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ABSTRACT

Heterogeneous Monometallic and Bimetallic Catalysts for Deoxydehydration and Catalytic

Transfer Hydrogenation: Valorization of Sugar Alcohols and Acids

by
Jun Hee Jang

Lignocellulosic biomass provides a renewable resource for sustainable routes to biofuels
and biochemicals through catalytic conversion. Oxorhenium catalysts effectively transform
biomass-derived polyols into olefins via deoxydehydration with a secondary alcohol
reductant. In attempts to develop a reusable solid catalyst and to investigate a possible
mechanism for deoxydehydration by a heterogeneous catalyst, unsupported rhenium oxide
nanoparticles (ReOx NPs) were prepared. The nanoparticle catalyst with 3-octanol as a
reductant catalyzed deoxydehydration of various polyols to corresponding alkenes with high
efficiency. In-situ and ex-situ X-ray spectroscopy analysis showed the changes in oxidation
states and structures of ReOx NPs during heterogeneous deoxydehydration reaction. This,
combined with kinetic studies and kinetic isotope effect, proposed a possible mechanism
involving a ReV'/ReV redox pair for deoxydehydration driven by heterogeneous ReOx
catalyst and alcohol reductants.

Multi-functional catalysis including deoxydehydration with monometallic and bimetallic
heterogeneous catalysts was studied for the valorization of sugar acids. First, a combination

of deoxydehydration and catalytic transfer hydrogenation by a bifunctional Pt-ReO./C
vii



catalyst achieved a one-step conversion of mucic acid, a C6 sugar acid, to adipates in high
yield (85%). Isopropanol was employed as a hydrogen donor for both reactions. The catalyst
was reusable and regenerated multiple times. Spectroscopic studies of Pt-ReO./C
demonstrated ReV!' and Pt° as the relevant species of deoxydehyration and catalytic transfer
hydrogenation, respectively. Based on all observations, a bifunctional mechanism was
proposed. This bifunctional catalysis was also achieved with Ir-ReO,/C, allowing
significantly reduced metal contents in the catalyst. Similarly, deoxydehydration and
transfer hydrogenation of tartaric acid, a C4 sugar acid, converted to succinates with
monometallic ReOx NPs. Further dehydration/dealcoholization and transfer hydrogenation
over ReOx NPs produced y-butyrolactone and tetrahydrofuran, realizing a one-step

conversion of sugar acids to C4 commodity products.
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CHAPTER I. Introduction

A. Deoxydehydraion of biomass-derived polyols

Lignocellulosic biomass is one of the promising renewable energy resources to provide
sustainable routes to biofuels and chemicals.!?> However, the establishment of new chemical
processes to extract chemicals from biomass and to replace petroleum-based processes
brings chemical and engineering challenges due to the structural differences between
biomass and petroleum. Making chemicals from petroleum-derived synthons requires the
addition of heteroatoms such as oxygen and nitrogen. In contrast, the removal of oxygen is a
crucial challenge in making useful chemicals from biomass starting materials.®* A range of
deoxygenation methods (e.g., pyrolysis,® dehydration,® decarbonylation,” hydrogenolysis,®
and deoxydehydration®) via homogeneous and heterogeneous catalysis have been reported to
upgrade biomass-derived materials.!® Catalytic deoxydehydration (DODH) is one attractive
deoxygenation reaction, which converts vicinal diols to olefins (Scheme 1.1). Since
Andrews and Cook reported the concept of DODH with Cp*ReQ3 catalyst, up to this day,
DODH has garnered much attention in biomass studies.? In this chapter, previous studies on
rhenium catalyzed DODH will be introduced, followed by DODH with different metal

catalysts including vanadium and molybdenum-based catalysts.

HO OH Catalyst

— + Red ———— /7 & + Red0) + H,0
R R'

vicinal diol olefin

Scheme 1.1 Deoxydehydration of vicinal diol



1. Homogeneous Rhenium-based Catalysts

The first study on the transformation of diol to olefin over a rhenium complex was
reported by Herrmann’s group in 1987.12 Sodium ethylene glycolate salt was converted to
ethylene with a stoichiometric amount of Cp*ReO3 at 150 °C under vacuum (Scheme 1.2).
They observed Re-diolate (V) as an intermediate of the process. In 1996, Andrews and Cook
reported a catalytic process with Cp*ReOs catalyst and triphenyl phosphine (PPhz) as a
reductant to convert bio-based polyols.* The catalytic process produced 67% vyield of allyl
alcohol from glycerol and 50 % yield of 1,3-butadiene was obtained from erythritol (Scheme

1.3).

%FX GeC|204H602 yﬁ%
S N R
o]

7, e\
GeO, e
NaO-(Cl)Hz)n

\ M
H,C=CH, \F?I?/ NaCl, HCI
\2

o/

Scheme 1.2 Conversion of sodium ethylene glycolate salt to ethylene.

