Downloaded via PACIFIC NORTHWEST NATL LABORATORY on December 24, 2018 at 22:29:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Mechanism of Phenol Alkylation in Zeolite H-BEA Using In Situ Solid-
State NMR Spectroscopy

Zhenchao Zhao,® Hui Shi,”*® Chuan Wan," Mary Y. Hu,’ Yuanshuai Liu,* Donghai Mei,"
Donald M. Camaioni,"® Jian Zhi Hu,*® and Johannes A. Lercher* "

"Institute for Integrated Catalysis, Pacific Northwest National Laboratory, P.O. Box 999, Richland, Washington 99352, United States
*Department of Chemistry and Catalysis Research Center, TU Miinchen, Lichtenbergstrasse 4, 85748 Garching, Germany

© Supporting Information

ABSTRACT: The reaction mechanism of solid-acid-catalyzed phenol alkylation with 3 by
cyclohexanol and cyclohexene in the apolar solvent decalin has been studied using in situ - N ‘
3C MAS NMR spectroscopy. Phenol alkylation with cyclohexanol sets in only after a <:§ |
majority of cyclohexanol is dehydrated to cyclohexene. As phenol and cyclohexanol show  No direct ,‘
similar adsorption strength, this strict reaction sequence is not caused by the limited """ |
access of phenol to cyclohexanol, but is due to the absence of a reactive electrophile as -~
long as a significant fraction of cyclohexanol is present. *C isotope labeling demonstrates L U
that the reactive electrophile, the cyclohexyl carbenium ion, is directly formed in a

& \
protonation step when cyclohexene is the coreactant. In the presence of cyclohexanol, its OJ% k@
HO W

protonated dimers at Bronsted acid sites hinder the adsorption of cyclohexene and the

formation of a carbenium ion. Thus, it is demonstrated that protonated cyclohexanol " Olefin co-reactant
dimers dehydrate without the formation of a carbenium ion, which would otherwise have (blue path)
contributed to the alkylation in the kinetically relevant step. Isotope scrambling shows

that intramolecular rearrangement of cyclohexyl phenyl ether does not significantly contribute to alkylation at the aromatic ring.

B INTRODUCTION evidence, but rather, almost always “borrowed”/adapted from
the classical Friedel—Crafts alkylation chemistry in a homoge-
neous phase, or inferred from insufficient and less informative
ex situ analyses of reaction products. In particular, for Brensted
acidic zeolites, the mechanism for phenol alkylation with
alcohol (e.g., methanol, tert-butyl alcohol) is significantly more

carbon retention in the liquid products*® Moreover, controversial, compared to phenol alkylation x'vith. olefin (e.g,
alkylated phenols have been widely used as additives in propene, l-octene). For example, the contrl]?utlon of alkyl
gasoline, lubricants, and consumer products.ll_15 phenyl et.her rgarrangemegt to C-alkyl.atlon has been

Alkylation of phenols, such as phenol or m-cresol, is an controversially discussed. While some studies reported that
electrophilic aromatic substitution. Both olefins and alcohols an alkyl aryl ether (the kinetically favored prodgct) can undergo
can be alkylating agents. In the case of alkylation of phenol with facile 1ntranll7oll§ g;llar rearrangement - to directly pr odl}ce
olefins, the electrophile is the carbenium ion formed via talkylphenols, o otbers negated th{s pathway, conc‘ludlng
protonation of the olefin by a Bronsted acid site (BAS) of a instead th.at C-alkylation prod‘ucts arise fr(.)r.n alkylation of
solid acid, while in the case of alkylating phenol with alcohol, it p henol' with oleﬁ1214 formed via deCf)mp os1F10n of 'the O-
is generally a consensus that the electrophile can be the alkylation produc.t. From a theqretlcal pont of view, the
protonated alcohol (an alkoxonium species) or a carbenium ion prevalent mechanism hE.IS also remained elusive. Much like t.he
derived from alcohol dehydration. Electrophilic attack on the prop osalszgfs%r alky'latlo.n of ben'zene and t?luer}e with
phenolic OH or 7 electrons in the aromatic ring yields O- methanol,”””” stepwise (i.e, formation of carbenium ion or a
alkylation or ring-alkylation (C-alkylation) products, respec- covalent surface alkoxide from alcohol, followed by electrophilic
tively. It has also been suggested that C-alkylation products substitution) afld c.oncerted (1..e., coadsorpt.lon ?f phenol. and
could be formed through intramolecular rearrangement of the alcohol on acid sites and direct conversion In. one single
kinetically favored O-alkylation product, ie., via an aryl alkyl elemer%tary step, without the formation of alkoxide or
ether intermediate product.'®™'® carbeglum' ion) routes have b.een proposed for phepol

