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Several bimolecular, acid-catalyzed condensation reactions of
acetone and acetaldehyde have been examined in H-ZSM-5, along
with the adsorption complexes formed by the products, using *C
NMR. For acetone, the hydrogen-bonded adsorption complex is
stable at room temperature and coverages below one molecule per
Bronsted acid site. Reaction to mesityl oxide occurs only at higher
coverages or temperatures, which are necessary to induce site
exchange. The adsorption complex exhibits reaction chemistry
analogous to that observed in solution phase, forming adsorption
complexes of chloroacetone upon exposure to Cl, and of imines
upon exposure to NH; or dimethylamine. The reactions of acetalde-
hyde to crotonaldehyde and imines are similar, although they occur
at a faster rate due to the higher mobility of this molecule. The
adsorption complexes formed by acetone, acetaldehyde, and their
condensation products can all be described as rigid, hydrogen-
bonded complexes at low coverages. Complexes formed from im-
ines and enamines exhibit isotropic chemical shifts nearly identical
to those observed in magic acids, indicating that proton transfer
is nearly complete for these molecules. The extent of proton transfer
for the remaining molecules varies with the proton affinity of the
molecule, ranging from close to complete proton transfer for mesi-
tyl oxide and crotonaldehyde to almost complete absence of proton
transfer for the chloroacetones. The differences and similarities
between these reactions in the zeolite and in solution phase are
discussed, along with the implications for understanding the pri-
mary processes responsible for these reactions in zeolites. © 1995

Academic Press, Inc.

INTRODUCTION

There are many examples of acid-catalyzed reactions
which occur in zeolites, many of which have important
industrial applications. There is, however, also the poten-
tial of employing such “*solid acids’’ in organic synthesis
via acid-catalyzed condensation reactions (1-3) such as
have been extensively studied in liquid solutions (4, 5).
While the mechanisms that describe the reaction path-
ways for the elementary processes are reasonably well
understood in solution, we can only speculate on the fun-
damental microscopic processes in zeolites by analogy
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with solutions. The two situations are quite different.
Whereas the primary process in zeolites is the formation
of an adsorption complex at the Brgnsted site with partial
(hydrogen-bonded) or complete transfer of a proton to an
adsorbed molecule, the initial step in acid solutions can
be described by an equilibrium between protonated and
unprotonated species defined by a pK, (6, 7). While the
adsorption complex in the zeolite, localized at the
Brgnsted site, is also thermally equilibrated in its environ-
ment, proton displacements here should only be thought
of as small fluctuations mediated by phonons in the lattice
rather than proton exchange reactions satisfying micro-
scopic reversibility. Furthermore, while the activation en-
ergies for the elementary processes that define the reac-
tion pathways at the Brgnsted sites are determined by
barriers along reaction coordinates defined by the frame-
work, the effects of solvation dominate in the case of
acid-base chemistry in liquid solutions.

With high-activity zeolite catalysts at loadings and tem-
peratures corresponding to actual reaction conditions, the
elementary processes typically proceed far too rapidly to
be spectroscopically observable using NMR techniques.
These processes, which involve delocalization and thus
an equilibrium between molecules at Brgnsted and phy-
sisorbed sites, can be slowed by controlling the site ex-
change surface dynamics involving the Brgnsted sites as
demonstrated in our studies (6, 7) as well as the pioneering
studies of condensation reactions in H-ZSM-5 by Bosa-
cek et al. (8, 9). The results of those studies demonstrate
that control of both temperature and surface coverage is
critical for understanding the reactivity of species inter-
acting with the Brgnsted sites. In particular, coverage
effects, which are often not considered in detail, can
greatly decrease the temperatures necessary for bimolec-
ular reaction, change the initial products which are ob-
served in reaction, and otherwise affect the mobility of
the adsorbed molecules (10). Since coverage is so im-
portant, any scale of zeolite reactivity, even a qualitative
scale, must take into account surface coverage and ex-
change dynamics, which differ for different adsorbates
and adsorbents.
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The present studies are an extension of the work of
Bosacek et al. and include the condensation reactions of
both acetone and acetaldehyde under somewhat different
conditions and with zeolites having higher Si/Al ratios.
In our study, the condensation reactions have been inves-
tigated at lower temperatures and under in situ conditions
where the surface coverages with respect to the number
of Brgnsted sites, as distinct from the number of equiva-
lents of Al in the zeolite, are controlled. These are condi-
tions under which the surface species prior to reaction
have been well defined (6, 7, 11). Since the acid-base
reactions of interest are taking place at the Brgnsted sites,
of critical importance has been the work in our labora-
tories in establishing the existence of stoichiometric 1: 1
adsorption complexes associated with these sites in
H-ZSM-5 (11-14). This provides a basis for characteriz-
ing the zeolite with respect not only to the number of
Brgnsted sites, which can be considerably less than the
number of equivalents of aluminum in the zeolite, but,
equally important, also to the loadings beyond which the
adsorption complex is ill defined due to site exchange
with physisorbed species (6).

From our earlier *C NMR studies of the adsorbed ace-
tone molecule, the picture of the complex that emerges,
not only in H-ZSM-5, but also in other high-catalytic-
activity zeolites, such as H~Y, H-ZSM-12, H-ZSM-22,
and mordenite (6, 7), is one of stabilization and localiza-
tion at low temperatures of a surface species by the forma-
tion of a hydrogen bond. Furthermore, the Brgnsted sites
in these zeolites are characterized by a unique rather than
any broad distribution of acidities; i.e., the sites in these
zeolites are nearly identical. This is confirmed by NMR
studies in the ‘‘rigid lattice’’ regime for H-ZSM-5 that
show:

(i) the anisotropy of the carbonyl *C shift tensor as a
well-defined nonaxially symmetric powder pattern;

(i) the anisotropy in the *C spectrum persists even at
room temperature, but becomes motionally narrowed due
to molecular reorientations when the surface coverage is
greater than one molecule per Brgnsted site;

(i1i) the elements of the shift tensor are independent of
the zeolite loadings, providing that the surface coverage
is less than one molecule per Brgnsted site; and

(iv) the trace of the chemical shift tensor (isotropic shift)
is 17 ppm downfield from that of *C carbonyl in solid
acetone and independent of temperature at these low sur-
face coverages.

