent mixtures. A third-order kinetic behavior has been observed in the methanolysis of p-nitrobenzenesul-
fonyl chloride in methanol-nitromethane mixture from the correlation figure of logarithms of rate constants were
plotted against ¥-values based on solvolyses of l-adamantyl tosylate. Syl-Sy2 mixing mechanisms are favored by
peutral or weak electron-donating and weak electron-withdrawing substituents of p-Z-substituted benzenesulfonyl chlo-
rides in methanol-nitrobenzene mixture. While the methanolyses of para-Z-substituted benzenesulfony! chlorides in
methanol-ethylene glycol solvent mixture are appropriate for Sy2 mechanism from the mechanistic criterion by means

of m-values.

Introduction

Factors influencing nucleophilicity of anions and transition
state involved in the nucleophilic substitution reactions have
long held the interest of mechanistic chemists. The solvoityic
reactions in which a solvent molecule attacks to the electro-
philic center as a nucleophile have been investigated widely.
The solvolytic reaction mechanism, were studied for various
organic reactions based on the mode) substrates such as feri-
butyl chloride and 2-adamantyl tosylate.! The conclusions de-
rived from the detailed solvent effects on the rates of nuc-
leophilic substitution reactions were applied to a large num-
ber of solvent-assisted reactions? While a correlation of these
kinetic results with thermodynamic properties of nucleophile
has generally been unsatisfactory.

A different mechanistic view is raised a question in argu-
ment for the sulfony! transfer reaction® involved solvent assi-
stance when the kinetic results have been applied to the
mechanistic criterion based on the correlation of kinetic re-
sults and thermodynamic properties.

A much discussed question® arising in the direct displace-

ment process for sulfonyl transfer concerns the timing of
bond formation and cleavage, that is, whether the structure
of seven-coordinate including sulfur atom corresponds to a
transition state or penta-coordinate intermediate.

A good case of a two-step process proceeding vée a pen-
tacoordinate intermediate has been suggested by Kice™ and
supported by the isolation of hypervalent analogues by Per-
kins and Martin.* Even though those proposals are well reco-
gnized in that case of sulfonyl transfer reaction such as alkyl
sulfony! halide solvolyses, while a very different mechanistic
aspect is shown in the particular case of nucleophilic substi-
tution reaction of arenesulfonic ester with hydroxide as
shown their evidence is in better agreement with a one-step
mechanism.®

On the other hand, the solvolytic reactions of arenesulfonyl
chlorides were proposed to occur through very different me-
chanisms extend from dissociative Sy2 to S;N.° In sulfonyl
transfer reactions, each mechanism could show variable tran-
gition state structures, e.g, from dissociative Sx2 to S,N with
increasing nucleophilic assistance by influence of solvent.
Recently isodielectric binary solvent mixtures such as aceto-
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Table 1. Rate Constants (k. X 10*s™") for Solvolyses of p-Subs-
tituted Benzenesulfonyl Chlorides in MeOH-MeNO, at 45T

Substituents
Solvents*

p-0CHs p-CH;  p-H p-F p-Cl - p-NO;

7.81 5.75 5.17 5.00 472 7.31
7.95 586 531 5.13 485 7.76
7.81 6.15 5.37 520 493 8.65
7.64 6.26 543 531 501 9.61
6.36 563 484 5.10 4.85 104
462 453 437 4.26 4.46 122
347 3.51 3.59 372 3.94 136
292 3.04 324 3.31 377 15.7

*MeQH Composition (v/v%),

3838 RER

Table 2. Rate Constants (kX 10¢s ") for Solvolyses of p-Subs-
tituted Benzenesulfonyl Chlorides i MeOH-PhNOQ, at 45C

Substituents
pOCH, pCH: pH  pF  pO1  pNO,

6.75 507 465 47 5.15 7.8
6.28 4.79 438 4.54 485 6.89
583 446 404 4.25 461 6.62
5.40 423 3.84 3.96 440 6.39
446 372 343 374 383 5.77
279 223 222 225 2.26 463
1.88 1.53 141 1.67 1.71 3.99
1.30 1.06 1.04 1.04 1.05 331

Solvents*

LEBZI3IERE R

*MeOH Composition {(v/v%).

nitrile-methanol solvent system are reported’ that the me-
chanistic variation is analyzed clearly even though a vague
mixing mechanism esxists in very complicated nucleophilic
substitution reaction.

