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ABSTRACT

Developing a New Array of Sustainable Hydrotalcites as Catalysts for the Selective
Reductive Disassembly of Lignin Model Compounds

by

Megan Amanda Chui

Nearly completely reliant on petroleum for organic platform chemicals, we are in
desperate need of a more sustainable source. Lignin, a renewable, abundant, oxygen and
aromatic rich biopolymer, is an exceptional potential source of chemical feedstocks.
Previous studies in our laboratory have shown that copper doped porous metal oxides
(CuPMOs) in supercritical methanol (s.c.-MeOH) catalyze the conversion of lignins and
lignocellulose composites such as sawdust to organic liquids without the formation of char.
Due to the high complexity of lignin, maintaining aromatic content while achieving full
conversion continues to be a challenge. Here we present the ongoing efforts towards
understanding the reactivity and selectivity of lignin model compounds through catalyst
modification.

First we examine the effects of doping the CuPMOs with a series of lanthanides (Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) with Phenyl B-D glucopyranoside (PDG), a model
compound with a variety of linkages more reminiscent of cellulose. Then we discuss the

effects of introducing samarium(III), homogenously and heterogeneously, and formic acid,
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into the catalytic system. The models studied are benzyl phenyl ether, 2-phenylethyl phenyl
ether, diphenyl ether, biphenyl, and 2,3-dihydrobenzofuran, which are respective mimetics
of the a-O-4, B-O-4, 4-O-5, 5-5, and B-5 linkages characteristic of lignin. Also, briefly
investigated as a substrate is poplar organosolv lignin. Next, we examine a niobium doped
catalyst with a-O-4 benzyl phenyl ether, phenol, o-cresol, m-cresol, dimethylphenol and
dimethylanisole towards selective methylation. Finally we investigate a molybdenum doped
catalyst with a-O-4 linkage benzyl phenyl ether, B-5 linkage 2,3 dihydrobenzofuran, methyl
p-toluene sulfonate and benzyl mercaptan to monitor the stability of the catalyst in the
presence of sulfur. We discuss the aromaticity of the reaction products can be preserved

through selective catalytic modifications.
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Introduction”

A. Biomass: An Attractive Alternative to Petroleum

Plant biomass is often discussed as a renewable feedstock for production of chemicals
and liquid fuels. However, its potential as an alternative to petroleum feedstocks is tempered
by the difficulty in developing selective chemical transformations owing to the complexity
and variability of this substrate.' Lignocellulose, the principal non-food biomass, is largely
composed of three components, the carbohydrates cellulose and hemicellulose plus the
aromatic biopolymer lignin. Selective conversion of the latter to higher-value chemicals is
particularly challenging owing to its irregular and highly functionalized structure(s), variety
of chemical linkages and source-dependent compositions. ®'' As a consequence, the lignin
rich black and red liquors, from Kraft and sulfite pulping, respectively, are often treated as
waste byproducts by biomass-based industries such as paper manufacture and second-
generation ethanol production from cellulose. Typically they are burned for low-grade heat.
However, the high content of aromatic carbon also makes lignin an attractive target to

develop as a feedstock for the production of chemicals, and that is one goal of this
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laboratory " as well as of numerous others.

* Parts of this dissertation is reprinted with permission from Chui, M., Metzker, G.,
Bernt, C.M., Tran, A.T., Burtoloso, C.B., Ford, P.C., Probing the Lignin Disassembly
Pathways with Catalysts based on Cu-doped Porous Metal Oxides. ACS Sus. Chem. & Eng.,

2017, 5 (4), 3158-3169. Copyright 2017 American Chemical Society.



Lignin is formed from three monolignol sub-units (p-coumaryl, sinapyl and coniferyl
alcohols) linked randomly by free radical pathways. It displays a variety of linkages between
the component units, the common ones being -O-4 (aryl ether), a-O-4 (aryl ether), 3-
5(dihydrobenzofuran-like), 4-O-5 (diaryl ether) and 5-5 (biphenyl) (Fig. 1). Although exact
percentages vary from species to species and even within individuals of the same species,
the -O-4 is by far the most abundant, representing ~60% of such linkages in hardwoods and
~46% in softwoods.'"’ For comparison, the other aryl ether linkages 0-O-4 and 4-O-5
represent ~6-8% and ~6.5%, while the C-C linkages -5 and 5-5 represent ~6% and 4.5%,
respectively, in hardwoods.'” Depending on the biomass application, lignin is separated
from the carbohydrate components of lignocellulose by methods that may also modify the
lignin structure.®

Figure 1. Hypothetical lignin fragment illustrating the most common linkages. The -

O-4 linkages are by far the most plentiful in hardwoods and softwoods.




B. Developing New Heterogeneous Catalysts

Studies initiated at UCSB'*"* developed a catalytic system using Cu-doped porous metal
oxides (CuPMO) in super-critical methanol (sc-MeOH). The catalysts are based on Earth-
abundant elements and are very effective in converting organosolv lignins, cellulose and
even lignocellulose solids to organic liquids without forming intractable carbonaceous tars
and chars. The sc-MeOH serves as the reaction medium as well as providing the H,
reducing equivalents via reforming and water gas shift (eq 1 & 2).

CHZOH % CO +2H, (eq. 1)
CuPMO (eq.2)
CO+H,0 <——> CO, + H,
These observations have stimulated subsequent studies that further demonstrated the utility
of these and related Cu-doped catalysts in the reductive transformations of biomass-derived
substrates.>'>®
The CuPMOs are effective catalysts for the reductive disassembly of lignin in sc-MeOH

3940 the water gas shift,*' and

owing to copper's multiple catalytic roles in alcohol reforming,
the hydrogenolysis of lignin aryl ether linkages. This serendipity was first demonstrated in
these laboratories with the model compound DHBF'® and then extended to organosolv
lignin" and lignocellulose'® substrates. However, aryl ring hydrogenation and methylation
are competitive  with the desirable hydrogenolysis  depolymerization and

hydrodeoxygenation (HDO) pathways, resulting in product proliferation. Subsequent studies

of temporal product distributions from several model substrates concluded that secondary



reactions of phenolic intermediates are largely responsible for this selectivity loss.'>'®

Simpler aromatics such as toluene are quite unreactive under these conditions.

The goal of this dissertation was to probe the effects of modifying the CuPMO
catalyst on the hydrogenolysis reactions of model compounds representing key linkages
noted above (Fig. 1). These model systems include organosolv poplar lignin (OPL)
generated by moderate temperature extraction from Tulip poplar woodchips to give a

methanol-soluble material with a molecular weight of ~3 kD '**>*

with a complexity
representative of natural lignin was also studied.

The Cuy)PMO catalyst used in the earlier studies was prepared by calcining 3:1
Mg” A" hydrotalcite (HTC) in which 20% of the Mg*" was replaced by Cu*". HTCs can
be readily modified by doping with other M*" and/or M*" ions,*! and such HTC-derived
PMOs are solid bases that can catalyze the transesterification of triglyceride esters’” and
absorb atmospheric CO,.” Furthermore, we have speculated” that deprotonation activates
the phenolic intermediates of lignin disassembly toward secondary reactions; thus, it may be
possible to enhance selectivity and/or reactivity by modifying the PMO support or by adding
Breonsted or Lewis acids to the reaction medium. In this context are described catalysis
studies with the substrates noted in which a variety of lanthanides (Pr’", Nd**, Sm’", Eu’",
Gd*", Tb*", Dy3+, Ho’", Er’Y, Tm®", Yb*', Lu3+) have been incorporated into the PMO matrix
of the CuPMO, Sm’" simply added to the medium, and Nb>" and Mo®" deposited onto the
surface of the PMO. We also describe analogous studies in which formic acid (FA) was

added to the medium, since FA is of interest as a biomass-derived byproduct of chemical

production from carbohydrates.™
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II. Screening Lanthanide Doped CuPMOs

A. Introduction

Comprising up to 40 % of lignocellulosic biomass is the organic biopolymer lignin. Due
to the complexity of lignin, one of the main challenges in the practical conversion of
biomass to chemicals and fuels is developing new catalysts to selectively cleave lignin aryl
ether linkages while maintaining the oxygen content and aromatic functionality of the
products from this resource. Copper doped porous metal oxides have previously shown to
enhance the breakdown of biomass, organosolv lignin, and model compounds into smaller
molecules, however, with little selectivity.'"> Normally the phenol/phenolate resonance
structures regulates the stability of the molecule. But in the presence of a strong basic
catalyst in superciticial methanol, phenol undergoes rapid hydrogenation. The experiments
described here have focused on evaluating how the catalytic activity is affected by variations
in the composition of the CuPMOs. The CuPMOs were doped with a series of lanthanides
(Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) on the premise that increasing the acidic
properties of the catalyst would activate C-O bond hydrogenolysis without forming the
phenolate conjugate bases that were thought to activate the aromatic rings to
hydrogenation.”® The lanthanide doped CuPMOs were reacted with Phenyl B-D
glucopyranoside (PDG), a model compound with a variety of linkages more reminiscent of

cellulose (Figure 2).

Figure 2. Model compound phenyl B-D glucopyranoside



B. Experimental

Materials

Phenyl B-D glucopyranoside was purchased from Sigma Aldrich and methanol (99.5%,
Aldrich) was dried over activated molecular sieves before use. Samarium triflate
(Sm(OTf);*9 H,0) was prepared by and gifted to us by J. Dethlefsen of the University of
Copenhagen. The salts for the hydrotalcite synthesis, Cu(NO3),°3H,0, AI(NO3);*9H,0 and
Mg(NOs),*6H,0, were purchased from Fisher Scientific and used without further
purification.

Catalyst Preparation and Characterization

The Cu-doped porous metal oxide Cuy)PMO was prepared from Cu-doped HTC by
calcining as described previously.lz'14 For all Cuy0LnsPMOs, (where Ln= Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) synthesis of the HTC precursor involved replacing 5 mol
percent of the AI(NOs); component in the HTC preparation by Ln(OTf);. The procedure
was otherwise the same as that employed for the synthesis of CuPMOs.”* A modified
method for the preparation of all lanthanide and copper doped catalysts can be found in
Appendix A. Both types of HTC precursors were calcined for 15 hours at 460 °C in air give
the PMO within 24 hours prior to use in catalysis experiments. There was no difference in
the reactivities of the PMO catalysts prepared by calcining freshly prepared HTCs and those
that had been stored for up to 6 months before calcination.

Catalytic Reactions

The reactions in sc-MeOH were conducted in stainless steel mini-reactors as described
before.® (Caution! Under the reaction conditions, these vessels develop high internal

pressures. Handle with care.) For typical reactions with model compounds, the mini-
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reactors (total volume 10 mL) were loaded with 3 mL of methanol, 100 mg of catalyst, and
the substrate. The temporal evolution of the substrate phenyl B -D glucopyranoside and of
each product was determined by preparing a series of 6 mini-reactors that were loaded
identically and placed an oven thermostatted at 300 °C. After specific reaction intervals (1
to 18 hours), one of these mini-reactors was removed and cooled rapidly by immersing in a
water bath to quench the reaction. The reactor was then opened to release the gases, and the
volume released was measured by a water displacement method.">'"* (Warning: this step
requires special care owing to the large volume of gas sometimes released. In addition, both
H, and CO are released, so proper ventilation is required.) After cooling, opening, and
filtering the methanolic solution, the liquid was reduced to an oily residue under vacuum to
remove the methanol. The residue was then dissolved in CD;OD for analysis by '"H NMR
spectrometry on a Varian Unity Inova 500 MHz spectrometer The "H NMR spectra of the
product mixtures were interpreted using the holistic analysis developed by Barta et al."” to
evaluate relative quantities of aromatic (Ag), near oxygen (Og) and aliphatic (Hg) protons.
All NMR spectra were collected at room temperature with the d1 delay of 4.8 s. Although a
longer d1 of 10 s gave slightly larger Ag values, this was not used owing to the much longer

acquisition times required.

C. Results and Discussion

Prior to calcining, the precursor Cuy and CuySms HTCs were analyzed by XRD to
check the hydrotalcite structure. The XRD patterns found for the Cuyy and Cuyolns

hydrotalcites (Appendix A) are consistent with the literature data for HTCs.”
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Hollistic '"H NMR anaylsis of products from phenyl p-D glucopyranoside

The product reaction mixtures were analyzed through a holistic interpretation of the
proton NMR spectra developed by Barta et. al.” analyzing regions in the '"H NMR spectrum.
Aliphatic protons occur in the region 3.0-0.3 ppm, near oxygen protons in the region 5.0-3.0
ppm, and aromatic protons in the region7.2-5.0 ppm. The integrated peaks can be compared

to determine a relative distribution.

Figure 3. Numerical indices to determine relative proton distribution

Ry

He = <RA+ Ry + RH> =100
Ry

O = <RA+ Ry + RH> *100
Ry

Ap = <RA+ Ry + RH> x100

Ry is the integrated area of protons which resolve from 3.0 ppm, Ro is the
integrated area of protons which resolve from 5.0-3.0 ppm, and R is the
integrated area of protons which resolve from 7.2-5.0 ppm. Hg, Og, and Ag are the

experimentally calculated values.

Before reaction, PDG has 5 aromatic protons and 7 near oxygen protons, assuming the —OH
protons exchange readily and do not resolve in the spectrum. In this case, the PDG
spectrum would display 42 % Ag and 58 % Og, which agrees with the measured values in

Figure 4.
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Figure 4: (Top) 'H NMR of PDG in deuterated methanol. (Bottom) 'H NMR of

products from the reaction of PDG and methanol with the CuyLusPMO after 4 hours at

300 °C in CD3Op.

1 | U

(Top) Before reaction the integrated areas aromatic protons and near oxygen
protons are 56 % and 44 % respectively. Conditions: 100 mg catalyst, 100 mgs
PDG, 3 mL of MeOH. (Bottom) After 4 hours at 300 °C, integrated areas for
aliphatic protons, near oxygen protons, and aromatic protons are 71, 12, and 8 %

respectively.

As expected, the pure PDG sample in deuterated methanol does not have any peaks in
the region from 3.0-0.3 ppm as there are no aliphatic protons present in the sample. After the
reaction, the increase in signal in the region from 3.0-0.3 ppm indicates that aliphatic
carbons are being produced in the reaction. The decrease in the integrated signal in the 5.0-
3.0 ppm region shows that oxygen is being removed from the substrate while the decrease in
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the 7.2-5.0 ppm region and increase in the aliphatic region indicate that the aromatic carbons
present are being hydrogenated. After 4 hours at 300 °C, the amount of oxygen removed
reached a maximum of 12%. Decreases in Og are very likely largely due to HDO of aliphatic
carbons, while decreases in Ag can be attributed to ring hydrogenation and methylation. The
catalyst is not capable of completely de-oxygenating the model compound, even after 18
hours. When developing new catalysts, it is not necessary for total deoxygenation. Some of
the most widely used platform chemicals (succinic acid, terephthalic acid, and adipic acid)

are all highly oxygenated species.’

Figure 5: '"H NMR comparison of aliphatic (H) aromatic (A) and near oxygen (O)
protons after reaction with Cuyg and CuyoLns (where Ln= Pr, Nd, Sm, Eu, Gd, Tb, Dy,

Ho, Er, Tm, Yb, Lu) catalysts after 6 hours reaction in sc-MeOH at 300 °C.
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Figure 5 illustrates the distribution of aliphatic (H), aromatic (A) and near oxygen (O)
protons after reacting at 300 °C for 6 hours with a variety of different catalysts. When
reacting PDG with CuyPMO, the percentage of H, A, and O protons are 54, 31, 15 %
respectively, and when reacted with a lanthanide, the average percentages were 66, 19, and
14 %, respectively, indicating a somewhat greater hydrogenation rates under these latter
cases. This data is consistent with Figure 4, where we reached the maximum deoxygenation
of this substrate possible under these conditions. We expected to observe a systematic trend
in reactivity with the twelve different lanthanide dopants (Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu) as their atomic radii decrease across the periodic table. Instead, we
observed a seemingly random variation in reactivity with different lanthanide dopants in the
catalyst. When compared to the original CuPMO catalyst, the CuySms exhibited the
highest reactivity with the highest percentage of aliphatic protons and lowest percentage of
aromatics. The CuyLusPMO exhibited the lowest reactivity, similar to the original
CuyoPMO catalyst shown in Figure 5 and Appendix 13. CuygHosPMO was seemingly one of
the most active catalysts as determined by gas evolution. See Appendix A Table Al. Time-
resolved experiments with PDG were conducted to compare the activity between normal
Cuy compared to CupHosPMOas shown below in Figure 6. When comparing the reaction
of CuyoPMO to CuyHosPMO, the data was fit to an exponential curve. The rates of
appearance of aliphatic protons, and of depletion of near oxygen and aromatic protons are all

higher for the holmium doped catalyst as shown in Figure 6.
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Figure 6. Temporal production aliphatic Hg protons (top left), near oxygen Og protons

(top right), and aromatic Ag protons from the reaction with Cuy)PMO

CuyoHosPMO with PDG over 18 hours at 300 °C.
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In the first few hours, the reactivity is much higher for the holmium CuPMO. However, at
time points beyond six hours, the catalyst achieves maximum hydrodeoxygenation and
hydrogenation, indicating that our reaction times do not need to be longer than 6 hours

maximum.

D. Conclusion

A series of lanthanide doped CuPMOs were successfully synthesized and incorporated
into the precursors of the CuPMOs forming a single phase catalyst confirmed by powder
XRD. The catalysts were effective in enhancing the reductive disassembly and
hydrodeoxygenation of PDG via hydrogen in supercritical methanol. However, catalytic
activity did not increase systematically with the increase of Lewis acidity across the periodic
table as expected. The presence of the lanthanide dopant in the matrix demonstrated in a
higher catalytic activity in the first few hours of reaction than found for CuPMO. These
results provided the foundation for Chapter III, where the reactivity and selectivity of

CuySmis is investigated with varying model compounds and additional acids.
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II1. Tuning Catalytic Acidity: Heterogeneously and Homogenously

A. Introduction

Described are the reactivities and selectivities observed for reactions of organosolv
poplar wood lignin (OPL) and of lignin model compounds with modifications of the copper-
doped porous metal oxide (CuPMO) system previously shown to be a catalyst for lignin
disassembly in super-critical methanol.” The models studied were benzyl phenyl ether, 2-
phenylethyl phenyl ether, diphenyl ether, biphenyl and 2,3 dihydrobenzofuran, which are
respective mimetics of the a-O-4, -O-4, 4-O-5, 5-5 and B-5 linkages characteristic of lignin.
The catalyst modifications included added samarium(Ill) (both homogeneous and
heterogeneous) or formic acid. The highest activity for the hydrogenolysis of aryl ether
linkages was noted for catalysts with Sm(III) incorporated into the solid matrix of the PMO

structure. In contrast, simply adding Sm3*

salts to the solution suppressed the
hydrogenolysis activity. Added formic acid suppressed aryl ether hydrogenolysis,
presumably by neutralizing base sites on the PMO surface but at the same time improved the
selectivity toward aromatic products. Acetic acid induced similar reactivity changes. While
these materials were variously successful in catalyzing the hydrogenolysis of the different
ethers, there was very little activity toward the cleavage of the 5-5 and -5 C-C bonds that

represent a small, but significant, percentage of the linkages between monolignols units in

lignins.
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B. Experimental

Materials

2-Phenylethyl phenyl ether (PPE), benzyl phenyl ether (BPE), diphenyl ether (DPE) and
biphenyl (BP) were obtained from Acros Organics while 2,3 dihydrobenzofuran (DHBF)
was obtained from Oakwood Chemical. All were used as received. Methanol (99.5%,
Aldrich) was dried over activated molecular sieves before use. Samarium triflate
(Sm(OTf);*9 H,O) was prepared and gifted by J. Dethlefsen of the University of
Copenhagen. Formic acid (88% in aq. solution), glacial acetic acid, and the salts for the
hydrotalcite synthesis, Cu(NO3)23H,O, AI(NO3);*9H,O and Mg(NOs),*6H,0, were

purchased from Fisher Scientific and used without further purification.

Figure 7. Model compounds 2-phenylethyl phenyl ether (PPE), diphenyl ether (DPE),

benzyl phenyl ether (BPE), biphenyl (BP) and 2,3 dihydrobenzofuran (DHBF).
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A modification of a procedure described in the Appendix of ref. 13 was used to prepare
organosolv poplar lignin (OPL).! Woodchips and sawdust (1 kg) obtained by shaving down

poplar wood planks from a local lumber yard were first pretreated by stirring in a
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toluene/ethanol mixture of for 24 hours at ambient temperature. After filtration and drying,
the wood chips (600 g) were added over a 3 hour period to a solution of MeOH (4.5 L) and
concentrated HC1 (12 mL) in a 12 L round bottom flask equipped with a reflux condenser
and overhead stirrer while stirring at 200 rpm. The reaction mixture was heated with stirring
at reflux for 9 days after which the solution was filtered and the solid washed with 2.5 L of
MeOH. The solvent fractions were combined and the resulting mixture was reduced in
volume to 1.5 L on a rotary evaporator and then poured over 9 kg of ice. The light beige
precipitate that formed was collected by filtration and washed with excess cold water, and
the resulting solid was dried in vacuum over PO, until a constant weight was obtained.
Yield: 13.7 g.

