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ABSTRACT: The reductive cleavage of aryl ether linkages is a key step in the disassembly of lignin to its monolignol
components, where selectivity is determined by the kinetics of multiple parallel and consecutive liquid-phase reactions.
Triphasic hydrogenolysis of 3C-labeled benzyl phenyl ether (BPE, a model compound with the same C-O bond energy as
the major B-O-4 linkage in lignin), catalyzed by Ni/y-Al,O;, was observed directly at elevated temperatures (150 - 175 °C)
and pressures (79-89 bar) using operando magic-angle spinning NMR spectroscopy. Liquid-vapor partitioning in the NMR
rotor was quantified using the 13C NMR resonances for the 2-propanol solvent, whose chemical shifts report on the
internal reactor temperature. At 170 °C, BPE is converted to toluene and phenol with k; = 0.17 s g%, and an apparent
activation barrier of (80 + 8) kJ mol-l. Subsequent phenol hydrogenation occurs much more slowly (k; = 0.0052 s gcatt
at 170-175 °C), such that cyclohexanol formation is significant only at higher temperatures. Toluene is stable under these
reaction conditions, but its methyl group undergoes facile H/D exchange (k3 = 0.046 s g+ at 175 °C). While the source
of the reducing equivalents for both hydrogenolysis and hydrogenation is exclusively H,/D,q, rather than the alcohol
solvent at these temperatures, the initial isotopic composition of adsorbed H/D on the catalyst surface is principally
determined by the solvent isotopic composition (2-PrOH/D). All reactions are preceded by a pronounced induction period
associated with catalyst activation. In air, Ni nanoparticles are passivated by a surface oxide monolayer, whose removal
under H, proceeds with an apparent activation barrier of (72 + 13) kJ mol’. The operando NMR spectra provide
molecularly-specific, time-resolved information about the multiple simultaneous and sequential processes as they occur
at the solid-liquid interface.

INTRODUCTION computational studies can provide valuable guidance
regarding the possible behaviors of various functional
groups on well-defined metal surfaces,”1? they generally
do not account for the complex reaction networks and
realistic reaction conditions involved in the catalytic
depolymerization of lignin. Most experimental studies
have been conducted using compositional analysis of
quenched reaction mixtures,* which often suffer from
poor mass balance, and generate few kinetic or
mechanistic insights.13

Liquid-phase reactions catalyzed by supported metals
are important in the upgrading of low volatility chemical
feedstocks, notably those obtained from renewable
biomass. The presence of water, organic co-solvents,
reactive solutes and spectator species, including ions,
represent significant challenges for understanding and
predicting reactions that occur at or near solid-liquid
interfaces, especially when the conditions involve elevated
temperatures and pressures.! For example, the reductive
depolymerization of lignin which liberates aromatic Since the C-O bond strength in benzyl phenyl ether
monomers via hydrogenolysis of the aryl ether C-O (BPE) is predicted!* to be comparable to that of the major
linkages typically takes place in a triphasic solid-liquid-gas B-O-4 aryl ether C-O linkages in lignin,*> BPE has been
mixture at T > 100 °C and P > 10 bar.2® Although widely used as a simple model for the biopolymer in
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studies of the kinetics and mechanism of C-O bond
cleavage and subsequent reactions (although the
presence of hydroxy and/or methoxy substitutents may
alter actual rates appreciably). Reaction occurs at the Ar-
O bond for diaryl and simple alkyl aryl ethers, but switches
to the Bn-O bond for aryl benzyl ethers such as BPE,6-18
as well as in in lignin itself. The hydrogenolysis of simple
ethers and lignin ether bonds is catalyzed by a variety of
soluble and solid phase catalysts.’® In this work, we
investigated Ni-catalyzed BPE hydrogenolysis via
operando NMR experiments performed at elevated
temperatures/pressures in magic-angle spinning (MAS)
rotors capable of acquiring high-resolution spectra for
three-phase mixtures (solid, liquid, and gas). The expected
reactions are hydrogenolysis and competing aromatic
hydrogenation, Scheme 1.

Highly dispersed Cu or Pd catalysts are well-
established for use in hydrogenolysis reactions,?2* but
Ni-based catalysts have emerged recently as interesting
substitutes. Ni is more Earth-abundant than Pd, and it
activates H, more readily than Cu.?>2> However, unlike Pd
and Cu, Ni nanoparticles more readily undergo surface
oxidation, which results in their passivation upon
exposure to air.?62¢ When a Ni catalyst is activated in situ,
the need to remove overlayers on the catalyst surface,
catalyst restructuring, and/or the formation of active sites
can lead to substantial induction periods.??-3!

db L}@\( wo
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Scheme 1. Possible reactions in benzyl phenyl ether (BPE)
hydrogenolysis to toluene and phenol, with competing
aromatic hydrogenation.

Unfortunately, kinetic and mechanistic information
inferred from vyields measured at extended times
convolute the rate of activation with the kinetics of
subsequent catalytic reactions. In this study, high-quality
operando NMR data combined with isotopic labeling
provide details on the kinetics and mechanism of Ni/y-
Al,O; activation, the length of the induction period and
the nature of its termination, the activity of the catalyst
towards each of the organic components in solution as a
function of the extent of reaction, the participation of the
solvent, and the dynamic network of H/D exchange
reactions that accompany catalytic ether hydrogenolysis.

2

RESULTS AND DISCUSSION

Design of the Operando NMR Study. Recently, we
demonstrated the use of sealed MAS NMR rotors in
reactions conducted in near-supercritical 2-PrOH (225 °C,
P = 200 bar).32-33 At room temperature, the 3C MAS-NMR
spectrum of 2-PrOH consists of two singlets at § 25.3
(methyl) and 63.6 (methine) ppm, Figure 1. As the
temperature of the sealed NMR rotor approaches 150 °C,
the methyl and methine resonances shift to lower and
higher frequencies, respectively, while two new
resonances emerge at 8 23.2 and 63.1 ppm. The intensities
of the latter increase with temperature, at the expense of
the original 2-PrOH resonances. The positions of the new
resonances also shift gradually to higher frequencies as
the temperature rises.