A clear cut of mechanistic change-over in the sulfonyl
transfer reactions would be expected if the reactions proceed
in the isodielectric binary solvent mixtures. Especially a2 me-
chanistic change-over which would be shown widely from
dissociative Sp2 through concerted Sy2 to associative Sy2
seems to be observed kinetically as to be selected an approp-
riate substrate and solvent system. For this purpose the me-
thanolyses of arenesulfonyl chlorides in isodielectric binary
solvent mixtures have been chosen.

We report here a qualitative mechanistic change-over for
the solvolyses of various pgra-Z-substituted benzensulfonyl
chlorides in isodielectric binary solvent mixtures which
would be involved nucleophilic solvent participation in tran-
sition state

Experimental

Materials. Arenesulfonyl chlorides (ZCH,SO.Cl) were
commercially available (Aldrich). The reagents (Z-CsH,S0.Cl}
used after distillation or recrystallization according to the
literature? Methanol (MeOH), nitromethane (MeNQO;) and
nitrobenzene (PhNQy,)} were purified as described previously.?
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Table 3. Rate Constants {%,:X10*s™") for Solvolyses of p-Subs-
tituted Benzenesulfonyl Chlorides in MeQH-EG at 45C

Substituents
Solvents*

p-OCH;  p-CH, pH p-Cl $-NO,
95 783 6.01 5.61 4.73 7.60
90 843 6.40 6.12 5.15 783
85 850 6.95 6.30 535 8.32
80 9.50 741 6.46 549 854
70 108 825 7.16 623 933
50 122 9.34 856 7.36 16.8
40 134 10.5 9.03 8.70 116
30 14.8 110 9.64 8.02 125

*MeOH Composition (v/v%),

Ethyiene glycol (EG) was purified according to Koizumi and
Hanai's method™ as drying over with dehydrated sodium
sulfate and then running three successive fractional distilla-
tions at 8torr pressure, retaining only the middle fractions,
Then it was fractionally crystallized twice at ~13C . Solvent
mixtures were prepared in volume percentage (v/v).

Kinetic Methods. The rates were followed conductri-
metrically as conducting as pseudo-first order reactions and
the solvolytic rate costants, &, were obtained by the Guggen-
heim method."" The values listed in Tables 1, 2 and 3 are
the averages of several runs with a reproducibility of > * 3%
in all reactions.

Results and Discussion

Pseudo-first-order rate constants, k,, for the solvolyses
of para-Z-substituted benzenesulfonyl chlorides are shown
to be changed as the order of magnitude as, p-Cl<p-F<p-
H<p-CHs<p-OCHy in MeOH-MeNO,, p-H<p-F<p-CH;<p-
Cl<p-OCH; in MeOH-PhNQ,, and p-Cl<p-H<p-CHz<p-OCH;
in MeOH-EG, at high volume percentage region of MeOH
in various binary solvent mixtures as shown in Tables 1,
2 and 3 except p-NO,. Especially p-OCH; is shown a higher
value of rate constant at any solvent mixtures except p-NQ..
This seems that the solvolytic reaction of p-OCH, is involved
the generation of positive charge in a position of reaction
center by a direct resonance interaction with electron-dona-
ting substituent of methoxy group. The solvolysis of p-OCH;
almost certainly involves the generation of a sulfonyllium
cation intermediate (—-s:g+ ). Therefore the reaction of p-
OCH; seems to be proceeded by Syl-like mechanism at
a high volume percentage region of MeOH. The relative ma-
gnitude of the rate constants for neutral, or weak electron-
donating and weak electron-withdrawing substituents in Tab-
tes 1, 2 and 3 are of interest as shown the order of magni-
tude of rate constants as stated previously. It appears that
these solvolytic reactions are affected only a little by nucleo-
philic solvent assistant (NAS) ability compared with the st-
rong electron-withdrawing substituent (»-NO,) and strong
electron-donating substituent (»-OCHj).

The rate profiles with MeOH content for solvolyses of
p-substituted benzenesulfonyl chlorides in various isodielec-
tric binary solvent mixtures are presented in Figures 1-3.