The formation of a hydrogen-bonded complex can be
inferred from the changes in the components of the shift
tensor relative to pure solid acetone as well as the magni-
tude of the isotropic shift (15). This is also supported by
preliminary theoretical SCF calculations at the Har-
tree—Foch level, with geometry optimization under the
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constraint of C, symmetry, for the acetone adsorption
complex where the zeolite is simulated by the model clus-
ter H;SiOHAI H,O Si H, (16). The calculated O-H hydro-
gen bond length is 1.83 A. The calculated isotropic chemi-
cal shift is 14 ppm downfield from that of molecular
acetone using the TEXAS-90 program of Pulay (17). This
is in good agreement with the measured isotropic shift of
acetone on H-ZSM-5 (6-10). Since the ‘‘cluster’’ repre-
senting the Brgnsted site is nonspecific with respect to
the zeolite, it is interesting to note that the range of chemi-
cal shifts for the previously noted high-catalytic-activity
zeolites is from 12 to 18 ppm (7), in good agreement with
theory. Calculations are now under way in which the
constraints of C, symmetry are removed and correlations
at the MP-2 level are included.

In this article, we examine the conditions that initiate
the condensation reactions in H-ZSM-5. We show that
the initial bimolecular processes involving hydrogen-
bonded complexes of acetone and acetaldehyde at
Brgnsted sites, following the onset of site dynamics by
increasing surface coverage or thermal activation, lead to
the formation of new surface complexes, whether it be the
formation of carbocations or hydrogen-bonded precursors
to carbocations driving the reaction. Results for aldol
condensations of a single component are presented, fol-
lowed by two component condensations involving substi-
tuted ammonias. From these studies, as well as those of
Bosacek et al. (8, 9), it is shown that a consistent picture
concerning the mechanism of such elementary processes
in the solid acids can be obtained.

EXPERIMENTAL

Two H-ZSM-5 samples were used in this study,
H-ZSM-5(A) and H-ZSM-5(B). Since the results are
identical for each of these samples, results are shown
mainly for sample H-ZSM-5(A). This sample was synthe-
sized hydrothermally with an Si/Al ratio of 35, according
to the method of Rollman and Valyocsik (18), using tetra-
n-propylammonium bromide as a template, and is the
sample used in Refs. (6) and (7). The concentration of
Brgnsted acid sites on each sample was measured using
temperature-programmed desorption (TPD) and thermo-
gravimetric analysis (TGA) (11) and was 370 wmol/g for
H-ZSM-5(A). The ZSM-5B sample was obtained from
Standard Catalyst Committee and had a site density of
520 wmol/g. The TPD-TGA technique for measuring the
concentration of Brgnsted acid sites depends on the obser-
vation that isopropylammonium ions, formed at the
Brgnsted acid sites, decompose to propene and ammonia
in a well-defined feature centered between 575 and 650
K, whereas physisorbed isopropylamine (in excess of one
per Brgnsted site) completely desorbs at lower tempera-

tures (11, 14). The TPD-TGA experiment can also be
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used as an analytic tool for identifying surface species
using mass spectral cracking fractions, and we have used
this technique to confirm the identity of crotonaldehyde
and mesityl oxide formed from acetaldehyde and ace-
tone, respectively.

For NMR measurements, the H-ZSM-5 samples, ap-
proximately 200 mg in size, were degassed and weighed
at 700 K in a Cahn microbalance at 107® Torr. The samples
were then transferred to specially designed glass sample
tubes and attached to a vacuum manifold, where they
were again degassed at 700 K to 107 Torr. The degassed
samples were exposed to controlled amounts of C2, 99%
BC-enriched acetone (Cambridge Isotope Labs, Inc.) us-
ing a calibrated volume to permit the small volumes of
adsorbate to be known to within 2%. To avoid bed effects
in adsorption, the zeolite was spread along the length of
an evacuated, $-in. tube during exposure to the adsorbates
and then poured into a smaller tube, without exposure
to air. The smaller tube was sealed and inserted into a
homebuilt double-resonance static NMR probe for spin-
counting measurements, which in all cases were in
agreement with the measured dosing volumes. After por-
tions of the samples were transferred in an inert atmo-
sphere to O-ring sealed rotors, magic angle spinning
(MAS) spectra were obtained using a Doty probe (DSI-
574). Comparison of the in situ broad line spectra at low
surface coverages (or higher resolution spectra at high
surface coverages) obtained in the Doty probe and the
static probe in the absence of MAS indicated that there
were no measurable changes on transferring of the sam-
ples from the sealed NMR tubes to the Doty rotors. Addi-
tional confirmation that our experimental procedures re-
sult in equilibration of the adsorbates comes from a
comparison of our results for acetone in H-ZSM-3 with
the observations of Bosacek et al. (8, 9), whose sample
preparations are very different from those described here,
but whose spectra are identical. They achieved a uniform
coverage by exposing their zeolite to low coverages of
adsorbate (~0.2 molecule/Brgnsted site) at elevated tem-
perature (400 K) to promote migration. By contrast, the
need to slow the spinning speed in order to observe spin-
ning sidebands in the spectra of Haw and co-workers (10)
suggests that local adsorbate coverages in their work may
have been in excess of one/Brgnsted site. If indeed their
surface coverages were uniformly less than one molecule
per Brgnsted site, then, under the cited conditions of the
NMR experiment, there would be no need to decrease
the spinning speed to observe sidebands, such as shown
in Fig. 1 of Ref. (7).