The position of the new resonances is not consistent
with a chemical reaction (e.g., the condensation of 2-PrOH
to form diisopropyl ether). Furthermore, their appearance
is readily reversible: when the rotor is cooled to room
temperature, the intensities decrease and the resonances
vanish. On this basis, we assign the new resonances to 2-
PrOH vapor. Their intensities are consistent with the
saturation vapor pressure of 2-PrOH (e.g., at 150 °C, the
solvent is 5.5 % vaporized, corresponding to a pressure of
ca. 10 bar, compared to the saturation vapor pressure of
9 bar at this temperature). The lower frequencies of both
vapor-phase resonances relative to the corresponding
liquid-phase resonances are consistent with reduced
intermolecular interactions, such as H-bonding, which are
generally deshielding.3* Three of the four 2-PrOH
resonances shift linearly with temperature, Figure S1. The
chemical shift of the methine resonance of liquid 2-PrOH
is an exception, exhibiting slightly non-monotonic
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Figure 1. Variable temperature direct polarization 13C
MAS-NMR spectra of 2-PrOH, recorded in a sealed rotor,
and showing distinct resonances for liquid and vapor
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phase species. The 5-mm o.d. NMR rotor (internal volume
140 pl) was charged with 40 pL 2-PrOH and 50 bar H, at
room temperature. The estimated total internal pressure,
including the saturated vapor pressure of 2-PrOH, rises
from 71 bar at 125 °C to 118 bar at 225 °C. Each spectrum
represents 32 scans with a recycle delay of 60 s and line
broadening of 15 Hz. MAS rate: 5 kHz.

Usually, the temperature in solid-state NMR
experiments must be estimated using an external thermal
reference, such as 27Pb(NO3),353% Here, direct
observation of temperature-dependent chemical shifts for
the solvent, and its vapor-liquid equilibrium, allow us to
measure the internal temperature of the NMR rotor and
to assess its thermal stability during operando
experiments. Using the intensity ratios of 2-PrOH liquid
and vapor phase resonances, we estimate the time
required for the internal rotor temperature to stabilize
after the probe temperature reaches 150 °C to be <14 min.
During this time, the rotor temperature rises ca. 5 °C, as
judged by the 0.02 ppm change in chemical shift for the
methyl resonance of 2-PrOH. Subsequent thermal drift,
which would change the liquid:vapor ratio, was not
detected. The integrity of the rotor seals is also readily
assessed. A leak would cause the area of the liquid
resonance to decrease continuously, while the area of the
corresponding vapor resonance would grow initially as
the liquid volume shrinks. The constant combined areas of
liquid and vapor peaks in the spectra in Figure 1 confirm
that the NMR rotor lost no material during the course of
the experiment. The spectra are unchanged in the
presence of Hyg.

Partial solvent vaporization causes the liquid-phase
concentrations of non-volatile components in the NMR
rotor to vary significantly with temperature. The extent of
vaporization is readily quantified by integration of the
internal solvent resonances. In the experiment shown in
Figure 1, (6.1 £+ 0.8) % of the 2-PrOH was present in the
vapor phase at 150 °C, rising to (30.1 = 1.5) % at 225 °C.
Taking both solvent vaporization and liquid expansion into
account, a dissolved solute will experience an increase in
concentration of 6.5 % at 150 °C, and 43 % at 225 °C,
relative to its initial concentration at room temperature.
These concentration changes have significant implications
for non-first-order reaction kinetics.

Catalytic Hydrogenolysis of Benzyl Phenyl Ether
(BPE). To enhance sensitivity in the NMR experiments,
BPE was selectively 3C-labeled as shown in Scheme 2. In
2-PrOH at room temperature, the 13C MAS-NMR spectrum
consists of two singlets at 8 70.1 and 159.3 ppm,
corresponding to the methylene and phenolate-C1
carbons, respectively. The appearance of the spectrum
was unchanged in the presence of either y-Al,O; or Ni/y-
Al,O; (2 wt% Ni), Figure S2, therefore the presence of
superparamagnetic® Ni nanoparticles does not impede
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the detection of organic molecules in the solution phase.
The concentrations of species adsorbed on the catalyst
surface are presumably below the detection limit.

vias iestine

Scheme 2. Benzyl phenyl ether (BPE, selectively 3C-
labeled at the benzylic (red, BPE-B) and phenolate-C;
(blue, BPE-P) positions. Hydrogenolysis results in toluene-
a-13C and phenol-1-13C.

Ni/y- AI203

After standing for 3 d at 25 °C under 50 bar H,, there
were no changes in the 13C MAS-NMR spectrum. However,
when the rotor was heated to 150 °C, a reaction was
detected within the first hour. A typical array of NMR
spectra is shown in Figure 2. The two BPE 3C resonances
began to disappear after an initial induction period. The
onset of BPE conversion coincides with the appearance of
phenol-1-13C and toluene-a-13C resonances, which appear
as singlets at 8 157.8 and 20.8 ppm, respectively. At the
end of the reaction, the selectivities for both products
exceeds 95 %. These values include the contribution at &
18.3 ppm for toluene vapor (which disappeared when the
rotor was cooled to room temperature). No vapor phase
peaks for BPE or phenol were detected at any of the
temperatures in this study, due to their lower volatilities.
Since no benzene was detected (ca. 1284 ppm),
hydrogenolytic cleavage of BPE occurs selectively at the
Bn-O bond, as expected owing to its lower bond
dissociation energy relative to the Ph-O bond.38-3°

phenol toluene
vapor

e /
A A AN e S
AN N~

BPE-P

'1 r727170r 21201918
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Figure 2. Operando array of direct polarization 33C MAS-
NMR spectra recorded during BPE hydrogenolysis at
150 °C, showing conversion of BPE to toluene-a-'3C and
phenol-13C;. The 13C-labeled positions of BPE are
indicated as BPE-B (benzylic) and BPE-P (phenolate-C;).
The rotor was initially loaded with 2 wt% Ni/y-Al,O; (10
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mg, air exposed), BPE (2.0 mg, 0.011 mmol), and 2-PrOH
(40 pL, 0.52 mmol), and pressurized with 50 bar H, (0.20
mmol) at room temperature (giving a H, pressure of 70
bar and 2-PrOH pressure of 9 bar, for a total pressure of
79 bar at 150 °C). MAS rate: 5 kHz.

No hydrogenation of either BPE or toluene was
observed, although some hydrogenation of toluene was
seen previously at a higher temperature and pressure (225
°C, 120 bar H,).3?2 However, phenol is more reactive,!* and
it was partially hydrogenated to cyclohexanol (ca. 3 %
conversion in 10 h at 150 °C, Figure S3).