Catalyst Preparation and Characterization

The Cu-doped porous metal oxide Cuy)PMO was prepared from Cu-doped HTC by
calcining as described previously.”* For CuySmsPMO, synthesis of the HTC precursor
involved replacing 5 mol percent of the AI(NOs); component in the HTC preparation by
Sm(OTf);. The procedure was otherwise the same as that employed for the synthesis of
Cuy0PMOs. A modified method of all lanthanide and copper doped catalysts can be found in
Appendix A. Both types of HTC precursors were calcined for 15 hours at 460 °C in air
within 24 hours prior to give the PMO used in catalysis experiments. There was no
difference in the reactivities of the PMO catalysts prepared by calcining freshly prepared
HTCs and those that had been stored for up to 6 months before calcination.

The solid catalysis materials were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Thermo iCAP 6300 ICP spectrometer equipped

with a 6000 K argon plasma source and by powder X-ray diffraction (XRD) using a Bruker
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D8 Advance High Temperature Powder Diffractometer. For ICP analysis, a weighed amount
of the dry catalyst was digested overnight in concentrated nitric acid and the resulting
solution was diluted with 18.2 MQ deionized water to a known volume. The ICP standards
were prepared by diluting commercial copper, aluminum, and magnesium standards (Sigma
Aldrich) and by dissolving weighed quantities of dry Sm(III) triflate in 18.2 MQ deionized
acidified water. Reference emission lines were monitored at: 308.2 and 309.2 nm (Al), 324.7
and 327.3 nm (Cu), 330.6 and 359.2 nm (Sm) and 280.2 and 285.2 nm (Mg). Each reported
measurement is the average of three replicates.

Surface areas of the Cuz)PMO and CuSmsPMO catalysts, freshly calcined overnight at
460 °C, were measured using a Tristar 3000 porosimeter. A weighed sample (~150 mg) of
each catalyst was loaded into an analysis tube and then degassed at 225 °C under a stream of
Na(g) overnight. A full isotherm was collected to determine surface area, pore volume, and
pore size.

The number of basic sites for each catalyst was calculated by the methodology described
by Parida and Das’ and modified by Shuting et al.° A 50 mg sample of CuPMO or
Cu0SmsPMO was added to solutions of 10 mL hexane with varying amounts of benzoic
acid. The resulting solutions were filtered and analyzed by gas chromatography with flame
ionization detection (GC-FID) on an Agilent Model 6890 programmable gas chromatograph
to quantify the amount of benzoic acid that was not consumed by binding to base sites. By
assuming the Langmuir isotherm, the number of moles of basic sites per gram of catalyst

was calculated.
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Catalytic Reactions

The reactions in sc-MeOH were conducted in stainless steel mini-reactors as described
before.” (Caution! Under the reaction conditions, these vessels develop high internal
pressures. Handle with care.) For typical reactions with model compounds, the mini-
reactors (total volume 10 mL) were loaded with 3 mL of methanol, 100 mg of catalyst, the
substrate plus 0.10 mmol of decane as an internal standard. The temporal evolution of the
substrate and of each product was determined by preparing a series of 6 mini-reactors that
were loaded identically and placed an oven thermostatted at the temperature of interest
(generally 300 °C for PPE and BPE and 330 °C for DPE and BP and DHBF). After specific
reaction intervals (1 to 6 hours), one of these mini-reactors was removed and cooled rapidly
by immersing in a water bath to quench the reaction. The reactor was then opened to release
the gases, and the volume released was measured by a water displacement method.>”*
(Warning: this step requires special care owing to the large volume of gas sometimes
released. In addition, both H>; and CO are released, so proper ventilation is required.) The
methanolic product solutions were separated from the solid catalysts by passing through a
0.2 um filter to remove any suspended particles. Product analysis of the solution was
conducted by GC-FID by comparing the retention times to those of known standards.
Product quantification utilized the effective carbon number (ECN) as a weighting factor for
identified species to evaluate the area of GC-FID peaks corrected by the area of the internal
standard (decane).*” GC-FID analysis parameters, effective carbon numbers (ECN) and
response factors (Appendix Tables B1 and B2) for all compounds identified are summarized

in the Appendix.
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Temporal reactivity studies were carried out for each substrate with four different
catalyst systems: (a) CuoPMO alone as the baseline; (b) Cu0)PMO plus different amounts of
formic acid (FA); (c) Cuz0SmsPMO with ~5% of the AI’" of the HTC precursor replaced by
Sm®"; (d) CuxPMO plus Sm(OTH); dissolved in the medium. Control reactions were run
without catalyst for each of the model substrates with the methanol solvent alone (3.0 mL)
and with methanol solvent containing FA.

For reactions using OPL, the mini-reactors were loaded with 3 mL of methanol, 100 mg
of catalyst, and 100 mg of OPL and heated at 300 °C for the desired reaction time. After
cooling, opening, and filtering the methanolic solution, the liquid was reduced to an oily
residue using a Smart Evaporator (Eicom USA) to remove the methanol. The residue was
then dissolved in CDCI; for analysis by 'H NMR spectrometry on a Varian Unity Inova 500
MHz spectometer and by gel permeation chromatography (GPC) using a Waters Alliance
HPLC System having a 2690 Separation Module with Agilent PGEL 5 pm and MIXED-D
300 x 7.5 mm columns with Waters model 2410 differential refractometer and model 2998
photodiode array detector. The 'H NMR spectra of the product mixtures were interpreted
using the holistic analysis developed by Barta et al.’ to evaluate relative quantities of
aromatic (Ag), near oxygen (Og) and aliphatic (Hg) protons. All NMR spectra were
collected at room temperature with the d1 delay of 4.8 s. Although a longer d1 of 10
seconds gave slightly larger Ag values, this was not used owing to the much longer

acquisition times required.
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Catalyst Leaching

Leaching of metal ions from the PMO catalysts was evaluated by ICP-OES after a 6
hour reaction at 300 °C. The mini-reactors were loaded with 100 mg of Cuy,SmsPMO, 1000
umol BPE, 0.10 mmol decane, and 3 mL of MeOH. Following cooling, the methanolic
solution and catalyst were transferred from the reactor, which was then washed with
additional methanol. The combined solutions and catalyst (~10 mL) were centrifuged (at
7000 rpm) after which the solution was decanted from the solid and passed through a 0.2 um
filter. The resulting solution was then evaporated to dryness to remove volatiles, and the
resulting solid residue was digested in 10% nitric acid solution and subjected to ICP-OES
analysis.

Catalyst Recycling

For catalyst recycling experiments, the mini-reactors were loaded with 100 mg OPL, 100
mg Cuy0SmsPMO, and 3.0 mL MeOH. They were then sealed and heated at 300 °C for 6
hours. The reactors were then rapidly cooled to quench the reaction, opened, and washed
with 15 mL of methanol. The methanolic solution and catalyst slurry was centrifuged for 10
min at 7000 rpm. The solution was removed by decanting from the solids. The solid catalyst
was dried under vacuum overnight and then was reloaded into the reactor for another run
under the same conditions. The above procedure was repeated three more times. The less
volatile organic products in the decanted methanolic solution were subjected to '"H NMR and

GPC analysis after evaporating the solvent.
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C. Results and Discussion

Catalyst Characterization

Prior to calcining, the precursor Cuy and CuySms HTCs were analyzed by XRD to
check the hydrotalcite structure and by ICP-OES to evaluate the catalyst composition. The
XRD patterns found for the Cuyy and CuyoSms hydrotalcites (Appendix B1) are consistent
with the literature data for HTCs.'” ICP-OES analysis of the CuPMO catalyst gave the Al:
Cu: Mg molar ratio of 1.0: 0.63: 2.40 consistent with an anticipated ratio of 1.0: 0.60: 2.40.
Analysis of the Cuy)SmsPMO catalyst gave the Al: Sm: Cu: Mg ratio 1.0: 0.06: 0.66: 2.56,
consistent with the anticipated ratio 1.0: 0.05: 0.63: 2.53. In addition, the surface areas and
porosities of the calcined PMOs were determined using porosimetry, and the number of
basic sites was quantitatively evaluated by a procedure that involves neutralizing benzoic
acid.® These data are summarized in Table 1 and show that incorporation of Sm>" has little
effect on the surface area or porosity but increases the number of accessible base sites in the
respective PMO. The latter observation can be rationalized in terms of the Sm’" -oxide
bonding having a more ionic character than the corresponding Al**-oxide interactions on the

surface, thereby affecting the overall basicity of the catalyst.
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Table 1. Surface area, pore volume, pore size, and number of basic sites for Cuy)PMO

and CuyoSmsPMO catalysts.

Catalyst Seriz(;e V(}))l?lrrfleb Pore Size° Basic Sites® Blzsirés:i}t]e(s)ef
(m*g™) (cm’ g™) A (mmols g')  (umols m?

Cuyo)PMO 174 1.22 277 10.7 61.5

Cuz0SmsPMO 175 1.28 288 13.5 77.1

5¢ Calculated using N adsorption as described in the Experimental Section.
4 Calculated using benzoic acid method as described in the Experimental Section.

¢ Basic sites divided by the surface area.

Benzyl Phenyl Ether (BPE)
BPE is a model for the a-O-4 lignin bond. The expected initial products of

hydrogenolysis are toluene and phenol (eq. 3). As shown previously by Bernt

3)
et al,® the reaction of BPE with CuyPMO under the conditions that are effective for
lignocellulose disassembly (300 °C in sc-MeOH) leads to a number of products owing to the
secondary methylation and hydrogenation of the phenol aromatic ring and to subsequent
reactions of the secondary products. In contrast, the toluene is relatively unreactive.
Appendix Fig. B2 illustrates phenol formation and consumption over the 6 hour course of
the reaction of BPE with the four catalyst systems. The differences in final phenol
concentrations are largely attributed to how rates of secondary reactions of phenol are
influenced by the catalysts.

The reactions of BPE were studied under conditions described in the Experimental

Section using each of the four catalyst systems. The quantitative numerical data are
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summarized in Appendix Table B3. In each case, nearly stoichiometric quantities of the
toluene co-product were found, while the benzene yield was <1%, indicating that the initial
hydrogenolysis step primarily occurs at the PhO-CH,Ph bond as depicted in eq. 1.
However, the distributions of secondary products from the phenol co-product differ for the
four catalysts. As we have shown previously,'' BPE is also susceptible to solvolytic
processes in sc-MeOH even in the absence of catalyst. Side by side comparison of BPE
reactions in sc-MeOH and in sc-MeOH containing FA (1.17 mmol) indicated little reactivity
difference with ~50% of the BPE consumed after 2 hours at 300 °C. For comparison, in the
presence of Cu)PMO, BPE would have been 97% consumed in sc-MeOH but only about
55% consumed in the sc-MeOH/FA medium. More importantly, in both cases intractable
tars were formed, if catalyst was not present, thus leading to a poor material balance of
analyzable products that included toluene, phenol, benzaldehyde, phenol, and unidentified
dimers as detected by GC-MS.

Fig. 8 illustrates the temporal product evolution for the reaction of BPE catalyzed by
CuyoPMO in the presence of added FA (1.17 mmol). The data show that under these
conditions, BPE hydrogenolysis is substantially slower than with Cuy)PMO alone.
However, the added FA also appears to suppress the secondary reactions of phenol,
especially ring hydrogenation. Thus, after 6 hours under these conditions, the toluene yield
is essentially quantitative, while the yield of aromatics derived from the phenol co-product is
~80% with phenol (52% yield), cresols (19%) and anisole (6%) being the primary

components itself.
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Figure 8. Temporal BPE consumption and products from the reaction with
Cuy)PMO+FA with BPE.
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Top: evolution of BPE (magenta squares); toluene (black circles) and phenol (red
triangles). Bottom: Aromatics (blue diamonds) mostly anisole, Me-anisole,
cresols, benzene and xylenol and saturated products (black reverse triangles)
mostly cyclohexanol and methylcyclohexanols, Conditions: BPE = 1041 mmols
(initial), 100 mg Cuy0PMO, 50 pL 88% aq. FA (1.17 mmol), 3.0 mL of MeOH,
decane as internal standard, T = 300 °C. Products quantified by GC-FID. For
more details regarding aromatic and saturated products, see also Appendix Fig.
B2 and Table B3. These data represent average of two catalysis experiments

under identical conditions.

The yield of identified saturated products, mostly cyclohexanol and methycyclohexanol was
<5%. For comparison, the reaction with Cu,0)PMO alone gave a quantitative yield of toluene
but only a 19% yield of the aromatics that might be derived from the phenol channel.
Cyclohexanol and the methylcyclohexanols (77%) represent most of the remainder

(Appendix Table B3A). If the shorter 3 hour reaction time is considered, only 70% of the
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initial BPE substrate reacted in the Cu,)PMO+FA system, compared to 100% for Cu,0PMO,
but the products from the phenol stream were nearly quantitatively aromatic.

When Sm®" was incorporated in the PMO matrix (CuzSmsPMO) there was a moderate
enhancement of the rate of BPE hydrogenolysis; however, the products are qualitatively

similar to those from the catalysis by Cuy;g)PMO (Fig. 9 and Appendix Table B3).

Figure 9. Conversion and product distributions are shown for the reactions of BPE with

the Cuz0PMO catalyst systems at 300 °C after 6 hours.
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Unidentified products not included but estimated yields were small (<2%) in each
case. The black bars indicate the substrate conversion; the center bars indicate
toluene yields, while the bars on the right summarize other products (phenol,
other aromatics and saturates), that are thought to arise mostly from the
intermediacy of phenol. Conditions: 100 mg of catalyst, 3 mL of MeOH, 1041
umols of BPE (initial). For Cuy)PMO-+FA, 1.17 mmol of FA was added as 50 pL
of 88% aq. formic acid. For CuyPMO+Sm®", Sm(OTf); (5 mg) was added to the
reaction medium. Products were determined by GC-FID. The mass balance (the
sum of products divided twice by BPE() ranged from 90 to 97%. These data
represent averages of two catalysis experiments under identical conditions. See

also Appendix Table B3E.
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There was somewhat increased benzene production, although this was only ~0.8%. In
both cases, the yield of aromatic products from the phenol channel after 6 hour reaction
was small (17 and 19%, respectively), and the principal components were saturated (83

and 81%). The yields of phenol itself were very small (~0.1 and ~1.5%, respectively).

In contrast, when Sm®" (6.7 umol) was instead added to the catalytic solution as a
soluble salt, the product mixture with BPE was markedly different. After 6 hour reaction
with Cuz)PMO and added Sm(OTY)s, the yield of aromatics from the phenolic channel was
~80% in addition to the nearly stoichiometric yield of the toluene co-product. The identified
saturated products, cyclohexanol and various methylcyclohexanols, represented <10% of the
products (Fig. 9 and Appendix Fig. B2). Substantial amounts of phenol (24% yield)
remained and two other phenolics, cresol (34%) and xylenol (15%), were major products.
Thus, solution phase Sm’" appears to suppress phenol hydrogenation and to enhance phenol
ring methylation under these reaction conditions.

Bernt et al,” previously identified the secondary reactions of phenol in reactions with the

CuyoPMO catalyst in sc-MeOH that are outlined in Scheme 1.
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Scheme 1. Cuy)PMO catalyzed secondary reactions of the phenol product of BPE
hydrogenolysis, showing aromatic ring methylation, O-methylation and ring
hydrogenation followed by methylation. Since methylation was noted at all 3 sites
(0, p & m), the structures indicate simply the number not the regiochemistry of

added CHj's.

The overall effect on these reactions upon substituting Sm®" for 5% of the AI’* in the PMO
matrix was relatively minor; however, significant perturbations were seen upon adding
either FA or Sm’" to the solution. Both additives suppressed hydrogenation of the aromatic
ring, but the latter accelerated ring methylation to give cresols and xylenols. In this context,
Bernt et al”® showed that cresol undergoes slower subsequent reactions with CuyPMOs
including ring hydrogenation to methylcyclohexanol (MCH), ring methylation to xylenol
and O-methylation to methylanisole, as well as hydrodeoxygenation to toluene. However,
given that substantial phenol remains after 6 hour reaction with the Cu)PMO + Sm>"
system, ring methylation does not fully explain the high yields of aromatics in this case.

A possible explanation of the modified reactivity when FA was added would be
neutralization of base sites on the Cuy;)PMO surface. According to Table 1, 100 mg of

Cu)PMO would have 1.07 mmol of base sites as measured using the benzoic acid
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neutralization method, so the 1.17 mmol of FA should be sufficient to neutralize these sites.
Such neutralization would likely reduce the strength of phenol binding to the catalyst surface
and/or the affect nature of that substrate on that surface. This view gains support from the
observation that when an equivalent amount of glacial acetic acid was used instead as an
additive in the reaction of BPE with Cuy)PMO, the product mixture after 6 hours included a
nearly stoichiometric amount of toluene (98%) plus phenol (27%) and, other aromatics
(31%) in yields much higher than in an analogous reaction without the added acid
(Appendix Table B3E). However, this behavior did not extend to all acids, since addition of
aq. HCI in small amounts poisoned the catalyst giving very poor reactivity.

It is harder to explain the role of added Sm®* given that it constitutes only 6.7 pmoles. A
major effect is the apparent enhanced rate of phenol methylation. This laboratory has
previously reported® that cresols and xylenols tend to be less easily hydrogenated than is
phenol. However, the presence of Sm®” (or its counter ions) also appears to suppress the
hydrogenation of phenol itself.

2-Phenylethyl Phenyl Ether (PPE).

PPE is a model for the f-O-4 lignin linkage. In analogy to BPE, one might expect the
initial products from hydrogenolysis to be ethylbenzene and phenol. Ethylbenzene is
resistant to further reaction under these conditions,® so this would again leave secondary
reactions of phenol to account for product proliferation. However, one key difference
between the reactions of BPE and those of PPE is the extent of benzene formation. With
each catalytic system, only traces of benzene were formed from BPE (0.1-0.8% after 6 hours
reaction, Appendix Table B3). However, with PPE, benzene is formed in much higher yields

(5-8% after 6 hours, Fig. 10 and Appendix Table B4).
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Figure 10 Temporal PPE consumption and product formation from the reaction of PPE

with CuzoSmsPMO.
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Top: evolution of PPE (magenta squares); ethylbenzene (black circles). Middle:
Temporal formation of benzene (open triangles) showing how this parallels
ethylbenzene production. Bottom: Total aromatic (blue diamonds: anisole,
benzene cresols ethyl and other minor aromatics) and saturated products (black
reverse triangles, cyclohexanol and methylcyclohexanols plus other minor
saturates) as a function of time. Conditions: PPE = 530 pumols (initial), 3.0 mL of
MeOH, decane as internal standard, T = 300 °C. Products quantified by GC-FID.
For more details see Appendix Table B4. These data represent the average of two

catalysis experiments under identical conditions.

Furthermore, the temporal runs for each catalyst showed an approximately constant ratio
(within experimental uncertainty) of the benzene and ethylbenzene products throughout each
run, although this differed somewhat from one system to another (~0.06 for Cuy0)PMO plus
Sm’" to ~0.09 for CuyPMO plus FA). Although we have demonstrated® that benzene is

very slowly formed under related conditions by the HDO of secondary products, the
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constant ratio indicates that the benzene seen here is a direct product of phenyl-oxygen bond

hydrogenolysis in competition with the faster PhCH,CH,-OPh hydrogenolysis (eq. 4).

Oy (F=O O
O O

Any 2-phenylethanol formed according to eq. 4 would likely undergo HDO to
ethylbenzene via dehydration to styrene followed by hydrogenation to ethylbenzene.® Thus,
the rate of ethylbenzene formation serves as a monitor of the initial hydrogenolysis.
Temporal studies showed that, for each of the catalytic systems, PPE is several fold less
reactive than BPE, a feature that correlates with the calculated dissociation enthalpies (AHq)
of ~69 and ~56 kcal mol’, respectively, for the p-O-4 and 0-O-4 bonds (somewhat
substituent dependent).'? The hydrogenolysis rates by CuxPMO and by CuSmsPMO as
followed by ethylbenzene production (Fig. 11) were comparable as were the product
distributions for these two systems (Appendix Tables B4A and B4D). Other than the
ethylbenzene and benzene predicted by eq. 2, the major products with both catalysts were
cyclohexanol and methylcyclohexanol, presumably the results of secondary reactions of the
phenol also predicted by eq. 4. Following the pattern found for BPE, Cu0)PMO gave more
cyclohexanol while Cu,0SmsPMO gave more methylcyclohexanol (Fig. 12, Appendix Table
B4).