There are very different trends in rate behaviour for these
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Figure 1. Correlation of methanol content #s. k. X 10" for the
solvolyses of p-substituted benzenesulfonyl chlorides in MeOH-
MeNO:; solvent mixtures at 45C. The scale of vertical line of
right side indicates for p-NO, and the left side scale indicates
for p-OCH,, p-CH,, p-H and p-Cl
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Figure 2. Correlation of methanol content vs. k4 X 10* for the

solvolyses of p-substituted benzenesulfonyl chlorides in MeOH-
PuNQ. solvent mixtures at 45C.

three soivent mixtures. Figure 1 shows an evidence for a
mechanistic change over a wide range.

The rate profile for p-nitro benzenesulfonyl chloride (p-
NO,») in MeOH-MeNQ; (Figure 1) is not consistent with the
other p-substituted benzenesulfonyl chlorides from a mecha-
nistic point of view. p-Methoxy benzenesuifony! chloride (p-
OCH;), p-toluenesulfonyl chloride (p-CHj), benzenesulfonyl
chloride (p-H). p-fluorobenzenesulfonyl chloride (®-F) and p-
chloro benzenesulfonyl chloride (p-Cl) show the rate maxima
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Figure 3. Correlation of methanol content vs. k., X10* for the
salvolyses of p-substituted benzenesulfonyl chlorides in MeOH-
EG solvent mixtures at 45C.

at 80-90% MeOH-MeNQ, binary mixtures, The isodielectric
binary sovent mixtures including methanol as a cosoclvent
are well known to show a phenomenon of rate maximum®’
in the diagram which the rate constants plot against the
constant of MeOH. On the other hand there is no rate maxi-
mum for p-NO; and the rate constant decreases steadily as
the concentration of cosolvent {(MeOH) increases. This trend
for p-NQ; indicates that there would exist a higher kinetic
order in MeOH-MeNQ; mixture than the Sy1-Sp2 process.
The expected higher kinetic order for p-NO, would be invol-
ved sulfonyllium addition reaction likely to be in accord with
the stabilization of the zwitterionic or anionic intermediate’?,
Logarithms of pseudo-first-order rate constants, plotted on
ionizing power of solvent, Y values would then show a low
response to Y values and a large dispersion™ if there is
the zwitterionic or anionic intermediate.

Interpretation of kinetic data for the pagra-substituted ben-
zoly chlorides with electron-withdrawing substituents was
known to be correlated assuming third-order kinetic'* to be
formed the carbonyl addition intermediate during the reac-
tion occur.

In order to find an evidence of mechanistic change-aver,
the rate constants of para-Z-substituted benzenesulfonyl ch-
lorides were applied ionizing power parameter (¥). The em-
pirical ionizing power parameter, ¥ was introduced by Grun-
wald-Winstein and was defined by Eq. 1" with

log (k/k)Jex=mY )]

m=1 for tert-butyl chloride at 25T ; & is the ‘rate constant
for solvolysis in any solvent and &, that for solvolysis in
80% (v/v) EtOH-H;O mixture. However, in practice, Eq. (1)
is not well fitted for the nucleophilic solvent assisted reaction
' among various solvolytic reactions. In order to resolve the
problem that rises at the nucleophilic solvent assisted reac-
tion, a new substrate has been established to fit Eq. (1).
1-Adamanty! tosylate (1-AdOTs) and 2-adamantyl tosylate (2-
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Figure 4. Logarithms of first-order rate constants for solvolyses
of p-substituted benzenesulfonyl chlorides in MeOH-MeNQO; bin-
ary solvent mixtures at 45C vs. Bentley-Schleyer’s ¥ values.
ky values for p-H, p-CHs, p-OCH,, p-Cl and p-NO. in 80% EtOH-
H,0O mixtures were quoted from the reference 16, ¥, -0t values
were determined as follows as conductrimetric method of the
experimental part in this work in the same solvent compasitions:
30% MeQOH: —5.73, 40% MeOH: —5.58, 50% MeOH: —553,
70% MeQH: —5.09, 80% MeQH: —5.02, 90% MeOH: —5.03,
in MeOH-MeNO: solvent mixtures at 45€ respectively.

AdOTs) were selected as 2 new model substrate for Syl
behavior because non-bonded interactions would reduce the
possibility of nucleophilic attack.

To examine a higher order kinetic behavior the logarithms
of pseudo-first-order rate constants and third-order rate con-
stants plotted on Bentley-Schleyer’s Y values™ based on 1-
adamantyl tosylate as shown Figure 4 and 5.