Kinetics of BPE Hydrogenolysis. Kinetic profiles
extracted from time-resolved operando 3C MAS-NMR
spectra are shown in Figure 3. The extended induction
period is attributed to catalyst activation, which lasts
slightly longer than the thermal equilibration period of the
NMR rotor (< 14 min at 150 °C). This temporal separation
between catalyst activation and BPE conversion is
fortuitous, since it ensures the collection of isothermal
kinetic data during the hydrogenolysis reaction. Reaction
profiles were truncated to eliminate measurements made
during the induction period prior to kinetic analysis
(however, we note that this approach is not justified when
there is significant temporal overlap of the kinetic phases).
The remaining data were analyzed with a first-order rate
equation, to give the curvefits shown in Figure 3. All four
pseudo-first-order rate constants (ki.ps) extracted from
data for each of the four observed 13C resonances (i.e.,
BPE-B, BPE-P, toluene-C,, and phenol-1-C) are very similar,
with an average value of (0.56 + 0.04) x 103 s’ at 150 °C
(Table 1).
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Figure 3. Kinetic profiles for BPE hydrogenolysis to
toluene and phenol, in a rotor loaded with air-exposed 2
wt% Ni/y-Al,O3 in 2-PrOH and 50 bar H, (giving a total
pressure of 79 bar at 150 °C), based on resonance
intensities normalized to the initial BPE concentration, for
the two BPE resonances (squares) and its two primary
hydrogenolysis products (circles). Data recording started
when the NMR probe reached 150 °C. The curvefits (solid
lines) were obtained by fitting the first-order rate equation
to the portion of the data remaining after removal of
measurements made during the initial induction period.

The dependence of k.,s on P(H,) is weak, as shown by
kinetic profiles recorded in rotors charged with initial H;
pressures of 50 < P(H,) < 125 bar (Figure S4), consistent
with previous work.%? In the IH MAS-NMR spectrum, Hx,
appears as a singlet at 3 4.2 ppm

Table 1. Temperature-dependence of pseudo-first-order rate constants and kinetic isotope effects for BPE hydrogenolysis

catalyzed by Ni/y-Al,O; in 2-propanol

Exp T Catalyst Solvent Gas D/(H+D)®

103 kl,obs (5_1) ¢

°C mass a
mg % BPE-B BPE-P  BPE (avg) Toluene Phenol Phenol+Cyclohexan

ol

1 150 9.8 2-PrOH H, 0 0.59(2) 0.60(3) 0.60(2) 0.54(2) 0.50(2) n.a.

2 160 10.0 2-PrOH H, 0 1.16(15) 1.17(12) 1.16(14) 0.91(10) 1.12(51) n.a.

3 170 10.1 2-PrOH H, 0 1.63(8) 1.70(10) 1.66(8) 1.37(21) 1.10(14) n.a.

4 175 10.1 2-PrOD D, 100 1.51(14) 1.28(16) 1.38(15) 1.43(14) 1.00(7)¢ 1.55(18)

5 175 10.0 2-PrOH D, 43 1.82(13) 1.73(16) 1.78(14) 1.62(17) 1.18(10)¢ 1.49(11)

6 175 10.1 2-PrOD H, 57 1.10(6) 0.95(5) 1.03(5) 0.96(7) 0.61(4)¢ 0.79(8)

a 2-PrOH is (CHs),CHOH; 2-PrOD is (CD3),CDOD. ® Fractional abundance (%) of exchangeable H/D atoms, contributed by
H./D, (two atoms per molecule) and 2-PrOH/D (one atom per molecule). ¢ Except where noted, all rate constants were
obtained from non-linear least-squares fits of the first-order rate equation to concentration profiles obtained in operando
MAS-NMR experiments, after data truncation to remove the induction period. Values in parentheses represent non-linear
least-squares curvefit errors. ¢ Obtained from a non-linear least-squares fit of a biexponential rate equation* to the
concentration profile, to account for sequential ether hydrogenolysis and hydrogenation of phenol to cyclohexanol. n.a.
= not applicable (because the yield of cyclohexanol was negligible).
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while dissolved H, is a singlet at 4 4.6 ppm,*42 Figure S5.
Since it was initially present in ca. 20-fold excess relative
to BPE, the change in H, concentration over the course of
the reaction is small. Indeed, the intensities of the 4.2 and
4.6 ppm resonances, measured at 25 °C before and after
reaction, decreased negligibly. Temperature effects on H;
solubility are reported to be weak in the temperature
range of interest* However, the concentration of
dissolved H, increased slightly, from 0.35 M at 150 °C to
0.47 M at 170 °C, due to the increase in pressure.

To ensure that environmental conditions specific to the
NMR rotor (such as magic-angle spinning) do not
influence the kinetics, and that mass transport limitations
do not affect the rate, the reaction was also conducted in
a 25 mL batch reactor at 150 °C using the same BPE
concentration, catalyst:BPE ratio, solvent, and P(H,). The
reaction progress was monitored by ex situ GC analysis of
liquid aliquots removed at timed intervals. A short
induction period (ca. 10 min) was observed when air-
exposed Ni/y-Al,O; (2 wt%) was used as the catalyst,
Figure S6. Both BPE conversion and toluene formation are
pseudo-first-order. Despite the lower time resolution of
the batch reactor experiment, the observed rate constants
are comparable to those obtained by the operando NMR
method.

Similar NMR experiments conducted at 160 and 170 °C
are shown in Figure 4a. Because ki o,s does not depend on
the concentration of BPE (the limiting reagent), the
pseudo-first-order rate constants are not affected by
temperature-dependent changes in the extent of solvent
vaporization. At the highest reaction temperature, the rate
of phenol formation is slower than that of toluene (Table
1). However, this effect disappears when the combined
rate of formation of phenol and cyclohexanol is analyzed.