The addition of Sm®" (6.7 umol) decreased the rate of hydrogenolysis catalyzed by
Cu0PMO by roughly a factor of two (Appendix Fig. B4 and Table B4C). Of the products
identified after 6 hour reaction, only 14% were saturated, so this additive also suppressed

hydrogenation of aryls, including phenol.
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Figure 11. Temporal production of ethylbenzene from the reaction of PPE with various

catalytic systems in sc-MeOH at 300 °C.
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Again for PPE, adding FA slowed the hydrogenolysis reaction over Cuy;)PMO and, the
extent of this slowing depends on the quantity of FA added. When reactions with Cu;0)PMO
(100 mg) were run with 0.58 mmol of added FA, the initial hydrogenolysis rate as evidenced
by the formation of ethylbenzene, was about two-fold slower (Appendix Table B4B).
However, when the FA was increased to 1.17 mmol, the initial rate was nearly 10-fold
slower than in the absence of the added FA. Notably, in both cases the rate seemed to pick
up after 3 hours, perhaps due to catalyzed FA decomposition. With the higher FA, saturated
products did not appear in the early reaction stages, but did appear in the later stages. When
acetic acid (1.17 mmol) was used instead of FA, the rate of ethylbenzene production was
again markedly suppressed, but there was no increase in the rate at longer reaction times.
The primary products were ethylbenzene (50% of the products), anisole (17%) and phenol
(11%), and the only saturated product identified was cyclohexanol (~1%), so the acetic acid

suppresses both ether hydrogenolysis and aryl ring hydrogenation.
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Fig. 12 illustrates the products found after 6 hour reaction of PPE with the four catalyst
systems. The four catalysts display significant reactivity differences with substrate
conversion ranging from 38 to 99%. CuySmsPMO again proved to be the most reactive.
Added Sm®" suppressed the secondary reactions of phenol but also suppressed ether

hydrogenolysis.

Figure 12. Percent conversion and product distribution after 6 hours for the PPE

reaction with the four catalyst systems at 300 °C.
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Unidentified products seen in the GC-FID are not included but estimated yields
were small (<2%) in each case. The left bars indicate substrate conversion, the
center bars the yield of ethylbenzene and benzene, and the right bars summarize
the products (phenol, other aromatics and saturates), thought to arise from the
intermediacy of phenol. Conditions: 100 mg catalyst, 3 mL MeOH, PPE= 530
umol (initial), For Cuy)PMO+FA, 1 eq. FA relative to PPE, was added. For
CuzPMO+Sm’®", 5 mg Sm(OTf);*9 H,O was added. The mass balance (the sum
of products divided by 2x PPE consumed) ranged from 91 to 96%. These data

represent averages of two catalysis experiments under identical conditions.
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Appendix Fig. B3 summarizes the major phenol-derived products after a 6 hour reaction.
Hydrogenation and methylation products followed a trend similar to that observed with
BPE. Notably, unlike BPE, PPE shows virtually no solvolytic reactivity in the absence of
catalyst. When the catalyst-free reactions were run for 6 hours at 300 °C in either sc-MeOH
or in sc-MeOH/FA, the respective recovery of substrate (GC analysis) was, within
experimental uncertainty (£5%), quantitative.

Diphenyl Ether (DPE)

DPE is a model for the diaryl ether 4-O-5 linkages in lignin. The expected products
from simple hydrogenolysis of this bond are benzene and phenol. (eq. 5). Benzene is
relatively unreactive under these conditions, so further product proliferation would again be
expected to result primarily from subsequent reactions of phenol or from reactions of the

substrate prior to hydrogenolysis.

Cu,,PMO
OO s O =0
(5)

When studied under the previous reaction conditions, it was clear that DPE at 300 °C
was much more recalcitrant than either BPE or PPE, a feature that can be attributed to the
stronger 4-O-5 linkage (AHq4 ~79 kcal mol™)."> After 6 hours, the conversion of DPE was
only 39% for the most active catalyst CuypSmsPMO, followed by Cuyy)PMO+FA (27%),
Cua0PMO (21%) and CuyPMO+Sm> (10%) (Appendix Table B5).

Increasing the temperature to 330 °C led to greater rates of conversion with
CuzSmsPMO again being the most reactive and CuPMO+Sm’" being the least (Appendix
Table B6). At these temperatures, the principal aromatic product after 6 hour reaction is

benzene, as predicted by eq. 5. The products formed along the phenol channel are largely
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the saturated alcohols cyclohexanol and methylcyclohexanol. For example, the products
from the reaction of DPE with Cuy0SmsPMO after 6 hours were benzene (97% based on
amount of DPE consumed) and phenol-derived methylcyclohexanols (49%), cyclohexane
(9.8%), methylcyclohexane (9.8%) methylanisole (7.1%), cyclohexanol (1.6%), anisole
(1.2%), and toluene (0.8%). Only traces of phenol itself remained (0.4%) (Appendix Table
B6) showing that under these catalytic conditions, phenol ring hydrogenation and/or
methylation as well as O-methylation of phenol (Scheme 1) is rapid relative to
hydrogenolysis of the ether. Fig. 13 depicts the temporal behavior for the reaction of DPE

with CuypSmsPMO at 330 °C (see also Appendix Table B7).

Figure 13. Temporal behavior of DPE consumption and products formed from the

reaction with Cu,0SmsPMO with DPE at 330 °C.
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Top: DPE (magenta squares) and benzene (black hexagons)- Bottom: Sum of
aromatic products including benzene (blue diamonds) and saturated products
(reverse triangles). Numerical data from Appendix Table B7. These data represent

the average of two catalysis experiments under identical conditions
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DPE shows no solvolytic reactivity in the absence of catalyst. When the catalyst-free
reactions were run for 6 hours at 330 °C in either sc-MeOH or sc-MeOH/FA, the recovery of
unreacted substrate was (within experimental uncertainty) quantitative.

2,3-Dihydrobenzofuran (DHBF)

A dihydrobenzofuran type ring system is typically formed with the -5 type linkage in
lignin, so DHBF was investigated as a reactivity model with the various catalysts. The
hydrogenolysis of DHBF over Cu,0PMO catalysts would be expected to give 2-ethylphenol
as the initial product as depicted in eq. 6, although in analogy to PPE, one must consider the
possible cleavage of the phenyl-O bond as well. In the latter case the product would be 2-
phenylethanol, which as noted above, should rapidly undergo HDO to give ethylbenzene.
The latter was formed in modest yields with Cuy)PMO (6.0%) and Cuz0SmsPMO (8.0%),
although, since one can also envision its formation by the HDO of 2-ethylphenol, there is

some ambiguity regarding its origin.

0 OH
Cu,,PMO
—_—
@i} MeOH @[/
(0)

The reactions of DHBF proved to be relatively slow for all four catalysts at 300 °C,
although again it was evident that CuySmsPMO is the most reactive and Cuy)PMO+Sm’" is
the least reactive catalyst system (Appendix Table B8). Raising the reaction temperature to
330 °C increased DHBF conversion considerably in all four cases (Appendix Table B9) with
Cuy0SmsPMO remaining the most active toward hydrogenolysis. Fig. 14 shows the DHBF

and product time evolution for the reaction with Cuz0SmsPMO catalyst at this temperature.
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Figure 14. Temporal substrate consumption and products from the reaction of DHBF

with CuSmsPMO at 330 °C.
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Top: Evolution of DHBF (magenta squares) and of 2-ethylcyclohexanol (black
pentagons). Bottom: Evolution of the summed aromatic products consisting of
methylethylphenol, ethylbenzene, 2-ethylphenol and other minor aromatics (blue
diamonds) and of the summed saturated products consisting of 2-
ethylcyclohexanol, methylethylcyclohexane, ethylcyclohexane, ethylcyclo-
hexanol and other minor saturates (reverse triangles). Conditions: DHBF = 502
umols (initial), 3.0 mL of MeOH, decane as internal standard. Products quantified
by GC-FID; data from Appendix Table B10. These data represent the average of

two catalysis experiments under identical conditions

The aromatic and saturated product distributions are illustrated in Fig. 15. After 6 hours,
the major products identified were 2-ethylcyclohexanol followed by 2-ethylmethylphenol.
These are likely hydrogenated or methylated byproducts, respectively, of the expected
primary hydrogenolysis product 2-ethylphenol. This primary product is immediately evident
in the initial stages of the reaction (e.g. at 1 hour, 2-ethylphenol represents 61% of the

identified products), but progressively disappears during the reaction owing to secondary
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reactions (Appendix Table B10). As noted above, some ethylbenzene was also observed,
and while this could be the result of a primary, though minor, hydrogenolysis of the O-CH,
bond of DHBF, there are other pathways, such as the HDO of ethyl phenol, that could also

lead to this product.

Figure 15. DHBF conversion and products distribution for the reaction with

CuyoSmsPMO at 330 °C after 6 hours.
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Unidentified products are not included but the estimated yields were small (<2%).
The left bar indicates the substrate conversion, the center bars indicate the
aromatics yield and distribution, and the right bars indicate the saturated products
yield and distribution (see Appendix Table B10). Conditions as in Fig. 14. The
mass balance (total products divided by the DHBF consumed) was 92%. These

data represent an average of two catalysis experiments under identical conditions.

Notably, neither pathway would separate the lignin subunits coupled by the much
stronger -5 bond shown in Fig. 1. Hydrogenolysis of the stronger phenyl-CH, bond in
DHBF (effectively the B-5 analog) would give ethoxybenzene, but only traces (<0.5%) of

this were observed. Other products (e.g., benzene, cyclohexanol or cyclohexane derivatives,
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etc.) that possibly can be attributed to secondary reactions of ethoxybenzene total ~5%.
Thus, this pathway, which involves cleaving a strong C-C bond, is at most a minor
contribution to the overall reactivity pattern for DHBF hydrogenolysis, which is summarized

in Scheme 2.

Control reactions with DHBF in sc-MeOH and sc-MeOH/FA at 300 °for 6 hours without

catalyst gave intractable polymeric materials and were not analyzed further.

Scheme 2. Proposed pathway for DHBF conversion as catalyzed by Cuz0SmsPMO in
sc-MeOH to give the major products. Possible minor hydrogenolysis pathways via the

undetected intermediates 2-phenylethanol and ethoxybenzene are shown using dashed

e,
e L R
o O O

arrows.

@q@@@
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Biphenyl (BP)

Biphenyl was employed as model for the 5-5 lignin bond in reactions with the Cuy)PMO
catalysts. Simple hydrogenolysis of this linkage would give benzene (eq. 7); however,
among key linkages between lignin subunits, the 5-5 bond is likely to be the strongest with
calculated bond dissociation energies ranging from 112-118 kcal mol™."* In this context, it is
not surprising that less than 4% conversion was observed for the reaction of BP with
CuyoPMO in sc-MeOH at 300 °C. Although greater reactivity was observed with the more
active CupoSmsPMO catalyst at 330 °C, the products were phenylcyclohexane (~82%) and
bicyclohexane (~13%), which result from hydrogenating intact biphenyl (Appemdix Table
B11). The primary 5-5 bond cleavage products were cyclohexane (3.7%) and

methylcyclohexane (~1%) while only traces of benzene (<1% yield based on the

stoichiometry of eq. 7) were found.

)
MeOH (7)

Increasing the temperature to 330 °C did not show significant difference in the reactivity
pattern only an increase in the bicyclohexane/phenylcyclohexane ratio. This suggests that
the small amount of 5-5 bond cleavage occurred from biphenyl, rather than from the
phenylcyclohexane or bicyclohexane products. Similarly, when control reactions with BP
were run in sc-MeOH and sc-MeOH/FA at 330 °C for 6 hours without catalyst, recovery of
unreacted biphenyl was (within experimental uncertainty) quantitative.

At the suggestion of a referee, we also briefly examined the reactivity of the biphenyl
derivative 2-phenylphenol (BP-OH) with Cuy)PMO and CuypSmsPMO. As expected for a
substituted phenol, BP-OH was several orders of magnitude more reactive than BP and in
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both cases was fully consumed after 6 hours in 300 °C sc-MeOH. However, there was no
evidence for the cleavage of the 5-5 bond linking the two rings. The products were all
dicyclic, the major ones being 2-phenylcyclohexanol and phenylcyclohexane as identified

by GC-MS of the product solution (eq. 8).
HO HO
Cu,PMO
O O sc-MeOH + @—O + lesser products
300 °C

Organosolv Poplar Lignin (OPL). Reactions of OPL were carried out at 300 °C with

(8)

the set of catalysts described above. Studies with the model compounds indicate that, while
most ethers will undergo hydrogenolysis under these conditions, C-C bonds such as the 5-5
and B-5 linkages between lignin subunits will be resistant to cleavage. Consequently, one
would expect under such conditions, that OPL will be disassembled substantially by the
CuPMO catalysts, but that the products will be a mixture of monomeric and oligomeric
species, modified by aromatic hydrogenation and ring methylation processes. This
expectation was confirmed by gel permeation chromatography (GPC). Before reaction the
average molecular weight (My,) of the OPL substrate was determined by GPC to be ~2800 g
mol”. With each catalyst, there was considerable (8-10 fold) decrease in M,, (Table 2,
Appendix Fig. B3), but, given imprecision in this technique, especially at the lower
molecular weights, the differences between individual catalysts may be within experimental
uncertainties. GPC data for samples run for different time intervals (1 to 6 hours) showed a
progression from the initial higher values of M,, to those seen at 6 hours, but significant

differences between the outcomes for the different catalysts were not obvious (Appendix

Table B12).
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Table 2. Average molecular weight (My,) determined by GPC for OPL before and after 6

hour reactions with Cuy)PMO catalysts at 300 °C.

Catalyst* M,, (g mol™)
CuPMO 340
CuPMO+FA 270
CuPMOSm; 300
CuPMO+Sm™* 280
OPL’ 2800

*Conditions: 100 mg catalyst, 3 mL of MeOH and 100 mg of OPL. For FA, 100
uL of 88% aq. formic acid (1.17 mols) was added. For Sm*" was added 5% of
Sm(OTf); regarding to catalyst weighted mass. ® M, value for OPL before the
reaction. In absence of catalyst, the reaction of OPL in sc-MeOH give

considerable insoluble char.

This laboratory has employed a holistic analysis method using proton NMR to examine
catalytic transformations of similar substrates as described in Chapter II.> For unreacted
OPL, the Hg, Og, and Ag values are 20%, 41%, and 38%, respectively. After 6 hour
reaction, there is a 3-fold increase in Hg and marked decreases in Og and Ag for each
catalyst. Decreases in Og are very likely largely due to HDO of aliphatic carbons, while
decreases in Ag can be attributed to ring hydrogenation and methylation. These pathways
would correspondingly increase Hg. Appendix Table B13 summarizes the temporal NMR

data for OPL reactions with the different catalysts.
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Figure 16. Comparison of "H NMR spectra in CDCl; (8= 7.24 ppm) of OPL (A) and of
the product solutions after 6 hour reaction in sc-MeOH at 300°C with the following

catalyst systems: CuyPMO (B); CuyPMO+FA (C); CuSmsPMO (D); and

CuPMO+Sm’ (E).
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Ag. aromatic region (5.0-7.0 ppm), Og: near oxygen region (3.0 -5.0 ppm), Hg:
aliphatic region (0.3 — 3.0 ppm). Conditions: 3.0 mL of MeOH, 100 mg OPL, 100

mg PMO catalyst, 6 hour reaction time.

While the GPC data show that the four catalysts each disassemble OPL over a 6 hour
period, the holistic HNMR data indicates that this is accompanied by considerable HDO of
aliphatic carbons. However, the percentage of aromatic protons also decreased considerably
indicating that, during OPL disassembly, a significant amount of the aromatic content is
converted in aliphatic compounds. These results corroborate data obtained with models
where hydrogenolysis of a-O-4 and -O-4 linkages leads to phenolic intermediates that are

readily hydrogenated and methylated, thereby reducing the aromatic products.
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Table 3. Holistic '"H NMR data in CDCl; for OPL and for OPL products after 6 hour

reaction with CuygPMO catalysts at 300 °C.

Catalyst® Hg’ Og’ Ag
CuyPMO 68 20 12
CuyPMO+FA 64 22 14
CuyPMOSms 60 25 15
CuPMO+Sm’* 60 25 15
Org. Lignin 20 41 38

*Conditions: 100 mg catalyst, 3 mL of MeOH and 100 mg of OPL. For FA, 100
mL of 88% aq. formic acid was added. For Sm>" 5 mg of Sm(OTf); was added. b
Values in the Table correspond to percent of protons in the integrated frequency

regions 0.3-3.0 ppm (Hg), 3.0-5.0 ppm (Og) and 5.0- 7.2 ppm (Ag).

The reaction of OPL with CuyoSmsPMO with recycled catalyst were probed under
standard conditions, 6 hour reaction time at 300 °C, for 4 consecutive runs. The solution was
removed and analyzed by holistic 'HNMR and GPC, and the solid catalyst was simply
washed with methanol and reused. The NMR and GPC data showed modest differences
between the first and second runs (Appendix Table B14), the net result using these analytical
methods was that CuypSmsPMO was effective for depolymerizing OPL over multiple uses,
as earlier studies from this laboratory have demonstrated with CuyPMO.*"!

Leaching Experiments.

These were done with CuyoSmsPMO at 300 °C using BPE as the substrate. After
sequential reactions with this catalyst, the methanolic solutions were separated from the
solids and the metal content in the liquid fraction was examined by ICP-OES to determine

the extent that Cu*’, AI’", Mg2+ and Sm®" had leached into the solution. This was done for
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four consecutive runs to establish the compositional stability of the catalyst upon repetitive
use. The net result was that leaching proved to be relatively insignificant; Mg”" leached the
most (0.81% total over the four runs), while there was much less leaching of Cu*", Al and
Sm®" (0.19, 0.03 and 0.01%, respectively) (Appendix Table B15).

Leaching in the presence of added FA was also probed. ICP measurements examining
the catalyst after heating Cu,0)PMO (100 mg) at 300 °C for 6 hours in sc-MeOH (3.0 mL)
containing 1.17 mmol of FA (50 pL of 88% aq. FA) showed no change in the Al: Cu: Mg:
ratio 1.0: 0.60: 2:42 from that of the fresh catalyst (1.0: 0.63: 2.40). However, magnesium
leaching (giving the ratio 1.0: 0.64: 2.15) was observed for an analogous experiment with a

10-fold higher amount of FA (11.7 mmol).

D. Conclusion

The Cu,0PMO and the various modifications examined here are all active catalysts in sc-
MeOH (300 °C) for the hydrogenolysis of aryl ethers with hydrogen equivalents drawn from
the methanol by reforming. This hydrogenolysis was particularly effective for a-O-4 and -
O-4 aryl ether linkages with the former being the more reactive. The catalysis was slower
with the 4-O-5 diaryl ether linkages, necessitating higher temperatures (330 °C) to give high
yields (>90%) within a comparable time frame. Not surprisingly, the reactivity order, a-O-4
> B-0-4 > 4-0-5, follows a sequence inverse to the bond strengths of these linkages. The
incorporation of Sm®" into the solid matrix to give CuySmsPMO appears to accelerate the
hydrogenolysis somewhat, but this may be attributed to an increase in the number of surface
base sites. This view is supported by experiments with added formic or acetic acid. When
the added acid was equivalent to the number of surface base sites, the reactivity decreased

very significantly. A surprising suppression of hydrogenolysis was seen for a few
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experiments where the Sm>" was added to the medium as the triflate salt Sm(OTf)s;
however, we do not have a ready explanation of this observation. Even the most reactive
modification Cuz0SmsPMO proved to be ineffective under these conditions for the cleavage
of the 5-5 (diphenyl-like) and B-B carbon-carbon bonds that represent cross-links between
monolignin units. While these are much less plentiful than the standard aryl ether linkages,
the failure to cleave these much more refractory connections ensures that a certain fraction
of the products from lignin reactions will be oligomers that will likely need additional
processing.

For each of the models, one major product of the hydrogenolysis is a phenol derivative,

and earlier studies™!!

have identified such phenolics as major sources for product
proliferation and the loss of aromaticity. We have speculated that this proliferation may
result from reaction of the relatively acidic phenol at the surface base sites, where further
hydrogenation to cyclohexanol derivatives and/or aromatic ring methylation occurs. This
view was substantiated by the experiments where formic or acetic acid was added to the
reaction medium in concentrations roughly equivalent to the surface base sites. In addition
to substantially slowing hydrogenolysis of the aryl ether linkages, the aromatic phenolics
proved to be substantially less reactive under these conditions toward secondary processes.
Thus, while the hydrogenolysis reactivity of such acid modified systems was considerably
slower, the selectivity toward aromatic products was much improved. This effect did not
carry over in an obvious manner to OPL, which underwent considerable fragmentation to

lower molecular weight monomers and oligomers, but none of the modified catalysts

showed marked preference for aromatic products according to the holistic NMR analysis.
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IV. Selective Methylation with Niobium Doped CuPMOs

A. Introduction

This project was in collaboration with Professor Mauricio Boscolo of the Universidade
Estadual Paulista, S0 José¢ do Rio Preto, who was also interested in probing the reactivity
and selectivity of the CuPMO by modifying the acidity of the catalyst. Catalysts with
specific acidic sites on the solid surface have the ability to change the hydroxyl mobility on
its surface, and modulate the selectivity of the alcohol reforming process. Niobium is known
to increases the acidity, selectivity, and thermal stability of Al,Os3, while the incorporation of
niobium into alumina also provides increased Brensted acid sites." Fortuitously, Brazil is
the leading global producer of niobium, as well as sugar cane.” Rich in abundant and
underutilizes resources, a niobium and copper doped PMO capable of selectively

disassembling waste sugarcane bagasse could greatly benefit the Brazilian economy.