Alkylation of phenols with olefins and alcohols has been alkylatlc.)n m %Zzeohtes and examined by quantum cher.nlsal
extensively studied, in vapor and liquid phases, over a wide calculations.”””” Both phenol-methanol alkylation on faujasite
range of solid catalysts.'”~'*'*™** The hypothesized mecha-
nisms from these experimental studies were, however, seldom Received: March 2, 2017
based on rigorous rate measurements and direct spectroscopic Published: June 19, 2017

The catalytic conversion of lignin-derived phenolic compounds
is a critical pathway for maximizing the utilization of
lignocellulosic biomass.' ~* While hydrodeoxygenation increases
the H/C ratio and decreases the O/C ratio in the products,
(hydro)alkylation adjusts the carbon number and improves the
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Scheme 1. Postulated Mechanisms for C-Alkylation of Phenol with Alcohol (ROH) On Zeolitic Protons”
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zeolite (H-FAU) and tert-butylation of phenol on Beta zeolite
(H-BEA) preferentially proceed via a direct, concerted
mechanism, rather than via a stepwise mechanism mediated
by surface methoxide’' or tert-butyl carbenium ion.”* Thus,
these theoretical studies appear to challenge the conventional
view, at least for the alcohols and zeolites investigated, that
carbenium-ion-type intermediate is involved as the direct
electrophile in the major alkylation pathways. However, we
note that none of these predictions have been experimentally
verified so far for zeolite-catalyzed phenol alkylation. Of
particular note is the largely missing application of in situ
spectroscopies able to unravel mechanistic pathways for this
class of reactions in zeolite pores or on solid surfaces in
general.”’

We use in situ "*C solid-state NMR spectroscopy to probe, at
a molecular level, reaction pathways for this type of solid-acid-
catalyzed reaction, specifically, alkylation of , gphenol with

cyclohexanol on a large-pore zeolite H-BEA,>** using a
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microautoclave MAS NMR rotor developed for studying
multiphase processes at high temperature, high pressure
conditions.”*’ The present study was carried out in decalin,
a nonpolar solvent, which is typical for the environment in
which such a reaction would be practically performed.”**" We
demonstrate, via analysis of the "*C label distribution in olefin
and alkylates, that the carbenium ion (electrophile) is, in fact,
not produced directly from the adsorbed cyclohexanol (Scheme
1, path A) in the pore of a BEA zeolite, because the dominant
surface species is an alcohol dimer that does not dehydrate via
an El mechanism. It is also established that intramolecular
rearrangement of cyclohexyl phenyl ether is, at best, a minor
pathway to cyclohexylphenols (Scheme 1, path B), and that
alkylation occurs via a stepwise route initiated by olefin
protonation (Scheme 1, path C), instead of a concerted one
(Scheme 1, path D). Olefin (re)adsorption and protonation is
the dominant pathway of generating the electrophile for phenol
alkylation, regardless of the starting alkylating coreactant
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(cyclohexanol or cyclohexene). To the best of our knowledge,
this work represents the first example of using NMR to study
this class of reactions under steady-state and realistic
conditions.”

B RESULTS AND DISCUSSION

Variable Temperature *C MAS NMR Measurements
of Phenol and Cyclohexanol Adsorption on H-BEA from
Decalin Solutions. Figure 1 shows the C MAS NMR
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Figure 1. Variable temperature *C MAS NMR spectra of 1-3C-
phenol (a) and 1-'*C-cyclohexanol (b) adsorption on a H-BEA

catalyst (Si/Al = 75).