O//

Cp*ReO3 1 mol%
OH PPh3 68 mol%

=
HO
HO\)\/OH Chlorobenzene
125°C, 27 h 67% yield
Cp*Re03 1.5 mol%
(;DH PPhz 100 mol% P
HO OH - =
/Y\/ Chlorobenzene _
OH 50% yield
135°C, 28 h

Scheme 1.3 DODH of glycerol and erythritol with Cp*ReQO3 and PPhs.
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In 2009, our group suggested DODH of diols to corresponding alkenes with
methyltrioxorhenium (MTO) catalyst and molecular H: as a reductant (Scheme 1.4).22 Under
higher H> pressure, the produced alkenes were hydrogenated to alkanes. While MTO has air
and water stability and H> is a cheap and convenient reductant, this system showed a low
yield of C-C double bond product. 18% of 1-hexene was yielded from 1,2-hexanediol after 8
h reaction. Under the same conditions, DODH of cis-1,2-cyclohexanediol over MTO
afforded cyclohexene, whereas trans-1,2-cyclohexanediol was not converted. This was

explained by the formation of Re-diolate intermediate with only cis-diol compounds.1%2

Hy (80 psi) O+ NN
OH MTO 5 mol% 18% yield 3% yield
HO\)\/\/
THF
150°C, 8 h — e
H, (300 psi) .
50% yield

Scheme 1.4 DODH of vicinal diols with MTO and H..

Later Nicholas group tested perrhenate salts and MTO catalysts with sulfite reductant for
DODH of vicinal diols.** Among several perrhenate salts, tetrabutylammonium perrhenate
(BusNReO4) showed higher DODH activity with sulfite salt for the conversion of styrene
glycol compared to MTO catalyst. In addition, they showed the possibility of DODH of
glycerol under neat conditions while the yield of allyl alcohol was low (15%). BusNReO4
and NaxSO4 converted erythritol to 1,3-butadiene (27% vyield) and a small amount of 2,5-
dihydrofuran (6% yield) and cis-2-butene-1,4-diol (3% yield).

In 2010, Bergman and Ellman introduced rhenium carbonyl catalysts including Re2(CO)10
and BrRe(CO)s and a higher chain secondary alcohol as reductant and solvent (Scheme

1.5).15 The carbonyl catalyst and sacrificial alcohol yielded a high amount of olefins, while



the sacrificial alcohol was oxidized to corresponding ketone. Upon optimization, DODH of
erythritol gave 62% yield of 2,5-dihydrofuran in the presence of p-toluenesulfonic acid

(TsOH) as a cocatalyst.

Re,(CO)q0 1.25 mol%
OH

H TsOH (1.7 mol%) (o) o
' OH < 7 +
HO/Y\/ 3-octanol — C-H )J\C H
OH . 511 2M5
160 °C, 12 h, Air 62% yield

Scheme 1.5 DODH of erythritol with rhenium carbonyl catalyst and 3-octanol as reductant
and solvent.

In 2012, our group and Toste’s group extensively investigated DODH catalysis of various
sugar alcohols (e.g. allyl alcohol, erythritol, xylitol, and sorbitol) with rhenium (VII)
complexes such as MTO and ammonium perrhenate (NHsReOs) in the presence of
sacrificial alcohols (Scheme 1.6).4° First of all, neat glycerol was converted to allyl alcohol
(27% yield) and acrolein (6% yield) with MTO. Because glycerol worked as a reductant, the
yield of olefins could not exceed 50%. In the presence of 1-heptanol reductant, MTO
converted erythritol to 45% yield of 2,5-dihydrofuran and 13% yield of but-2-enal. Higher
yield of allyl alcohol (90%) from glycerol was obtained with MTO/3-octanol, reported by
Toste’s group. The conversion of erythritol gave 1,3-butadiene (89% yield) as a major
product and a small amount of 2,5-dihydrofuran. MTO catalyzed-DODH of xylitol and D-
sorbitol with 3-pentanol as a reductant made moderate yields of corresponding olefins.
Later, Toste group demonstrated that MTO/secondary alcohol system can catalyze DODH

of 1,4-diols (1,4-DODH) and of 1,6-diols (1,6-DODH) as well as vicinal diols.
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OH OH

Scheme 1.6 DODH of C3-C6 sugar alcohols with MTO and sacrificial alcohol.

In 2018, de Vries group applied DODH reaction with Re.O7, NHsReOs, and MTO
catalysts to 1,2,6-hexanetriol and 1,2,5-hexanetriol.}” In the presence of PPhs as a reductant,
Re>07 (0.5 mol%) converted 1,2,6-hexanetriol to 5-hexen-1-ol with a high yield (98%). Due
to isomerization and cyclization, the conversion of 1,2,5-hexanetriol over Re;O7 (3 mol%)

and PPhs produced several products including 5-hexen-2-ol, cis- and trans-2-hexene-5-ol,

Abu-Omar

MTO (2 mol%) 165°C,1h

Neat condition

Toste

MTO (2.5 mol%) 170°C,2.5h

3-octanol

Abu-Omar
MTO (2 mol%) 165°C,1h

Neat condition

Toste
MTO (2.5 mol%) 170°C,1.5h

3-octanol

Toste

MTO (2.5 mol%) 170°C, 3 h

3-pentanol

Toste

MTO (2.5 mol%) 200°C, 1 h

3-pentanol

and 5-methyltetrahydrofurfurylic alcohol.