In case of p-NO,, logarithms of pseudo first-order rate con-
stants show a low response to solvent ionizing power and
large dispersion, while p-Cl, p-H, and p-CHj are correlated
nicely with solvent ionizing power in Figure 4.

These similar mechanistic changes for solvolyses of p-ch-
loro benzoyl chioride and p-nitro benzoyl chloride in various
aqueous media were interpreted that the rates fitted the
third-order equation." For solvolyses of p-nitrobenzenesui-
fonyl chloride in this research over the whole range of
MeOH-MeNO, binary solvent mixtures, the rate applied to
the third-order Eq. (2) as shown Figure 5,

ko =R oa[MeOH T2 + (2o + ko) [MeOHI[MeNO,]
+k.m[MeNO,]? ¥4)

in which %, is the rate constant for attacking by twe metha-
nol molecules, %,, referes to the one by nitromethane, k..
refers to methanol as nucleophile and k,, refers to nitrome-
thane.

Product analysis showed only sulfonyl ester by reaction
of p-nitrobenzenesulfonyl chloride with methanol. From the
product analysis nitromethane was not shown to have an
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Figure 5. Logarithms of calculated second-, and third-order rate
constants for methanolysis of p-nitrobenzenesulfonyl chloride in
MeOH-MeNO, binary solvent mixtures at 45C s, Bentley-Sch-
leyer’'s ¥ values. ¥)-as01s values were scaled by the same values
of Figure 4.

evidence to react as nucleophile. Therefore the last two
terms are neglected in Eq. (2). Third-order rate constants
for methanol (%,,) can also be calculated: eg, %, for MeOH,
ku/[MeOHJ. The second-order rate constants for methanois
can be calculated by a similar method for uethanotysis of
p-nitro benzenesulfonyl chlevisic :n Mo MeNO, mixtures:
eg. k. for MeOH, k,./iMeQHI. Mie solvoiytic reactions in
McOH-PhNO. and MeOH-EG binary mixtures are also ohoy-
ed Eq. (2) and results of product analyses are shown the
same.

All of the third-order rate constants and second-order rate
constants are plotted as shown in Figure 5. p-Nitrobenzene-
sulfonyl chloride shows a good correlation to the third-order
behavior, while the second-order behavior is not consistent
with the rate profile to show many dispersed points along
with Y,_ssor. values in Figure 5.

Very similar result for the third-order behavior has been
reported for solvolysis of p-nitrobenzoy! chloride.® Chloride
ion from the reaction of p-nitrobenzoyl chloride and p-ni-
trobenzenesulfonyl chloride can act as a general base cata-
lyst replacing one of the alcohol molecules in the transition
state.’® Hydrolyses of esters activated in the acyl group are
well recognized to proceed vig a third-order (B.3) mecha-
nistm in which water molecule acts as a general base?®

The predicted Syl, Sy2 and 3rd-order methanolyses of p-
substituted benzenesulfonyl chlorides are illustrated in
Scheme 1. Electron-donating substituents stabilize Syl-like
intermediate and neutral or weak electron-withdrawing subs-
tituents stabilize Sy2-like transition state in Scheme 1. On
the other side p-NO, substituent make possible that a
trimolecular collision is pictured as two bimolecular collisions
2l in rapid succession, then the intermediate® reacts with
the third molecule of MeOH as shown in the 3rd-order inter-



Nucleophilic Solvent Assisted Reactions

Pradicted Machanism
0\\ 49
Se

@ +CI™ & meon —222f
sLow X

Intermediate (Sy1)
(-]

Product

)
0=$=Cl +Meon Bo= [
o VA..)OA-_
MeO—8= €1 rast
X ———— Praduct
X
\
FART Trensition State (§,2)
,
0,0 ot
u.o’g‘C' + Meon —H2Y
X
.
Intermediote
£
0.0 s ke
MeO— 8 ooee ChomseenrnH—OMa raqry
Pradyet
X

L
Jed~Order  Tesnpition State

Scheme 1.

mediate in Scheme 1. This observation for p-NO, is caused
by the unshared electron pairs of nitro group. It gives an
explanation when the reaction center is adjacent to the aro-
matic ring involves with nitro group and the Hammett equa-
tion breaks down® For example, the pare-nitro group has
a much greater influence on the ionization constant of phe-
nols in water at 25C than it does on that of benzoic acids.®
I that case, the opposite side groups of the aromatic ring
including nitro group can stabilize negative charge by strong
electron-withdrawing resonance effects require an additional
or enhanced resonance effect.