spectra acquired after reaching adsorption equilibria of 1-'*C-
phenol and 1-"*C-cyclohexanol, from their respective decalin
solutions, on H-BEA at different temperatures. '*C-isotope
scrambling within each molecule was not detected at these
temperatures. In each spectrum, a relatively sharp peak
representing the mobile species in decalin and a broad peak
representing the species adsorbed in H-BEA pores are
observed. Specifically, the 1-"*C of phenol in decalin solution
appeared at 156.3 ppm, while the 1-*C of cyclohexanol in
decalin was at 69.8 ppm. The corresponding adsorbed species
for cyclohexanol was at ~71.6 ppm, downfield relative to the
mobile species. The adsorbed species for phenol was at ~155.5
ppm, upfield relative to the solution species. Thus, the 1-*C
signals of cyclohexanol and phenol appear more deshielded and
shielded, respectively, relative to their liquid phase states in
decalin. First-principle calculations of NMR chemical shifts for
solvation structures of phenol and cyclohexanol in decalin
(structures shown in Figure S1) and in the pore of zeolite H-
BEA (Figure S2) are qualitatively consistent (Table S2) with
the experimental observations.

The peak area ratio of adsorbed and mobile phase phenol
decreased from 16.4 to 6.6, while that ratio for cyclohexanol
decreased from 34.6 to 11.2, with increasing adsorption
temperature from 25 to 82 °C. This indicates that the uptake
from decalin into H-BEA pores is exothermic for both
molecules. The solution concentrations at adsorption equilibria
(Ceq) and uptakes (g) for phenol and cyclohexanol at different
adsorption temperatures are compiled in Table S3, Supporting
Information. The uptake values (1.0—1.3 mmol gy zpa~") were
all much higher than a 1:1 coverage of BAS (~0.15 mmol
gupea '), indicating that most of the adsorbed species were
present physisorbed in the pores without directly interacting
with the BAS. The molar ratios of adsorbed and solution
species are comparable for cyclohexanol and phenol at any
given temperature, suggesting that the adsorption constant and
enthalpy of adsorption in H-BEA pores were very similar for
the two molecules. Consistent with these in situ measurements,
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independent ex situ measurements for the same mixtures
provided adsorption constants of 44 and 73 (at 25 °C) for
phenol and cyclohexanol, respectively (data not shown).
Alkylation of 1-'3C-Phenol with 1-'*C-Cyclohexanol.
During the first ~400 min, cyclohexanol dehydration was
almost the only reaction taking place (Figure 2). 1-"C-
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Figure 2. Concentration—time profiles of (a) reactants and alkylation

products as well as (b) dehydration products during the in situ NMR

investigation of phenol-cyclohexanol reaction catalyzed by H-BEA at

127 °C.

cyclohexanol (70.2 ppm) dehydration led to 1-'*C-cyclohexene
(127.2 ppm) as the primary product, while the 3-*C and 4-*C
isotopomers of cyclohexene increased in concentration at
longer residence times. A weak signal of dicyclohexyl ether at
74.8 ppm disappeared quickly (Figure S3, Supporting
Information). The rate of phenol alkylation started to increase
(~4 X 107° mol gy gpa " min~"' at 127 °C) only after most
cyclohexanol was dehydrated. For monoalkylation, the ortho to
para substitution occurred initially in a 1:1 ratio, but gradually
increased to values larger than 1. This ratio was still lower than
the statistical ratio (2:1), indicating that the pore constraints of
H-BEA influence the product selectivity (see also Table S4,
Supporting Information). Meta-substitution was not detected.
Dialkylation occurred much later, producing only 2,4-
dicyclohexylphenol.

The series of in situ >*C MAS NMR spectra in the aromatic
carbon region (Figure 3) as a function of reaction time shows
that the signal at 156.5 ppm representing 1-'*C-phenol started
to decrease after 400 min, with the appearance of cyclohexyl
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Figure 3. Stacked plot of in situ *C MAS NMR spectra (aromatic
carbon region) of 1-'*C-phenol alkylation with 1-'*C-cyclohexanol at
127 °C. The initial concentrations of phenol and cyclohexanol were
0.54 and 0.51 M (based on density of solution at room temperature),
respectively. For other carbon regions, see Figure S3.

phenyl ether, 4-cyclohexylphenol, 2-cyclohexylphenol, and 2,4-
dicyclohexylphenol at 158.8, 154.5, 153.6, and 151.6 ppm (all at
1-C position for phenol), respectively, without label scrambling
in phenol.

While the concentration of cyclohexyl phenyl ether (peak at
158.8 ppm) gradually decreased after reaching the maximum
concentration at 600 min, the C-alkylation products continued
to increase with increasing residence time (see Figure S4 for
BC signals at chemical shifts of 20—45 ppm related to the
carbons on the cyclohexyl ring). This shows that ethers formed
by the kinetically faster O-alkylation are converted further,
while the ring alkylation products (C-alkylation) are stable end
products.