The proposed DODH mechanisms for homogeneous Re catalysis involve three steps: (1)

reduction of high-valent Re species, (2) diol condensation to form Re diolate intermediates,

5

Ho/\/ + NO +

27% yield 6% yield
HO/\/
90% yield
(0]
¢ 7 + N0
45% yield 13% yield

NF o+ @

89% yield

N\/OJ)
61% yield

W

11% yield

54% yield

/\70

4% yield



and (3) concerted alkene extrusion, the reverse of [3+2] addition. Our group proposed a
possible mechanism that coordination of diol to rhenium occurs, followed by reduction of
Re(VII) diolate to Re(V) diolate. The produced Re(V) diolate is active species for alkene
extrusion (Scheme 1.7a).° A different mechanism with the same intermediate, Re(V) diolate,
and different sequences was proposed by both Andrews and Toste group.**! In the proposed
mechanism, the reduction step occurs from MTO to methyldioxorhenium (MDO) before
diol is attached to the rhenium catalyst (Scheme 1.7b). Besides the mechanisms proposed
experimentally, DFT calculation suggested a different intermediate which is
methyloxodihydroxyrhenium (Scheme 1.7¢).'® While theses mechanisms have different
sequences or intermediate, they all involve ReV!/ReY redox pair. In 2013, our group
suggested the possibility of ReV/Re!' redox pair as a catalytic cycle based on the

experimental results (Scheme 1.7d).°

VI
e

ne R
— 0 0‘2' Red
! R
HO

Scheme 1.7 The proposed mechanisms of MTO-catalyzed DODH. Red arrow: condensation
of diol. Blue arrow: reduction. Green arrow: extrusion of olefins.



2. Heterogeneous Rhenium Catalysts

One major drawback of homogeneous catalysts is the difficulty in recycling the catalyst.
Additionally, under the conditions necessary for DODH (T > 150 °C), homogeneous
catalysts tend to degrade. As a result, heterogeneous Re catalysts are of interest and have
recently been pursued. In 2013, oxo-rhenium supported on carbon (ReOx-C) as the first
heterogeneous catalyst for DODH with H, as a reductant was introduced by Nicholas
group.?® The adsorbed perrhenate on activated carbon catalyzed DODH of 1) L-(+)-diethyl
tartarate to diethyl fumarate with a high yield (95%) and 2) 1,2-tetradecanediol to a
moderate yield of tetradecane (36%). The recycling test showed significant leaching of

rhenium, resulting in the reduced yield (10%) at the 4" cycle.

O OH (0]

= ReO,-C 3 mol% Hy
/\OJ\_/\H/O\/ . /\O)K/\H/O\/
OH O 150 °C,48 h Benzene o}
95% vyield
OH ReO,-C 3mol% H,
HO
CiaHas Z > CyoHos

175°C, 24 h Benzene
36% yield

Scheme 1.8 DODH over ReOx-C catalyst and H: as a reductant.

The stable solid catalyst for DODH was reported by Palkovits group (Table 1.1).2! They
prepared perrhenate on various supports (SiO., TiO., ZrOz, and C) and the
perrhenate/support was reduced to ReOx/support involving ReV", Re!V, and Re®. Among
them, ReOx/TiO2 exhibited good stability upto 7 consequence DODH runs. For example,
DODH of glycerol over ReOx/TiO2 produced 48% yield of allyl alcohol in 1 h at 170 °C.

Under the same conditions, the yield of allyl alcohol remained and the 71" cycle showed 54%



yield. Hot filtration demonstrated ReOx/TiO: is stable under the reaction conditions. They
showed an increase in Re'V content by pre-reduction of supported ammonium perrhenate led

to higher catalytic activity than ReV", demonstrating Re'V as active species.

Table 1.1 DODH of diols with solid ReOx/TiO: catalyst.

HO OH ReO,/TiO, 3-4 mol%
o /:\
Ri Ry 170°C,1h  3-octanol Ri Rg
Yield
Run Ri1 R>
1%t cycle 7" cycle
1 H» CH20H 48 54
2 H» CH2CH2CH2CH20H 38 35
3 Ho CH2CH>0OH 27 28

8Reaction conditions: 170 °C, 1 h, 3-octanol (21 eq.).

In 2017, Kon and Katryniok reported ReOx/Al>Os as a stable solid DODH catalyst.?? In
the presence of 2-hexanol as a reductant, DODH of glycerol produced 91% vyield of ally
alcohol and was reusable upto 3 runs without yield loss. In 2018, Nicholas group
synthesized a rhenium complex containing dopamine ligand which is linked to 3-
carboxypropyl silica gel and tested its activity and stability for DODH of L-(+)-diethyl
tartarate.?® In the first cycle, the synthesized catalyst and PPhs produced 94% yield of
diethyl fumarate. The slightly reduced yield (83%) was observed in the 5™ cycle,
demonstrating stability of the synthesized catalyst.

In addition to monometallic ReOx/support catalysts, bimetallic heterogeneous catalysts

were used for DODH reaction. Tomishige group screened various ReOx-M/CeO> (M: Rh, Pd,



Ir, Ru, Pt, Ag, and Au) catalysts, prepared by impregnating M/CeO, with an aqueous
solution of NHsReO4.?* In the presence of Hy, glycerol was converted to allyl alcohol
through DODH and further hydrogenation gave 1-propanol as a major product. Interestingly,
ReOx-Au/CeO; catalyst selectively retains allyl alcohol with a high yield (91%), suppressing
further hydrogenation. Under the same conditions, DODH of erythritol, 1,2,4-butanetriol,
1,4-anhydroerythritol, and cis-1,2-cyclohexanediol afford corresponding olefins with high
efficiency (Scheme 1.9). In 2019, this group used the same catalyst and reaction conditions
to produce unsaturated sugars from methyl glycosides.?