Pseudo-first-order rate constants were normalized by
dividing the average k.s value measured for BPE
conversion (i.e, the mean of values obtained using the
data from the BPE-B and BPE-P resonances) by the
catalyst mass, and the normalized rate constants were
used to construct the Arrhenius plot in Figure 4b. The
apparent activation energy (including
adsorption/desorption energies and intrinsic reaction
barriers) for BPE hydrogenolysis in 2-PrOH is (80 + 8) kJ
molL. This value is essentially the same as a previous
report, 72 kJ mol? (no error reported), for the same
reaction catalyzed by silica-supported Ni nanoparticles
suspended in water.®? It is a small but significant fraction
of the calculated Bn-O bond dissociation energy (236 kJ
mol1),** which DFT calculations suggest is the rate-
determining step.*

H/D Isotopic Exchange during Aryl Ether
Hydrogenolysis. The small volume of the solid-state
NMR rotor facilitates the use of isotopically-labeled gases
and solvents in mechanistic studies. When the reaction of
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BPE was conducted with D, in 2-PrOH at 175 °C, a new 13C
NMR resonance at & 63.8 ppm (assigned to a methine
resonance of 2-PrOH) was detected near the end of the
induction period, just before the appearance of toluene
(Figure S7). Initially, it emerged as a low frequency
shoulder on the original solvent methine resonance (&
64.0 ppm), then grew in at the expense of that peak.

H/D exchange in the methine group of 2-PrOH can be
ruled out, since such exchange would give rise to a 1:1:1
triplet characteristic of C-D coupling. This result also
shows that solvent is not serving as a significant source of
H, under the reaction conditions, since its
dehydrogenation-rehydrogenation would result in such
isotopic exchange at the methine C-H bond, Scheme 3a.
Furthermore, the spectra show no evidence for H/D
exchange in the CH; groups of

T=1523 41 min
S

< 1009® .
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= i ]
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C | _
S C ]
g 6o 7
C | -
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3 . ]
o 40 H
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3,00 Eagpe = (80 £ 8) kJ mol 3
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Figure 4. (a) Variable temperature reaction profiles for
hydrogenolysis of BPE (2.0 mg, 0.011 mmol) in 2-PrOH (40
pl, 0.52 mmol) with 50 bar H, (0.20 mmol) catalyzed by
Ni/y-Al,O03 (2 wt% Ni, ca. 10 mg, air-exposed). Total
internal pressures at 150-170 °C were estimated to be 79-
86 bar. Curvefits (lines) were obtained using a first-order
rate law, after truncation to remove data recorded during
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the induction period (see Table 1 for rate constants). The
length of the induction period (t) was estimated by
extrapolating the first-order kinetic curvefit to 0 %
conversion. (b) Arrhenius plot of pseudo-first-order rate
constants for BPE hydrogenolysis (normalized by catalyst
mass; the uncertainty reflects full error propagation in the
Arrhenius equation* not the error in the linear fit
parameters).

0
D
Mgy == HGCJ\CHs

HsC7] ~CHs o H/ECHz HaC]~CH,D
[}
N
% oD
y

Scheme 3. Three possible routes for H/D exchange in 2-
PrOH, catalyzed by Ni/y-Al,Os. Only route (c) was detected
experimentally for temperatures < 175 °C.

2-propanol (as would be expected from alcohol
dehydration-rehydration), Scheme 3b. Aluminas are
known to catalyze 2-propanol dehydration in the gas
phase, but at higher temperatures (> 200 °C).%6 A blank
experiment conducted at 175 °C with BPE in the presence
of 2-PrOH and the alumina support (i.e., no Ni or Hy). After
12 h, there was no conversion of BPE, and no 13C NMR
peaks for either diisopropyl ether (dehydration product)
or acetone (dehydration product).

Definitive assignment of the new *C NMR resonance
at 63.8 ppm to (CH3),CHOD was achieved by comparison
to the solution-state 3C NMR spectrum of an equimolar
mixture of (CH;),CHOD and (CHs),CHOH, Figure S8. The
methine 13C chemical shifts of these isotopologs differ by
only 15.2 Hz, mostly likely due to slight differences in
intermolecular interactions. The difference in the methyl
13C chemical shifts caused by OH/OD exchange is even

smaller (6.8 Hz), and is not visible in the MAS-NMR spectra.

Thus 2-PrOH undergoes slow exchange with D, only at
its hydroxyl group, Scheme 3c. A kinetic profile for this
reaction, catalyzed by Ni/y-Al,Os, is shown in Figure S9.
The pronounced induction period (40 min at 175 °C)
suggests that exchange is catalyzed by the activated (i.e,,
reduced) form of the catalyst (vide infra). The final
conversion to (CH3),CHOD, 44 %, is essentially the same
as the initial fraction of exchangeable deuterium D/(D+H),
43 %, present in the 2-PrOH/D, mixture.

The effect of isotopic substitution in either the solvent
or the gas (H,/D,) on the rate of the principal reaction, BPE
cleavage, is minor, Table 1. The apparent kinetic isotope
effect (KIE), kyn/kip = (1.3 £ 0.2), is the ratio of the average
rate constants obtained using the two BPE signals in Expts

6

3 and 4 (note that the reaction temperatures are slightly
different, but the higher temperature in Expt 4 with D, will
attenuate, not enhance, the rate difference). A small (i.e.,
secondary) KIE value is consistent with rate-determining
C-O bond cleavage.

Phenol Hydrogenation. Formation of cyclohexanol
becomes significant only at T > 170 °C, as shown by the
appearance of a singlet at 8 69.7 ppm for cyclohexanol-1-
13C. In principle, cyclohexanol could be formed via partial
hydrogenation of BPE to give benzyl cyclohexyl ether
followed by C-O bond cleavage, or directly by phenol
hydrogenation (Scheme 1). However, no 3C NMR signals
were detected for benzyl cyclohexyl ether. Furthermore,
the rate of disappearance of the BPE-P signal is the same
as that of the BPE-B signal (Table 1). Consequently, we can
confidently infer that cyclohexanol is formed via phenol
hydrogenation.

Cyclohexanol can undergo reversible acid-catalyzed
dehydration to cyclohexene, which would cause the 3C
label to be distributed over all six cyclohexanol carbons.*®
This scrambling would reduce the intensity of the
cyclohexanol-1-13C resonance over time, and lead to the
appearance of several new cyclohexanol resonances (8
347, 25.1, and 23.7 ppm).*# Since this effect was not
observed, cyclohexanol dehydration (as well as 2-PrOH
dehydration) is not significant under the reaction
conditions. We can also rule out rapid hydrogenation of
cyclohexene to cyclohexane, since the latter was not
detected either, although cyclohexane was observed in
our previous study conducted at a higher reaction
temperature.3?