The fact that phenol alkylation did not start until
cyclohexanol was almost completely consumed suggests that
either phenol, or the direct alkylating agent (electrophile), or
both, are significantly weaker in interacting with acid sites than
cyclohexanol (or its derived surface intermediate). As phenol
and cyclohexanol have similar adsorption constants in the
zeolite pores, the lack of phenol alkylation before most
cyclohexanol was dehydrated (Figure 2) is concluded not to
result from the absence of phenol at the BAS. Instead, we
hypothesize that only cyclohexene forms the reactive
intermediate (while cyclohexanol does not) for ring alkylation
and that the adsorption constant for cyclohexene at the BAS is
too low for it to compete with cyclohexanol at appreciable
concentrations of the latter. Alcohol molecules are known to
form protonated dimers*>~** at BAS, which are dominant
surface S‘Pecies even at low concentrations or partial
pressures.”* Such adsorbed species (ie., alcohol dimer,
phenol-alcohol adsorption complex) in H-BEA pores, however,
were not directly observed by NMR spectroscopy under the
present alkylation conditions (i.e., higher temperature and an
18-time larger substrate-to-catalyst ratio than used in
adsorption experiments; see Experimental Section).

Alkylation of 1-'*C-Phenol with Cyclohexene. When
cyclohexene (unlabeled) was used to alkylate phenol, the
concentration of phenol decreased exponentially with the
reaction time (Figures 4, SS and S6). Both O- and C-alkylation
were observed from the beginning of the reaction. Similar to
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Figure 4. Concentration—time profile of compounds during the in situ
NMR investigation of H-BEA-catalyzed alkylation of phenol with
cyclohexene (unlabeled) only (a) and with equimolar cyclohexene and
1-3C-cyclohexanol (b) at 128 °C.

the case of phenol alkylation with cyclohexanol, cyclohexyl
phenyl ether quickly reached the maximum and then
disappeared, whereas all C-alkylation products continued to
grow until cyclohexene was fully consumed after 250 min. The
formation of cyclohexyl phenyl ether was kinetically favored
and reversible. The reversibility of O-alkylation is also shown by
the rapid formation of cyclohexene, phenol and alkylation
products when cyclohexyl phenyl ether was used as reactant
(Figure S7). 2,4-Dicyclohexylphenol, the only dialkylation
product observed, increased more rapidly than in phenol-
cyclohexanol alkylation. The final ratio of ortho- and para-
monoalkylation was ~1.5, similar to that obtained in phenol-
cyclohexanol alkylation and lower than the statistical ratio of
2:1.

With cyclohexanol initially added together with cyclohexene,
all alkylation reactions were drastically retarded and became
faster only after a major fraction of cyclohexanol was
dehydrated (Figure 4). This, combined with the initial lack of
alkylation for the phenol-cyclohexanol-decalin mixture (0—400
min in Figure 2a), allows us to conclude that (a) the
electrophile for alkylating phenol is not formed in the reaction
path of cyclohexanol dehydration; (b) the presence of
cyclohexanol inhibits the formation of the electrophile from
the olefin. Note that the concentration of phenol hardly
changed in the zeolite pores as alcohol dehydration progressed.
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Nature of the Alkylating Agent. Figure 5 shows the *C
signal intensities for all the products (dehydration product:
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Figure 5. Integrated "*C signal intensities of (a) dehydration and (b)
ortho- and para-alkylation products during phenol alkylation with
1-3C-cyclohexanol on H-BEA in decalin (unlabeled) as a function of
reaction time at 127 °C. The relatively large scatters in (b) at the
beginning originate from the subtraction of the intensities of decalin-
related peaks (which overlap with some of the naphthenic carbon

signals in cyclohexyl) from the total signal intensities.

cyclohexene; alkylation products: cyclohexylphenols and cyclo-
hexyl phenyl ether) present in the reaction mixture of 1-*C-
phenol alkylation with 1-"*C-cyclohexanol. During alkylation,
the '*C label in phenol did not undergo scrambling, while a
small extent of label scrambling was observed for cyclohexanol
(Figures S4 and S8).