The mechanism of ReOx-Au/CeO> catalyzed DODH with H> reductant was studied based
on experiments and DFT calculations.?® The characterization of the catalyst demonstrated
rhenium sites (ReV!' and Re'V) were isolated on CeO, support while the size of gold
nanoparticles is about 10 nm. Hydrogen, promoted by gold nanoparticles, was dissociated
and transferred to the isolated ReY! sites, resulting in reduced Re'V sites. The proposed
ReV/ReV redox cycle is different from previous homogeneous DODH mechanisms

involving ReV!/ReV redox pair.



OH 140 °C, 52 h oH oH o
HO\)\/OH —— Y + N + NN\
91% yield 6% yield 1% yield
OH )
C 140 °C, 60 h
" OH NF o+ HO ™oy
OH 89% yield 7% yield
HO 140°C, 72 h
\/Y\OH - . HO\/\/ + HO\/\/ + HO\/\/
OH 80% yield 7% yield 7% yield
0 140 °C, 24 h 0 0 0
+ +
1 — U ) J
HO  OH 86% yield 9% yield 3% yield
O:OH 170°C, 8 h O
OH
94% yield
HO OO 140°C, 8 h HO OO
HO™ OH ReO,-Au/CeO, (0.59) HO™ OH
OH H, (17 bar) OH
91% yield

Scheme 1.9 DODH of various diols over ReOx-Au/CeO> catalyst and H. as a reductant.
Reaction conditions: 0.3 g (1 wt% Re, Au/Re=0.3mol/mol), substrate (0.5 g), 1,4-dioxane (4
g), and H2 (80 bar). cis-1,2-hexanediol (0.25 g).

3. Other metal catalysts

Although rhenium-based catalysts have shown the highest efficiency, its use in industry is
limited due to high costs. In this regard, DODH with more economical and abundant metals
such as molybdenum and vanadium have been investigated. The first example of Mo-based
catalyst that showed DODH activity was dioxomolybdenum(V1) complexes (Mo(O)2(QR)2,
R = cyclohexyl, n-CeHi3, and n-CH2C(CHz)3).2” The synthesized complexes converted

styrene glycol to 55% yield of cyclooctene with PPhs as a reductant in toluene. Later,
10



commercially available ammonium heptamolybdate (AHM, (NH4)sM070244H20) revealed
good activity for DODH reaction with various reductants including isopropanol, Na>SOs,
PPhs, and KI.282° Mo-based heterogeneous catalysts including AHM/support and
MoOs/support catalysts were also tested for DODH of diols, affording olefins with moderate
yields.?3:30

Recently, both vanadium-based complexes and solid catalysts also attributed attention for
DODH. Nicholas group used both commercially available vanadium catalysts (NaVOs,
NH4VOs, and n-BusNVOs) and synthesized oxo-vanadium complexes for DODH.3%3
Commercially available metavanadate (VOgz’) catalyzed DODH was also reported by
Fristrup’s group.® In 2017, Chen’s group synthesized VOx/SiO; solid catalyst and used it to
convert 2,3-butanediol to butenes with a yield of 45% in a continuous system.* Another
continuous DODH reaction was reported that V2Os/p-zeolite catalyst produced acrolein

(38%) and allyl alcohol (10%) from glycerol.3®

B. Deoxydehydration and hydrogenation for sugar acids valorization

A combination of catalytic deoxydehydration and hydrogenation has been utilized to
valorize biomass-derived sugar acids or lactones to dicarboxylic acid and its esters. As
described above, DODH reaction affords olefins from diols. The resulting C-C double bonds
can be saturated through catalytic hydrogenation. The first example of DODH +
hydrogenation to produce adipates from mucic acid was reported by Toste’s group.1® Mucic
acid (also known as galactaric acid) is an aldaric acid that can be produced by the oxidation
of galactose.®® In the presence of n-butanol as a reductant, HReOs catalyzed DODH of
mucic acid, making dibutyl muconate with a yield of 62% under air or 71% under N2

atmosphere (Scheme 1.10).1¢ After DODH reaction, Pd/C catalyst and H, were added to
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hydrogenate the produced dibutyl muconate to dibutyl adipate. This one-pot two-step

reaction converted mucic acid to 62% yield of adipate.

O OH OH HReO, (7 mol%) 170°C  n-BuOH
HOMOH /_\ /\/\OJMO\/\/
OH OH O 0
o 1) air, 15h, 62% yield
NN TN 2) Ny, 7.5h, 71% yield
o]
o OH OH HReO4 (7 mol%) 10 wt% Pd/C (2 Pd mol%) 0
R OH . /\/\OM ~
HO i 170 °C, 15h, air H, (100 psi), RT, 4h )
OH OH O
n-BuOH 62% yield

Scheme 1.10 DODH of mucic acid and DODH-hydrogenation one-pot reaction of mucic
acid.