The 3C NMR spectra were obtained at a field of 3.5 T
(37.48 MHz >C resonance frequency) using a homebuilt
spectrometer that has been described previously. The
lineshapes were determined from the observation of pro-
ton-decoupled Hahn echoes and cross-polarization (CP)
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spectra. The Hahn echo sequence consisted of a series
of 90°-7—180°-7 pulses in quadrature, with a delay time,
T, of 30 us, and a repetition time of 10 s, which was
sufficiently long to account for spin-lattice relaxation. The
contact time in the CP experiments was 2 ms and the
repetition time in these measurements was 1 s. Unless
otherwise noted, the NMR spectra were acquired at room
temperature, with a dwell time of 5 us, with 4096 points
in the acquisition, and 25 Hz of Lorentzian line broadening
added prior to Fourier transforming the data. MAS experi-
ments were conducted at various frequencies up to 4.5
kHz to establish the positions of the spinning sidebands
in the spectra.

RESULTS

The condensation reactions of acetone and acetalde-
hyde in this paper which will be discussed in this paper
can each be described as a nucleophilic attack on the
carbonyl carbons in molecules which form complexes
with the acid site of the zeolite. As demonstrated by the
chemical shifts of the 1:1 complexes, these carbonyl
groups are significantly deshielded by hydrogen bonding
to the zeolite hydroxyls, and, as a result, the electrophilic
properties are enhanced significantly. The nature of this
deshielding will be addressed under Discussion. Our de-
scription of the results will focus first on the factors which
activate the bimolecular chemistry of acetone in H-ZSM-
5 and then on the specific reactions which occur (acid-
catalyzed aldol condensations). It is generally accepted
that the aldol condensation reaction involves the forma-
tion of enols, and these are further examined using chlori-
nation reactions. The formation of imines by exposure of
chemisorbed acetone and acetaldehyde to ammonia and
dimethylamine is addressed in detail.

Reactions of Acetone

As we have shown previously, the localized adsorption
complex does not undergo reaction at room temperature
and for surface coverages below one molecule per
Brgnsted site. (6, 7). This is illustrated in the CP spectrum
of acetone at a coverage of 0.88 molecule per Brgnsted site
(Fig. 1a), which clearly indicates the spinning sidebands
(labeled with asterisks) to second order for a MAS fre-
quency of 3.1 kHz. This spectrum shows a single feature
at 222 ppm from TMS shifted 17 ppm from pure liquid
acetone (205 ppm). The direction of the shift is consistent
with what one observes for acetone in pure liquid acids
(15), and its magnitude is in the range observed for other
molecular sieves examined previously (6, 7). The pres-
ence and number of spinning sidebands are consistent
with our earlier studies of the chemical shift anisotropy
(6, 7) (see Ref. (7) for the components of the chemical
shift tensor), which establish that this species is localized
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FIG. 1. MAS spectra of acetone adsorbed on H-ZSM-5(A) at 3.2

kHz. Spectrum (a) CP, 0.88 molecule per site; (b) CP, 0.88 molecule
per site, after heating to 100°C for 3 h; (c) Hahn echo of sample in (b);
(d) CP, 1.50 molecules per site; (e) CP, 1.50 molecules per site, after
heating to 100°C for 90 min; and (f) CP, 0.5 molecule of pure, unenriched
mesityl oxide per site. Spectra (a) through (e), 16,384 scans. Spectrum
(f), 65,536 scans.

on the time scale of the NMR measurement. The small
feature at 35 ppm is due to the natural abundance signal
of the methyl group in unreacted acetone. (Since cross
polarization tends to enhance the peaks due to bimolecu-
lar products over that of unreacted acetone, as we will
demonstrate shortly, essentially no secondary reactions
have occurred in the same in Fig. 1a.)

Figure 1b shows the CPMAS spectrum, measured at
295 K, of acetone at a coverage of 0.88 molecule per acid
site after the sample had been heated to 100°C for 3 h.
The spectrum shows the formation of two new features
at 210 and 188 ppm, which have been assigned to the
C-2 and C-4 carbons of mesityl oxide (10, 19), a bimolecu-
lar reaction product. This appearance of bimolecular
products occurs at a temperature and surface coverage
at which TPD-TGA studies under UHV conditions have
demonstrated that desorption will occur. Therefore, mo-
bility, caused by thermal activation in this case, appears
to be a critical factor in the formation of mesityl oxide.
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SCHEME 1. Formation of mesityl oxide form acetone.

Another significant aspect of this spectrum is the presence
of spinning sidebands for the features assigned to mesityl
oxide, which suggest that at room temperature this species
is largely static on the time scale of the NMR measure-
ment. The sideband structure associated with the unre-
acted acetone is identical to that observed in Fig. la,
consistent with our earlier observation that the lineshape
is nearly identical at all coverages less than one per site
(6). These features are also observed by Bosacek ef al.
(9). Differences in the results reported by Haw and co-
workers (see Fig. 5 of Ref. (10)) appear to be due to higher
local coverages.

