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Surface complexes in zeolite-catalysed acylation reactions detected by
3C MASNMR spectroscopy
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The state of the acylating agent acetyl chloride, adsorbed on a series of proton and metal ion exchanged zeolites X, Y
(faujasite) and ZSM-5, was investigated by !*C MAS NMR spectroscopy. The observed carbonyl signals were assigned to two spe-
cies: chemisorbed acetyl chloride bound to lattice oxygen (signals near 182 ppm), and acetyl chloride complexed with counter
cations in the lattice (signals near 172 ppm). In a few cases signals were observed which have been assigned to “free”” acylium cation
stabilized on the surface of the solid (signal 160-165 ppm). Experiments in which toluene was adsorbed on to ZnY pretreated with
acetylchloride showed the participation of various adsorbed species in the acylation reaction of toluene.
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1. Introduction

Present day industrial Friedel-Crafts type aromatic
acylation methods are environmentally unfriendly.
Generally, large amounts of metal chlorides are applied
as catalysts, with virtually no options for recycling.
Considerable attention has been devoted to the investi-
gation of acylation reactions using zeolitic catalysts,
which, as was pointed out in recent reviews [1-3], are
very promising for this application. Reactions described
in the literature include the acylation of anisole (on HY
zeolite) [4], of thiophene and toluene [5,6] by acid chlor-
ides, and of heteroaromatic compounds [7] by acetic
anhydride. Interesting results have been obtained in
studies with zeolite Beta and the new mesoporous mate-
rials, such as MCM-41 [2,8-10].

Many investigations dealing with the mechanisms of
Friedel-Crafts catalysis have been published and
reviewed (see e.g. refs. [11,12]), but no publications have
yet appeared on the mechanism of acylation on hetero-
geneous catalysts such as zeolites. In this work we have
studied the catalytic acylation of toluene under labora-
tory conditions on HY and ZnY zeolites, with acetyl
chloride, acetic acid or acetic anhydride as acylating
agents. Important questions arise about the state of the
acylating agent on the catalyst: It could take part in the
reaction as an acylium counterion, or as chemisorbed
fragments forming acetate-like species with lattice oxy-
gen, in a manner analogous to the formation of alkoxy
species from chemisorbed carbenium ions [13,14]. For
an answer, 13C MAS NMR spectroscopy of adsorbed

©J.C. Baltzer AG, Science Publishers

acylating agents seems to be a particularly promising
technique [15], especially since various 1*C-labeled spe-
cies can be employed. The assignment of the observed
carbonyl signals, after adsorption of acetyl chloride onto
various zeolites, was the first task of this study.

2. Experimental
2.1. Materials and sample preparation

Zn, Ag, Cs and Mg exchanged zeolite samples were
prepared from the parent NaY, NaX or Na-ZSM-5 zeo-
lites by ion exchange in aqueous nitrate solutions. H-
ZSM-5 and HY samples were prepared from the parent
Na-zeolites by ion exchange in aqueous ammonium
nitrate solutions. The chemical compositions of the
products are.summarized in table 1. The *C1- and 13C2-
labeled (99 at%) compounds (acetyl chloride, acetic
acid) were purchased from Aldrich. Toluene, 1*C labeled
(99 at%) in the methyl group, was obtained from MSD
isotopes. Prior to use in the in situ acylation experiments,
the toluene was diluted to 50% enrichment and purified
and dried with lithium hydride. Samples were activated
in an all-glass apparatus, under a vacuum of 10~> Pa, at
400°C for at least 10 h, before being sealed off under
vacuum and transferred to the adsorption device. The
breakable glass seal (“schlagventil’”’) was then opened
and a measured amount of adsorbate was loaded onto
the adsorbent by means of a gas-burette at the tempera-
ture of liquid nitrogen. The cooled sample with adsor-
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Table 1

Chemical composition of the samples
Zeolite Elemental unit cell formula Electronegativity Si/Al

Sinvr(Sanderson)