As mentioned before, the 3-*C and 4-'>C isotopomers of
cyclohexene were essentially secondary products (Figures 2b
and S9). Two possible reaction paths for the observed '*C
scrambling in cyclohexene during 1-"*C-cyclohexanol dehy-
dration exist: (1) '*C scrambling via hydride shifts in an
intermediately formed carbenium ion via E1-type elimination of
water from a protonated cyclohexanol, and (2) cyclohexene
readsorption and protonation at the BAS, forming cyclohexyl
carbenium ion with the '3C label at either the 1- or 2-position,
which may also scramble the labels by hydride shift. If *C
scrambling occurs by hydride shift of the 1-"*C-cyclohexyl
carbocation directly formed from El-type elimination, then
rapid hydride shifts of this carbenium ion would form 2-, 3-,
and 4-"*C-cyclohexyl carbocations and subsequent deprotona-
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tion steps would lead to 3- and 4-"*C-cyclohexene accompany-
ing 1-"*C-cyclohexene even at the initial stage. This is indeed
the case for aqueous phase dehydration of cyclohexanol on the
same H-BEA catalyst.” However, as illustrated in Figure 2b
and Figure Sa, there was little formation of 3- or 4-3C-
cyclohexene during the initial 200 min. The negligible
scrambling at the initial stage indicates that the dominant
surface species at this concentration, the protonated cyclo-
hexanol dimer,"”™*" does not form a carbenium ion during
dehydration. As the ">C scrambling rate increased significantly
only after 500 min, when most cyclohexanol was consumed, it
is concluded that "*C scrambling in cyclohexene occurs via
readsorption and protonation of cyclohexene. We conclude also
that readsorption of cyclohexene is significantly hindered by the
presence of cyclohexanol, but not by phenol. The *C labels in
olefin products were fully randomized after ~700 min (Figure
Sa), suggesting rapid protonation—deprotonation equilibrium
for the olefin.

Figure Sb shows the integrated '*C signal intensities for
ortho- and para-substituted 1- and 2-"*C-cyclohexylphenols as a
function of reaction time. The 3- and 4-'*C-labeled
isotopomers of 2- and 4-cyclohexylphenols were also detected
in significant concentrations (26—28 ppm, Figure S4), but were
not included in Figure 5b because of the difficulty in completely
separating their signals from natural abundance "*C signals
associated with the solvent, decalin. Moreover, the chemical
shifts for '*C-labels at 3- and 4-positions in the cyclohexyl ring
significantly overlap with each other (Table S1), and thus, the
two could not be unequivocally differentiated from each other.
In an attempt to subtract the solvent peak, it was found that the
sum of the integrated intensities for 3- and 4-"*C-cyclo-
hexylphenols (nonsolvent peaks in the 26—28 ppm range) was
approximately 1.4 times that for the 2-"*C-cyclohexylphenols
(in the range of 33—36 ppm) after complete scrambling of *C
labels in the olefin.

For both 2- and 4-monoalkylation, the concentrations of
2-3C-cyclohexylphenols were generally higher than 1-3C-
cyclohexylphenols. This became evident at t > 200 min, and by
the end of the experiment, 2-'*C-cyclohexylphenols had
reached concentrations nearly twice (~1.8-fold) those of the
1-3C-cyclohexyl counterparts. If phenol reacted with the
intermediate directly generated from dehydration of 1-"C-
cyclohexanol, before significant hydride shift had occurred,
most of the C-alkylation products would have contained 1-"*C-
cyclohexyl. Even if rapid hydride shifts had occurred, the
transient concentration of the 2-'*C-cyclohexyl carbocation, or
any other secondary carbocation intermediate (e.g, 3- and
4-C-cyclohexyl carbocations), at any given time should always
be lower than, or at most equal to (fully equilibrated hydride
shifts, see Figure S10), that of the 1-'*C-cyclohexyl carbocation
(a primary kinetic intermediate from El-elimination). Con-
sequently, alkylation of phenol by intermediates directly
produced from cyclohexanol dehydration is not able to account
for the observed preference for 2-"*C-cyclohexylphenols
(Figure Sb). The results are fully consistent, however, with
readsorption and protonation of cyclohexene at the BAS that
forms more 2-"*C-cyclohexyl carbenium ion than 1-'3C-
cyclohexyl carbenium ion at all reaction times. A concerted
mechanism, with coadsorbed phenol and alcohol reacting in a
single step to form alkylates,’~* can also be excluded, because
it would require that the C- and O-alkylates should contain *C
labels at the same position as in the alcohol, ie., 1-"C-
cyclohexanol in this case. Note that the concerted mechanism is
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also inconsistent with the negligible alkylation as long as
cyclohexanol is present (Figure 2a).