Niobium pentoxide is a reducible material and presents strong metal support
interactions, depending of the reduction temperature which is important characteristic for
oxidation and hydrogenation reactions.* Sun et al.’ found that the addition of NbyOs to
CuZnO/Al,O3 does not change the methanol-reforming rate, but significantly influences the
reformation of dimethoxymethane. The incorporation of Nb>* in the lattice cannot be made
with the dissolution of NbCls in aqueous medium because it is highly reactive with water to
form Nb,Os (eq. 9). This prevents the process of co-precipitation with other metals from
aqueous media but instead gives a two-phase solid.

2Nb’" + 5H,0 — Nb,Os(s) (eq. 9)
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An exceptionally complex method developed by Krasnobaeva et al.’ describes the
incorporation of niobium into the lattice of the precipitated hydrotalcite. First a Mg/Al
hydrotalcite was synthesized by co-precipitation of aluminum and magnesium nitrate in a
basic solution of potassium hydroxide and potassium carbonate. The solid was then filtered
and re-suspended in water. Next, carbonate was partially replaced with decavanadate
(V10023)%, paramolybdate (Mo;0,4)", or metatungstate (H;W1204)° by the addition of
potassium decavanadate, ammonium paramolybdate, or sodium tungstate respectively.
Nitric acid was then added dropwise to the slurry until an optimum pH was achieved, and
left to stir to exchange the carbonate ion. After washing and filtering, niobium oxide Nb,Os
was alloyed with potassium carbonate at 900 °C for 30 mins and then at 1050 °C for 40
minutes. The glassy cake was dissolved in minimal boiling water and then placed under
vacuum over concentrated sulfuric acid until Kg[NbsOi9] crystals precipitated. These
crystals are then added to the hydrotalcite-like slurry as made above and the maximum
loading capacity was found to be when the pH of the solution was 13. This group claimed to
pioneer the synthesis of hydrotalcite like structures with polyoxoniobate ([NbsO19]" ions.

Compared to this exceptionally complicated ion exchange method, Mauricio developed a
new, quick and easy synthesis method. All of the metal salts were dissolved in methanol in
order to keep NbCls soluble in solution, and then precipitated in a basic solution containing
sodium carbonate under sonication. This slurry is heated and slurried overnight at 65 °C,
filtered, and washed with water, and easily and reliably become a niobium and copper doped
HTC.

Takagaki et al. ’ have investigated niobia in biorefinery processes as catalysts for

production of furan compounds from carbohydrates, and Ansanay et al. ® have found
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niobium oxide can be used in the delignification of lignocellulosic biomass in an aqueous
medium. Thus, the aim of the present study is to evaluate the influence of the niobium in
PMO derived from hydrotalcites M*"/M*" = 3 containing 10% copper. Decreasing the copper
concentration in the PMO will result in a decreased amount of H, equivalents, a result that
should influence hydrogenation and hydrogenolysis rates. Our premise is that addition of
niobium will favor ring methylation preferentially over hydrogenation. The aromatic
compounds investigated were: phenol, o-cresol, m-cresol, dimethylanisole, dimethylphenol,

and BPE. The reactions were carried out in methanol under supercritical conditions.

B. Experimental

Materials

Benzyl phenyl ether (BPE) was obtained from Acros Organics while phenol, o-cresol,
m-cresol, dimethylphenol and dimethylanisole were obtained from Sigma-Aldrich. All were
used as received. Methanol (99.5%, Aldrich) was dried over activated molecular sieves
before use. The salts for the hydrotalcite synthesis, Cu(NO3),*3H,0, Al(NO3);*9H,O and
Mg(NOs3),*6H,0, and NbCls were purchased from Fisher Scientific and used without further

purification.

Figure 17. Model compounds phenol, o-cresol, m-cresol, 2,6-dimethylanisole, 2,6-

dimethylphenol, and benzyl phenyl ether (BPE)

OH OH OH o OH
phenol o-cresol m-cresol  2.6-dimethylanisole  2.6-dimethylphenol Benzyl Pheny! Ether
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Catalyst Preparation and Characterization

The Cu-doped porous metal oxide Cuy)PMO was prepared from Cu-doped HTC by
calcining as described previously.”'' For Cu;oNb,PMO, synthesis of the HTC precursor
involved adding 5 mol percent Nb>* of the overall PMO in the HTC preparation in the form
of NbCls. The coprecipitation was done under sonication in methanol. The procedure was
otherwise the same as that employed for the synthesis of Cuy)PMOs. Modified methods for
the preparation of niobium and copper doped catalysts can be found in Appendix C. Both
types of HTC precursors were calcined for 15 hours at 460 °C in air 24 hours prior to using
the resulting PMOs in catalysis experiments. There was no difference in the reactivities of
the PMO catalysts prepared by calcining freshly prepared HTCs and those that had been
stored for up to 6 months before calcination.

X-Ray diffraction patterns were obtained using a Rigaku Miniflex diffractometer 300
with Cu Ka radiation (A = 1.5418 A) at tube voltage 30 kV and tube current 10 mA in the 26
range of 10-70° with a scanning rate of 1.0 °/min. Thermogravimetric studies were
performed with a Perkin-Elmer TG4000 thermobalance using a ~5 mg of sample under a N,
flow (20 mL/min) in the temperature range 100-650 °C. Surface areas were calculated from
the N, adsorption isotherms at -196 °C (BET) using 1.0 g of PMO’s in a Micromeritics
TriStar II instrument. The acidity and basicity of the PMO’s was calculated from
thermogravitric CO, and n-butylamine absorption as performed in a Perkin-Elmer TG4000
thermobalance. The HTC solids were calcined at 460 °C under N, atmosphere at 100 °C/min
and then cooled to 50 °C at which time N, was substituted by CO, or by n-butylamine
automatically. From the gain in mass. the number of moles of CO, or of n-butylamine

adsorbed per gram of PMO were calculated.
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Catalytic Reactions

The reactions in sc-MeOH were conducted in stainless steel mini-reactors as described
before.'? (Caution! Under the reaction conditions, these vessels develop high internal
pressures. Handle with care.) For typical reactions with model compounds, the mini-
reactors (total volume 10 mL) were loaded with 3 mL of methanol, 100 mg of catalyst, the
substrate plus 0.10 mmol of decane as an internal standard. The temporal evolution of the
substrate and of each product was determined by preparing a series of 6 mini-reactors that
were loaded identically and placed in an oven that was thermostatted at 300 °C for all
substrates. After specific reaction intervals (1 to 4 hours), one of these mini-reactors was
removed and cooled rapidly by immersing in a water bath to quench the reaction. The
reactor was then opened to release the gases, and the volume released was measured by a
water displacement method.">'* (Warning: this step requires special care owing to the large
volume of gas sometimes released. In addition, both H, and CO are released, so proper
ventilation is required.) The methanolic product solutions were separated from the solid
catalysts by passing through a 0.2 um filter to remove any suspended particles. Product
analysis of the solution was conducted by GC-FID by comparing the retention times to those
of known standards. Product quantification utilized the effective carbon number (ECN) as a
weighting factor for identified species to evaluate the area of GC-FID peaks corrected by the
area of the internal standard (decane).™'® GC-FID analysis parameters, effective carbon
numbers (ECN) and response factors (Appendix Tables Bl and B2) for all compounds
identified are summarized in the Appendix. Temporal reactivity studies were carried out for
each substrate with two different catalyst systems: (a) Cu;o)PMO alone as the baseline; (b)

CuloNb1_25PMO.
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C. Results and Discussion

Catalyst Characterization

Prior to calcining, the precursor Cujg, CujoNbj s, CujgNb, s, and Cu;oNbs HTCs were
analyzed by XRD to check the hydrotalcite structure. The XRD patterns found for the Cuyg
and Cu;oNb, hydrotalcites can be found in Appendix C. The replacement of Mg*" by Cu®"
did not affect the HDL structure, but introduction of Nb™ up to 5% resulted in decreased
crystallinity according to the patterns observed in diffractograms, but with no characteristics

indicating the formation of a bi-phasic solid.

Figure 18. Powder XRD chromatograms Cu;oNbs HTC, Cu;oNb, s HTC, Cu;oNb 25

HTC, Cu;o HTC, HTC from top to bottom.
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The lattice parameters are displayed on Table 4. The planes (003) and (006) are related
to the basal spacing of hydrotalcites and the plane (110) is related to the diffraction plane on
the hexagonal axis, regardless to the type of the interlayer anion. Such indexes are used in
the calculation of network parameters, and the parameter defined as a = 2d;19 € ¢ = 3/2(doo3

+ 2d006).

Table 4. Crystallographic parameters
Catalyst d (003) d(006) d(110) a(A) c(A) DA
HTC 7.58 3.849 1.514 3.028 22.92 75
Cu;o HTC 7.83 3911 1.533 3.065 2348 795
CujoNb; s HTC  7.65 3.86 1.526  3.051 23.06 67.5
CuioNbys HTC 7.66 3.86 1.532  3.064 23.07 54.0
Cu;oNbs HTC 7.66 3.80 1.521 3.043 2288 514

The small increase of dgos and doos, and the decrease of ¢ are related to presence of Cu
and Nb in the HTC lattice. This can be attributed to an increase in electrostatic attraction
between the hydroxyl layer and the interlayer space. The carbonate ions also interact with
the lamellar hydroxyl and the greater the shortening of the hydrogen bonds that hold them
together, the lower interlayer distance. Regarding parameter a, the insertion of metals with
different ionic radii showed an increase with respect to the value found in the reference
material. However, the percentage variations of doping did not cause significant changes,
indicating that the presence of Nb’* did not change the typical hydrotalcite structure,
corroborating other results that demonstrate the successful synthesis of the HTC with

niobium.
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The parameter D, i.e., the particle size was calculated according to the Debye-Scherrer
equation from the width at half maximum (FWHM) of the planes (003) and (006) values
indicate that with increasing of Nb>* content, the particle size decreased.'”

Figure 19 shows the normalized thermogravimetry curves from the precipitated HTC.
Two well-defined thermal mass loss events are evident in each case. The first event (at 100

~ 250 "C) refers to loss of water, while the second event (250~430 'C) refers to the loss of

OH and CO,.

Figure. 19. Normalized thermograms from 100-600 C of HTC, Cu,oHTC,
CuoNb; »sHTC, CuoNb, sHTC, CuoNbsHTC from top to bottom.
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BET analysis was also performed on the catalysts to determine the surface area of the

Cu1)PMO and Cu;oNbyPMOs.The surface areas determined for the Nb-doped PMOs fell
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within a comparable range of approximately 200 m°g” (Table 5), indicating that the pore-

size of the catalysts was not significantly altered after Nb-surface deposition.

Table 5. Acidity, Bacisity, and Surface area of Cu;o0HTC, Cu;oNb; »sHTC,

Culosz_SHTC, CuloNb5HTC

Acidity ~ Bacisity =~ Suriace

(mmol g")  (mmol g™) AZI'CE-II

(m”g )
Cuio 0.69 0.82 125
CuloNb1_25 0.76 0.66 205
Culosz_s 0.86 0.85 192
CuloNbs 0.75 0.61 177

To get a better understanding of the surface topography of the catalyst, we used scanning
electron microscopy (SEM) imaging (Fig 20). After calcination, the catalyst loses its long-
range order and breaks down into smaller sheets. These sheets can be observed in the bottom
figures, where the brighter angular edges of the catalyst look almost tiered. Due to the lack
of conductivity of these solids, the details of the PMO are not easily observed and would

need to be coated with conductive gold to obtain better images.
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Figure 20. SEM images of Cu;oNbs in varying magnifications: S00X(top left), 1,000X

(top right), 5,000X (bottom left) 10,000X (bottom right).
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Reactivity with Model Compounds
Preliminary data collected by visiting Professor Mauricio Boscolo suggested that
niobium doped catalysts selectively methylated the aromatic rings of small molecule

substrates and catalyze the subsequent hydrogenation reactions of those rings.
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Figure 21. GC-FID chromatograms and products identified by GC-MS after the
reactions of phenol (left) and o-cresol (right) with Cu;o)PMO (black) and Cu;o)Nb;o PMO

(red) catalysts after 4 hours at 300 °C.
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Figure 21 illustrates the different product distributions when reacting phenol and o-
cresol with Cu;oPMO and Cu;oNb; 2sPMO. As shown in Figure 21, the products produced in
the presence of the niobium-doped catalyst are largely aromatic and undergo further
aromatic c-methylation and o-methylation. In the presence of just Cujo, both phenol and o-

cresol undergo aromatic hydrogenation, as described by Bernt et. al."”

Further studies by
Barrett et. al.'"® demonstrated an ability to introduce a methylating co-solvent dimethyl
carbonate to enhance the yields of aromatic products. However, a reactive stoichiometric co-
solvent is far from ideal. A niobium and copper doped catalyst marries the two ideas of
decreasing the copper content to decrease the amount of H, equivalents produced, and
introducing a metal proven to be a methylation catalyst.

Data summarizing the overall reactivity of such catalysts are summarized in Table 6.

Decreasing the copper concentration to 10 % resulted in an anticipated decrease in

conversion of phenol; with the Cuyy catalyst, the phenol would have been converted to
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saturated products in 4 hours.

Table 6. Overall reactivity and mass balance of phenol, o- & m-cresol, 2,6-

dimethylanisole, 2,6-dimethylphenol, and BPE after 4 hours at 300 °C.

Phenol o-cresol m-cresol
Cuip CuyoNbjas  Cujg  CujoNbios  Cujg  CuyoNbyos
Saturates
(umol) 56 18 39 10 0 0
Aromatics
(umol) 501 352 387 440 349 457
Conversion
(%) 79 81 81 81 100 98
Mass
balance (%) 54 36 42 45 44 58
Dimethylanisole  Dimethylphenol BPE
Cuio CuyoNbias  Cujg  CujoNbios  Cujp  CuyoNbios
Saturates
(umol) 0 0 19 11 65 24
Aromatics
(umol) 1033 1039 1085 1115 1194 1168
Conversion
(%) 18 16 25 33 99 100
Mass
balance (%) 88 88 81 103 77 72

Surprisingly, m-cresol was observed to be more reactive than o-cresol. Further
experiments with 3,5- dimethylanisole and 3,5-dimethylphenol with Cu;p PMO and
Cu;oNb; 25 would be helpful to investigate the selectivity of methylation. However, as shown
in Table 6, the poor mass balances seen for the six model compounds do not provide much

confidence in the quantitative product distributions.
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D. Conclusion

In an effort to prepare a catalyst capable of performing more selective disassembly of
lignocellulosic biomass, four Cu;)PMO catalysts with varying amounts of niobium (1.25,
2.5,5.0, 10.0%) were synthesized and investigated. Decreasing the overall copper content in
the Cu;)PMO and Cu;oNb;2sPMO examined lowered the reactivity of the catalysts in sc-
MeOH (300 °C) while improving the selectivity towards aromatic products. Although
changes in the niobium concentration did not greatly alter the reactivity, the niobium-doped
catalysts did display greater selectivity toward the formation of aromatic products in their
reactions with several model compounds. The source of this selectivity was apparently the
greater reactivity toward both O- and ring methylation of phenolic intermediates. The much
lower reactivities of the resulting compounds toward ring methylation preserves the overall
aromaticity of the products. The niobium-doped catalysts exhibited the ability to perform
hydrogenolysis, hydro-deoxygenation, methylation, and hydrogenation. The selectivity of
these catalysts suggests their future possible applications in producing commodity aromatic

chemicals from lignocellulosic biomass.
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V. Sulfur Resistant Molybdenum Doped CuPMOs

A. Introduction

In the paper industry, excess pulp and biomass wastes are often treated with sulfuric
acid, resulting in the production of lignosulfonate. The Cu,0PMO catalyst has been shown to
perform poorly in the presence of sulfur,' and this limits potential applications in the
disassembly of lignin derivatives from certain processes. In Chapter III, we discussed the
effects of adding mineral acids to the reaction mixture. The addition of both hydrochloric
acid and sulfuric acid poisoned the catalyst. When opening the reactor with sulfuric acid, we
immediately smelled the sulfur dioxide, and the reactor(s) were placed into the fume hood
for ventilation. After the vessel was thoroughly purged with air, the catalyst was filtered and
the filtrate was a pale blue color, indicating that a significant amount of copper had leached
into the methanol solution. MoS, is an industrially used catalyst to enhance desulfurization
and deoxygenation, thus molybdenum has been suggested as a potential additional dopant to
the current CuyPMO catalyst to combat sulfur poisoning.” The models investigated were the
a-O-4 linkage model BPE, the B-5 linkage model DHBF, the sulfur aromatic compound
benzyl mercaptan, and the sulfonate aromatic compound methyl p-toluene sulfonate (Figure
22). The catalyst was synthesized to have varying amounts (1.25, 2.5, 5, 10 %) weight
percent of molybdenum in the overall calcined PMO. The various doping levels of
molybdenum did not display differences in reactivity, however the mere presence of
molybdenum greatly altered the reactivity and selectivity. Reactions with BPE and DHBF
produced nearly all aromatic products when reacted with a molybdenum doped catalyst.
Unfortunately, the products from the reactions with benzyl mercaptan and methyl p-toluene

sulfonate did not yield reliable and quantifiable data.
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B. Experimental

Materials

Benzyl phenyl ether (BPE), methyl p-toluene sulfonate (MPTS) and benzyl mercaptan
(BM) were obtained from Acros Organics while 2,3 dihydrobenzofuran (DHBF) was
obtained from Oakwood Chemical. All were used as received. Methanol (99.5%, Aldrich)
was dried over activated molecular sieves before use. The salts for the hydrotalcite
synthesis, Cu(NO3);°3H,0, Al(NO3)3*9H,0 and Mg(NOs),*6H,0, were purchased from

Fisher Scientific and used without further purification.

Figure 22. Model compounds benzyl phenyl ether (BPE) 2,3-dihydrobenzofuran

(DHBF), methyl p-toluene sulfonate (MPTS), and benzyl mercaptan (BM)
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benzyl phenyl ether (BPE) dihydrobenzofuran methyl-p-toluene sulfonate benzyl mercaptan

Catalyst Preparation and Characterization

The Cu-doped porous metal oxide Cuy)PMO was prepared from Cu-doped HTC by
calcining as described previously.” For CuyyMo,PMO, synthesis of the HTC precursor
involved adding 5 mol percent Mo®" of the overall in the HTC preparation in the form of
ammonium molybdate tetrahydrate ((NH4)aM070,4°4H,0). The procedure was otherwise
the same as that employed for the synthesis of CuyPMOs. A modified method of
molybdenum surface deposition onto the hydrotalcite via equilibrium deposition filtration

can be found in Appendix D.° Both types of HTC precursors were calcined for 15 hours at
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460 °C in air to give the PMO within 24 hours prior to use in catalysis experiments. There
was no difference in the reactivities of the PMO catalysts prepared by calcining freshly
prepared HTCs and those that had been stored for up to 6 months before calcination.

Surface areas of the Cuy)PMO and Cuy0)Mo,PMO catalysts, freshly calcined overnight at
460 °C, were measured using a Tristar 3000 porosimeter. A weighed sample (~150 mg) of
each catalyst was loaded into an analysis tube and then degassed at 225 °C under a stream of
Na(g) overnight. A full isotherm was collected to determine surface area, pore volume, and
pore size. The HTC catalyst was also analyzed by powder X-ray diffraction (XRD) using a
Bruker D8 Advance High Temperature Powder Diffractometer.

Catalytic Reactions

The reactions in sc-MeOH were conducted in stainless steel mini-reactors as described
before.” (Caution! Under the reaction conditions, these vessels develop high internal
pressures. Handle with care.) For typical reactions with model compounds, the mini-
reactors (total volume 10 mL) were loaded with 3 mL of methanol, 100 mg of catalyst, the
substrate plus 0.10 mmol of decane as an internal standard. The temporal evolution of the
substrate and of each product was determined by preparing a series of 6 mini-reactors that
were loaded identically and placed an oven thermostatted at 300 °C for BPE, DHBF, MPTS,
and BM. After specific reaction intervals (1 to 6 hours), one of these mini-reactors was
removed and cooled rapidly by immersing in a water bath to quench the reaction. The
reactor was then opened to release the gases, and the volume released was measured by a
water displacement method.*® (Warning: this step requires special care owing to the large
volume of gas sometimes released. In addition, both H, and CO are released, so proper

ventilation is required.) The methanolic product solutions were separated from the solid
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catalysts by passing through a 0.2 um filter to remove any suspended particles. Product
analysis of the solution was conducted by GC-FID by comparing the retention times to those
of known standards. Product quantification utilized the effective carbon number (ECN) as a
weighting factor for identified species to evaluate the area of GC-FID peaks corrected by the
area of the internal standard (decane).”'' GC-FID analysis parameters, effective carbon
numbers (ECN) and response factors (Appendix Tables Bl and B2) for all compounds
identified are summarized in the Appendix.