The kinetic profile for phenol shown in Figure 5 has the
typical biexponential shape of a reaction intermediate.
The curve was analyzed using two pseudo-first-order rate
constants. Kinetic ambiguity precludes a priori assignment
of the rate constants.** However, the larger value is similar
to the ki ops value obtained from single exponential fit to
the BPE profiles (Table 1), and is therefore attributed to
BPE hydrogenolysis. We attribute the smaller of the two
values, kyops = (5.2 + 04) x 10° s, to phenol
hydrogenation. This value corresponds to k; = (5.2 + 0.4)
x 103 s gt at 175 °C, making phenol conversion to
cyclohexanol ca. 30x slower than C-O bond cleavage
under the reaction conditions.

When BPE hydrogenolysis was conducted in the
presence of readily-exchangeable deuterium (present
either in the solvent, as 2-PrOD, or in the gas, as D,), a new
cyclohexanol resonance appeared adjacent to the singlet
at 8 69.7 ppm (Figure S10). The signal, at  69.2 ppm (t,
1:1:1, Yep = 21.5 Hz), reflects H/D exchange at the C;
position, Scheme 4. Presumably, D is also incorporated at
other ring positions during phenol hydrogenation, but the
effect is not detectable because the other ring carbons do
not become 3C-labeled. The hydroxyl protons of both
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phenol and cyclohexanol are also expected to undergo
rapid H/D exchange in the presence of exchangeable
deuterium.

—
o
o

00 -
toluene

o]
o

[e)]
o

N
o

N
o

o

normalized concentration (x 100 %)

0 100 200
time post-induction period / min

Figure 5. Kinetic analysis of individual 3C NMR profiles
recorded during BPE conversion in a rotor loaded with air-
exposed Ni/y-Al,0; (2 wt%) and 50 bar D, in 2-PrOH, after
heating to 175 °C (resulting in a total pressure of 89 bar).
Data collected during the induction period were removed
prior to non-linear least-squares curvefitting. The BPE and
toluene profiles were analyzed with a single exponential
rate equation; the phenol and cyclohexanol profiles were
analyzed with a biexponential rate equation.

When BPE cleavage was performed in 2-PrOH in the
presence of D, no KIE for phenol ring saturation was
observed. However, conducting the reaction in 2-PrOD in
the presence of H, resulted in an inverse kinetic isotope
effect of kypu/kop = (0.66 + 0.14). In these experiments, the
total amounts of exchangeable D contributed by the gas
and the solvent were comparable. Inverse KIEs of 0.5 - 0.8

oD OH,D

0 ki
2D
Ni/y-Al,0g +
o* |0
D
O—Cz DO, D
Scheme 4. Deuterium incorporation into 3C-labeled BPE

and its reaction products, in the presence of D, and/or 2-
PrOD.

k3LD

OH2-XD1 +X

have been reported for ring saturation of benzene and
simple alkylaromatics, where they arise due to the sp?-to-
sp3 rehybridization of ring carbons.4->2 Comparing the
reaction rates in either 2-PrOH with Dy, or in 2-PrOD with
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Hyq), revealed that the kinetics of phenol saturation is
influenced primarily by the isotopic composition of the
solvent. The solvent kinetic isotope effect is unexpected,
considering that the experiments described above
showed the reducing agent to be exclusively H,/Ds), not
2-propanol. It suggests that the catalyst activates only a
small fraction of the available H,/D,, at a given time, and
that exchange between adsorbed H/D and H,/Dx is slow
relative to exchange between adsorbed atomic H/D and
2-PrOH/D.

The H/D exchange reaction on the surface of the
catalyst is shown in eq 1, where H*/D* represents the
adsorbed H/D.

H* + 2-PrOD S D* + 2-PrOH (1)

From the Ni(0) dispersion, we estimate the maximum
amount of adsorbed H/D to be ca. 0.06 %, relative to the
exchangeable H/D initially present as H,/D; in the rotor.
In the early stages of phenol hydrogenation, the isotopic
composition of adsorbed H/D will therefore be
determined principally by the isotopic composition of the
solvent (2-PrOH/D), assuming that exchange is fast
between adsorbed H/D and the solvent. Based on the
conversion of 2-PrOH to 2-PrOD in the presence of D,,
measured by observing the formation of the new 3C
resonance for 2-PrOD at 63.8 ppm, the exchange rate
constant was estimated to be (0.044 + 0.008) s! g..! at
175 °C (Figure S9). At longer reaction times, when
extensive H/D exchange between gas and solvent has
occurred, the effect on k; is minor, since phenol
hydrogenation is already largely complete.

H/D Isotopic Exchange in Toluene. No
methylcyclohexane was detected in any experiment,
although our previous study reported slow catalytic
hydrogenation of toluene at a higher reaction
temperature, 225 °C.32 However, when BPE cleavage was
conducted in 2-PrOD at 175 °C, the appearance of the
expected singlet at 20.6 ppm for the toluene methyl group
was accompanied by several new peaks at slightly lower
frequencies, Figure 6a. The peaks show the characteristic
13C-D coupling patterns of partially deuterated methyl
groups, Figure 6b. The chemical shifts for each toluene
isotopolog, extracted from these spectra, are shown in
Table S3. D incorporation into toluene was also confirmed
by MS analysis, Figure S11.
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Figure 6. Formation of toluene-a-d, during BPE

hydrogenolysis in a rotor loaded with Ni/y-Al,05 (10.0 mg,
2 wt% Ni) in 2-PrOD and 50 bar H, and heated to 175 °C
(resulting in a total pressure of 89 bar, and a ratio of
exchangeable D/(H+D) = 0.57): (a) time-resolved array of
operando 3C MAS-NMR spectra, showing the evolution of
the 13CHs;_,D, resonances; (b) comparison of characteristic
13C-?H coupling patterns with 13C resonances observed 5
min after the end of induction period (at 33 % BPE
conversion), 48 min later (at 100 % BPE conversion), and
at the end of the experiment; (c) time evolution of the
centroid for the 1*CH;_,D, resonance (points), with a single
exponential curvefit for H/D exchange (bold dashed line),
and indicators for the chemical shifts for the various
toluene methyl isotopologs (light dashed lines).

The first spectrum in Figure 6a was recorded shortly
after the end of the induction period (when BPE
conversion was just 33 %). It represents a mixture of
toluene-a-dy and -d; (Figure 6b). H/D exchange in the BPE
methylene group prior to C-O bond cleavage was not
detected (Scheme 4). We infer that toluene-a-d; is a direct
result of the reaction of adsorbed D with adsorbed benzyl-
a-do (formed by C-O bond cleavage of BPE), eq 2, rather
than a product of H/D exchange in the benzylic position
of BPE prior to aryl ether cleavage.