Hydration of acyl halide® and addition of alcohols to acyl-
ium ions® also involve general base catalytic reaction.

Medium effects on the first-order and third-order rate
constants can be incorporated into m-values of Grunwald-Wi-
nstein equation. The solvolytic reactions involved nucleophilic
solvent assistance (NSA) and acidity of the solvent contribute
to show a different behavior of m-value in Eq.% (1). Rappo-
port and his coworkers” reported m=—0.3 for solvolytic
reaction of 3-fluorobenzy! bromide in trifiuoroethanol (TFE)
and ethanol (EtOH) mixtures. If highly unstable anionic inte-
rmediate is formed during solvolytic reaction occurs, a cons-
tant selectivity observes even though the solvent composition
changes. This kind of intermediate is well formed in the
isodielectric binary solvent mixture such as the dielectric
constants (D) show a wide difference® between the two sol-
vents and contributes to keep up a constant selectivity irve-
spective of the solvent composition.

Especially a constant selectivity also observes in case that
the leaving group is not only connected closely with aromatic
ring which is influenced strongly by an electron-withdrawing
substituent, but also the leaving group and the substituent
are surrounded with an isodielectric solvent mixture com-
posing with the two solvents have a wide difference between
two dielectric constants™ In that case a negative m-value
appears because the selectivity does not change but ¥-value
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Figure 6. Logarithms of first-order rate constants for solvolyses
of p-substituted benzenesulfonyl chlorides in MeOH-PhNQ, bin-
ary solvent mixtures at 45C wvs. Bentley-Schlever's Y values.
ky values for p-H, p-CH,, p-OCH,, p-Cl and p-NO. in 80% EtOH-
H;O mixtures were quoted from the reference 16. ¥, sgor. values
were determined as follows as conductrimetric method of the
experimental part in this work in the same solvent compositions;
30% MeOH: —6.33, 40% MeOH: -6.18, 50% MeOH: —593,
70% MeOH: ~558, 80% MeOH: —541, 90% MeOH: —564,
in MeOH-PRNO, solvent mixtures at 45C respectively.

decreases with increasing the solvent polarity or solvent di-
electric constant.”

In this study the isodielectric binary solvent mixture of
MeOH-MeNQ, shows a small difference of Y-values (AY)
according to change the content from 30% (v/v) MeOH to
9% (v/v) MeOH, while a large difference of dielectric con-
stant (AD)Y® according to change the content variation at
the same range comparing with MeOH-PhNO, and MeOH-
EG binary mixtures.

In MeOH-MeNQ, mixture AY shows 0,71 (see Figure 4)
and the difference of dielectric constant (AD) shows 6.00,
while shows AY=092 (see Figure 6), AD=2.00 in MeOH-
PhNQO, and AY=143 (see Figure 7), AD=5.10 in MeOH-
EG respectively. The higher ratio of AY/AD contributes to
keep up a constant selectivity during the solvolytic reaction
occurs from the ground state to the activated state and the
ratio increases the possibility of the formation the amionic
intermediate.

Therefore the m-values for the solvolytic reaction of p-ni-
tro benzenesulfonyl chloride would require negative in high-
er polar solvent and alcohol mixtures relatively because the
observed pseudo-first-order rate constants in MeOH-MeNO;
should depend only on the second power of {MeOHJ, and
the presence of a fixed percentage by volume of [MeNQ,]
should not influence the rate constant. The m-values based
on Bentley-Schleyer's Y-values for p-H, p-CHs, $-OCH; and
p-Cl are shown as Sy1-Sx2 mixing mechanism likely to be
shown m=0.294 for p-H, m=0434 for p-CH,;, m=0523 for
p-OCH; and m=0.138 for p-Cl in Figure 4. While the m-vlaue
for p-NO, in Figure 5 shows —1.631: this could explain that
the more reactive substrate (»-NO,) is envolved the third
order kinetic behavior as methanol molecule attacks to the
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Figure 7, Logarithms of first-order rate constants for solvolyses
of p-substituted benzenesuifonyl chlorides in MeOH-EG binary
solvent mixtures at 45C »s. Bentley-Schleyer’s ¥ values.