NaY Nass,s[(A102)56_5(Si02)135.5 2.58 2.40
ZnY Zn343Nay 1 H; 9[(AlO3)s4 6(Si02) 1354 292 2.39
AgY AgyysNai Hz6[(AlO2)s, 5 (Si02)138'7 2.89 2.55
CsY CS40,9Na14_3[(A102)55‘7(Si02)136_3 243 2.45
CsX Cs43Nag[(AlO2),5(8i02) 197 2.29 1.26
H-ZSM-$ Hy1[(AlOy),, (SiO2)g 3.04 224
Na-ZSM-5 Nas1[(Al02), (Si02); 5 2.98 22.4
NaX Nags 8[(AlO2)g5 ¢(8102) ;6.2 2.39 1.24
MgY Mg;;,Nais[(AlO2)ss 1 (8102 )34 2.82 2.48
HY H53,5Na3_7 [(A102)57A3 (Si02)134A7 2.92 2.35

bate was sealed off in a glass ampoule and heated at the
prescribed temperature of 85-110°C. An in situ catalytic
test was also performed in this ampoule under static con-
ditions where, instead of one adsorbate, a mixture of
reactants was frozen on the surface. The sample was then
treated at a prescribed temperature and, after cooling,
stored at room temperature for the NMR measurement.
Immediately before the measurement the sample was
opened in a dry-box and loaded into the rotor under an
inert atmosphere.

2.2.13C MAS NMR spectroscopy

13C MAS NMR spectra were measured at 50.32
MHz frequency on a Bruker MSL 200 spectrometer
equipped with MAS facilities for high-resolution meas-
urements on solids. The zirconium oxide rotor was
employed with a spinning rate of 4.8 kHz. Cross polari-
zation spectra were scanned with a contact time of
1.5 ms using the excitation 7/2 pulse of 5.5 ys in the pro-
ton channel. Proton decoupled spectra were also
scanned by means of a single pulse excitation in the 13C
channel or by means of a Hahn’s echo program using a
train of 7/2 and 7 pulses and broad-band proton decou-
pling during acquisition. Some spectra were also meas-
ured at 100.57 MHz on a Varian VXR-400S spectro-
meter, equipped with a 5 mm Doty scientific MAS
probe.

3.Results and discussion

13C NMR signals of acetylium ions in superacidic
solutions, such as FSO3H-SbFs-S0,, exhibit downfield
shifts of 150-152 ppm from TMS for the carbonyl car-
bons and of 5.5-7.5 ppm for the methyl carbons [17-19].
One of the known methods [16] for the generation of
acetylium ions is based on the reaction of silver cations
with acetyl chloride (in a solution containing acetic acid,
acetic anhydride, acetyl chloride and silver perchlorate)
according to the equation:

CH;C(0)Cl + Ag" — CH;C(0) + AgCl

If we carry out a similar reaction in zeolite AgY, where
silver cations are available for contact with acetyl
chloride in SII positions, the same reaction is assumed to
take place with the production of acetylium cations.
Although the acylium ion is a relatively weak electro-
phile due to the stabilisation by resonance structures
involving carbenium (positively charged carbon) and
oxonium (positively charged oxygen) ions, the latter
being the most important, it is able to react with any
nucleophilic species in the vicinity [20].

3.1. Chemisorbed acetyl on lattice oxygen

Experiments were performed intentionally with low
coverage of zeolitic cavities to reduce the probability of a
collision of acetyl chloride with another molecule. The
created acylium ion may then react with an available
nucleophile, e.g. a lattice oxygen, to form acetate-like
structures as depicted below:

o}
H,c—C=0" H,c—c</ /
~O-—--Al — O Al —
/ —_— /

— 8i— 2Zeolite — Si— Zeolite

Of course, these structures will exhibit 13C NMR signals
significantly different from those of acylium ions due to
the change in orbital hybridization from sp to sp?, as well
as the different chemical environment of the carboxyl
carbon. Consequently, in addition to the effects men-
tioned, the influence of the lattice oxygen electronegativ-
ity in the charge distribution should also be manifested.
All these factors, together with the local electrostatic
field, will influence the carbon shielding and hence the
position of the 3C NMR signal.

It is well known that the chemical shift of the carbonyl
carbon in liquid acetic acid is observed at 177 ppm [17],
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Table2

13C chemical shifts (ppm TMS) of adsorbed acetyl chlorides and acetic acids (mixture of 1*C1 and 13C2 labeled) on zeolites
Sample mmol/g Signals ® (ppm TMS)
acetyl chloride
NaY 0.22 184.4 174.0 162w 20.4
AgY 0.11 185.1 W 168 21.1
ZnY 0.22 183.9 1715 19.6
HY 0.28 184.7 173.5 20.5
CsY 0.32 184.0 171.9 219
MgY 0.22 184.3 175.0 168sh 155 3220.1
NaX 0.11 183.5 174.2 215
CsX 0.32 183.0 173br 21.8
Na-ZSM-5 0.22 180.2 174.0 213
H-ZSM-5 0.22 182.6 175.5 18.7
aceticacid
NaY 0.12 177.1 19.6
ZnY 0.16 183.1 19.3
HY 0.16 182.3 20.7
CsY 0.16 177.1 21.2
H-ZSM-5 0.11 182.4 18.6
Na-ZSM-5 0.12 182sh 177.4 19.9