The bimolecular reaction of acetone to form mesityl
oxide is outlined in Scheme 1. Here we have pictured the
observed condensation chemistry as a nucleophilic attack
on the carbonyl carbon of an ‘‘activated,”” or chemi-
sorbed, acetone by the m-electrons of the enol. Our experi-
ments cannot determine which is the mobile species, nor
is it necessary in the elucidation of the elementary pro-
cess. The double bond in the enol acts as a nucelophile and
adds to the carbonyl carbon of acetone, forming diacetone
alcohol, with chemical shifts of the labeled carbons at 210
and 75 ppm. (The chemical shift of the carbonyl carbon
in diacetone alcohol is similar to that of mesityl oxide,
and the spectral features probably overlap.) The diacetone
alcohol is not observed in Fig. 1b because it dehydrates
rapidly at 100°C to form mesityl oxide. It is observed at
lower temperatures, as will be discussed shortly. The
exact nature of the chemical shifts of the labeled carbons
in mesityl oxide has been rationalized by Olah (20) in
terms of the resonance structures shown in Scheme 2. As
in the case of Olah’s work, the downfield shifts of the
carbonyl carbon and the B-carbon adsorbed in H-ZSM-
5 at Brgnsted sites have been assigned to a hydrogen-
bonded precursor to a hydroxyallylic cation of mesityl
oxide.

®0H OH OH

SCHEME 2. Hydroxyallylic carbocations.
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In order to assess the extent of reaction in the spectrum
of Fig. 1b, a MAS Hahn echo spectrum in which the spin
count was identical (within +5%) to the initial unreacted
acetone is shown Fig. lc. Since the features associated
with mesityl oxide are not observed, it is clear that the
CP enhancement is large enough to permit the observation
of initial products formed at the onset of reaction.

Figure 1d is the 295 K CPMAS spectrum, at 3.2 kHz,
of a sample prepared and maintained at room temperature
where the surface coverage is 1.5 molecules per Brgnsted
acid site. (A nearly identical spectrum was obtained at a
coverage of 1.08 molecules per Brgnsted site.) This again
shows the formation of mesityl oxide, but now diacetone
alcohol, which is the first product formed from acetone,
shown in Scheme 1, can also be observed, as shown by
the peak at 75 ppm. It is important to note that the feature
at 222 ppm, corresponding to unreacted acetone, is broad-
ened and does not show appreciable spinning sidebands,
which indicates ‘‘slow motion’ mobility (21, 22) at the
higher surface coverage. This is in agreement with pre-
viously published results which demonstrate the collapse
of the shift anisotropy for coverages greater than one
molecule per Brgnsted site (6). In fact, it appears that it
is this mobility at the higher surface coverage that leads
to reaction at a lower temperature. Bimolecular products
are formed when adsorbate mobility is increased by either
temperature or surface coverage.

It is interesting to note that the isotropic chemical shift
of the unreacted acetone in Fig. 1d is the same as that
in Fig. l1a, even though the shift anisotropy has been
dramatically altered. While the adsorbed molecule is now
reorienting on the time scale of the NMR measurement,
it must still be spending most of the time, on average, in
the environment of the Brgnsted site (6). While the details
of the reorientation dynamics at this surface coverage
are not fully understood, one can still speak of stable
adsorption complexes at the Brgnsted sites. Although the
dynamical time scale for the complexes at higher cover-
ages is much shorter than that for the 1: 1 complex, they
are localized sufficiently long for the acid-catalyzed reac-
tion to occur.

Figure le is the 295 K CPMAS spectrum at 3.2 kHz of
the same sample examined in Fig. 1d following heating
to 100°C for 1.5 h. Longer exposure at 100°C simply pro-
duces more mesityl oxide condensate with the disappear-
ance of the diacetone alcohol and unreacted acetone.
However, as the reaction nears completion, the number
of Brgnsted sites accessible for the unreacted acetone
increases and this is evidenced by the reappearance of
the spinning sidebands comparable in relative intensity
to those in Fig. la.

Finally, to verify the assignment of the features at 210
and 188 ppm to the C-2 and C-4 carbons of mesityl oxide,
the spectrum of isotopically unenriched mesityl oxide on
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SCHEME 3. Chlorination of enols.

H-ZSM-5 at a coverage of 0.5 molecule per Brgnsted site
is shown in Fig. 1f. The 208 and 186 ppm features are
similar to those seen in the condensation products formed
from the C-1 isotopically enriched acetone. The additional
features in the spectrum correspond to the C-3 (123 ppm)
and C-1,C-5 (overlapping at 26 ppm) carbons of the unla-
beled mesityl oxide.

Chlorination of Acetone

The reaction with Cl, is commonly used to look for
enol formation since the reaction, outlined in Scheme 3,
is generally accepted as occurring via the enol form (23).
Figure 2a shows the spectrum obtained after adsorption
of 0.50 molecule of acetone per Brgnsted acid site on the
zeolite, followed by exposure to 40 Torr of Cl, for 15 min
at room temperature. The spectrum consists mainly of
unreacted acetone (222) ppm, but also shows the forma-
tion of a new species giving rise to the chemical shift at
206 ppm. This we assign to chloroacetone (Scheme 3), an
assignment which is supported by the spectrum in Fig.

aaaay .

300 200 100 0
frequency, ppm

400

FIG. 2. CPMAS spectra of 0.5 molecule of acetone per site on
H-ZSM-5(A) exposed to (a) Cl, for 15 min, MAS frequency 4.5 kHz,
8192 scans, and (b) Cl, for 75 min, MAS frequency 3.5 kHz, 8192 scans.
Spectrum (c) was obtained following exposure to pure chloroacetone,
77,600 scans.
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SCHEME 4. Formation of 2-propanimine from acetone and
ammonia.

2¢. The feature at 206 ppm is shifted 5 ppm downfield
from pure liquid chloroacetone.