Temporal reactivity studies were carried out for each substrate with five different
catalyst systems: (a) Cuyo)PMO alone as the baseline; (b) CuoMo, 2sPMO with ~1.25 weight
% molybdenum of the calcined PMO; (c) CuyoMo, sPMO with ~2.5 weight % molybdenum
of the calcined PMO; (d) Cuo)MosPMO with ~5 weight % molybdenum of the calcined

PMO; (e) Cuz0Mo;oPMO with ~10 weight % molybdenum of the calcined PMO.

C. Results and Discussion

Catalyst Characterization

Prior to calcining, the Cuyg, CuzoMoj 25, CuzoMoz 5, CuzpMos, and CuypMog HTC’s were
analyzed by XRD to verify the hydrotalcite structure. The XRD patterns found for the Cuyg
and CuyoMoj 25, CuxoMo, s, CuzoMos, and CuygMoyo hydrotalcites (Appendix Fig. Bl) are
consistent with the literature data for HTCs. The catalysts will be analyzed by ICP to ensure
the metal ratios are in agreement with the calculated concentrations.'” In addition, the
surface areas and porosities of the calcined PMOs were determined using porosimetry,
summarized in Table 7. The addition of molybdenum does little to the measured surface

area, pore size, and pore volume. These values are also similar to those collected in Chapter
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II for CugPMO and CuyoSmsPMO, indicating these hydrotalcite structures display very

similar characteristics, regardless of dopant.

Table 7. Surface area, pore volume, and pore size of Cuy)PMO, CuyyMo;sPMO,

CU.zoMOz,sPMO, CUQOM05PMO, CU.Q()MON)PMO,

Catalyst Sulgzgegf?)rea Po:‘cen\lfs(;l_:l)me Pore Size (nm)
Cllzo 200 1.11 22.3
CllzoMOl_zs 214 1.02 19.1
CllzoMOz_s 219 1.2 21.9
CllzoMOs 170 1.05 247
CllzoMOlo 168 1.1 26

Benzyl Phenyl Ether (BPE)

Extensive studies with BPE and Cu;)PMO have been shown by Bernt, et, al.” and
Barrett, et. al.'” where BPE undergoes rapid ether hydrogenolysis followed by subsequent
aromatic hydrogenation. This reaction was repeated to ensure the catalytic activity of the
original Cuy catalyst synthesized displayed similar reactivity as shown in Chapter III.

Molybdenum-doped PMOs displayed reactivity towards the model compound BPE,
exhibiting on average 80% conversion of this model over a six hour-period. The major
products in the reactions of benzyl phenyl ether with the above catalysts were toluene and
phenol. When compared to the Cuy)PMO -catalyst, Mo-doped catalysts exhibited lower
reactivity. This is evidenced by the fact that after three hours, Cu0)PMO converted 100% of

BPE to other products, while only 80% of BPE was converted by Mo-doped catalysts.
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Figure 23. Temporal BPE consumption and major products from the reaction with

Cuy)PMO at 300 °C.
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While reactivity of Mo-doped catalysts is lower than the CuyPMO, these catalysts
exhibited a different selectivity in their reactions with BPE. Figure 23 compares catalytic
selectivity in BPE conversion, displaying the production of total aromatic compounds and
total saturated compounds over a six-hour time period. Cu;o)PMO converts BPE to a mixture
of aromatic compounds and saturated compounds. As anticipated from Chapter 111, after six

hours we achieved 100% conversion with toluene in nearly stoichiometric amounts, and
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phenol derived cyclohexanol and methylcyclohexanols as the main products with 97 % mass

balance.

Figure 24. Temporal BPE consumption and major products from the reaction with

CUQoNb1_25 PMO at 300 °C.
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In contrast, aromatic ring hydrogenation appeared to be suppressed with the
molybdenum doped catalysts so that aromatic products were exclusively observed from their
reaction with BPE. However, after reacting for 4 hours at 300 °C with CuyyMo 25, we only

achieved 80 % conversion and 67 % mass balance. Surprisingly, only 47 % of the normally

79



very stable toluene was recovered after six hours, while unidentified monomers and dimers
were observed. See Appendix D Table D2 for full product list.

One possible reason for this alteration in selectivity may be due to the blocking of active
sites within the porous metal oxide by molybdenum on the catalyst surface. As mentioned
previously, Cuz)PMO is responsible for the production of hydrogen gas through its reactions
with methanol, carbon monoxide, and water (eqs 1,2). The hydrogen gas produced provides
the necessary reducing equivalents in reactions carried out by the catalyst on the substrate. A
lower amount of hydrogen gas production would result in less available reducing

equivalents for reactions such as aromatic hydrogenation.

2,3- Dihydrobenzofuran (DHBF)

Mo-doped catalysts exhibited low reactivity towards the model compound DHBF.
Reactivity of the Cuy)PMO catalyst towards the conversion of DHBF is also lower than its
reactivity towards BPE, demonstrating only 36% conversion over a six-hour period. While
reactivity of the Mo-doped catalysts towards DHBF is significantly lower than that of the
original catalyst (9.2% by Cu0Mo;o)PMO after 6 hours), different selectivity was again
observed. As observed with BPE conversion, Mo-doped -catalyst activity produced
exclusively aromatic compounds in reactions with DHBF(Figure 25). The major products

were methylanisole, cresols, and xylenols.
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Figure 25. Temporal DHBF consumption and major products from the reaction with

Cuy0PMO (top) and CuzoMo; 2sPMO (bottom) at 300 °C.
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This activity differs from that of the CuPMO in that the major product of the catalysis
of DHBF by CuyPMO under analogous conditions is 2-ethylcylohexanol, a saturated
molecule. 2-ethylcyclohexanol is produced as a result of aromatic hydrogenation of 2-

ethylphenol, another major product in the reaction between Cuy0)PMO and DHBF
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Methyl P-Touene Sulfonate (MTPS)

The next model compound subjected to reactions with the synthesized catalyst was
methyl-p-toluene sulfonate. After two hours, this substrate was no longer observed in GC-
FID analysis, the major product observed from this reaction was toluene. However, results
from reactions of all catalysts towards methyl-p-toluene indicate the production of a large
amount of unknown monomers. See Appendix Tables D12-13 for data tables containing
detailed product distributions. Furthermore, while all catalysts appear to be reactive towards
the substrate, the mass balance was poor. At this point in time, it is thought that this reaction
results in the production of insoluble organic products, which would result in the shortage of
products within the liquid sample. Further analysis of the solids recovered after catalysis

would be required to investigate this hypothesis.

Benzyl Mercaptan (BM)

The final model compound that was investigated is benzyl mercaptan. This compound
was chosen as a simple model to examine the reactivity of our catalyst in the presence of
sulfur impurities. All catalysts were subjected to reaction with this substrate at 300°C for 6
hours. The conversion efficiency of the all catalysts investigated was high, ranging from
93.5-97.7% after 6 hours. Major identified products for this reaction include toluene and
benzyl alcohol. A large amount of unknown monomers was produced in the reaction, and
the elucidation of their identities is necessary for subsequent analysis. See Appendix Table

D14 for data tables containing detailed product distributions.
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D. Conclusion

Efforts to create a robust catalyst capable of performing selective disassembly of
lignocellulosic biomass, four CuyPMO catalysts with varying amounts of molybdenum
(1.25, 2.5, 5.0, 10.0%) were prepared and investigated. The Mo-doped catalysts exhibited
the ability to perform hydrogenolysis, hydro-deoxygenation, methylation, hydrogenation,
and condensation. These catalysts displayed a high amount of selectivity in their reactions
with model compounds, producing exclusively aromatic products when reacted with benzyl
phenyl ether and 2,3-dihydrobenzofuran. Unfortunately, the catalyst did not perform as well
with sulfur compounds methyl p-toluene sulfonate and benzyl mercaptan. Previous chapters
highlighted the increased activity of the catalyst in the presence of samarium, as well as
increased selectivity of a niobium dopant. The addition of molybdenum to the catalyst
displayed increased selectivity towards aromatic compounds, but with poor mass balance. It
is possible the molybdenum deactivates the active sites of the catalyst and hinders the
methanol reforming process, decreasing the H, production, thus forming insoluble products.
The sulfur compounds likely poison the catalyst during the reaction, and again form
insoluble chars. The initial selectivitties of these catalysts towards aromatic products are
promising, however more work must be done towards developing sustainable catalysts

resistant to sulfur capable of processing waste derived from the paper pulping process.
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Appendix A

Al. Synthesis and Characterization of CuyPrsHTC
Figure Al: Powder X-Ray Diffraction pattern for Cu,PrsHTC
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CuyoPrs HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO; was
added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50 mL
beaker, 6.15 g of Mg(NOs),:6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of DI
H,0. A second solution of 3.56 g AI(NOs)3;-9H,O and 0.375 g Pr(CFs;S03);-9H,O was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to

the vigorously stirring Na;COs solution and a light blue precipitate instantly formed. A pH
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of ~10 for the solution must be maintained for accurate synthesis. This was achieved by
alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A2. Synthesis and Characterization of CuyNdsHTC

Figure A2: Powder X-Ray Diffraction pattern for Cu;y)NdsHTC
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CuyoNds HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3)3;-9H,0O and 0.377 g Nd(CF3S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A3. Synthesis and Characterization of CuSmsHTC

Figure A3: Powder X-Ray Diffraction pattern for Cu;SmsHTC
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CuyoSms HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3);-9H,0 and 0.380 g Sm(CF;S03)3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na;COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs3 in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A4. Synthesis and Characterization of CuyEusHTC

Figure A4: Powder X-Ray Diffraction pattern for Cuy;)EusHTC
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CuyEus HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H;O0. A second solution of 3.56 g AI(NO3);-9H,O and 0.381 g Eu(CF3S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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AS. Synthesis and Characterization of CuyyGdsHTC

Figure AS: Powder X-Ray Diffraction pattern for Cu,GdsHTC
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Cuy0Gds HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;

was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),:3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3)3;-9H,0O and 0.383 g Gd(CF;S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to

the vigorously stirring Na;COs solution and a light blue precipitate instantly formed. A pH

94



of ~10 for the solution must be maintained for accurate synthesis. This was achieved by
alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A6. Synthesis and Characterization of CuyyThsHTC

Figure A6: Powder X-Ray Diffraction pattern for Cu,yTbsHTC
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CuyoTbs HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H;0. A second solution of 3.56 g AI(NO3);-9H,O and 0.384 g Tb(CF3S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs3 in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A7. Synthesis and Characterization of CuDysHTC

Figure A7: Powder X-Ray Diffraction pattern for Cu,,DysHTC

160
140
120

100

Intensity

80

60
40

20
5 15 25 35 45 55 65

20, degrees

CuyoDys HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H;0. A second solution of 3.56 g AI(NO3)3;-9H,0 and 0.38 g Dy(CF3S0;);-9H,O was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A8. Synthesis and Characterization of CuyHosHTC

Figure A8: Powder X-Ray Diffraction pattern for Cu;)HosHTC
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CuyoHos HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3)3;-9H,0O and 0.387 g Ho(CF3S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A9. Synthesis and Characterization of CuyErsHTC

Figure A9: Powder X-Ray Diffraction pattern for Cuy)ErsHTC
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CuyoHos HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3);-9H,O and 0.388 g Er(CF3SOs3);-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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AI10. Synthesis and Characterization of CuyTmsHTC

Figure A10: Powder X-Ray Diffraction pattern for CuyyTmsHTC
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CuyoTms HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),:3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3)3-9H,0O and 0.389 g Tm(CF3;S03)3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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All. Synthesis and Characterization of CuyYbsHTC

Figure A11: Powder X-Ray Diffraction pattern for CuyYbsHTC
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CuyYbs HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),:3H,0 was added to 25 mL of
DI H,0. A second solution of 3.56 g AI(NO3)3;-9H,0O and 0.391 g Yb(CF3S0s3);3-9H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na,COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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A12. Synthesis and Characterization of CuzyLusHTC

Figure A12: Powder X-Ray Diffraction pattern for CuyLusHTC
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CuyooLus HTC was synthesized by a modified coprecipitation method. 1.06 g Na,CO;
was added to 75 mL of DI H,O in a 600 mL beaker with stirring and heated to 60 °C. In a 50
mL beaker, 6.15 g of Mg(NOs3),-6H,0 and 1.45 g Cu(NOs),-3H,0 was added to 25 mL of
DI H;O0. A second solution of 3.56 g AI(NO3);-9H,O and 0.383 g Lu(CF3S0s3);-8H,0 was
added to 25 mL of DI H,O. The two metal solutions were combined and added dropwise to
the vigorously stirring Na;COs solution and a light blue precipitate instantly formed. A pH
of ~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for 10 days between 60-65 °C. The
catalyst was monitored daily often adding small amounts of 1 M NaOH to maintain a pH of
~10 throughout the aging process. After 10 days, the catalyst was filtered in a Buchner
funnel and added to a solution of 1 g Na;COs in 500 mL of DI H,O. The catalyst was stirred
at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel. When
only a thin layer of water remained over the catalyst cake during filtration, 300 mL of DI
H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. After
completely dried, the catalyst was ground in a mortar and pestle and stored. The solid was
then analyzed though powder XRD resulting in a pattern characteristic of an undoped

hydrotalcite.
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Table A1. Volume of gas produced and percent of aliphatic (H), aromatic
(A), and near oxygen (O) protons after 4 hours of reaction at 300 °C with

Cuy and CuylLns catalysts

Gas
evolved

Catalyst (mL) H A 0]
Cuyo 220 54 31 15
CuyoPrs 320 65 22 13
CuyoNds 310 65 21 14
CuyoSms 400 77 9 14
CuyoEus 250 63 22 15
Cuy0Gds 330 63 20 17
CuyThs 340 72 14 14
CuyoDys 300 66 20 14
CuyoHos 360 66 19 15
CuyoErs 350 70 15 15
CuyoTms 280 65 22 13
CuyoYbs 300 65 20 15
CuyoLus 190 58 28 14
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Appendix B

Figure B1. XRD spectra for non-doped and doped hydrotalcites.

A: commercial (3:1 Mg:Al); B: CuyHTC (20% of Mg®" substituted by Cu®"); C:

CuzSmsHTC ( 20% of Mg*" replaced by Cu*” and 5% of A’ by Sm’")
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Figure B2. Product Distributions from BPE

Distributions of other aromatics (fop) and saturates (bottom) derived from the secondary
reactions of phenol generated by BPE hydrogenolysis (conditions described in Figure 4)
after 6 hours. For each, the bar on the left depicts the fraction of the phenol-derived products
represented by the other aromatics or saturates, respectively, while the bar on the right

depicts the distribution of these products.
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Figure B3. Product Distributions from PPE

Distribution of aromatic (top) and saturated (bottom) products thought to be derived
from subsequent reactions of the primary phenol product from PPE (for conditions see Fig. 6
caption) after 6 hours of reaction. For each case, the left bar depicts the fraction of the
phenol-derived products represented by the other aromatics or saturates, respectively, while

the bar on the right depicts the distribution of these products.

m aromatics = cresols |:| benzene

- anisole other aromatics

100 %
80-

60-

w.

2] %I
)

[)saturates [ cyclohexanol :l me-cyclohexanol B other sat.

100 - EEE
so-
60-
40-
20- %
o Z)

Cu20PMO CuzoPMO+FA CuzoPMO+Sm3* CuzoSmsPMO

J
OO
N

O
OO0
WL

8IS,
OO
"‘ A’

»,

-,
.,

"o
OO0
‘Q‘Q‘

% of Products

Ay

Aty

113



Figure B4. GPC Chromatograms and Molecular Weights from organosolv

with doped and doped catalysts

GPC traces for organosolv poplar lignin (A) and OPL after reaction with different
catalysts: Cu)PMO (B); Cu)PMO+FA (C); CuzoSmsPMO (D); CuPMO+Sm’" (E).

(Reaction time 6 hours at 300 °C in sc-MeOH)
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Table B1. GC-FID parameters and conditions

Column Agilent DB-1 Agilent HP-1
Carrier Gas Helium Helium

Gas Flow 28.6 ml min™' 28.6 ml min™'
Pressure 104.8 kPa 104.8 kPa
Injection Volume 60mL 60mL

Inlet Temp 200 °C 200 °C
Column Start Temp 70 °C 70 °C
Column Final Temp 300 °C 300 °C
Detector Temp 310 °C 310 °C

Split Ratio 20:1 20:1
Temperature Ramp

0 —2 min 70 °C 70 °C

2 —-21 min 70 —300 °C 70 —300 °C
21 — 23 min 300 °C 300 °C
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Table B2. Effective Carbon Number (ECN) and response factors (r.f) used

for GC-FID calculations.
1° 2°
Calc Rel. ECN aliph arom olef carb ether alcoh alcoh

Compound r.f r.f C C C C (0) [0) 0]
decane (standard) 44849 1.00 10.00 10 0 0 0 0 0 0
BPE 53819 0.83 12.00 1 12 0 0 1 0 0
DPE 49334 0.91 11.00 0 12 0 0 1 0 0
DHBF 31394 1.43 7.00 2 6 0 0 1 0 0
PPE 58304 0.77 13.00 2 12 0 0 1 0 0
BP 53819 0.83 12.00 0 12 0 0 0 0 0
anisole 26909 1.67 6.00 1 6 0 0 1 0 0
benzene 26909 1.67 6.00 0 6 0 0 0 0 0
phenylcyclohexane 53819 0.83 12.00 6 6 0 0 0 0 0
bicyclohexane 53819 0.83 12.00 12 0 0 0 0 0 0
2-ethylcyclohexanol 33637 1.33 7.50 2 6 0 0 0 1 0
ethylbenzene 35879 1.25 8.00 2 6 0 0 0 0 0
ethylcyclohexane 35879 1.25 8.00 8 0 0 0 0 0 0
benzyl alcohol 29152 1.54 6.50 1 6 0 0 0 1 0
o-cresol 28031 1.60 6.25 1 6 0 0 0 0 1
p/m-cresol 28031 1.60 6.25 1 6 0 0 0 0 1
cyclohexane 26909 1.67 6.00 6 0 0 0 0 0 0
cyclohexanol 23546 1.90 5.25 6 0 0 0 0 0 1
methylanisole 28031 1.60 6.25 1 6 0 0 0 0 1
methylcyclohexane 31394 1.43 7.00 7 0 0 0 0 0 0
methylcyclohexanols 28031 1.60 6.25 7 0 0 0 0 0 1
phenol 23546 1.90 5.25 0 6 0 0 0 0 1
toluene 31394 1.43 7.00 1 6 0 0 0 0 0
xylenol 32516 1.38 7.25 2 6 0 0 0 0 1

Abreviations: r.f.: response factor; ECN: effective carbon number; aliph.: aliphatic; arom:
aromatic; olef.: olefinic; carb.: carbonyl; alcoh.: alcohol; BPE: benzyl phenyl ether; DPE:

diphenyl ether; DHBF: dihydrobenzofuran; PPE: 2-phenylethyl phenyl ether; BP: biphenyl.
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Table B3. BPE consumption and product formation for reaction with

Cuz0PMO catalysts (300 °C).

A.
Conditions CuPMO*/ BPE" / MeOH® / 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
BPE 1041 373 33 0 0 0 0
anisole 0 3 30 72 103 102 96
benzene 0 0 2 1 1 1 1
cresol (ortho) 0 0 60 105 84 84 54
cresol (para/meta) 0 0 0 0 3 2 2
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 3 40 350 540 560 583
methylanisole 0 0 1 3 8 7 9
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanols 0 0 2 38 160 165 223
phenol 0 676 824 504 90 68 16
toluene 0 687 977 1000 987 1027 1018
xylenol 0 0 2 6 12 12 21

9100 mg CuzoPMO. ° 192 mg (1.04 mmol). ©3.0 mL

B.
Conditions CuPMO+FA* / BPE"/ MeOH®/ 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
BPE 1041 983 478 309 128 0 0
anisole 0 0 12 25 37 61 63
benzene 0 0 1 3 3 4 4
cresol (ortho) 0 2 45 94 138 188 187
cresol (para/meta) 0 0 5 7 8 8 8
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 5 7 11 37 29
methylanisole 0 0 0 1 2 4 4
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanols 0 0 0 2 5 16 12
phenol 0 125 540 667 594 547 540
toluene 0 119 593 782 873 983 1040
xylenol 0 1 2 6 15 26 26

*100 mg Cuy)PMO; 50 mL 88% aq. formic acid (1.17 mmol). 192 mg (1.04 mmol). ©3.0
mL
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Conditions CuPMO+Sm’" */ BPE"/ MeOH" / 300 °C
Reaction Time (h) / Yield (umol)
Compound 0 1 2 3 4 5 6
BPE 1041 153 9 0 0 0 0
anisole 0 2 15 31 41 63 60
benzene 0 1 2 2 2 3 3
cresol (ortho) 0 58 138 207 280 292 351
cresol (para/meta) 0 2 3 4 5 5 6
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 2 24 34 57 102 37
methylanisole 0 0 1 3 5 11 14
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanols 0 0 11 15 27 86 56
phenol 0 683 730 579 470 312 252
toluene 0 738 941 945 938 937 1009
xylenol 0 2 9 22 53 75 153
100 mg CuyoPMO; 5 mg Sm(CF3S0;3)3;*9H,0 (6.7 umol Sm™). 192 mg (1.04 mmol) 3.0
mL
D.
Conditions CuSmsPMO * / BPE" / MeOH* / 300 °C
Reaction Time (h) / Yield (umol)
Compound 0 1 2 3 4 5 6
BPE 1041 90 2 0 0 0 0
anisole 0 10 39 51 65 58 68
benzene 0 2 4 5 4 6 8
cresol (ortho) 0 71 123 116 104 66 16
cresol (para/meta) 0 3 4 4 4 4 10
cyclohexane 0 0 0 0 0 0 8
cyclohexanol 0 15 201 369 402 455 279
methylanisole 0 0 3 5 9 9 26
methylcyclohexane 0 0 0 0 0 0 8
methylcyclohexanols 0 5 29 98 166 239 474
phenol 0 681 458 215 89 22 1
toluene 0 714 787 784 847 897 958
xylenol 0 3 10 15 22 23 28

2100 mg CuzoSmsPMO. ° 192 mg (1.04 mmol). 3.0 mL
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CuyPMO+AA" / BPE" /
Conditions MeOH® / 300 °C
Yield (umol)

Compound Oh 6 h
BPE 997 0
anisole 0 137
benzene 0 7
cresol (ortho) 0 142
cresol (para/meta) 0 1
cyclohexane 0 1
cyclohexanol 0 240
methylanisole 0 1
methylcyclohexane 0 0
methylcyclohexanols 0 98
phenol 0 266
toluene 0 973
xylenol 0 20

2100 mg CuzoPMO:; 71 mg acetic acid (1.17 umol). ° 192 mg (1.04 mmol). ©3.0 mL.
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Table B4. PPE consumption and product formation for reaction with

CuzPMO catalysts (300 °C).