Finally, if a major part of the C-alkylation were formed via
intramolecular rearrangement of cyclohexyl phenyl ether
(Scheme 1, path B), the *C position of the cyclohexyl group
should not change during cyclohexyl group migration according
to the alkyl group migration mechanism.'” Figure Sa shows that
the concentration of 1-'*C-cyclohexyl phenyl ether was similar
to 2-'*C-cyclohexylphenol ether for the first 400 min and
became slightly lower than 2-"*C-cyclohexylphenol ether
afterward. Since 2-">C-cyclohexyl phenols were formed in
significantly higher concentrations than 1-'*C-cyclohexylphe-
nols, intramolecular rearrangement of O-alkylation products is
excluded to be a major pathway for C-alkylation.

Thus, phenol alkylation with cyclohexanol occurs via a
stepwise mechanism, where the carbenium ion from olefin
protonation is the main alkylating agent (Scheme 1, path C).
1-"*C-cyclohexyl carbenium ion is only produced from
readsorption and protonation of 1-'*C-cyclohexene, whereas
2-BC-cyclohexyl carbenium ion can be produced from
readsorption and protonation of both 1- and 3-"*C-cyclo-
hexenes, as shown in Scheme 2. The lack of alkylation, until

Scheme 2. Readsorption and Protonation of Cyclohexene at
the BAS Leads to ortho- and para-Substituted C-Alkylation
Products (O-Alkylation and Dialkylation Products Not
Shown) That Contain More 2-3C-Cyclohexyl (Upper and
Lower Paths) Than 1-'*C-Cyclohexyl (Upper Path Only)”

1-13C-olefin ™ oH ‘ QH ‘
: L A0 0 O
Q= OO

OH OH
3-13C-olefin ©

* * *
O + HZ—> ©+ O
+
“H*Z™ stands for a BAS of zeolite. Hydride shift pathways are not
shown.

most cyclohexanol was dehydrated (0—400 min in Figure 2a),
is concluded to be a consequence of the acid sites interacting
with cyclohexanol dimers, which eliminate water via a pathway
not involving carbenium ion-type intermediate (by inference,
an E2-pathway). The rate acceleration of alkylation at t > 400
min is, therefore, attributed to the increased concentration of
carbenium ions produced from olefin readsorption and
protonation at the BAS, once the alcohol-derived species are
significantly depleted by dehydration. After the labels in olefins
were fully randomized, the estimated ratio between 1-*C, 2-*C
and (3 + 4)-2C labeled cyclohexylphenols was 1.0:1.8(+0.1):
2.6(+0.2). This ratio was independent of the temperature
(119—142 °C) and reasonably close to the theoretical ratio
(1:2:(2 + 1)) for the C-alkylation products that are proposed to
form via quasi-equilibrated olefin protonation followed by
electrophilic attack (Figure S10). Rapid scrambling of the labels
within the carbenium ion (e.g, via hydride shifts or multiple
deprotonation-protonation events), compared to the electro-
philic attack step, would lead to equal distribution of labels
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among all positions for a given monoalkylation product, not in
line with the observations. Taken together, we conclude that
phenol must be in the vicinity of the acid site and the
carbenium ion so that the carbenium ion is trapped before
extensive label shifts can occur.

B CONCLUSION

Phenol alkylation with cyclohexanol in decalin occurs primarily
via electrophilic attack of a cyclohexyl cation, not an
alkoxonium ion, on the phenolic OH or 7 electrons in the
aromatic ring. As cyclohexanol needs to be almost completely
dehydrated before the rate of alkylation is measurable, the
dehydration of cyclohexanol is concluded not to involve a
surface intermediate able to alkylate the aromatic ring of
phenol. Intramolecular rearrangement of the kinetically favored,
reversibly formed cyclohexyl phenyl ether is also not a
significant pathway leading to C-alkylation products. At the
initial stage of phenol-cyclohexanol alkylation, the presence of
cyclohexanol hinders the adsorption of cyclohexene at the
Bronsted acid site and the subsequent formation of the
carbenium ion. The latter is generated upon readsorption and
protonation of cyclohexene, with increasing propensity with
decreasing alcohol concentrations. The carbenium ion is only
generated via protonation of cyclohexene. Thus, with cyclo-
hexene used as alkylating agent, higher rates of alkylation were
observed than when cyclohexanol was the coreactant. The *C
label distribution in the alkylation products indicates that the
carbenium ion generated from olefin protonation is rapidly
trapped by phenol before extensive label scrambling occurs.
The observations in this work imply that for industrial
realization, as well as for synthetic purposes, the use of two
catalyst beds, one for dehydration and a second for alkylation,
may allow the optimization of an overall alkylation process.