PhCH,* + D* 5 PhCH,D + 2* )
Figure 6a shows that the number of peaks in the toluene

methyl region changes over time, reflecting the increasing
extent of methyl deuteration. After 53 min, the 13C singlet

8

for toluene-d, was no longer visible; the resonances
correspond to a mixture of toluene-a-di, -d>, and -d;
(Figure 6b). The peaks in the methyl region continued to
evolve after the maximum production of toluene was
reached, ca. 100 min after the onset of BPE conversion
(Figure 6b-c). This finding demonstrates that H/D
exchange also occurs independent of C-O bond cleavage.
Indeed, H/D exchange was observed when toluene-a-13C
itself was heated at 175 °C in 2-PrOH with 50 bar D, in the
presence of Ni/y-Al,Os, Figure S12. In that experiment, the
final centroid location for the methyl resonances, 20.3
ppm, indicates a D content of 44 at% (by linear
interpolation of the chemical shifts for toluene-a-d, and -
dy). This composition matches the fraction of
exchangeable D (43 at%).

After BPE conversion was complete, the final centroid
location for the toluene methyl resonances (20.1 ppm) is
close to the chemical shift of toluene-a-d,, Figure 6c. The
overall D content in the methyl group (63 at%, estimated
by linear interpolation of the chemical shifts for toluene-
a-d; and -d,) resembles the fraction of exchangeable D
(57 at%) in the reaction mixture (0.52 mmol 2-PrOD and
0.20 mmol H,). The pseudo-first-order fit to the kinetic
profile for the appearance of deuterated toluene from BPE
in 2-PrOD under 50 bar H, yielded k; = (0.046 + 0.006) s
Jatt at 175 °C, Figure 6¢. A slightly smaller value, k; =
(.021 + 0.006) s gt was measured for the reaction of
toluene in 2-PrOH with 50 bar D, (corresponding to a
similar total exchangeable D fraction, 43 at%), Figure S12.

Catalyst Activation. A pronounced induction period is
evident in the kinetic profile for BPE hydrogenolysis in
Figure 3. Its duration (ca. 41 min at 150 °C, estimated by
extrapolating a first-order curvefit of the post-induction
period kinetic profile to 100 % conversion) was
reproducible in duplicate runs at the same temperature.
At 135 °C or below, the induction period was prohibitively
long. Attempts to follow the reaction at such
temperatures using the same reactant and catalyst
loadings resulted in no discernable BPE conversion even
after ca. 15 h. At 160 and 170 °C, the induction period was
shortened to ca. 23 and 15 min, respectively, Figure 4a.
These observations suggest that activation of the Ni/y-
Al,O; catalyst is slow under the reaction conditions.

Origin of the Extended Induction Period. The
observed induction period is consistent with the reported
kinetics of H, reduction of Ni/NiO materials, including
those involving oxide monolayers> and bilayers,>* as well
as core/shell> structures. For example, removal of the
oxide shell in MgAl,O,-supported Ni/NiO core/shell
nanoparticles (3.2 nm) was reported to occur in the range
140-180 °C.%¢ The reaction starts at the outermost NiO-
covered surface, and occurs without the formation of
intermediate oxide phases.>’->8
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In this study, the only Ni-containing phase visible in the
1 powder XRD pattern of the air-exposed catalyst is Ni(0),
2 with a mean nanoparticle diameter of ca. 14 nm (Figure
2 S13). Variable-temperature EPR spectra, recorded in air
5 between -170 and 20 °C, are also consistent with Ni(0). At
6 the lower temperatures, the EPR resonance is dramatically
7 broadened and shifted to lower fields (Figure 7). This
8 behavior is characteristic of superparamagnetic Ni(0)
9 nanoparticles.?” EPR spectra of the air-exposed catalyst
10 were also recorded in flowing H,. The spectrum acquired
11 at 20 °C was unchanged, but the EPR signal intensity
12 increased slightly when the temperature was ramped to
13 170 °C, held for 30 min, then returned to room
14 temperature, Figure S14. This change is consistent with
15 reduction of an EPR-silent>® surface oxide layer, causing
16 the amount of EPR-active Ni(0) to increase.
17 XPS measurements were performed with 10.5 wt% Ni/y-
12 Al,0;5 to increase sensitivity. They confirm the presence of
20 a minor NiO component associated with the air-exposed
2 Ni nanoparticles,®® Figure S15 and Table S2. HAADF-STEM
22 imaging with EDX suggests that the NiO is present as a
23 surface layer (Figure S16). The presence of a surface oxide
24 was further verified by temperature-programmed
25 reduction (TPR) of an air-exposed sample (Figure S17).
26 The H, consumption corresponds to reduction of ca. 6 %
27 of total Ni, in agreement with the H, consumption
28 expected for reduction of a oxide monolayer (ca. 7%,
29 Table S1).
30
31 20°C
32
33
34
35
36
37
38
39
40
41
42 Lo v bvvwn b b Vo bvv g oo |
43 0 1000 2000 3000 4000 5000 6000
4z field / G
45 Figure 7. Variable-temperature EPR spectra of air-
j? exposed Ni/y-Al,Os3 (2 wt% Ni, ca. 14 nm average diameter
48 nanoparticles).
49 Unlike Ni(0), NiO is an ineffective catalyst for
50 hydrogenation and hydrogenolysis.?! In this study, the
51 reaction temperatures (150-175 °C) are too low to cause
52 reduction of NiO nanoparticles (> 200 °C),6? but they are
53 consistent with reduction of a superficial oxide formed on
>4 Ni(0) nanoparticles exposed to O, at room temperature.?-
gg 28 The as-prepared Ni/y-Al,O; catalyst was typically stored
= in air at room temperature for several days prior to use.
58
59
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The barrier for catalyst activation was estimated from the
reciprocal of the induction time, t. The Arrhenius plot
gives a barrier of (72 + 13) kJ mol?, Figure 8. Although
literature values for NiO reduction are highly dependent
on the reaction conditions, kinetically-controlled values
fall in the range 65-98 kJ mol1.>7

L E._.=(72 % 13) kJ mol! N

a,act ~

-4 T SR TR TR NN TR N N S N SR
2.25 2.30

103 T-1 / K!

Figure 8. Arrhenius plot for the activation of air-exposed
Ni/y-Al,O3 by H; in 2-PrOH (red), based on the reciprocal
of the duration of the induction period (tr) in BPE
hydrogenolysis. The temperature error bars represent the
thermal variability during the induction period, ca. 5 °C
(estimated using 2-PrOH chemical shifts). The uncertainty
in E,. reflects error propagation in the Arrhenius
equation,*” not the error in the linear fit parameters.