As expected, the spectrum following longer exposure
(40 Torr Cl, for 75 min) shows an increase in the concen-
tration of chloroacetone, and we begin to see a shoulder
at 197 ppm which we assigned to dichloroacetone, down-
field-shifted 2 ppm from the pure liquid. The presence of a
feature at 197 ppm was confirmed using cross polarization,
which preferentially enhances its intensity in the spec-
trum. Finally, the assignment of the feature at 206 ppm

-
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FIG. 3. CPMAS spectra (4096 scans) of 0.5 acetone molecule per
Brgnsted site adsorbed on H-ZSM-5(B), followed by exposure to (a)
0.5 NH; molecules per site, MAS frequency 3.0 kHz; (b) 1.0 NH; mole-
cules per site, MAS frequency 3.0 kHz; (c) 1.5 NH; molecules per site,
MAS frequency 2.9 kHz; (d) 2.6 NH; molecules per site, MAS frequency
3.0 kHz; and (e), saturated with NH,, MAS frequency 3.0 kHz.
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Formation of primary amines from 2-propanimine

to chloroacetone is supported by the spectrum in Fig. 2¢
of 0.70 molecule of chloroacetone adsorbed on H-ZSM-5.

Formation of Imines from Acetone and Ammonia

The properties of the chemisorbed acetone molecule at
room temperature allow the formation of 2-propanimine
on exposure to ammonia (5, 9) (Scheme 4). Figure 3a is
the CPMAS spectrum following exposure of the H-ZSM-
5(B) sample at 295 K to 0.5 molecule of acetone per
Brgnsted site, followed by exposure to 0.50 molecule of
ammonia per site. The spectrum shows unreacted acetone
(222 ppm) and a feature at 199 ppm which we assign to
2-propanimine chemisorbed at the acid site. Since the
proton affinity of the imine is considerably larger than that
of aldehydes and ketones (24), the adsorption complex at
the Brgnsted site in this case is in all probability proton-
ated, as in the magic-acid solutions of Olah (25). The
reaction goes to completion following addition of an ex-
cess of ammonia. The spectra for 1.0 and 1.5 molecules
of ammonia per site are shown in Figs. 3b and 3c.

As shown in Scheme 5, addition of extra ammonia
should lead to the formation of diamines. This can be
seen in Figs. 3d and 3e, which show the results of investi-
gations on the reaction of imines with ammonia. At a
coverage of 2.6 molecules of ammonia per Brgnsted site
(Fig. 3d), we observe a feature at 54 ppm which we assign
to a diamine. The feature at 194 ppm probably corre-
sponds to the initial imine which is now competing with
the large excess of ammonia for the Brgnsted sites. When
equilibrium is established (Scheme 6), measurable con-

Ny eoHN o= N NHY
. OO
H HN ~z
I
O\Z

SCHEME 6. Equilibrium exchange of ammonia and 2-propanimine.
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FIG. 4. MAS spectra (4096 scans) at 3.7 kHz for 0.5 acetone mole-
cules per Brgnsted site, added to H-ZSM-5(B) containing {a) 0.5 NH;
molecules per site, CP; (b) 1.0 NH; molecules per site, CP. Spectrum
{d) was obtained with CP after sequential exposure of H-ZSM-510 0.5
molecule of acetone per site and 1.0 molecule of dimethylamine per
Brgnsted site. Spectra (¢) and (e) were taken on the same samples as
in (b} and (d), respectively, with a Hahn echo after exposure to ambient
air overnight using 16,384 points in the acquisition.

centrations of both the imine and the iminium ion are
present and the chemical shift represents an average given
by the equilibrium concentrations in the zeolite. In Fig.
3e, where we have saturated the sample with ammonia,
we see the formation of two additional features corre-
sponding to primary amines at 74 and 47 ppm (Scheme
5), as well as a further upfield shift in the imine feature
to 183 ppm.

Reversing the procedure by first adding the ammonia
to the zeolite and then acetone to form ammonium ions
does not change the products but only the extent to which
the reaction goes to completion. Figure 4a shows the
results after dosing the zeolite with 0.50 molecule of am-
monia per Brgnsted site, followed by dosing with 0.50
molecule of acetone per acid site. The only change from
the spectrum in Fig. 3a is in the amount of unreacted
acetone present. The reaction again goes to completion
at higher ammonia loading, as seen in Fig. 4b. The differ-
ence in the behavior of H-ZSM-5 and NH,~ZSM-5
(Scheme 7) in the formation of the imine appears to be
the rate of reaction.

For each of the above preparations, the exposure of
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the chemisorbed imines to water results in rapid dehydra-
tion of the imine to regenerate acetone, as in aqueous
solutions (26). This is shown in Fig. 4c, where the feature
at 211 ppm corresponds to acetone adsorbed on H-ZSM-
S saturated with water. The character of the acetone com-
plex in the H-ZSM-S5 is considerably altered with respect
both to the downfield shift relative to the pure liquid and
to its mobility in the zeolite. In fact, it more closely resem-
bles the liquid than a hydrogen-bonded precursor to a car-
bocation.

The spectrum in Fig. 4d shows that exposure of chemi-
sorbed acetone to dimethylamine results in the formation
of N,N-dimethyl-2-propaniminium ions. The chemical
shift of this species is again consistent with what has been
observed by Olah in magic-acid solutions (25). As with
the 2-propaniminium ions examined above, this species
is unstable in the presence of water and rapidly rehydrates
to acetone (Fig. 4e).

Reactions of Acetaldehyde

Figure 5a is the spectrum following exposure at 295 K
of the H-ZSM-5(B) sample to 0.5 molecule of *C isotopi-
cally enriched acetaldehyde per Brgnsted acid site. The
spectrum shows primarily the downfield-shifted two car-
bon atoms of unreacted acetaldehyde forming an adsorp-
tion complex at 212 and 29 ppm, with weak features at
203, 178, 134, and 19 ppm which probably correspond to
crotonaldehyde. This is the expected product of the aldol
condensation reaction of acetaldehyde, as shown in
Scheme 8. Like the acetone case, downfield shifts for
acetaldehyde suggest a hydrogen-bonded precursor to a
carbocation at low surface coverage. Unlike acetone,
however, the adol products cannot be entirely sup-
pressed, even for low surface coverage sample prepara-
tions at 0°C. Again assuming that mobility of the adsorp-
tion complex is the primary factor leading to bimolecular
products, the localization of the acetaldehyde complex
must be incomplete. This is supported by the broadline
spectrum in the absence of MAS, shown in Fig. 6, where
a comparison with acetone, at the same surface coverage
and temperature, shows a considerably reduced aniso-
tropy from the nearly rigid lattice form of acetone.