2 br = broad, sh = shoulder, vw = very weak, w = weak.

but the isotropic values of the same carbon in solid salts
of acetic acid are situated in the interval from 177 to
185 ppm as given in ref. [21]. The protonation of acetic
acid causes still larger deshielding of the carboxyl carbon
up to a value of 193 ppm (Maciel and Traficante [22] and
Olahet al. in a superacid [18]). Acetic acid (13C1-labeled)
adsorbed on the investigated zeolites exhibits only one
signal at 177 for e.g. NaY or CsY, and at 183 ppm for
samples with divalent cations in the lattice, as presented
in table 2. These data suggest an interaction of the coun-
terions in the zeolite with acetate-like species. The
Brgnsted acid zeolites HY and H-ZSM-5 exhibit signals
at 182 ppm after adsorption of acetic acid, revealing the
interaction of the acid with the proton sites.

From our results on adsorbed acetyl chloride pre-
sented in table 2 it is seen that for most of the samples
two carbonyl signals are detected: one above 170 ppm
and another in the region above 180 ppm. We propose,
from the analogies mentioned above, that the signals of
adsorbed acetyl chloride above 180 ppm are to be
assigned to acetate-like chemisorbed species created by a
reaction of acylium ion with a lattice oxygen. In such a
chemisorbed complex the influence of the electronega-
tivity of the lattice oxygen is expected, as found in the
case of surface methoxyls created from evolved methyl
cations [13,14]. However, the shielding in the case of car-
boxyl carbons is more complicated due to the presence of
a double bond and the free electron pairs on oxygen, so
that itis not reasonable to expect a simple linear relation-
ship between the chemical shift and the electronegativity
of the lattice as was observed [13,14] for the case of the
single bond system in _C=0-H or in surface methoxyls
~C=0-CHj. Indeed, the *C1 chemical shifts of the rele-
vant signal, plotted against the intermediate electrone-
gativity of various zeolites in fig. 1, do not give a linear

correlation. While the signals of Na, Cs, Ag forms of X
and Y zeolites follow the expected increase in deshield-
ing with increasing electronegativity of lattice oxygen,
the points for ZnY, H-ZSM-5 and Na-ZSM-5 deviate
strongly from this relationship. The reason for this effect
isnot yet clear.

3.2. Adsorption complexes of acetyl chloride

Generally !*C spectra of adsorbed acetyl chloride
show two signals in the carbonyl/carboxyl region (figs. 2
and 3). Since the *C NMR spectra of physically
adsorbed molecules are, in general, not very different
from those in the liquid state (see e.g. ref. [23]), we can
expect the spectrum of the physically adsorbed part of
the acetyl chloride, not consumed by reaction, to exhibit
signals only slightly shifted from those of unperturbed
acetyl chloride: e.g. 170.4 ppm (carbonyl carbon) and
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Fig. 1. Correlation graph of the '*C1 signal of the adsorption complex

of acetyl chloride against the equalised electronegativity (Sint) of the
studied zeolites (see table 2).
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Fig. 2. 3C CP MAS NMR spectra of (A) AgY zeolite with adsorbed

acetyl chioride (0.11 mmol/g) after treatment at 100°C for 30 min;

(B) CsY zeolite with adsorbed acetyl chloride (0.32 mmol/g) after
treatment at 100°C for 30 min.

33.6 ppm (methyl carbon) in liquid acetyl chloride [17].
The observed carbonyl signals, besides those discussed
above, were found in the interval from 170 to 175 ppm,
only slightly shifted to lower field, i.e. in the direction of
decreased shielding. Signals of the methyl carbons were
detected only in experiments with a mixture of labeled
BCH;C(0)Cl and CH3BC(O)Cl, at values of 29-
32 ppm. We therefore assign the observed signals in the
region of 170-175 ppm to adsorption complexes of
acetyl chloride with the zeolite. Interaction with the
counter cations should be considered here. Complexes
with cationic sites are preferred for polar molecules.