Later, Zhang’s group reported a similar reaction pathway, but a much higher yield of
adipates through two-step DODH and transfer hydrogenation reaction.®¢ At 120 °C, MTO
converted mucic acid to muconates (99% vyield) in 3-pentanol (Scheme 1.11). Because
esterification also proceeds, resulting in a mixture of monoester and diester as a final
product. In the presence of TsOH, esterification was promoted, resulting in the enhanced
solubility of mucic acid in 3-pentanol and the reduced reaction time. Re;O; catalyzed-
conversion of mucic acid selectively yielded a diester compound with n-butanol as a
reductant. The resulting muconates were saturated to adipates through transfer
hydrogenation over Ru/C, Pd/C, and Pt/C catalysts with 3-pentanol as a hydrogen donor.
DODH and transfer hydrogenation two-step reaction gave 99% yield of adipates. A one-step
process with a mixture of MTO, TsOH, Pt/C, and 3-pentanol yielded up to 75% at 200 °C.
DFT calculation of DODH of mucic acid suggested methyloxodihydroxyrhenium as an
intermediate shown in Scheme 1.7c. In 2016, the same authors used NH4ReO4 (5 mol%) for
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DODH of L-(+)-tartaric acid, a C4 sugar acid, to maleic acid in 3-pentanol with 91% yield.

Subsequently, hydrogenation of the produced maleic acid with Pt/C and H> yielded succinic

acid.3
MTO (5 mol%) 120 °C % 0
HO)WYO + O)MO
3-pentanol o) )
1) 24h, 99% vyield
2) with TsOH, 12h, 99% vyield
R,07 (5 mol%) 120 °C, 12 h Q
O)MO
3-pentanol o]
O OH OH 99% vyield
HO™ ™Y ' OH —
OH OH O

MTO (5 mol%)
TsOH (5 mol% 0 i 7
( b)  PtC (3 Pt mol%) HOMO N ((O)WYO
120 °C, 12h 160 °C, 12h o o

3-pentanol 3-pentanol

99% vyield (two steps)

MTO (5 mol%) PYC (3 Pt mol%)

(0] (0]
TsOH (5 mol%) )Moj) I VUV/WOJJ
HO O
[¢] (0]

120 °C,48 h  3-pentanol

75% vyield (one step)

Scheme 1.11 DODH-transfer hydrogenation of mucic acid.

A) Toste
oio}_c}Loﬁ KReO,, Pd/C, MeOH, Hj (5 bar) 8 .
ho' oM 150 °C, 18 h OM )
oM '
1) KReO, (10 mol%), Pd/C (2.5 mol%), yield (61%)
2) KReO, (1 mol%), Pd/C (0.75 mol%), activated C (27 wt%), yield (71%)
3) KReO, (1 mol%), Pd/C (0.75 mol%), activated C (27 wt%), HsPO, (3 mol%), yield (88%)
B) Wang
oo A on ReO,/Zr0, OW\(\Q/—OZLOH . o  O50BY 5wt% Pd/C O\]\(\(,I/_OZLOH N wOB“
Hoj;./’_Z:‘ 120 °C, 24h = OH BuO” NNF 120°C, 4 h OH BUO
OH n-BuOH 52% yield 41% yield H; flow 49% yield 40% vyield

Scheme 1.12 DODH-hydrogenation of A) ethyl ester of D-glucarate-6,3-lactone and B) D-
glucaric acid-1,4-lactone.
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In addition to mucic acid, D-glucaric acid lactone or its ester was used to produce adipates
through DODH-hydrogenation reaction (Scheme 1.12). In 2017, Toste’s group employed a
physical mixture of KReOs and Pd/C for DODH and hydrogenation, respectively.®®
Molecular H> worked as a hydrogen donor for both reactions. This one-step reaction
produced 61% vyield of adipates at 150 °C. With an additive of activated carbon, H3PO4
cocatalyst, and the reduced amount of Re and Pd catalysts, a higher yield (88%) of adipates
was obtained (Scheme 1.12A). Recently, Wang et al. investigated DODH of glucaric acid
lactone over ReOx/support catalysts.>® Among them, ReOx/ZrO. catalyst exhibited the
highest yield of olefins with n-butanol as a reductant. DODH products consisted of
muconate and five-membered ring lactone with one OH group and one C-C double bond
(Scheme 1.12B). Further hydrogenation of the products with Pd/C gave hydrogenated five-

membered ring lactone (49% yield) and adipate (40% yield).

C. Transfer hydrogenation with heterogeneous catalysts for upgrading of biomass model

compounds

Catalytic transfer hydrogenation (CTH) reaction is an effective method that adds hydrogen
to the substrate without using molecular Hz gas.*® CTH reaction uses liquid phase hydrogen
donor including simple alcohols and formic acid, providing several advantages over direct
hydrogenation: 1) minimizing possible hazards without using flammable gas, 2) avoiding
high-pressure affordable infrastructure, and 3) enhancing the solubility of the hydrogen
donor.#! Since Knoevenagel proposed CTH reaction a century ago, a wide range of homo-
and heterogeneous catalysts and hydrogen donors have been developed for CTH of

unsaturated bonds (e.g. C=C, C=0, N=0O, N=N, C=N, and C=C) or for single bonds
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resulting in bond cleavage (C-O, C-N, and C-S).4042 |n the last two decades, CTH with C1-
C3 alcohols or formic acid has been employed to provide hydrogen for hydrodeoxygenation
(HDO) of biomass-derived chemicals, lowering their oxygen contents. HDO processes with
CTH over heterogeneous catalysts include hydrogenation of olefins and carbonyl groups,
hydrogenolysis of C-O bonds.