B EXPERIMENTAL SECTION

The H-BEA (Si/Al = 75) sample was provided by Clariant and was
used and characterized previously.”*> The choice of this material
allowed us to attribute the measured activity exclusively to Bronsted
acid sites, as it contains very low concentrations of Lewis-acidic
extraframework Al species.” All chemicals were purchased from
Sigma-Aldrich and used as received. Adsorption measurements and
catalytic reactions of 1-'*C-cyclohexanol (99 atom % '*C-enriched)
and 1-®C-phenol (99 atom % '*C-enriched) on H-BEA were
conducted in a homemade high temperature high pressure MAS
NMR rotor, where decalin (>99%, anhydrous mixture of cis + trans)
was used as the solvent. Other chemicals included cyclohexene
(>99%) and cyclohexyl phenyl ether (95%).

Typically, for variable temperature (VT) adsorption experiments, 10
mg 1-*C-cyclohexanol or 10 mg 1-'*C-phenol mixed with 177 mg
decalin and 82 mg H-BEA were loaded in the rotor. The adsorption
temperature was varied from 0 to 115 °C for phenol and from 0 to 82
°C for cyclohexanol, and maintained at each set point for 0.5—1 h until
no change could be observed in the '*C signals of adsorbed or
dissolved phenol/cyclohexanol. The temperature and the amount of
zeolite, decalin and reactants loaded in the rotor were somewhat
different for the various reaction experiments: (1) cyclohexanol-phenol
alkylation: 127 °C, 10.6 mg 1-"*C-cyclohexanol, 10.1 mg 1-'*C-phenol,
178 mg decalin and 4.6 mg H-BEA; (2) cyclohexanol dehydration: 126
°C, 9.6 mg 1-®C-cyclohexanol, 194 mg decalin and 4.6 mg H-BEA;
(3) cyclohexene-phenol alkylation: 128 °C, 8.1 mg cyclohexene
(unlabeled), 10.2 mg 1-"*C-phenol, 182 mg decalin and 4.9 mg H-
BEA; (4) cyclohexene-cyclohexanol-phenol alkylation: 128 °C, 9 mg
cyclohexene (unlabeled), 9.2 mg 1-"*C-cyclohexanol, 11.3 mg 1-*C-
phenol, 178 mg decalin and 5.3 mg H-BEA; and () cyclohexyl phenyl
ether decomposition: 142 °C, 100 mg cyclohexyl phenyl ether
(unlabeled), 88 mg decalin and 4.1 mg H-BEA.
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In situ *C MAS NMR measurements were carried out on a Varian
500 MHz NMR spectrometer using a 7.5 mm HX MAS probe with a
spinning rate of 3.1 kHz at a resonance frequency of 125.7 MHz. The
VT experiments were conducted using a commercially available
heating stack provided by Varian, and the actual temperature in the
rotor was calibrated using ethylene glycol using a protocol reported in
the literature.** 3C MAS NMR spectra were recorded using a /2
pulse with pulse width of 5.5 us and "H TPPM decoupling during data
acquisition. For each spectrum, 64 scans were accumulated with a 10 s
recycle delay, which we conclude to be sufficient for quantification
purposes based on the equal intensities of signals collected using 10—
30 s recycle delays. The carbon balance was better than 96%
throughout the reaction, based on the total integrated intensities of
signals corresponding to all the compounds (except decalin). The
chemical shifts were referenced to adamantane with the upfield
methine peak at 29.5 ppm. All the alkylation products were quantified
based on the signal of 1-'*C in the aromatic ring. A table compiling all
the chemical shift values of pertinent compounds is presented in the
Supporting Information (Table S1).
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