The effects of temperature and surface coverage are
shown in Figs. 5b through 5d. The sample in Fig. 5b is
the same as that in Fig. 5a, except that the sample was
heated to 100°C for 30 min. Figure 5¢ was obtained at an

NH? A/Ngs
o |
o . \ﬁ/
! 3 HO i
Q.

—® same as Scheme 5

~

z

SCHEME 7. Reaction of acetone with [NH,]-ZSM-5.
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FIG. 5. CPMAS spectra at 3.2 kHz of acetaldehyde on H-ZSM-
5(B). (a) 0.5 molecule per site, 8192 scans; (b) 0.5 molecule per site,
heated to 100°C for 30 min; (¢) 0.88 molecule per site; (d) 0.88 molecule
per site, heated to 100°C for 30 min; and (e) same sample as in (d)
following exposure to ambient air overnight.

acetaldehyde concentration of 0.88 molecule per Brgnsted
site without heating. Figure 5d shows the spectrum of a
sample with a surface coverage of 0.88 molecule per acid
site, prepared at room temperature and heated to 100°C
for 30 min. It is apparent that increasing either the temper-
ature or the surface coverage, both of which should in-
crease the mobility of the adsorption complex, leads to
an increase in the concentration of the initial condensation
product, crotonaldehyde. Comparison of the spectra in

]/\/
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SCHEME 8. Formation of crotonaldehyde from acetaldehyde.
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FIG. 6. Hahn echo spectra in the absence of MAS, for (a) acetone
(28,320 scans, same as Fig. 2b in Ref. (7)), and (b) acetaldehyde (7980
scans) at 0.85 molecule per site on H-ZSM-5(A).

Fig. 5 with those of Haw et al. (27) suggests that high
acetaldehyde loadings caused bimolecular reactions to
dominate the spectrain that study (see Fig. 1 in Ref. (27)).

The reactions of acetaldehyde and crotonaldehyde with
ammonia to form imines were also investigated. The sam-
ple H-ZSM-5(B) was first exposed to 0.5 molecule of
acetaldehyde per Brgnsted acid site and then to an amount
of ammonia corresponding to 0.5 molecule per acid site.
The spectrum immediately after exposure to ammonia is
shown in Fig. 7a. We observe features at 186 ppm which
we assign to the C-1 carbon of ethanimine, as well as
features at 175, 164, 125, and 27 ppm, assigned to 2-
butenimine. The large feature centered at 27 ppm is proba-
bly due to the convolution of features due to the CH;
groups in ethanimine and 2-butenimine. The 2-butenimine
could be formed by either the reaction of ammonia with
the carbonyl carbon of crotonaldehyde or the condensa-
tion of ethanimine with its enamine form. All of these
reactions are outlined in Scheme 9. The feature at 67 ppm
decays with time, as seen in Figs. 7b and 7c, and may be
due to the presence of a carbinolamine, the dehydration
of which is usually considered to be the rate-limiting step
in reactions of this type (26), although not observed in
the reactions of acetone with ammonia. Further evidence
for the condensation reactions of ethanimine and its ena-
mine tautamer is the increase with time of the features at
29 and 48 ppm, which are due to primary amines, which
can form only in the presence of excess ammonia. Since
we started with stoichiometric amounts of acetaldehyde
and ammonia, this excess ammonia must be coming from
the formation of condensation products.
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FIG.7. CPMAS spectra (4096 scans) at 3.7 kHz following sequential
exposure of H-ZSM-5(B) to 0.5 molecule of acetaldehyde and then (a)
0.5 molecule of ammonia. Spectrum (b), same sample as in (a), taken
3 hlater. Spectrum (c), same as in (b} after exposure to ambient air over-
night.

Asin the case of imines formed from acetone, the imines
formed from acetaldehyde and crotonaldehyde are not
stable in the presence of large amounts of water. The
spectrum following equilibration of the sample in ambient
air is shown in Fig. 7c. As can be seen in Fig. 7c, features
appear at 205, 200, 160, 133, 25, and 19 ppm, correspond-
ing to a mixture of acetaldehyde and crotonaldehyde, as
discussed above.