Long induction periods have been reported for H,
reduction of oxide-covered Ni surfaces.>’-38 3-65 The H,
sticking coefficient is low,%¢ however, adsorption of water
on the oxidized Ni surface is strongly exothermic (-170 to
-117 kJ mol?, depending on coverage).®’ H, activation on
oxygen vacancies® ¢ can occur only after dehydration of
the hydroxyl-terminated surface.”” 70 Heterolytic
dissociation of H; at a vacancy site produces adjacent [NiH]
and [NiOH] sites. When the hydride migrates (as a proton)
to a neighboring oxygen, a second hydroxyl group is
formed and a Ni(Il) ion is reduced to Ni(0). Reduction is
strongly autocatalytic, because Ni(0) activates H, much
more readily than NiO.>7->8

Finally, when a reduced Ni/y-Al,O; catalyst was stored
under an inert atmosphere to avoid surface oxidation,
then used in hydrogenolysis of BPE at 150 °C, the reaction
commenced almost immediately, Figure S18.

Reaction Network for BPE Hydrogenolysis Catalyzed
by Ni(0) Nanoparticles. A Langmuir-Hinshelwood
mechanism for the primary reaction is shown in eq 3-7,
where * indicates an unoccupied site on the Ni surface.

Hy + 2* 5 2 H*

3)

PhCH,OPh + * & PhCH,OPh* 4)
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PhCH,OPh* + * — PhCH,* + PhO*
®)
PhCH,* + H* 5 PhCH;* + * (6)
PhO* + H* 5 PhOH* + *
()
C-O bond cleavage precedes aromatic hydrogenation,
and is rate-determining. Adsorption of BPE is likely to
require more than one site, but the first-order kinetic
behavior suggests that the surface coverage of BPE is low.
The weak dependence of the rate on P(H;) implies that H,
and BPE do not compete directly for the same adsorption
sites.

The 2-PrOH solvent does not supply adsorbed H under
the reaction conditions, but its hydroxyl group does
undergo rapid Ni(0)-catalyzed exchange with adsorbed
H/D. This reaction makes the solvent the primary
determinant of the isotopic composition of the adsorbed
reducing equivalents. Both of the primary hydrogenolysis
products, toluene and phenol, undergo subsequent
reactions. Phenol is slowly hydrogenated to cyclohexanol,
although subsequent dehydration of cyclohexanol was
not observed. While toluene is not readily hydrogenated,
Ni(0) catalyzes facile H/D exchange in its methyl group.
The principal reactions are depicted in Scheme 5.

(a) catalyst activation

oD OH
A2 N

. —>
HO i ODOD H\ |
H,0 NiO Hz\—ﬁ
H2
Ni ! Ni
D,0
1-ALO, 17-ALO,

(b) hydrogenolysis/hydrogenation

CH3 CH3-xDx

(0]

OH
A

H— Ni

7-ALO,

Scheme 5. Reaction network for catalytic hydrogenolysis of benzyl phenyl ether (BPE), depicting (a) Ni/y-Al,O3 activation
by reduction of the native surface (hydr)oxide, and H/D exchange with the 2-propanol solvent; (b) hydrogenolysis of BPE
and subsequent hydrogenation of phenol; and (c) H/D exchange in the solvent and toluene.

CONCLUSIONS

Operando MAS-NMR spectroscopy provides detailed
kinetic and mechanistic information about dynamic
networks of reactions such as those that occur during
hydrogenolysis of lignin and lignin model compounds
catalyzed by supported metal catalysts in solution and in
the presence of Hy. Significant amounts of the solvent,
as well as some solutes, are present in the vapor phase
under these reaction conditions, but can be quantified by
simple integration of their NMR signals. Temperature-
sensitive solvent chemical shifts serve as an internal
thermometer. Fortuitously, the prolonged induction
period caused by catalyst activation, as well as its abrupt
end, facilitated the collection of high-quality isothermal
kinetic data for BPE hydrogenolysis. Benzylic C-O bond
cleavage is faster than H/D exchange in toluene, which in
turn is faster than phenol hydrogenation.

Efforts are currently underway to examine the kinetics
and mechanisms of reductive cleavage of other biomass
model compounds, as well as whole lignin/biomass,
extending the operando MAS-NMR technique to higher
temperatures and pressures, and to examine variations in
mechanism that arise due to the nature of the metal
catalyst.

1

EXPERIMENTAL METHODS

Chemicals. The following were purchased from
commercial suppliers and used as-received: toluene-a-3C
and phenol-1-13C (98 %, 99 atom % 13C, Cambridge
Isotopes), MnO, (= 99 %, Reagent Plus, Sigma-Aldrich),
K2COs (99.7 %, Certified ACS, Fisher), 2-PrOH (anhydrous,
99.5 %, Sigma-Aldrich), 2-propanol-d; (99 %, 98 atom %
D, Sigma-Aldrich), 2-propanol-ds (99 %, 99.5 atom % D,
Sigma-Aldrich), D, (99.995 %, 99.96 atom % D, Sigma-
Aldrich), DMSO-dg (2 99 %, 99.96 atom % D, Sigma-
Aldrich), Ni(NOs),*6H,0 (98.5 %, Sigma-Aldrich), Br,
(99.5 %, Merck), CH,Cl, (CH;),CO, ethyl acetate, and
hexanes (all 99.9 %, Certified ACS), silica gel (230-400
Mesh, Fisher), y-Al,O3 (= 97 %, pore volume: 0.40 mL/g,
B.E.T. surface area 185 m?/g, Strem), hydrochloric acid
(36.5 wt%, ACS grade, VWR), nitric acid (68 wt%, ACS
grade, EMD-Millipore), H, (UHP grade, 99.999 %, Oxarc),
and N,O (9.99 vol% in He, Praxair).