A.
Conditions CuPMO* / PPE" / MeOH*/ 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
PPE 530 306 231 167 70 63 21
anisole 0 7 12 16 21 25 19
benzene 0 10 21 29 34 35 42
2-ethylcyclohexanol 0 0 0 0 0 0 0
ethylbenzene 0 144 250 325 402 414 447
ethylcyclohexane 0 0 1 1 2 3 5
benzyl alcohol 0 0 0 1 1 2 2
cresol (ortho) 0 5 7 8 7 8 3
cresol (para/meta) 0 0 0 1 1 1 2
cyclohexane 0 1 2 4 5 6 9
cyclohexanol 0 66 153 204 253 232 227
methylanisole 0 1 1 2 2 2 1
methylcyclohexane 0 0 0 1 1 2 3
methylcyclohexanols 0 8 29 52 97 111 142
phenol 0 51 42 34 20 17 6
toluene 0 1 1 1 2 2 2
xylenol 0 5 8 9 7 6 2

2100 mg CuzoPMO. °105.1mg (530 umol). 3.0 mL
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Conditions CuPMO+FA* / PPE" / MeOH'/ 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
PPE 530 474 360 321 287 228 120
anisole 0 4 6 10 14 16 23
benzene 0 5 10 14 18 25 31
2-ethylcyclohexanol 0 0 0 0 0 0 0
ethylbenzene 0 80 113 158 197 254 354
ethylcyclohexane 0 0 0 0 0 1 1
benzyl alcohol 0 0 0 0 0 1 3
cresol (ortho) 0 5 4 7 8 7 7
cresol (para/meta) 0 0 0 0 0 1 2
cyclohexane 0 0 1 1 2 3 4
cyclohexanol 0 30 55 83 112 146 197
methylanisole 0 1 1 1 2 3 4
methylcyclohexane 0 0 0 0 1 1 1
methylcyclohexanols 0 4 9 21 37 53 125
phenol 0 43 27 27 26 23 17
toluene 0 1 0 1 1 2 2
xylenol 0 4 0 1 1 2 3

%100 mg CuzoPMO plus 25 uL 88% aq. FA (0.58 mmol). °105.1 mg (530 umol). ©3.0 mL
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Conditions Cu)PMO+Sm’"* / PPE" / MeOH'/ 300 °C
Reaction Time (h) / Yield (nmol)

Compound 0 1 2 3 4 5 6
PPE 530 435 387 365 360 338 326
anisole 0 4 5 7 11 14 17
benzene 0 5 6 9 9 10 11
2-ethylcyclohexanol 0 0 0 0 0 0 0
ethylbenzene 0 90 121 138 146 161 168
ethylcyclohexane 0 0 0 0 0 0
benzyl alcohol 0 0 0 0 0 1 1
cresol (ortho) 0 12 13 19 25 31 33
cresol (para/meta) 0 0 0 0 0 0 0
cyclohexane 0 0 0 1 1 1 2
cyclohexanol 0 20 27 31 32 37 33
methylanisole 0 1 1 1 2 2 3
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanols 0 3 7 6 10 14 15
phenol 0 55 67 61 58 61 51
toluene 0 1 1 1 1 1 1
xylenol 0 1 1 3 7 8 8

2100 mg CuzoPMO; 5 mg Sm(CF3S03); *9H,0 (6.7 umol). ® 105.1 mg (530 umol). ©3.0
mL
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Conditions CuzoSmsPMO * / PPE "/ MeOH °/ 300 °C
Reaction Time (h) / Yield (wmol)

Compound 0 1 2 3 4 5 6
PPE 530 415 291 204 100 65 5
anisole 0 6 13 22 24 26 33
benzene 0 6 13 22 30 33 38
2-ethylcyclohexanol 0 0 0 0 0 0 0
ethylbenzene 0 99 193 292 374 417 476
ethylcyclohexane 0 0 0 1 2 3 5
benzyl alcohol 0 0 0 1 2 3 15
cresol (ortho) 0 7 14 20 15 11 0
cresol (para/meta) 0 0 0 0 1 2 6
cyclohexane 0 0 1 2 5 7 8
cyclohexanol 0 33 70 136 181 197 104
methylanisole 0 1 1 2 2 2 1
methylcyclohexane 0 0 0 1 1 2 7
methylcyclohexanols 0 8 18 53 &9 122 253
phenol 0 50 62 55 32 19 2
toluene 0 1 1 1 2 2 3
xylenol 0 4 2 9 4 5 7

2100 mg CuzoSmsPMO. °105.1mg (530 ymol). ©3.0 mL
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Table BS5. Diphenyl ether consumption and product formation with

CuzPMO catalysts (300 °C).

A.
Conditions CuPMO*/ DPE" / MeOH'/ 300 °C
Compoundd Reaction Time (h) / Yield (umol)
0 1 2 3 4 5 6

DPE 311 306 293 261 237 265 247
benzene 0 6 4 9 22 28 24
cyclohexanol 0 3 1 4 11 17 14
methylcyclohexanols 0 0 0 1 3 4 3
phenol 0 1 1 2 2 3 2

9100 mg CuzoPMO. °52.9 mg (311 umol). 3.0 mL. “The GC-FID analysis did not show
any signals for the following: anisole, cresol (ortho,meta,para), cyclohexane, methylanisole,
methylcyclohexanol, toluene or xylenol.

B.
Conditions Cu)PMO+FA® / DPE"/ MeOH*/ 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
DPE 311 292 279 260 268 232 227
anisole 0 0 1 0 1 3 2
benzene 0 3 24 32 30 64 61
cresol (ortho) 0 1 0 0 0 1 0
cyclohexanol 0 1 15 20 20 64 42
methylcyclohexanols 0 0 3 5 3 26 12
phenol 0 1 2 2 2 4 2

2100 mg CuzoPMO plus 12.5 uL 88% FA (292 ymol). °52.9 mg (311 umol). €3.0 mL.
“The GC-FID analysis did not show signals for the following: cresol (meta,para),
cyclohexane or methylanisole
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Conditions CuyPMO+Sm’* */ DPE" / MeOH*®/ 300 °C
d Reaction Time (h) / Yield (umol)
Compound 0 1 > 3 4 5 5
DPE 311 274 295 284 282 284 280
anisole 0 0 0 0 1 1 1
benzene 0 2 5 5 7 10 8
cresol (ortho) 0 0 0 1 0 1 1
cyclohexanol 0 0 2 1 2 2 2
methylcyclohexanols 0 0 0 0 1 1 1
phenol 0 1 2 2 2 2 2
2100 mg CuzoPMO; 5 mg Sm(CF3S05)329H,0 (6.7 ymol). ®52.9 mg; (311 umol). 3.0 mL.
“The GC-FID analysis did not show signals for the following: cresol (meta,para),
cyclohexane or methylanisole.
D.
Conditions CuySmsPMO*/ DPE” / MeOH®/ 300 °C
d Reaction Time (h) / Yield (umol)
Compound 0 1 5 3 4 3 6
DPE 311 282 278 254 243 218 191
anisole 0 0 0 0 1 1 2
benzene 0 3 7 25 42 61 88
cresol (ortho) 0 0 0 0 0 1 1
cyclohexane 0 0 0 0 0 0 1
cyclohexanol 0 1 3 17 28 42 54
methylanisole 0 0 0 0 0 0 2
methylcyclohexane 0 0 0 0 0 0 1
methylcyclohexanols 0 0 0 2 7 12 22
phenol 0 1 2 2 3 3 3
toluene 0 1 0 0 1 0 1

*100 mg CuyoSmsPMO. 529 mg (311 umol). “3.0 mL. “The GC-FID analysis did not
show signals for cresol (meta/para) or xylenol.
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Table B6. DPE consumption and product formation with Cu;o)PMO

catalysts (100 mg in each case) in sc-MeOH (3.0 mL) after 6 hours at 330

°C . Product yields are in mmol.

a Catalysts
Compound FAb Sm3+ ¢ Cllz() Cllzosms
DPE ¢ 89 269 51 25
anisole 4 2 4 3
benzene 168 11 214 271
cresol (para/meta) 1 0 3 0
cyclohexane 7 0 12 25
cyclohexanol 69 0 43 4
methylanisole 0 0 7 18
methylcyclohexane 5 0 16 25
methylcyclohexanols 66 2 102 125
phenol 2 1 1 1
toluene 1 0 1 2

* The GC-FID analysis did not detect o- cresol or xylenol. ®12.5 uL 88% FA (292 umol)
“5 mg Sm(CF3S03); *9H,0 (6.7 wumol). 4 DPE(initial) = 47.5 mg (279 umol).
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Table B7. Temporal data for diphenyl ether reaction with CuzpSmsPMO at

330 °C in sc-MeOH .

Conditions Cu20SmSPMOa/ DPEb / MeOHc / 330 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
DPE 279 244 142 87 53 28 25
anisole 0 1 2 3 3 2 3
benzene 0 26 116 173 203 229 271
cresol (ortho) 0 0 0 0 0 0 0
cresol (para/meta) 0 0 1 1 2 3 0
cyclohexane 0 1 6 11 14 18 25
cyclohexanol 0 2 6 9 9 8 4
methylanisole 0 0 3 6 9 11 18
methylcyclohexane 0 0 3 5 8 10 25
methylcyclohexanols 0 4 35 65 83 100 125
phenol 0 3 3 2 2 1 1
toluene 0 0 1 1 1 1 2
xylenol 0 0 0 0 0 0 0

* Conditions: 100 mg catalyst, DPE(initial) = 47.5 mg (279 mmol), 3.0 mL MeOH,
decane as internal standard, T = 330 °C. Products quantified by GC-FID. The mass
balance (the sum of products divided twice the DPE consumed) at 6 hours was 93.4%.
These data represent the average of two catalysis experiments under identical conditions.
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Table B8. DHBF consumption and product formation with Cu;o)PMO

catalysts (300 °C).

A.
Conditions CuPMO* / DHBF’ / MeOH*
d Reaction Time (h) / Yield (umol)
Compound 0 1 2 3 4 5 6
DHBF 512 508 474 446 430 413 326
ethoxybenzene 0 0 1 1 1 1 1
2-ethylphenol 0 0 3 7 6 7 7
2-ethylcyclohexanol 0 0 34 41 51 75 135
ethylbenzene 0 0 5 6 9 11 20
ethylcyclohexane 0 0 0 0 0 0 1
cresol (ortho) 0 0 4 5 4 4 5
cyclohexanol 0 0 2 3 2 3 3
methylcyclohexane 0 0 0 0 0 0 1
methylcyclohexanols 0 2 3 4 4 5 6
toluene 0 0 0 0 1 1 1

9100 mg CuzoPMO. °61.5 mg (512 umol). 3.0 mL. Y The GC-FID analysis did not show
any signals for the following: methylethylcyclohexane, benzene, benzyl alcohol, cresol
(meta/para), cyclohexane, methylanisole, phenol or methylethylphenol.

B.
Conditions CuPMO+FA */ DHBF "/ MeOH*
Reaction Time (h) / Yield (mmol)

Compound 0 1 3 3 4 3 5
DHBF 512 529 501 493 486 455 408
ethoxybenzene 0 0 1 1 1 1 1
2-ethylphenol 0 0 4 3 4 1 3
2-ethylcyclohexanol 0 0 4 19 19 37 42
ethylbenzene 0 0 1 3 3 5 4
cresol (ortho) 0 0 7 1 1 4 2
cyclohexanol 0 0 2 5 5 4 3
methylanisole 0 0 1 1 1 1 1
methylcyclohexanols 0 0 3 5 5 6 6
phenol 0 3 1 0 0 0 0
toluene 0 0 0 0 0 0 1

100 mg CuzoPMO plus 25 uL 88% aq. FA (0.58 mmol). "61.5 mg (512 umol). °61.5 mg
(512 umol). €3.0 mL ® The GC-FID analysis did not show any signals for the following:
methylethylcyclohexane, benzene, benzyl alcohol, cresol (meta/para), cyclohexane,
methylanisole, phenol or methylethylphenol
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Conditions Cu20PMO+Sm’"*/ DHBF "/ MeOH*/ 300 °C
C d Reaction Time (h) / Yield (mmol)
ompotn 0 1 2 3 4 5 6

DHBF 512 512 503 471 467 438 435
ethoxybenzene 0 1 1 1 1 1 1
2-ethylphenol 0 3 3 11 9 11
2-ethylcyclohexanol 0 1 13 9 21 25 25
ethylbenzene 0 0 2 2 4 5 5
cresol (ortho) 0 7 7 7 7 7 7
cyclohexanol 0 1 3 2 2 2 2
methylcyclohexanols 0 0 2 1 3 4 4
methylethylphenol 0 0 0 0 0 0 1

9100 mg CuzoPMO plus 5 mg Sm(CF3S03); *9H,0 (6.7 umol). *61.5 mg (512 umol). ©3.0
mL

D.
Conditions CuzoSmsPMO */ DHBF" / MeOH® / 300 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 > 3 4 3 6
DHBF 512 501 496 436 397 283 160
ethoxybenzene 0 0 1 1 1 0 2
2-ethylphenol 0 8 8 4 5 3 4
2-ethylcyclohexanol 0 7 17 35 34 98 233
ethylbenzene 0 1 3 5 4 15 28
ethylcyclohexane 0 0 0 0 0 2 6
benzyl alcohol 0 0 0 0 0 0 2
cresol (ortho) 0 2 7 6 7 3 4
cyclohexane 0 0 0 0 0 0 1
cyclohexanol 0 1 2 2 1 2 2
methylcyclohexanols 0 1 2 4 4 5 7
toluene 0 0 0 0 0 1 1
methylethylphenol 0 0 0 4 20 55 53

%100 mg CuzoSmsPMO " 61.5 mg (512 umol). 3.0 mL
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Table B9. DHBF consumption and product formation with Cu;o)PMO
catalysts (100 mg) in sc-MeOH (3.0 mL) after 6 hours at 330 °C. Product

yields are in mmol.

Compound Cuy)PMO Cug)PMO+FA CuzPMO+Sm*" CuzySmsPMO

DHBF° 91 99 409 42
methylethylcyclohexane 6 5 0 23
benzene 0 0 0 1
ethoxybenzene 2 2 0 2
2-ethylphenol 23 25 23 17
2-ethylcyclohexanol 186 216 0 157
ethylbenzene 24 6 0 37
ethylcyclohexane 23 24 0 69
benzyl alcohol 2 5 4 6
cyclohexane 1 1 0 2
cyclohexanol 3 9 0 4
methylanisole 0 0 0 3
methylcyclohexane 0 1 0 2
methylcyclohexanols 7 10 1 8
phenol 3 2 0 1
toluene 2 2 1 3
methylethylphenol 86 58 9 96

* The GC-FID analysis did not show signals for cresol (ortho, meta, para). ® DHBF(initial)
60.3 mg (502 wmol)
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Table B10. Temporal data for DHBF reaction with Cu;oSmsPMO at 330 °C.

Conditions CuzoSmsPMO */ DHBF"/ MeOH®/ 330 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
DHBF 502 450 320 170 89 84 42
2-ethyl(methyl)cyclohexane 0 0 0 2 7 9 23
benzene 0 0 0 1 2 2 1
benzyl phenyl ether 0 0 0 0 0 0 0
diphenyl ether 0 0 0 0 0 0 0
ethoxybenzene 0 0 1 2 2 2 2
2-ethylphenol 0 43 37 51 26 22 17
2-ethylcyclohexanol 0 12 84 188 187 184 157
ethylbenzene 0 2 13 27 35 33 37
ethylcyclohexane 0 0 2 11 30 38 69
benzyl alcohol 0 0 0 1 2 3 6
cresol (ortho) 0 0 0 0 0 0 0
cresol (para/meta) 0 0 0 0 0 0 0
cyclohexane 0 0 0 1 2 2 2
cyclohexanol 0 0 1 3 3 4 4
methylanisole 0 0 0 0 1 2 3
methylcyclohexane 0 0 0 1 1 1 2
methylcyclohexanols 0 3 7 8 8 12 8
phenol 0 1 1 0 0 0 1
toluene 0 1 1 2 3 2 3
2-ethyl(methyl)phenol 0 10 16 57 73 78 96

2100 mg CuzoSmsPMO. °60.3 mg (502 umol). ©3.0 mL
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Table B11. Temporal data for biphenyl (BP) reaction with Cu20SmsPMO

(330 °C)
Conditions CuzSmsPMO */ BP" / MeOH*/ 330 °C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
BP 309 223 67 12 4 0 0
anisole 0 0 0 0 0 0 0
benzene 0 1 1 2 3 4 5
bicyclohexane 0 0 3 10 19 34 41
phenylcyclohexane 0 70 229 280 269 266 252
cresol (ortho) 0 0 0 0 0 0 0
cresol (para/meta) 0 0 0 0 0 0 0
cyclohexane 0 1 5 10 14 19 23
cyclohexanol 0 0 0 0 0 0 0
methylanisole 0 0 0 0 0 0 0
methylcyclohexane 0 0 2 4 5 6 8
methylcyclohexanols 0 0 0 0 0 0 0
phenol 0 0 0 0 0 0 0
toluene 0 0 0 0 0 0 0
xylenol 0 0 0 0 0 0 0

2100 mg CuzoSmsPMO. °47.7 mg (309 umol). 3.0 mL
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Table B12. Average molecular weight (M,,) extracted from GPC data for
organosolv poplar lignin depolymerization for reactions at different time

intervals at 300 °C.?

Catalyst  CuyPMO CuPMO+FA CuySmsPMO  CuyPMO+Sm’
Time (h) Mw (g mol ™)
1 1000 1080 860 440
2 550 450 490 450
3 340 360 230 410
4 360 180 210 270
5 440 200 250 230
6 340 270 300 280
OPL 2800 2800 2800 2800

*Conditions: 100 mg catalyst, 3 mL of MeOH and 100 mg of OPL. For FA, 100 mL of 88%
aq. formic acid was added. For Sm>" was added 5% of Sm(OTf); regarding to catalyst
weighted mass.

Table B13. "H MNR data for temporal dependent catalytic reactions of

organosolv poplar lignin disassembly at 300 °C.?

Catalyst CuPMO  CupPMO+FA CuzSmsPMO  CuyPMO+Sm®*
1 39 41 20 | 41 41 19 | 36 42 22 | 42 36 22
2 39 39 22|44 36 21 |44 36 20| 43 35 22
3 51 31 18 |52 29 19|53 39 18 | 50 31 20
4 55 28 17 |61 24 15|58 26 16 | 57 27 16
5 49 39 12 | 63 23 14 | 58 26 16 | 54 28 18
6 68 20 12 |64 22 14 |60 25 15| 60 25 15
OPL 20 41 38 | 20 41 38 |20 41 38| 20 41 38

*Conditions: 100 mg catalyst, 3 mL of MeOH and 100 mg of OPL. For FA, 100 mL
88% agq, formic acid (1.17 mmols) was added. For Sm*" was added 5% of Sm(OTf);
regarding to catalyst weighted mass. ® Values in the Table correspond to the integral
of the areas for the regions Hg: aliphatic, Og: near oxygen and Ag: aromatic
compounds.
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Table B14. NMR and GPC data for the recycling experiments using
organosolv poplar lignin and CuzoSmsPMO catalyst at 300 °C after 6 hours

of reaction.?