In 2010, Thananatthanachon and Rauchfuss proposed the use of CTH reaction with formic
acid as a hydrogen donor to convert 5-hydroxymethylfurfural (HMF) into 2,5-dimethylfuran
(DMF) with 5 wt% Pd/C catalyst and sulfuric acid.*® Later, the same transformation was
conducted with 5 wt% Ru/C catalyst and isopropanol, reported by Vlachos group.** Other
metal catalysts such as Pd/Fe»03,*> Cu/porous metal oxides,*¢ and Ni-Co/C*’ were also used
to produce DMF from HMF through CTH reaction. This conversion of HMF to DMF
follows CTH of C=0 bond and two separate C-O hydrogenolysis shown in Scheme 1.13.

Similarly, a combination of CTH/hydrogenolysis transformed furfural to 2-methylfuran.4>48

HOWO Y2 HoNO0  OH  *2H o OH *2H o
_— _—

/ | | W,

HMF DMF

Scheme 1.13 Transformation of HMF to DMF.

CTH-assisted HDO over metal catalysts was also utilized to produce y-valerolactone
(GVL) from levulinic acid (LA). In 2013, Fu’s group reported Raney Ni exhibited 99%
yield of GVL from LA in the presence of isopropanol as a hydrogen donor while other Ni
nanoparticle catalysts did not afford GVL.#? The possible mechanism is CTH of LA to 4-
hydroxypentanoic (HPA) acid, followed by lactonization to GVL (Scheme 1.14). The other
possible mechanism that LA undergoes lactonization, followed by CTH of the resulting C=C
bond was proposed by Hasan’s group.®® They obtained 89% vyield of GVL over Pd/C

catalyst in ethanol with KOH. In the absence of base, Pd/C catalyst did not afford GVL.
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OH
OH
+2H )\/\ﬂ/ H:0

/ ©
o HPA

Scheme 1.14 Transformation of LA to GVL.

In addition to the conversion of cellulose-derived materials, HDO-CTH reaction of
aromatic compounds has been also investigated. CTH assisted C-O bond cleavage of lignin-
derived monomeric and dimeric phenolics can be an alternative Hz-driven HDO of the
phenolics.?! Jae’s group tested monometallic Ru and bimetallic Ru-Re catalysts for the
conversion of guaiacol into cyclohexanol and cyclohexane through CTH with isopropanol.>?
Ring saturation of guaiacol and the removal of methoxy group through C-O hydrogenolysis
were catalyzed by Ru, producing cyclohexanol as a major product. Further deoxygenation
from cyclohexanol and cyclohexane was realized with bimetallic RuRe/C catalyst (Scheme
1.15). Similarly, various metal catalysts for HDO-CTH reaction of other phenolics including
p-cresol,*® phenol,> vanillin,> and 2-(2-methoxyphenoxy)-1-phenyl ethanol¢ as a B-O-4

model compound with isopropanol or formic acid were developed.

OH

-CH30H
+ 6H \i OH
OH 2-methoxy +2H

cyclohexanol +2H O
ONQ _—
©/ -HZO
%OH OH / cyclohexanol cyclohexane
+2H ©

guaiacol +6H

phenol

Scheme 1.15 Transformation of guaiacol to cyclohexanol and cyclohexane.
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D. Chapter overview

This chapter is a brief introduction of literature regarding catalysis of deoxydehydration,
hydrogenation, and catalytic transfer hydrogenation as effective strategies to valorize
biomss-drived sugar alcohols and acids. Chapter 2 describes deoxydehydration of polyols
with unsupported rhenium oxide nanoparticles, which is reusable as a heterogeneous
catalyst. Changes in the speciation and structure of ReOx during catalysis are shown through
various in-situ and ex-situ characterization tools. In addition to the characterization results,
kinetic isotope effect tests provide the mechanistic insights in deoxydehydration over
heterogeneous rhenium oxide catalysts. Chapter 2 is reproduced with permission from ACS
Sustainable Chemistry and Engineering, 2019, 7, 11438-11447. Copyright 2019 American
Chemical Society.

Chapters 3 and 4 describe bimetallic bifunctional catalysts for one-step conversion of
mucic acid to adipates through a combination of deoxydehydration and catalytic transfer
hydrogenation. Isopropanol is used as both solvent and hydrogen donor for both
deoxydehydration and catalytic transfer hydrogenation. The reusability and regeneration of
the catalysts are investigated. Based on the characterization of the catalyst and isotope
labeling experiments, the possible mechanism is proposed. Chapter 3 is reproduced with
permission from ACS Catalysis, in press. Unpublished work copyright 2020 American
Chemical Society.