Wl My ™

i
100 ppm O

i 1
300 200
Fig. 3. 13C CP MAS NMR spectra of (A) NaX zeolite with adsorbed
acetyl chloride (0.11 mmol/g) after treatment at 100°C for 30 min; (B)
NaY zeolite with adsorbed acetyl chloride (0.22 mmol/g) after treat-

ment at 100°C for 30 min.
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Their influence on acetyl chloride molecules will depend
on the type of intermolecular interactions in the com-
plex. In turn, the effects on the NMR spectrum will
depend on the type of donor-acceptor bonds and/or on
pure electrostatic effects. The chemical shift of carbonyl
carbon for weak interactions of electrostatic origin will
depend on the cationic radii; the deshielding should be
less for large Cs™ cation than for Na* cation. Indeed, the
mean value of the carbonyl chemical shift from all meas-
ured samples of CsX or Y zeolites is found to be
172.2 ppm, in comparison with 173.8 for NaY. For ZnY
zeolite the situation is not so clear because of insufficient
information about the coordination complex with Zn.
Taking into account the semipolar covalent Zn—O bonds
and the confirmed existence of Zn(OH)™" cations [24], it
seems reasonable to expect that the polarization of
acetyl chloride would be relatively low and, therefore,
the small chemical shift of the “C=O carbon signal
seems to be well in line with these facts.

Another important aspect is the polarization effect
of the cations, which initiates the cleavage of the C-Cl
bond, leading to the formation of the acylium cation.
From the results in table 2 it is seen that AgY zeolite,
where the acylium ion is so easily created, does not exhi-
bit any strong signal for physically adsorbed acetyl
chloride owing to its complete transformation into acy-
lium ions and, via a reaction with surface oxygen, to an
acetate-like structure, characterized by a strong signal at
183 ppm (see fig. 2a and, in contrast, fig. 2b for CsY).
On Na forms of the zeolites both signals have been found
(i.e. 183 and 172 ppm), while on CsX and CsY the signal
at 183 ppm was weak or nondetectable (see figs. 3 and
2b). In another experiment it was shown that, at lower
loading (0.12 mmol/g) of CsY with acetyl chloride, the
ratio of physically adsorbed acetyl chloride to acetate-
like chemisorbed species remains the same. The signal at
183 ppm was also then found to be very weak compared
to the signal at 172 ppm. It follows from these experi-
ments that the acylating effectivity or catalytic activity
should follow the sequence Ag" > Na® > Cs™, pro-
vided that the created acylium ion immediately reacts
with the reactant, in the product forming step.

The assignments of the signals above 180 ppm to the
chemisorbed acetyl on the lattice oxygen and those
above 170 ppm to the cation coordination complex of
acetyl chloride, are supported by preliminary results of
the adsorption of acetic anhydride on zeolites. The
adsorption and cleavage of acetic anhydride are
expected to lead to the formation of acetates and sur-
face-bonded acetyl. Further investigations of these
aspects are in progress.

3.3. Free acylium ion stabilized on the surface
Concerning the existence and detection of free acy-

lium ions on the surface of zeolites by !3C NMR
spectroscopy, it should be pointed out that in some of the
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experiments given in table 2 a weak signal at 160-
165 ppm was detected, which may be assigned to per-
turbed acylium ions. As described by Olah et al. [18,19],
the signals of acylium ion in a superacid are located at
150-152 ppm for the carbonyl carbonand at 5.5-7.5 ppm
for methyl carbon. It is interesting that in our study such
signals around 160 ppm were observed on samples with
relatively high amounts of adsorbed acetyl chloride.
From this finding it could be deduced that the concentra-
tion of such species is small. The detection of reactive
free acylium ions is not as unlikely as might seem at first
sight, because the existence of stabilized acylium ions in
some salts, and in solutions under special conditions, is
well known [25]. Nevertheless, further investigations are
necessary for a more detailed discussion of this.

3.4. Oligomerisation of adsorbed species

In some experiments carried out with a mixture of
13C labeled acetyl chloride in the C1 and C2 positions,
new signals appeared at 104-108 ppm (ZnY and CsY).
We have reasons to suppose these to be associated with
the oligomerisation (possibly via ketene formation) of
acetyl chloride or acylium ions, in the products of which
the participation of keto/enol tautomeric forms is
expected, exhibiting the signals of C=C- carbon in this
region.