Cycle NMR GPC
Hg Og Ag M,, (g mol™)

1 61 25 14 210

2 72 17 11 280

3 67 21 12 300

4 67 20 13 290

Average 67+4 2143 12+1 271435

OPL 20 41 38 2800

*Conditions: 100 mg of CuySmsPMO, 100 mg of OPL in each cycle, 3.0 mL of MeOH.
Values are the average of two distinct reactions sets.

Table B15. Catalyst metals leaching from Cu20SmsPMO at 300 °C as

determined from ICP analysis of the methanolic reaction solutions.?

Metal Cycle / Leaching (%)" S (each metal)
lst 2nd 3rd 4th
Mg 035 020 0.14 0.12 0.81
Cu 0.02 0.05 0.03 0.09 0.19
Al 0.02 0.01 0.00  0.00 0.03
Sm 0.01 0.00  0.00 0.00 0.01
S (each cycle) 039 026 0.17 0.21 -
S (total) - - - - 1.03

* Conditions: 100 mg of Cuy0SmsPMO, 3 mL of MeOH and 1 mmol of BPE. Values are the
average of two distinct reactions sets. ° Percent of the original metal of interest that is
leached in a specific cycle.
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Appendix C

C1. Synthesis and Characterization of Cu;,HTC

Figure C1: Powder X-Ray Diffraction pattern for Cu;(HTC
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Cujo HTC was synthesized by a modified coprecipitation method. 2.91 g Na,CO3 was
added to 375 mL of DI H,O in a 1000 mL beaker. In a 500 mL beaker, 38.08 g of
Mg(NO3),-6H,0 and 3.99 g Cu(NOs),:3H,0 was added to 200 mL of DI H,O. A second
solution of 20.63 g AI(NOs);-9H,O was added to 200 mL of DI H,O. The two metal
solutions were combined and added dropwise to the to the vigorously stirring Na,CO;
solution and a light blue precipitate instantly formed. A pH of ~10 for the solution must be

maintained for accurate synthesis. This was achieved by alternating aliquots of 1 M NaOH

135



and the metal solution and checked with pH paper. The final solution was covered and left to
age while stirring for one day between 60-65 °C. The catalyst was filtered in a Buchner
funnel and added to a solution of 2.91 g Na,CO; in 1000 mL of DI H,O. The catalyst was
stirred at room temperature for a minimum of 4 hours and then filtered in a Buchner funnel.
When only a thin layer of water remained over the catalyst cake during filtration, 1000 mL
of DI H,O was gently added to thoroughly wash the catalyst. The light blue catalyst was
transferred to an evaporating dish and placed in an oven at 110 °C overnight. The solid was

then analyzed though powder XRD, TGA, and BET.
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C2. Synthesis and Characterization of Cu;yNb; ,sHTC

Figure C2: Powder X-Ray Diffraction pattern for Cu,(Nb, ,sHTC
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CujoNb; »s HTC was synthesized by a modified coprecipitation method. 2.97 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker. In a 500 mL beaker, 38.08 g of
Mg(NOs3),-6H,0 and 3.99 g Cu(NOs),-:3H,O was added to 200 mL of MeOH. A second
solution of 20.63 g AI(NO3)3;-9H,0 was added to 200 mL of MeOH. A third solution of 0.26
g NbCls was dissolved in a minimal amount of MeOH (5-10 mL) to obtain 1.25 weight % of
niobium in the final PMO. The three metal solutions were combined and added dropwise to
the Na,COj; solution under sonication and a light blue precipitate instantly formed. A pH of
~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for one day between 60-65 °C. The
catalyst was filtered in a Buchner funnel and added to a solution of 2.97 g Na,COj3 in 1000
mL of DI H,O. The catalyst was stirred at room temperature for a minimum of 4 hours and
then filtered in a Buchner funnel. When only a thin layer of water remained over the catalyst
cake during filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst.
The light blue catalyst was transferred to an evaporating dish and placed in an oven at 110

°C overnight. The solid was then analyzed though powder XRD, TGA, and BET.

138



C3. Synthesis and Characterization of Cu;yNb, sHTC

Figure C3: Powder X-Ray Diffraction pattern for Cu;(Nb, sHTC
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CujoNb, s HTC was synthesized by a modified coprecipitation method. 3.02 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker. In a 500 mL beaker, 38.08 g of
Mg(NOs3),-6H,0 and 3.99 g Cu(NOs),-:3H,O was added to 200 mL of MeOH. A second
solution of 20.63 g AI(NO3)3-9H,0 was added to 200 mL of MeOH. A third solution of 0.51
g NbCls was dissolved in a minimal amount of MeOH (5-10 mL) to obtain 2.5 weight % of
niobium in the final PMO. The three metal solutions were combined and added dropwise to
the Na,COj; solution under sonication and a light blue precipitate instantly formed. A pH of
~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for one day between 60-65 °C. The
catalyst was filtered in a Buchner funnel and added to a solution of 3.02 g Na,COj; in 1000
mL of DI H,O. The catalyst was stirred at room temperature for a minimum of 4 hours and
then filtered in a Buchner funnel. When only a thin layer of water remained over the catalyst
cake during filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst.
The light blue catalyst was transferred to an evaporating dish and placed in an oven at 110

°C overnight. The solid was then analyzed though powder XRD, TGA, and BET.
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C4. Synthesis and Characterization of Cu;yNbsHTC

Figure C4: Powder X-Ray Diffraction pattern for Cu;(NbsHTC
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CuoNbs HTC was synthesized by a modified coprecipitation method. 3.12 g Na,CO;

was added to 375 mL of DI H,O in a 1000 mL beaker. In a 500 mL beaker, 38.08 g of
Mg(NO3),-6H,0 and 3.99 g Cu(NOs),-:3H,O was added to 200 mL of MeOH. A second
solution of 20.63 g AI(NO3)3-9H,0 was added to 200 mL of MeOH. A third solution of 1.03
g NbCls was dissolved in a minimal amount of MeOH (5-10 mL) to obtain 5 weight % of
niobium in the final PMO. The three metal solutions were combined and added dropwise to
the Na,COj; solution under sonication and a light blue precipitate instantly formed. A pH of
~10 for the solution must be maintained for accurate synthesis. This was achieved by

alternating aliquots of 1 M NaOH and the metal solution and checked with pH paper. The
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final solution was covered and left to age while stirring for one day between 60-65 °C. The
catalyst was filtered in a Buchner funnel and added to a solution of 3.12 g Na,COj; in 1000
mL of DI H,O. The catalyst was stirred at room temperature for a minimum of 4 hours and
then filtered in a Buchner funnel. When only a thin layer of water remained over the catalyst
cake during filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst.
The light blue catalyst was transferred to an evaporating dish and placed in an oven at 110

°C overnight. The solid was then analyzed though powder XRD, TGA, and BET.
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Table C1. Phenol consumption and product formation for reaction with

Cu1PMO catalyst
Conditions Cul0 100mg / Phenol / 3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
anisole 0 9 29 48 69
benzene 0 0 0 0 1
benzyl phenyl ether 0 0 0 0 0
diphenyl ether 0 0 0 0 0
cresol (ortho) 0 69 111 141 163
cresol (para/meta) 0 3 4 5 7
cyclohexane 0 0 0 0 0
cyclohexanol 0 0 6 16 33
methylanisole 0 0 0 0 0
methylcyclohexane 0 0 0 9 0
methylcyclohexanols 0 0 2 0 23
phenol 1037 661 408 314 217
toluene 0 0 0 0 0
xylenol 0 4 14 27 44
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Table C2. Phenol consumption and product formation for reaction with

Cuqo Nb4125PMO catalyst
Conditions Cul0Nb1.25 100mg / Phenol /3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
anisole 0 7 18 30 42
benzene 0 0 0 0 0
benzyl phenyl ether 0 0 0 0 0
diphenyl ether 0 0 0 0 0
cresol (ortho) 0 37 60 75 98
cresol (para/meta) 0 3 4 6 9
cyclohexane 0 0 0 0 0
cyclohexanol 0 0 2 5 11
methylanisole 0 0 0 0 0
methylcyclohexane 0 0 0 0 0
methylcyclohexanols 0 0 0 2 7
phenol 1037 552 320 240 197
toluene 0 0 0 0 0
xylenol 0 2 7 13 6

Table C3. O-cresol consumption and product formation for reaction with

Cu10PMO catalyst
Conditions Cul0 100mg / o-cresol / 3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
cresol 1004 598 331 278 192
dimethylanisole 0 0 3 11 13
dimethylphenol 0 74 137 191 167
methylanisole 0 0 0 1 3
methylcyclohexanol 0 0 7 19 39
trimethylphenol 0 1 6 12 11
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Table C4. O-cresol consumption and product formation for reaction with

CU1o Nb1,25PMO catalyst
Conditions CulONb1.25 100mg / o-cresol / 3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
cresol 1004 640 385 263 192
dimethylanisole 0 0 4 10 16
dimethylphenol 0 84 205 210 202
methylanisole 0 0 0 1 1
methylcyclohexanol 0 0 0 0 10
trimethylphenol 0 3 23 26 29

Table C5. M-cresol consumption and product formation for reaction with

Cu1oPMO catalyst
Conditions Cul0 100mg / m-cresol /3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3 4
cresol 791 240 83 35 2
dimethylanisole 0 1 7 16 29
dimethylphenol 0 187 210 197 160
tetramethylphenol 0 3 20 38 16
trimethylphenol 0 45 132 196 141

Table C6. M-cresol consumption and product formation for reaction with

CU1o Nb1,25PMO catalyst
Cul0Nb1.25 100mg / m-cresol /3 ml MeOH / 300
Conditions °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
cresol 791 125 48 22 17
dimethylanisole 0 0 4 8 14
dimethylphenol 0 82 135 133 135
tetramethylphenol 0 6 31 63 74
trimethylphenol 0 35 121 189 217
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Table C7. Dimethylanisole consumption and product formation for reaction

with Cu1oPMO catalyst

Conditions Cul0 100mg / Dimethylanisole /3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3 4
dimethylanisole 1179 1106 1066 1023 970
dimethylbenzene 0 0 4 8 14
dimethylphenol 0 1 8 14 22
trimethyl benzene 0 0 7 14 27

Table C8. Dimethylanisole consumption and product formation for reaction

with Cuq9 Nb1.25PMO catalyst

Cul0Nb1.25 100mg / Dimethylanisole /3 ml MeOH /

Conditions 300 °C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3 4
dimethylanisole 1179 1108 1131 984 991
dimethylbenzene 0 0 2 5 7
dimethylphenol 0 1 9 13 19
trimethyl benzene 0 0 4 15 23

Table C9. Dimethylphenol consumption and product formation for reaction

with Cu1oPMO catalyst

Cul0 100mg / Dimethylphenol / 3 ml MeOH / 300

Conditions °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
dimethylanisole 0 1 1 1 1
dimethylbenzene 0 0 0 1 4
dimethylcyclohexanol 0 1 1 5 19
dimethylphenol 1366 1116 1047 1001 1024
methylanisole 0 0 0 0 0
trimethylphenol 0 25 40 57 56
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Table C10. Dimethylohenol consumption and product formation for

reaction with Cuso Nb125PMO catalyst

Cul0Nb1.25 100mg / Dimethylphenol / 3 ml MeOH

Conditions /300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
dimethylanisole 0 10 42 82 114
dimethylbenzene 0 0 0 1 2
dimethylcyclohexanol 0 1 1 5 11
dimethylphenol 1366 1062 946 928 915
methylanisole 0 0 0 0 0
trimethylphenol 0 40 63 74 84

Table C11. BPE consumption and product formation for reaction with

Cu1PMO catalyst
Conditions Cul0 100mg / BPE /3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
anisole 0 24 113 171 189
benzene 0 2 4 4 4
benzyl phenyl ether 827 426 20 1 7
diphenyl methane 0 9 17 21 16
cresol (ortho) 0 46 87 117 102
cresol (para/meta) 0 0 0 3 2
cyclohexane 0 0 0 0 0
cyclohexanol 0 0 0 0 0
methylanisole 0 0 23 50 53
methylcyclohexane 0 0 0 0 0
methylcyclohexanols 0 0 19 46 65
phenol 0 289 337 243 102
toluene 0 502 834 760 709
xylenol 0 6 12 24 32

147



Table C12. BPE consumption and product formation for reaction with Cuyo

Nb4.25PMO catalyst
Conditions CulONb1.25 100mg / BPE /3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4
anisole 0 14 73 127 158
benzene 0 2 5 5 6
benzyl phenyl ether 827 596 88 9 1
diphenyl methane 0 10 23 24 28
cresol (ortho) 0 24 54 76 78
cresol (para/meta) 0 0 0 2 2
cyclohexane 0 0 0 0 0
cyclohexanol 0 0 0 0 0
methylanisole 0 0 7 17 24
methylcyclohexane 0 0 0 0 0
methylcyclohexanols 0 0 6 16 24
phenol 0 211 296 225 136
toluene 0 328 725 778 742
xylenol 0 2 7 15 22
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Appendix D

D1. Synthesis and Characterization of CuyyMo; ,sHTC

Figure D1: Powder X-Ray Diffraction pattern for Cu,Mo,,sHTC
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CuyoMoj 25 HTC was synthesized by a modified coprecipitation method. 5.32 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker with stirring and heated to 60 °C. In a
500 mL beaker, 30.78 g of Mg(NO3),-6H,0 and 7.27 g Cu(NOs),:3H,0 was added to 200
mL of DI H,O. A second solution of 18.83 g AI(NO3);-9H,0 was added to 200 mL of DI
H,O. The two metal solutions were combined and added dropwise to the vigorously stirring
Na,COj solution and a light blue precipitate instantly formed. A pH of ~10 for the solution

must be maintained for accurate synthesis. This was achieved by alternating aliquots of 1 M
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NaOH and the metal solution and checked with pH paper. The final solution was covered
and left to age while stirring for one day between 60-65 °C. The catalyst was filtered in a
Buchner funnel and added to a solution of 5.32 g Na,CO; in 500 mL of DI H,O. The
catalyst was stirred at room temperature for a minimum of 4 hours and then filtered in a
Buchner funnel. When only a thin layer of water remained over the catalyst cake during
filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst. The light
blue catalyst was transferred to an evaporating dish and placed in an oven at 110 °C
overnight. The next step in catalyst synthesis was molybdenum surface deposition onto the
hydrotalcite via equilibrium deposition filtration. A molybdenum stock solution was created
by combining 2.165 g of ammonium molybdate tetrahydrate ((NH4)sM07024°4H;0) in a 100
mL volumetric flask with deionized water. 1.25 % molybdenum was deposited onto the Cu-
doped hydrotalcite by combining 4.0g of Cu-doped hydrotalcite with 2.5 mL of the
(NH4)4M070,4°4H,0 solution. The slurries were allowed to stir at room temperature for
several days, and the Mo-doped hydrotalcites were collected via frit funnel and dried for 2.5
hours in an oven (110 °C). After completely dried, the catalyst was ground in a mortar and
pestle and stored. The solid was then analyzed though powder XRD resulting in a pattern

characteristic of an undoped hydrotalcite.
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D2. Synthesis and Characterization of CuyMo, sHTC

Figure D2: Powder X-Ray Diffraction pattern for Cu,)Mo,sHTC
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CuyoMo, s HTC was synthesized by a modified coprecipitation method. 5.32 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker with stirring and heated to 60 °C. In a
500 mL beaker, 30.78 g of Mg(NO3),-6H,0 and 7.27 g Cu(NOs),:3H,0 was added to 200
mL of DI H,O. A second solution of 18.83 g AI(NOs3);-9H,0 was added to 200 mL of DI
H,O. The two metal solutions were combined and added dropwise to the vigorously stirring
Na,COj solution and a light blue precipitate instantly formed. A pH of ~10 for the solution
must be maintained for accurate synthesis. This was achieved by alternating aliquots of 1 M
NaOH and the metal solution and checked with pH paper. The final solution was covered

and left to age while stirring for one day between 60-65 °C. The catalyst was filtered in a
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Buchner funnel and added to a solution of 5.32 g Na,CO;3 in 500 mL of DI H,O. The
catalyst was stirred at room temperature for a minimum of 4 hours and then filtered in a
Buchner funnel. When only a thin layer of water remained over the catalyst cake during
filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst. The light
blue catalyst was transferred to an evaporating dish and placed in an oven at 110 °C
overnight. The next step in catalyst synthesis was molybdenum surface deposition onto the
hydrotalcite via equilibrium deposition filtration. A molybdenum stock solution was created
by combining 2.165 g of ammonium molybdate tetrahydrate ((NH4)aM07024°4H;0) in a 100
mL volumetric flask with deionized water. 2.5 % molybdenum was deposited onto the Cu-
doped hydrotalcite by combining 4.0g of Cu-doped hydrotalcite with 5 mL of the
(NH4)4M070,4°4H,0 solution. The slurries were allowed to stir at room temperature for
several days, and the Mo-doped hydrotalcites were collected via frit funnel and dried for 2.5
hours in an oven (110 °C). After completely dried, the catalyst was ground in a mortar and
pestle and stored. The solid was then analyzed though powder XRD resulting in a pattern

characteristic of an undoped hydrotalcite.
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D3. Synthesis and Characterization of Cu;eMosHTC

Figure D3: Powder X-Ray Diffraction pattern for Cu;yMosHTC
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CuyoMos HTC was synthesized by a modified coprecipitation method. 5.32 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker with stirring and heated to 60 °C. In a
500 mL beaker, 30.78 g of Mg(NO3),-:6H,0 and 7.27 g Cu(NOs),:3H,0 was added to 200
mL of DI H,O. A second solution of 18.83 g AI(NO3);-9H,0 was added to 200 mL of DI
H,O. The two metal solutions were combined and added dropwise to the vigorously stirring
Na,COj solution and a light blue precipitate instantly formed. A pH of ~10 for the solution
must be maintained for accurate synthesis. This was achieved by alternating aliquots of 1 M
NaOH and the metal solution and checked with pH paper. The final solution was covered

and left to age while stirring for one day between 60-65 °C. The catalyst was filtered in a
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Buchner funnel and added to a solution of 5.32 g Na,CO;3 in 500 mL of DI H,O. The
catalyst was stirred at room temperature for a minimum of 4 hours and then filtered in a
Buchner funnel. When only a thin layer of water remained over the catalyst cake during
filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst. The light
blue catalyst was transferred to an evaporating dish and placed in an oven at 110 °C
overnight. The next step in catalyst synthesis was molybdenum surface deposition onto the
hydrotalcite via equilibrium deposition filtration. A molybdenum stock solution was created
by combining 2.165 g of ammonium molybdate tetrahydrate ((NH4)aM07024°4H;0) in a 100
mL volumetric flask with deionized water. 5 % molybdenum was deposited onto the Cu-
doped hydrotalcite by combining 4.0g of Cu-doped hydrotalcite with 10 mL of the
(NH4)4M070,4°4H,0 solution. The slurries were allowed to stir at room temperature for
several days, and the Mo-doped hydrotalcites were collected via frit funnel and dried for 2.5
hours in an oven (110 °C). After completely dried, the catalyst was ground in a mortar and
pestle and stored. The solid was then analyzed though powder XRD resulting in a pattern

characteristic of an undoped hydrotalcite.
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DA. Synthesis and Characterization of CuyMo;;HTC

Figure D4: Powder X-Ray Diffraction pattern for Cu,Mo;(HTC
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CuyoMojp HTC was synthesized by a modified coprecipitation method. 5.32 g Na,CO;
was added to 375 mL of DI H,O in a 1000 mL beaker with stirring and heated to 60 °C. In a
500 mL beaker, 30.78 g of Mg(NO3),-6H,0 and 7.27 g Cu(NOs),:3H,0 was added to 200
mL of DI H,O. A second solution of 18.83 g AI(NO3);-9H,0 was added to 200 mL of DI
H,O. The two metal solutions were combined and added dropwise to the vigorously stirring
Na,COj solution and a light blue precipitate instantly formed. A pH of ~10 for the solution
must be maintained for accurate synthesis. This was achieved by alternating aliquots of 1 M
NaOH and the metal solution and checked with pH paper. The final solution was covered

and left to age while stirring for one day between 60-65 °C. The catalyst was filtered in a
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Buchner funnel and added to a solution of 5.32 g Na,CO;3 in 500 mL of DI H,O. The
catalyst was stirred at room temperature for a minimum of 4 hours and then filtered in a
Buchner funnel. When only a thin layer of water remained over the catalyst cake during
filtration, 1000 mL of DI H,O was gently added to thoroughly wash the catalyst. The light
blue catalyst was transferred to an evaporating dish and placed in an oven at 110 °C
overnight. The next step in catalyst synthesis was molybdenum surface deposition onto the
hydrotalcite via equilibrium deposition filtration. A molybdenum stock solution was created
by combining 2.165 g of ammonium molybdate tetrahydrate ((NH4)aM07024°4H;0) in a 100
mL volumetric flask with deionized water. 10 % molybdenum was deposited onto the Cu-
doped hydrotalcite by combining 4.0g of Cu-doped hydrotalcite with 20 mL of the
(NH4)4M070,4°4H,0 solution. The slurries were allowed to stir at room temperature for
several days, and the Mo-doped hydrotalcites were collected via frit funnel and dried for 2.5
hours in an oven (110 °C). After completely dried, the catalyst was ground in a mortar and
pestle and stored. The solid was then analyzed though powder XRD resulting in a pattern

characteristic of an undoped hydrotalcite.
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Table D1. BPE consumption and product formation for reaction with