In Chapter 5, catalytic transfer hydrogenation assisted hydrodeoxygenation of succinic
acid to y-butyrolactone and tetrahydrofuran with rhenium oxide nanoparticle is investigated.
This, combined with deoxydehydration and C=C bond saturation through catalytic transfer
hydrogenation, enables to convert tartaric acid to y-butyrolactone in one-step. The possible
pathways are described based on experimental observations. Chapter 5 is reproduced with

permission from Energies, in press. Unpublished work copyright 2020 MDPI.
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CHAPTER II. Deoxydehydration (DODH) of Biomass-Derived Polyols

with Reusable Unsupported Rhenium Nanoparticles Catalyst

A. Introduction

Making chemicals from petroleum derived synthons requires addition of heteroatoms such
as oxygen and nitrogen. In contrast, removal of oxygen is necessary in making useful
chemicals from biomass starting materials.!? One attractive deoxygenation reaction is
catalytic deoxydehydration (DODH),® which converts vicinal diols to alkenes. Several
DODH metal catalysts have been reported including Re,* V,°> and Mo.% In particular, Re-
based homogeneous catalysts have been extensively studied and their efficacy attributed to
oxophilicity” and a wide range of accessible oxidation states.* Many reductants have been
used with rhenium catalysts including organophosphines,®® H,1%12 inorganic sulfites,3-1°
and alcohols.?316-21 Based on experimental and computational investigations, the DODH
mechanism for homogeneous Re catalysis involves three steps: (1) reduction of high-valent
Re species, (2) diol condensation to form Re diolate intermediates, and (3) concerted alkene
extrusion, the reverse of [3+2] addition (Eq 1).4%?

LRe<(O + :LRe{Oj

o) o) 1)

One major drawback of homogeneous catalysts is the difficulty in recycling the catalyst.
Additionally, under the conditions necessary for DODH (T > 150 °C), homogeneous
catalysts tend to degrade. As a result, heterogeneous Re catalysts are of interest and have
recently been pursued. In 2013, oxo-rhenium supported on carbon (ReOx-C) was introduced
as the first heterogeneous catalyst for DODH with H; as a reductant.?® For this catalyst,
significant metal leaching was observed.?* A recent study of ReOx/TiO2 showed glycerol

conversion into allyl alcohol in 58% yield with 3-octanol as a reductant.?® Yet a higher yield
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of allyl alcohol (91%) was achieved by ReOx/Al.03 with 2-hexanol and by ReOx-Au/CeO:
in 1,4-dioxane using H: as a reductant.?6:2

Despite these recent advances on heterogeneous DODH catalysts, the reaction mechanism
and oxidation states of rhenium remain poorly understood. Tomishige suggested a
mechanism for Ha-driven heterogeneous DODH involving ReV!/Re!V cycle and analogous
elementary steps to homogeneous systems.?82® Mechanistic and kinetic studies of
heterogeneous DODH catalysis with alcohol as a reductant have not been reported.

It has been found that unsupported ReOx nanoparticles reported earlier by our group for
alcohol dehydrogenation® afford heterogeneous DODH of polyols with high recyclability
and provide a good system to study for mechanistic insights without the influence of a
support. Investigations of ReOx NPs in DODH via in situ and ex situ X-ray spectroscopic
analysis, kinetics studies, and kinetic isotope effect measurements have been conducted to
elucidate heterogeneous DODH mechanism driven by alcohol reductants. The postulated

mechanism suggests a Re(V) desoxo species as the active site for alkene extrusion.

B. Experimental details

1. Synthesis

All commercial materials were used as received without further purification. Ammonium
perrhenate (NHsReOs) was purchased from Strem Chemicals. 1,1,2,3,3-ds-Glycerol and
(OD)s-glycerol were purchased from Cambridge Isotope Laboratory. All other reagents were
purchased from Sigma-Aldrich or Alfa Aesar. Unsupported rhenium oxide nanoparticles
(ReOx NPs) were prepared in neat alcohol as reported previously.3® In order to simplify
synthesis process and avoid formation of metallic rhenium, the nanoparticles were prepared

under ambient atmosphere instead of under nitrogen.

24



Catalyst preparation. Ammonium perrhenate (NHsReOs, 134 mg, 0.5 mmol) and 3-
octanol (10 mL, 63 mmol) were refluxed at 180 °C for 12 h in open air. After 10 min the
color of solution changed to yellow, and finally dark brown. The synthesized unsupported
ReOx NPs were obtained by centrifugation (11,000 rpm for 1.5 h). In order to remove
unreacted ammonium perrhenate, the resulting ReOx NPs were washed with ethanol and
hexane solution (1:1 wt %) followed by further centrifugation. After repeating the washing

step, the ReOx NPs were dispersed in ethanol and kept for future use.