DISCUSSION

Factors Affecting the Rate of Primary Condensation
Reactions

The present results together with our earlier studies (6,
7) and those of Bosacek ef al. (8, 9) and of Haw et al.
(10) provide some clarification of the important factors
that lead to the onset and rate of condensation reactions
in a high-activity, unpoisoned zeolite such as H-ZSM-5.
The initial step in the condensation reaction of chemi-
sorbed carbonyl compounds is clearly the formation of a
hydrogen-bonded precursor to a carbocation, which is
quite stable when conditions during, and following, sam-
ple preparation are such as to localize the complex in a
time scale that is long compared to that for site exchange.
In the case of acetone, it can be seen from our studies,
as well as those of Bosacek et al. (8, 9), that localization
in the absence of significant site exchange is easily
achieved at room temperatures, ~300 K, at surface cover-
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ages corresponding to less than one molecule per
Brgnsted site. What is noteworthy is that the shift anisot-
ropy of these surface complexes appears to be identical
in the three different H-ZSM-5 samples used in our stud-
ies, not only from the standpoint of the isotropic shifts
(17 ppm + 0.4 ppm downfield from pure solid acetone),
but also from the apparent elements of the chemical shift
tensor in the rigid lattice (6, 7) which are far more sensitive
to changes in the charge density of the adsorbed molecule
due to the surface environment. This lack of sensitivity
of the chemical shift at low surface coverages to sample
preparation is also apparent in the H~ZSM-5 samples of
Bosacek er al. (8, 9), as well as those of Xu et al. (10).
To initiate the condensation reactions (a bimolecular
process) at low surface coverage, delocalization of some
fraction of the complexes by site exchange is necessary.
Using *C NMR, the time scale for site exchange, and
thus conditions when site exchange becomes sufficiently
rapid to permit observable products of condensation reac-
tions, cannot be determined without a detailed knowledge
of the mechanisms contributing to the reorientational cor-
relation times associated with changes in lineshape of the
chemical shift anisotropy as a function of both tempera-
ture and surface coverage. Although we have yet to com-
plete such studies for the acetone complex, it is clear from
our earlier lineshape studies (6, 7) and the condensation
reactions reported here that molecular reorientations by
site exchange do become significant, even at room temper-
ature, for surface coverages above one molecule per
Brgnsted site. But it is also evident from the present
studies, as well as those of Bosacek et al. (8, 9), that
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thermally activated site exchange leading to condensation
products of acetone can also occur at low surface cover-
ages, below one molecule per Brgnsted site; however,
the lower the surface coverage, the higher the temperature
required for a given rate of formation of condensation
products.

A comparison of the lineshape of the acetone complex
with that of acetaldehyde at a surface coverage of 0.8
molecule per site and 295 K (see Fig. 6) would suggest that
motional narrowing due to reorientations is considerably
greater in the latter than in the former. Neither, however,
exhibit appreciable condensation products in the time
scale of ~1 h, indicating that the anisotropic motional
narrowing is not always a criterion for site exchange.
Neither is the rigid lattice lineshape the only criterion for
Brgnsted site localization since, from Fig. 6, anisotropic
reorientations can also occur when the complex (acetalde-
hyde) is still highly localized (a rotational diffusion). Dy-
namically, what differentiates the acetone complex from
the acetaldehyde complex is the lower strength of the
hydrogen bonding as well as steric factors, such as the
size of the adsorbed molecule relative to the zeolite chan-
nel size, which determines the barriers to rotation (7).

A useful quantitative scale in the comparison of zeolites
is what Xu et al. (10) have referred to as the “‘reactivity”
with respect to a given condensation reaction; presum-
ably, the rate of reaction under some specified standard
set of conditions. From the discussion above, it is clear
that such conditions, which depend on both temperature
and surface coverage in the case of the primary condensa-
tion reactions, must somehow relate to the rate of site
exchange, an important factor in the rate. Using *C NMR
techniques, we are now exploring the conditions which
will permit a quantitative assessment of reactivity. We
believe these can be obtained from the rigid lattice shift
anisotropy of a probe molecule (which measures the ex-
tent of proton transfer, that is, the zeolite “‘acidity’’) and
the temperature dependence of the anisotropic lineshapes
of the ‘‘complexed’’ reactants and products (which relate
to orientational barriers).

Elementary Processes in Condensation Reactions of
Acetone and Acetaldehyde on H-ZSM-5

The reactions described in Schemes 1 through 9 of this
paper, some of which have been recently proposed by
Xu et al. (10), are very similar to those observed in solu-
tion-phase acids. The products and intermediates appear
to be closely related. The reaction of Cl, with the enol
form of acetone, the condensation reactions to form mesi-
tyl oxide and crotonaldehyde, and the nucleophilic attack
of the carbonyls by ammonia and amines all occur in
solution phase. In both zeolite and solution-phase media,
the condensations are initiated by a deshielding of the

BIAGLOW ET AL.

carbonyl carbon which leads to a substantial positive
charge on that atom.

From a microscopic point of view, however, one can
expect significant differences in the reaction coordinates
describing the reaction pathways in zeolites from those
in liquid solutions. This is mainly due to the absence of
solvation effects in the case of zeolites. Dynamically the
frequency and amplitude of the random thermal fluctua-
tions necessary for classical barrier crossing cannot be
the same in the two cases; nor can the barrier heights or
activation energies be the same. Unfortunately the NMR
time scales are too long to observe such events. However,
it is clear from the behavior of the equilibrated hydrogen-
bonded complex at the Brgnsted sites that the fluctuations
of the delocalized proton, mediated by framework pho-
nons, are not so large as to lead to exchange between a
protonated and unprotonated form of the complex, events
observable in liquid solutions.

An interesting feature of the present results is the esti-
mation of the enol lifetime in the chlorination reaction,
as shown in Scheme 3, based on the assumption that the
rate-limiting step is the formation of the enol complex.
Its order of magnitude is similar to that of the keto-enol
reaction rate in solutions where the Hammett acidity is
in the range of —3 to —4 (23), similar to what one would
expect for trifluoroacetic acid.

One reaction which did show differences in the behavior
of the zeolite relative to solutions was the formation of
2-propanimine from acetone and ammonia. In solution-
phase acids, the rate at low pH (low ammonia concentra-
tion) is limited by the concentration of free nucleophile,
ammonia (26). However, in the ammonium form where
no free nucleophile exists, the reaction of acetone occurs
readily. Since the heat of adsorption of ammonia at the
Brgnsted sites is 145 kJ/mol (30), compared to only ~120
kJ/mol for acetone (31), this can be accounted for by
a unimolecular rearrangement of an acetone—ammonium
complex at the Brgnsted sites rather than a displacement
of the ammonium ion to form a free nucleophile.