CuzPMO catalyst
Conditions Cu20 100mg / BPE /3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3 4 5 6
anisole 0 3 30 72 103 102 96
benzene 0 0 2 1 1 1 1
Benzyl phenyl ether 1041 373 33 0 0 0 0
Diphenyl ether 0 0 0 0 0 0 0
cresol(o) 0 0 60 105 84 84 54
cresol (m/p) 0 0 0 0 3 2 2
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 3 40 350 540 560 583
methylanisole 0 0 1 3 8 7 9
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 2 38 160 165 223
phenol 0 676 824 504 90 68 16
toluene 0 687 977 1000 987 1027 1018
xylenol 0 0 2 6 12 12 21
2/133 Conversion 642 968 100 100 100 100
BPE Mass Balance  pe3 5117 2003 2078 1988 2030 2022
(mmol)
(%) 102 96 100 95 97 97
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Table D2. BPE consumption and product formation for reaction with Cuqg

Mo, 2sPMO catalyst
Conditions Cu20Mo01.25 100mg / BPE /3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4 5 6
Anisole 0 4 18 24 22 31 37
Benzene 0 2 8 10 12 14 15
Benzyl phenyl ether 056 716 462 359 278 229 212
Diphenyl ether 0 0 0 0 0 0 0
2-ethylcyclohexanol 0 0 0 0 0 0 0
Ethyl benzene 0 0 0 0 0 0 1
Ethyl cyclohexane 0 0 0 0 0 0 0
Benzyl alcohol 0 3 9 12 15 17 18
cresol(o0) 0 16 58 66 48 70 80
cresol (m/p) 0 1 2 2 1 2 2
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 0 0 0 0 0
methylanisole 0 1 1 1 1 1 1
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 1 1 0 0 0
phenol 0 124 242 235 167 141 155
toluene 0 154 373 392 178 360 396
2,3 xylenol 0 1 8 9 10 25 27
Phenylethylalchol 0 1 6 8 7 7 7
2,4 xylenol 0 0 1 1 2 3 4
2,3,5 trimethyl 0 0 0 0 0 0 0
phenol
Biphenyl 0 2 13 21 22 30 45
1,2-diphenylethane 0 1 0 0 0 0 0
methoxymethylene 0 1 5 3 5 5 6
dibenzene
benzophenone 0 13 0 0 0 0 0
2-phenyl methyl 0 14 39 38 59 46 40
phenol
4-methyl-2-benzyl 0 4 20 24 24 26 29
phenol
4-
phenylmethylphenol 0 4 10 13 18 18 21
I-methoxy-4-phenyl 0 1 5 3 5 5 6
methyl benzene
4,(1-methyl-

Iphenylethyl) 0 1 32 5 8 7 11
phenol
unknown monomers 0 316 16 22 35 53 61
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unknown dimers 0 4 5 5 7 8 21
2/133 Conversion 3 56 66 74 78 80
BPE Mass Balance o113 9099 1704 1618 1290 1332 1409
(mmol)

(%) 99 85 77 61 63 67
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Table D3. BPE consumption and product formation for reaction with

Cuz)Mo2 sPMO catalyst
Conditions Cu20Mo02.5100mg / BPE /3 ml MeOH /300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4 5 6
Anisole 0 1 1 10 7 14 14
Benzene 0 2 3 14 8 17 17
Benzyl phenyl ether 1056 861 751 502 395 267 229
Diphenyl ether 0 0 0 0 0 0 0
2-ethylcyclohexanol 0 0 0 0 0 0 0
Ethyl benzene 0 0 0 0 0 0 0
Ethyl cyclohexane 0 0 0 0 0 0 0
Benzyl alcohol 0 3 6 16 15 21 19
cresol(o) 0 6 12 45 43 61 60
cresol (m/p) 0 0 0 1 1 1 1
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 0 0 0 0 0
methylanisole 0 1 1 1 1 1 1
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 1 1 0 0 0
phenol 0 38 48 155 102 146 139
toluene 0 44 44 234 155 341 349
xylenol 0 1 3 10 18 27 24
Phenylethylalchol 0 1 2 9 4 5 6
2,4 xylenol 0 0 0 1 3 5 4
2,3,5 trimethyl 0 0 0 0 0 0 0
phenol
Biphenyl 0 0 2 14 19 23 25
1,2-diphenylethane 0 1 0 0 0 0 0
methoxymethylene 0 1 5 3 6 11 10
dibenzene
benzophenone 0 0 0 0 0 0 0
2-phenyl methyl 0 19 40 73 64 7 63
phenol
4-methyl-2-benzyl 0 5 3 30 27 36 34
phenol
4-
phenylmethylphenol 0 > > 17 18 26 27
I-methoxy-4-phenyl 0 3 0 5 5 7 12

methyl benzene
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4,(1-methyl-

Iphenylethyl) 0 1 2 5 6 11 19
phenol

unknown monomers 0 40 19 36 18 86 75
unknown dimers 0 5 1 13 9 18 52
BPE Conversion 19 29 53 63 75 78
(%)

BPE Mass Balance 15 1999 1700 1702 1317 1462 1410
(mmol)

(%) 90 81 81 67 69 67
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Table D4. BPE consumption and product formation for reaction with

CuzoMosPMO catalyst
Conditions Cu20Mo5 100mg / 1056 umol BPE / 3 ml MeOH /300 C
Reaction Time (h) / Yield (umol)

Compound 0 1 2 3 4 5 6
Anisole 0 1 6 8 8 12 10
Benzene 0 2 12 14 8 18 16
Benzyl phenyl ether 1056 871 592 496 338 247 340
Diphenyl ether 0 0 0 0 0 0 0
2-ethylcyclohexanol 0 0 0 0 0 0 0
Ethyl benzene 0 0 0 0 0 0 0
Ethyl cyclohexane 0 0 0 0 0 0 0
Benzyl alcohol 0 3 13 17 13 22 22
cresol(o) 0 6 29 41 47 54 47
cresol (m/p) 0 0 1 1 1 1 1
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 0 0 0 0 0
methylanisole 0 1 1 1 1 1 1
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 1 1 0 0 0
phenol 0 38 129 141 123 164 134
toluene 0 48 184 229 186 345 284
xylenol 0 1 7 10 13 19 14
Phenylethylalchol 0 1 7 7 5 6 5
2,4 xylenol 0 0 1 1 2 4 3
2,3,5 trimethyl 0 0 1 1 0 1 0
phenol
Biphenyl 0 7 5 9 24 22 21
1,2-diphenylethane 0 0 0 0 0 0 0
methoxymethylene 0 1 6 ] 6 11 9
dibenzene
benzophenone 0 0 0 0 0 0 0
2-phenyl methyl 0 19 40 T3 64 T2 63
phenol
4-methyl-2-benzyl 0 21 71 85 46 T2 69
phenol
4-
phenylmethylphenol 0 4 14 17 4 25 23
I-methoxy-4-phenyl 0 3 3 5 1 6 13
methyl benzene
4,(1-methyl-

Iphenylethyl) 0 2 2 4 > 8 15



phenol

unknown monomers 0 10 17 79 26 86 88
unknown dimers 0 3 3 6 23 14 80
BPE Conversion 18 44 53 66 77 63
(%)

BPE Mass Balance 113 1904 1716 1706 1244 1427 1570
(mmol)

(%) 90 81 81 63 68 74
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Table D5. BPE consumption and product formation for reaction with

CuzoMo10PMO catalyst
Conditions Cu20Mo010 100mg / BPE /3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4 5 6
Anisole 0 1 5 7 6 11 9
Benzene 0 3 13 15 11 18 12
Benzyl phenyl ether 056 863 583 492 271 217 198
Diphenyl ether 0 0 0 0 0 0 0
2-ethylcyclohexanol 0 0 0 0 0 0 1
Ethyl benzene 0 0 0 0 0 0 0
Ethyl cyclohexane 0 0 0 0 0 0 0
Benzyl alcohol 0 3 14 18 20 20 16
cresol(o) 0 5 24 36 33 46 46
cresol (m/p) 0 0 1 1 1 1 1
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 0 0 0 0 0
methylanisole 0 1 1 1 1 1 1
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 0 0 0 0 0
phenol 0 34 126 151 104 170 126
toluene 0 42 178 231 181 356 235
xylenol 0 1 5 8 10 13 16
Phenylethylalchol 0 1 7 8 6 6 5
2,4 xylenol 0 0 1 1 1 3 4
2,3,5 trimethyl 0 0 1 1 1 1 1
phenol
Biphenyl 0 0 4 8 14 22 24
1,2-diphenylethane 0 0 0 0 0 0 0
methoxymethylene 0 1 6 ] 6 10 ]
dibenzene
benzophenone 0 0 0 0 0 0 0
2-phenyl methyl 0 23 79 94 49 53 49
phenol
4-methyl-2-benzyl 0 0 24 34 21 35 33
phenol
4-
phenylmethylphenol 0 4 12 18 1 19 22
I-methoxy-4-phenyl 0 0 3 5 4 5 5

methyl benzene
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4,(1-methyl-

Iphenylethyl) 0 1 2 4 3 5 5
phenol

unknown monomers 0 23 23 26 49 31 91
unknown dimers 0 5 4 8 4 11 13
BPE Conversion

(%) 18 45 53 74 79 80
BPE Mass Balance 115 1974 1608 1668 1079 1275 1118
(mmol)

(%) 89 80 79 51 60 57
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Table D6. DHBF consumption and product formation for reaction with

CuzPMO catalyst
Conditions Cu20 100mg / DHBF / 3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4 5 6
Anisole 0 0 0 0 0 0 0
Benzene 0 0 0 0 0 0
DHBF 512 508 474 446 430 413 326
Ethoxy benzene 0 0 1 1 1 1 1
2-ethylphenol 0 0 3 7 6 7 7
2-
ethylcyclohexanol 0 0 34 4 31 75 135
Ethyl benzene 0 0 5 6 9 11 20
Ethyl cyclohexane 0 0 0 0 0 0 1
Benzyl alcohol 0 0 0 0 0 0 0
cresol(o) 0 0 4 5 4 4 5
cresol (m/p) 0 0 0 0 0 0 0
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 2 3 2 3 3
methylanisole 0 0 0 0 0 0 0
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 2 3 4 4 5 6
phenol 0 0 0 0 0 0 0
toluene 0 0 0 0 1 1 1
ﬁiﬁﬁl'ethyl 0 0 0 0 0 0 0
DHBF Conversion
%) 1 7 13 16 19 36
phbr ;“azsnmol) 512 510 526 514 509 521 505
(%) 99 103 100 99 101 98
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Table D7. DHBF consumption and product formation for reaction with

CuzoMo4.25PMO catalyst
Conditions Cu20Mo01.25 100mg / DHBF / 3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3 4 5 6
Anisole 0 0 0 0 0 0 0
Benzene 0 0 0 0 0 0 0
DHBF 545 483 479 492 479 492 423
Ethoxy benzene 0 0 0 0 0 0 0
2-ethylphenol 0 0 0 0 0 0 0
2-
ethylcyclohexanol 0 0 0 0 0 0 0
Ethyl benzene 0 0 0 0 0 0 0
Ethyl cyclohexane 0 0 0 0 0 0 0
Benzyl alcohol 0 0 0 0 0 0 0
cresol(o) 0 3 3 4 3 4 3
cresol (m/p) 0 0 0 0 0 0 0
cyclohexane 0 0 0 0 0 0 0
cyclohexanol 0 0 0 0 0 0 0
methylanisole 1 1 1 1 0 1 1
methylcyclohexane 0 0 0 0 0 0 0
methylcyclohexanol 0 0 0 0 0 0 0
phenol 0 0 2 2 2 2 1
toluene 0 0 0 0 0 0 0
2,3 xylenol 0 1 2 2 2 3 3
2,4 xylenol 0 2 3 3 3 4 3
Unknown monomer 0 26 18 24 32 40 35
]2HBF Conversion 11 12 10 12 10 2
(%)

DHBE Mass 545 516 509 501 523 S0l 431
Balance (mmol)
(%) 95 93 92 96 92 79
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Table D8. DHBF consumption and product formation for reaction with

Cuz)Mo2 sPMO catalyst

Conditions

Cu20Mo02.5 100mg / DHBF /3 ml MeOH / 300 °C

Compound

Reaction Time (h) / Yield (mmol)

2

3

4

Anisole

Benzene

DHBF

Ethoxy benzene
2-ethyl phenol
2-ethylcyclohexanol
Ethyl benzene

Ethyl cyclohexane
Benzyl alcohol
cresol(o)

cresol (m/p)
cyclohexane
cyclohexanol
methylanisole
methylcyclohexane
methylcyclohexanol
phenol

toluene
Methyl-ethyl phenol
2,3 xylenol

2,4 xylenol
Unknown monomer
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Table D9. DHBF consumption and product formation for reaction with

CuzoMosPMO catalyst

Conditions

Cu20Mo5 100mg / DHBF /3 ml MeOH / 300 °C

Compound

Reaction Time (h) / Yield (mmol)

2

3

4

Anisole

Benzene

DHBF

Ethoxy benzene
2-ethylphenol

2-
ethylcyclohexanol
Ethyl benzene
Ethyl cyclohexane
Benzyl alcohol
cresol(o)

cresol (m/p)
cyclohexane
cyclohexanol
methylanisole
methylcyclohexane
methylcyclohexanol
phenol

toluene
Methyl-ethyl
phenol

2,3 xylenol

2.4 xylenol
Unknown
monomers
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Table D10. DHBF consumption and product formation for reaction with

CuzoMo10PMO catalyst

Conditions

Cu20Mo010 100mg / DHBF /3 ml MeOH /300 °C

Compound

Reaction Time (h) / Yield (mmol)

2

3

4

Anisole

Benzene

DHBF

Ethoxy benzene
2-ethylphenol

2-
ethylcyclohexanol
Ethyl benzene
Ethyl cyclohexane
Benzyl alcohol
cresol(o)

cresol (m/p)
cyclohexane
cyclohexanol
methylanisole
methylcyclohexane
methylcyclohexanol
phenol

toluene
Methyl-ethyl
phenol

2,3 xylenol

2,4 xylenol
Unknown monomer
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Table D11. Methyl P-Toluene Sulfonate (MPTS) consumption and product

formation for reaction with Cu20PMO catalyst

Conditions Cu20 100mg / MPTS /3 ml MeOH / 300 °C
Reaction Time (h) / Yield (mmol)

Compound 0 2 4 6
Anisole 0 0 0 0
Benzene 0 0 0 0
MPTS 636 0 0 0
Ethoxy benzene 0 0 0 0
2-ethylphenol 0 0 0 0
2-ethylcyclohexanol 0 0 0 0
Ethyl benzene 0 0 0 0
Ethyl cyclohexane 0 0 0 0
Benzyl alcohol 0 0 0 0
cresol(o0) 0 0 0 0
cresol (m/p) 0 0 0 0
cyclohexane 0 0 0 0
cyclohexanol 0 0 0 0
methylanisole 0 1 1 1
methylcyclohexane 0 0 0 0
methylcyclohexanol 0 0 0 0
phenol 0 0 0 0
toluene 0 0 1 1
2,3-xylenol 0 0 0 0
2,4-xylenol 0 0 0 0
1,2- diphenyl ethane 0 2 1 1
Unknown monomer 0 40 72 72
MPTS Conversion (%) N/A N/A N/A
MPTS Mass Balance 1272 43 75 75
(mmol)
(%) 3 6 6
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Table D12. Methyl P-Toluene Sulfonate (MPTS) consumption and product

formation for reaction with Cuz)Mo1,PMO catalysts

Conditions Cu20Mo010 100mg / MPTS /3 ml MeOH /300 C

Reaction Time (h) / Yield (mmol)
4

Compound

Anisole

Benzene

MPTS

Ethoxy benzene
2-ethylphenol
2-ethylcyclohexanol
Ethyl benzene

Ethyl cyclohexane
Benzyl alcohol
cresol(o)

cresol (m/p)
cyclohexane
cyclohexanol
methylanisole
methylcyclohexane
methylcyclohexanol
phenol

toluene

2,3-xylenol
2,4-xylenol

1,2- diphenyl ethane
Unknown monomer
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MPTS Conversion
(%)

MPTS Mass Balance
(mmol)

(%) 4.4 6.2 9.6

N/A N/A N/A

1272 56 78 122
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Table D13. Benzyl Mercaptan (MPTS) consumption and product formation

for reaction with Cuzy and Cuz)Mo,PMO catalyst

Conditions Catalyst 100mg /BM /3 mIMeOH /300C /6 hrs
Catlalyst / Yield (umol)
Compound stock Cuy CuyyMo125 CuzyMozs CuzyMosy CuyyMoy

*Decane (Standard) 103 103 103 103 103 103
Anisole 0 0 0 0 0 0
Benzene 0 1 0 0 0 0
Benzyl Mercaptan 1224 69 28 80 60 31
Ethoxy benzene 0 0 1 0 0 0
Phenylethyl alcohol 0 2 2 0 0 2
2-ethylcyclohexanol 0 0 0 0 0 0
Ethyl benzene 0 1 1 2 2 2
Ethyl cyclohexane 0 0 0 0 0 0
Benzyl alcohol 0 112 345 130 231 263
cresol(o0) 0 0 0 0 0 0
cresol (m/p) 0 0 0 0 0 0
cyclohexane 0 0 0 0 0 0
cyclohexanol 0 1 1 1 1 1
methylanisole 0 1 1 1 1 1
methylcyclohexane 0 0 0 0 0 0
methylcyclohexanol 0 0 0 0 0 0
phenol 0 0 0 0 0 0
toluene 0 599 575 581 664 629
Methyl-ethyl phenol 0 0 0 0 0 0
2,3 xylenol 0 0 0 0 0 6
methoxymethylenedibenzene 0 9 2 5 4
Unknown monomers 0 255 335 240 348 555
Unknown dimers 0 64 18 46 34 46
BM Conversion (%) 94 98 93.5 95.1 98
BM Mass Balance (mmol) 2448 1045 1281 93.5 1288 1240
(%) 42.7 524 41.1 52.6 50.7
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Appendix E Calcium

Table E1. BPE consumption and product formation for reaction with

CuzCasPMO catalyst at 290 °C

Conditions Cu20CaS 100mg / BPE /3 ml MeOH /290 C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3
anisole 0 26 96 123
benzene 0 2 5 6
benzyl phenyl ether 855 195 10 0
diphenyl ether 0 0 0 0
cresol (ortho) 0 34 62 67
cresol (para/meta) 0 0 0 1
cyclohexane 0 0 0 0
cyclohexanol 0 47 223 270
methylanisole 0 0 0 0
methylcyclohexane 0 0 0 0
methylcyclohexanols 0 9 41 106
phenol 0 469 379 81
toluene 0 725 890 872
xylenol 0 1 4 11

174



Table E2. BPE consumption and product formation for reaction with

CuzCasPMO catalyst at 300 °C

Conditions Cu20Ca5 100mg / BPE /3 ml MeOH /300 C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3
anisole 0 43 104 108
benzene 0 4 7 8
benzyl phenyl ether 855 134 2 0
diphenyl ether 0 0 0 0
cresol (ortho) 0 52 70 50
cresol (para/meta) 0 0 0 1
cyclohexane 0 0 0 0
cyclohexanol 0 76 258 300
methylanisole 0 0 0 1
methylcyclohexane 0 0 0 0
methylcyclohexanols 0 21 89 116
phenol 0 494 187 25
toluene 0 788 862 825
xylenol 0 3 9 12
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Table E3. DPE consumption and product formation for reaction with

CuzCasPMO catalyst at 290 °C

Conditions Cu20Ca5 100mg / DPE /3 ml MeOH /290 C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3
anisole 0 0 1 1
benzene 0 3 24 54
diphenyl ether 314 345 355 294
cyclohexanol 0 0 12 36
methylcyclohexanols 0 0 0 6
phenol 0 1 1 1
toluene 0 1 0 0

Table E4. DPE consumption and product formation for reaction with

CuzCasPMO catalyst at 300 °C

Conditions Cu20Ca5 100mg / DPE /3 ml MeOH / 300 C
Reaction Time (h) / Yield (mmol)

Compound 0 1 2 3
*Decane (Standard) 103 103 103 103
anisole 0 0 2 2
benzene 0 0 80 81
diphenyl ether 314 325 251 276
cyclohexanol 0 0 48 49
methylcyclohexanols 0 0 15 15
phenol 0 0 1 1
toluene 0 0 0 0
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Table E5. DHBF consumption with Cuz,CasPMO catalyst at 290 °C

Cu20 100mg /500 umol DHBF /3 mL

Conditions MeOH /290 C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3
DHBF 325 327 306 266

Table E6. DHBF consumption with Cuz,CasPMO catalyst at 300 °C

Cu20 100mg /500 umol DHBF /3 mL

Conditions MeOH /300 C
Reaction Time (h) / Yield (mmol)
Compound 0 1 2 3
DHBF 325 313 254 217
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