3.5. Acylation of toluene in the adsorbed phase

The last question to be dealt with, is the possible role
of the two forms, chemisorbed and physically adsorbed
donor—acceptor complexes of acetyl chloride, in the acy-
lation reaction. For this purpose an experiment was car-
ried out, in which, on an activated sample of a ZnY
zeolite, acetyl chloride (a mixture with 13C1 and 13C2
labeling) was preadsorbed at the temperature of liquid
nitrogen. Toluene, 13C labeled in the CH;3 group, was
then added in different molar ratios with respect to
acetyl chloride. The sample ampoule containing the
adsorbent/adsorbate system was shaken at room tem-
perature and then heated to the reaction temperature
(usually 80-110°C) for 60 min. Spectra obtained from
these samples exhibit, as shown in figs. 4B and 4C, inter-
esting signals which were assigned in the following way:
the signal observed at 213.5 ppm undoubtedly gives evi-
dence that acylation of the aromatic ring has taken place,
because it belongs to the perturbed (by cation or proton)
form of a keto group on an aromatic ring. The direction
of its signal shift indicates deshielding process. It may be
noted that 4-methylacetophenone in solution exhibits
13C chemical shifts of 197.6 ppm for the carbonyl car-
bon, 26.4 ppm for the methyl carbon in the acetyl group
and 21.6 ppm for the methyl at the aromatic ring. As a
result of the fact that toluene was only labeled with 13C
carbon in the methyl group, the aromatic carbons exhi-
bit very weak signals at 130-135 ppm. A strong signal is
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Fig. 4. 13C CP MAS NMR spectra of ZnY samples loaded with toluene

and/or acetyl chloride after treatment at 100°C for 30 min. (A) Loaded

with acetyl chloride (0.22 mmol/g); (B) loaded with acetyl chloride

(0.35 mmol/g) and toluene (0.60 mmol/g); (C) loaded with acetyl
chloride (0.35 mmol/g) and toluene (0.25 mmol/g).

detected at 184 ppm, which is obviously associated with
the chemisorbed form of acylium ion forming the acet-
ate-like structure with the lattice oxygen. On the other
hand, a signal at 172 ppm, usually observed on ZnY zeo-
lite and assigned to the donor—acceptor complex, was
very weak. In the region of the methyl carbon, a strong
signal for the methyl group in toluene is detected at
20 ppm. The shoulder at 24.6 ppm, clearly to be seen in
spectrum 4C, can be assigned to the methyl of the acetyl
group bonded to the aromatic ring. Spectrum 4C repre-
sents the ZnY sample on which toluene was adsorbed in
excess with respect to actetyl chloride. From this spec-
trum the disappearance of the signal at 172 ppm can be
seen. For comparison, in fig. 4A the carbonyl signals are
shown from the ZnY sample on which acetyl chloride
was adsorbed in the absence of toluene. We propose that
the disappearance of the signal at 172 ppm is the result of
the preferential participation of the cation coordination
complex of acetyl chloride in the acylation reaction.
When acetyl chloride was loaded in excess with respect
to toluene, a weak signal at 172 is still to be detected in
the 13C NMR spectrum (fig. 4B). These observations are
in agreement with the known role of donor-acceptor
complexes, formed between acylium ion precursors and
Lewis acids, as acylation agents in the Friedel-Crafts
acylation on aromatic compounds [11]. Acylium ion
bonded to lattice oxygen is also able to react with toluene
under the present static conditions, but apparently with
more difficulty, so that it still remains detectable in the
NMR spectrum after contact with toluene at 85°C. It is
emphasized that the results presented above were
obtained under static conditions, so that one must be
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cautious in extrapolating to reactions under dynamic
conditions. It is interesting that in an in situ acylation
experiment with zeolite HY, loaded with toluene and
acetyl chloride, the formation of 4-methylacetophenone
was also detected.

4. Conclusions

Acetyl chloride, as an acylating agent adsorbed on
the surface of Y zeolites, gives rise to different kinds of
adsorbed species: adsorbed acetyl chloride in the form of
complexes with cations, acetate-like structures created
by chemisorbed acylium ion species at lattice oxygen and
“free” acylium ions stabilized by adsorption on nonspe-
cific surface sites. On the admission of toluene to pread-
sorbed acylating agent, an acylation reaction takes place
in which the coordination complex of acetyl chloride
with Zn seems to be more reactive than the chemisorbed
acetate-like species.
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