Adsorption Complexes of Acetone, Acetaldehyde, and
Their Primary Condensation Products

The adsorption complexes corresponding to a number
of important organic molecules were examined in the
course of this study, as listed in Table 1. The complexes
are stable structures formed by hydrogen bonds between
the Brgnsted site and the adsorbate. The isotropic chemi-
cal shifts indicate the extent to which the nucleus has
been deshielded by the formation of the hydrogen bond.

For the molecules with high proton affinities like the
imines (for example, N-ethylethanimine has a proton af-
finity of 222.8 kcal/mol, compared to 225.1 kcal/mol for
diethylamine (24)), the isotropic chemical shifts are almost
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TABLE 1
Chemical shifts of Protonated or Partially Protonated
Intermediates
Species SC-1 &C-13
2220b
ZOH - . 224¢
2244
1 205°
249/
ZOH. .
"0
//,U\\ 206¢
1 CH,Cl 200°
20H.. __
o 197¢
//JL\ 195¢
1 ~CHCl,
ZOH - _ 212¢
-0 2014
u\\ 200°
235.1
ZOH - _
"0 2148
ll\\,//’ 200°
H 210° 188¢
o7 210¢ 187¢
3l 2104 1874
= 195.9° 152.5¢
2 215.5/ 181.8/
o 203¢ 178°
/9}{\;:/3 198¢ 1624
o~ ] 191.1¢ 151.8¢
2 206/ 201
H
~
o
It 205¢ 180#
2
HN" 200°
201.6"
_HOZ
HN” 186*
//ﬂ 189.5/
HSC\%/CHZ‘
20° 189¢
,/JL\\ 189.5/
_Hoz
HDT’
175 1607
/\)

@ This study.

6 The trace of the chemical shielding tensor was originally reported
by us as 224 ppm (6); this has since been corrected (7).

¢ From Kubelkova et al. (6, 7).

9 From Haw er al. (10, 27). Acetone, Ref. (10). Acetaldehyde,
Ref. 27).

¢ Pure liquid.
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identical to those observed for similar, hydrogen-bonded
complexes in magic-acid solutions (25). In these cases, the
proton is almost completely transferred to the molecule in
both the complex at the acid site in the zeolite and the
magic-acid solution. For molecules with lower proton af-
finities, such as acetone and acetaldehyde (proton affini-
ties of 197.2 and 188.9 kcal/mol, respectively), the
isotropic chemical shifts in the zeolite are significantly
different from that observed in magic acids. For these,
the downfield '*C chemical shifts relate to the extent of
proton transfer in the complex.

A closer examination of the results in Table [ indicates
some interesting features for mesityl oxide and crotonal-
dehyde. These molecules should have a larger proton
affinity than acetone or acetaldehyde due to resonance
stabilization of the protonated species, as shown in
Schemes 2 and 8, and, therefore, their isotropic shifts in
the zeolite are closer to the results observed in magic
acids (i.e., the extent of protonation in these molecules
is more complete). The resonance stabilization of the
carbocation also leads to a positive charge and a large
downfield shift in the beta carbon (C-3) resonance as well
as that of the carbonyl carbon (C-1). However, it is note-
worthy that the magnitude of the chemical shifts for the
C-1 and C-3 carbons for these molecules is not identical
to that reported in solutions, suggesting that the distribu-
tion of charge on the molecules is different in the zeolite.
For crotonaldehyde, the chemical shift for the C-1 carbon
is practically identical to that observed in magic acids (14
ppm versus 15 ppm), but the isotropic shift for the C-3
carbon, still large at 26 ppm, is significantly less than that
observed in magic acids, 49 ppm. The difference with
mesityl oxide is more apparent. The isotropic shift for the
C-1 carbon in the zeolite (14 ppm) is less than that ob-
served in magic acid (20 ppm), while the chemical shift
for C-3 in the zeolite is larger, 35 ppm downfield from the
pure compound compared to only 29 ppm in magic acid.
Since strong solvation effects could strongly influence the
carbocations in solution (32) and multiple hydrogen bonds
could form in the zeolite, it is not surprising that these
differences exist.

The C chemical shift of mesityl oxide adsorbed in
zeolites has been suggested for use as a probe of acidity,
assuming that the chemical shift reflects the concentration
of protonated and unprotonated species (10, 33). While
there is no equilibrium between such species in the
H-ZSM-5 at low coverages, the ’C chemical shifts are
nevertheless a reasonable measure of the extent of proton

f From Olah, ef al. Acetone, acetaldehyde, Ref. (28). Imines, Ref.
(25). Unsaturated aldehydes and ketones, Ref. (20).

¢ From Biaglow et al. (34). The formation of propanal and its subse-
quent condensation products at the acid sites were postulated in Ref.
(34). The chemical shift of the carbonyl carbon of propanal was estimated
from overlapping features at ~216 ppm in Ref. (34).
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transfer and, thus, like acetone (6, 7), provide a method
for distinguishing between different acid sites in zeolites.

CONCLUSIONS

(1) Using *C NMR, the primary processes for the bimo-
lecular, acid-catalyzed condensation reactions involving
acetone and acetaldehyde in H-ZSM-S can be observed.
The rates of reaction are, however, critically dependent
on the surface coverage and temperature (8-10, 27).

(2) With few exceptions, the initial products of the con-
densation chemistry in H-ZSM-5 are the same as the
those in liquid solutions.

(3) The formation of protonated imines by exposure of
the adsorption complexes to amines occurs readily at
room temperature. This reaction appears to differ from
that observed in solution phase in that the reaction is not
inhibited by formation of ammonium ions.

(4) The presence of an enol form of acetone adsorbed
in H-ZSM-5 was confirmed in the reaction with CL,.

(5) The BC chemical shifts of the reactant and condensa-
tion product adsorption complexes observed in this study
can be described in terms of hydrogen bonding at the
acid sites. The extent of proton transfer in each of the
complexes can be related to the C downfield chemical
shifts relative to the pure liquids.
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