&, values for p-H, p-CHs, p-OCH;, p-C! and p-NO, in 80% EtOH-
H:0 mixtures were quoted from the reference 16. ¥-asor. vaiues
were determined as follows as conductrimetric method of the
experimental part in this work in the same solvent compositions;
30% MeOH: —542, 50% MeOH: ~5950, 70% MeOH: —6.31,
80% MeOH: —6.59, 90% MeOH: —6.85, in MeOH-EG solvent
mixtures at 45C respectively.

reaction center before departing the leaving group and then,
is formed the sulfonyl additional intermediate like an anionic
structure.

The correlation between log (k/k,) and Bentley-Scheler’s
Y value in MeOH-PhNQ, mixtures has been shown in Figure
6.

The correlation lines explained to show Sy1-Sy2 mixing
mechanism as shown m=0.326 for p-NO, m=0831 for p-
OCH; m=0.742 for p-Cl, m=0.748 for p-CH; and m=0.652
for p-H in Figure 6. Because the m-values have been varied
from 0.326 to 0.831 so that the value of 0.326 is nearly close
to be slanted Sp2 mechanism and the values of 0.742 to
0.831 are oppositely close to be slanted Syl mechanism.

A mechanistic criterion based on the m-value might be
estimated likely that Syl mechanism is favored to approach
to m =100 and Sx2 mechanism is well fit on when m =0.00
to apply the m=values to the solvolytic reactions®.

The m-values for the methanolyses in MeOH-EG solvent
mixtures show as m=0.145 for p-OCH;, m=0.124 for p-NQy,
m=0.155 for p-CH; m=0.138 for p-H and m=0.141 for p-
Cl in Figure 7.

These values in MeOH-EG are close to Sy2 mechanism
rather than Syl-542 mixing mechanism since the m-values
are lower approaching to 0.00.
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Chromium oxide/zirconia catalysts were prepared by dry impregnation of powdered Zr(OH), with (NH,%CrQO, aqueous
solution. The characterization of prepared catalysts was performed using FTIR, XPS, XRD and DTA methods, and
by the measurement of surface area. The addition of chromium oxide to zirconia shifted the transitions of ZrQO;
from amorphous to tetragonal phase and from tetragonal toc monoclinic phase to higher temperature due to the strong
interaction between chromium oxide and zircomia, and the specific surface area of catalysts increased in proportion
to the chromium oxide content. Since the ZrO, stabilizes supported chromium oxide, chromium oxide was well disper-
sed on the surface of zirconia, and a-Cr0; was observed only at the calcination temperature above 1173 K. Upon
the addition of only small amount of chromium oxide (1 wt% Cr) to ZrQ, both the acidity and acid strength of
catalyst increased remarkably, showing the presence of two kinds of acid sites on the surface of CrO/ZrO,-Bronsted

and Lewis.

Introduction

Supported chromium oxide catalysts are being used for
the polymerization, hydrogenation, dehydrogenation, oxida-
tion-reduction reactions between environmentally important
molecules such as CO and NO.!"® Recently, many efforts
have involved the characterization of these catalysts in an
attempt to find the appropriate reaction mechanisms. The
titrations to determine the oxidation state of the chromium
used in conjunction with infrared and electron paramagnetic
resonance spectroscopies have provided much information
dealing with these questions. So far, however, they have
been studied mainly on silica and alumina®? and onlv a
little work was studied for the ZrQ, support®?

Zirconia is an important material due to its interesting

thermal and machanical properties and so has been investi-
gated as a support and catalysts in recent years. Different
papers have been devoted to the studies of Zr(Q, catalytic
activity in the important reactions such as methanol and hy-
drocarbon syntheses from CO and H;, from CQ, and H,"'2,
or from alcohol dehydration."*"! Zirconia has been extensi-
vely used as a support for metals or incorporated in supports
to stabilize them or to make them more resistant to sinter-
ing®~ ZrQ, activity and selectivity highly depend on the
methods of preparation and treaiment used. In particular,
in the previous papers from this laboratory, it has been
shown that NiO-ZrQ, and ZrO, modified with sulphate ion
are very active for acid-catalyzed reactions, even at room
temperature.*?® The high catalytic activities in the above
reactions were attributed to the enhanced acidic properties