Synthesis of 13C-Labelled Benzyl Phenyl Ether (BPE).
13C-labelled benzyl bromide was prepared following a
modified literature procedure.”* Toluene-a-13C (100 mg,
1.07 mmol) was stirred with MnO, (93 mg, 1.07 mmol) and
Br, (60 uL, 1.17 mmol) in CH,Cl, (10 mL) for 1 h in a round-
bottom flask (100 mL) until the solution became colorless.
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The mixture was filtered using a fritted glass Buchner
funnel, then the benzyl bromide was purified on a silica
column (elution with 5 % ethyl acetate in hexanes). Yield
145 mg, 80 %.

13C-labelled benzyl phenyl ether (BPE) was synthesized
from the labeled benzyl bromide and phenol-1-3C using
a modified literature procedure.’? A 100 mL round-
bottom flask equipped with a magnetic stir bar and a
condenser was charged with benzyl bromide (145 mg),
phenol (100 mg), K;CO; (180 mg) and (CH3),CO (10 mL).
The mixture was refluxed for 4 h until benzyl bromide
consumption was complete according to TLC. After
cooling to room temperature, the reaction mixture was
filtered, and the product was purified by elution from a
silica column with hexanes. 'H and 3C spectra were
recorded on a Varian Unity Inova 500 MHz spectrometer.
Chemical shifts were referenced using solvent peaks as
internal standards. 'H NMR (500 MHz, DMSO-d): & 5.10
(d, 2H), 7.00-7.02 (m, 2H), 7.28-7.39 (m, 7H). 13C NMR (125
MHz, DMSO-de): 6 69.03, 158.29 (*3C-labeled positions
only, Figure S19). Yield 130 mg, 66 %.

Synthesis and Characterization of Ni/y-Al,O0;. The
catalyst was prepared via incipient wetness impregnation,
by stirring y-Al,O3 (0.980 g) with an aqueous solution of
Ni(NOs3),+6H,0 (62.3 mg in 0.400 mL deionized water). The
solid was dried in an oven at 75 °C for 4 h, then calcined

in air at 850 °C for 5 h, to give a material containing 1.9 wt%

Ni (measured by ICP-AES). The metal is fully dispersed as
Ni(l) ions in a pseudo-spinel structure according to
powder XRD (Figure S13). Reduction at 850 °C for 2 h in
flowing 5% H,/N, (H5N, Airgas, 99.98 %) resulted in partial
(ca. 55 %, based on H; uptake) extrusion of Ni(0).
According to H, chemisorption, the nanoparticles have an
average diameter of ca. 14 nm. The dispersion is 7 %,
based on the total nickel content of the material.

Prior to the temperature-programmed reduction
experiment, a sample of this H,-reduced catalyst (250 mg,
ca. 2 wt% Ni) was exposed to air for 6 d at room
temperature (Figure S17). To increase sensitivity in XPS
measurements, a similar material containing 10.5 wt% Ni
was prepared. Details of catalyst characterization by XPS,
powder XRD, chemisorption, and HAADF-STEM/EDX
mapping are presented in the Supporting Information.

In situ EPR Spectroscopy. EPR spectra were acquired
on a Bruker Elexsys 580 spectrometer equipped with a
SHQE resonator and a Bruker continuous flow liquid
nitrogen cryostat (ER4131VT). The microwave frequency
was typically 9.34 GHz with a power of 0.2 mW. The field
was swept from 0 to 8000 G in 84 s and modulated at a
frequency of 100 kHz with 0.5 G amplitude. A time
constant of 20 ms was employed.

Operando MAS-NMR Spectroscopy. Magic-angle-
spinning (MAS) NMR experiments were performed on an
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Agilent-Varian VNMRS NMR spectrometer equipped with
an 11.7 T magnet, operating at 125.7747 MHz for the 13C
channel and 500.1822 MHz for the H channel. A 5-mm
home-built magic-angle spinning (MAS) double
resonance HX probe with a custom Pd—coated coil was
used to maximize sample magnetic homogeneity.
Calibration of the spectrometer temperature setting was

performed by acquiring 27Pb NMR spectra of Pb(NO3),.3*>-
36

In direct polarization (DP) 3C MAS-NMR experiments,
a 35 kHz 'H decoupling field was employed, with an
acquisition time of 300 ms. The *3C spectral width was 50
kHz, and 15,000 data points were acquired per transient,
using a relaxation delay of 60 s to ensure quantitative
analysis. At 25 °C, the T; values for the methylene and 1-
phenolate 13C resonances of BPE, measured by saturation
recovery experiments, are 4.4 and 15.3 s, respectively. For
'H MAS-NMR experiments, spectra were collected by
averaging 16 scans, with an acquisition time of 1 s and a
relaxation delay of 10 s.

In a typical high T/P experiment, a customized3? 5 mm
ZrO; rotor was loaded with BPE (2.0 mg, 0.011 mmol),
Ni/y-Al,03 (10 mg, 2 wt% Ni) and 2-PrOH (40 puL), then
pressurized with 50 bar H, (0.16 mmol) at room
temperature. The total internal pressure at each
temperature was estimated by summing the estimated
partial pressures of H, and 2-propanol, calculated for a
headspace volume that includes the volume of 2-PrOH
liquid that vaporized. The MAS rate was 5 kHz. The first
spectrum was collected when the probe reached its set
temperature, typically 10-15 min after heating of the rotor
commenced. Each transient spectrum was acquired by
averaging 8 or 16 scans. 3C chemical shifts were
referenced to TMS using adamantane as a secondary
standard (37.48 ppm).”®

Batch Reactor Kinetics. BPE hydrogenolysis was
conducted in a 25 mL stirred microreactor (Parr 4590)
equipped with a sampling port. The reactor was charged
with 2-PrOH (10 mL), BPE (0.54 mmol, 100 mg), Ni/y-Al,03
(ca. 2 wt%, 500 mg), H, (50 bar), and n-decane (0.054
mmol, 10.5 yl) as internal standard. The reactor was
stirred at 300 rpm and heated to 150 °C (requiring a
heating time of ca. 10 min for the temperature to stabilize).
Aliquots (0.25 mL) were removed at timed intervals for
analysis on a Shimadzu GC-2010 gas chromatograph
coupled to a Shimadzu GCMS-QP2010 mass spectrometer.
The former instrument is equipped with a 30 m x 0.25 mm
Agilent DB-1 column with a dimethylpolysiloxane
stationary phase (0.25 pm).

Kinetic analyses. Kinetic profiles for conversion of BPE
and production of toluene and phenol were analyzed by
non-linear least-squares curvefitting using KaleidaGraph
(Synergy Software). Concentrations of all species were
normalized using the initial concentration of BPE.
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