2. General catalytic procedure

Catalytic tests for DODH reactions were performed in a 50 mL one neck round-bottom
flask connected to a column, collecting flask, heating band, and thermometer. 10.9 mmol
(1.0 g) of glycerol, 109 mmol (17.3 mL) of 3-octanol, and 10 mg (1.0 wt %) of the
synthesized ReOx NPs were placed into the round-bottom flask. The flask was heated in a
preheated 170 °C oil bath. The produced volatile products such as allyl alcohol and acrolein
were collected over a water bath. The products in the collection flask and the remaining
solution in the reaction flask were added to ds-DMSO and analyzed by NMR with
mesitylene as an internal standard. *H-NMR and *C-NMR spectra were measured on a
Bruker Avance 500MHz spectrometer. Due to high volatility of products at room
temperature, the catalytic tests of meso-erythritol and cis-but-2-ene-1,4-diol were performed
in 120 mL pressure glass vessel sealed with a Teflon lined screw cap. For recycling
experiments, the used catalyst was separated by centrifugation, followed by washing with

ethanol and hexane solution and drying under vacuum.
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3. Characterization

Transmission electron microscope (TEM) images were acquired on FEI Tecnai G2
Microscope. Averaged particle size was calculated by Xnidi¥/Znidi? (di: particle size, ni:
number of particles with di). Elemental analysis was carried out via inductively coupled
plasma (ICP) (Thermo iCAP 6300) and on CHN analyzer (CEC 440HA). IR spectra were
obtained on Thermo-Nicolet iS10 FTIR. X-ray diffraction (XRD) patterns were recorded on
a PANalytical Empyrean X-ray diffractometer using Cu K, source. The software package
HighScore 3.0 was used to identify the phases. In order to quantify amorphous phase
fraction, the XRD data of a 1:1 (wt%) mixture of the power sample and fully crystalline
silicon as an internal standard was analyzed by Rietveld method with the software package.

Ex-situ X-ray photoelectron spectroscopy (XPS) analyses were performed on a Kratos
Axis Ultra spectrometer with an Al K monochromic X-ray radiation. The survey spectra 160
eV) and the high-resolution spectra (20 eV) of the Re 4f, C 1s, and O 1s were collected.
Binding energies were calibrated by setting the C 1s peak to 284.5 eV. The CasaXPS
software package was used for curve fitting. The oxidation states of as-prepared and
recycled ReOx NPs were determined.313? The catalysts reduced or oxidized in a flow of 3%
Hz/He (50 mL/min) or air (50 mL/min) at different temperatures of 200 and 300 °C for 1 h
were cooled down to room temperature first and then analyzed by XPS.

X-ray absorption spectroscopy (XAS) experiments were conducted at Sector 10-1D
(insertion device) beamline in collaboration with the Materials Research Collaborative
Access Team (MR-CAT) at the Advanced Photon Source (APS) of Argonne National
Laboratory (ANL). Prior to the XAS measurements, the samples were finely ground with
addition of boron nitride as a diluent using a mortar and pestle. The amount of boron nitride

was calculated separately for each sample in order to obtain a good edge step close to 1. The
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sample was then pressed into a six-hole, cylindrical-shaped holder where each hole has a
radius of 2.0 mm, forming a self-supporting wafer. The six-hole sample holder was placed in
a quartz tube (1 in. OD, 10 in. length) sealed with Kapton windows by two Ultra-Torr
fittings. The quartz tube was then transferred to the beamline hutch and positioned at the
center of a lab-scale furnace. Both the inlet and the outlet of the quartz tube were connected
to stainless-steel tubing allowing gases to flow through the sample holder. For
measurements involving treatment with Hz, the as-prepared ReOx NPs were first heated to
the target temperature (100, 200 and 300 °C) with a 50 mL/min flow of a 3% H/He feed,
and the temperature was maintained until the oxidation state of Re reached equilibrium. It
should be noted that multiple scans were collected at an average rate of 1 scan /5 min at each
temperature. After collecting the last EXAFS spectrum at RT, the ReOx NPs were exposed
to air for 30 min and subsequently treated with 1% O2/He for 1 h at 300 °C.

With respect to the solution-phase measurements, the sample was suspended in 1:3
(vol/vol) glycerol + 3-octanol and shaken vigorously to achieve uniform dispersion prior to
the measurements. The suspension was then transferred to an NMR tube and was heated in a
preheated 170 °C mineral oil bath. The XAS spectra were collected by aligning the beam at
the center of the NMR tube. All XAS measurements were carried out in transmission mode.
A Si (111) monochromator with a cryo-cooled first crystal and a 250-mm long second
crystal was used to provide Re-L3 edge energy (10535 eV). Harmonic interference was
removed by using a 60-cm long flat harmonic rejection mirror with Pt and Rh coatings. The
beamline was calibrated using a Re foil and the foil spectrum was collected simultaneously
with the samples to correct the edge energies of each sample. Background removal and
normalization procedures were carried out using the Athena software package. EXAFS

fitting was conducted using Artemis.33
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C. Results and discussion

1. Deoxydehydration (DODH) of biomass-derived substrates

According to previous DODH catalysis studies, rhenium catalysts convert glycerol into
useful organics such as allyl alcohol, propanal, and acrolein through both homogeneous and
heterogeneous catalysis with specific reductants including alcohols and H2.3* In this chapter,
glycerol (10 mmol) DODH is catalyzed by unsupported ReOx NPs (1 wt % of glycerol) with
3-octanol as reductant, producing allyl alcohol under batch conditions combined with a
distillation apparatus for removal of volatile products as they are formed (i.e. reactive
distillation shown in Figure 2.1). Besides separation of volatile products from the reactor,
this distillation system removes water, a byproduct of DODH, resulting in a higher reaction
rate than a simple batch reactor (run 1-3 in Table 2.1). First, the most effective sacrificial
alcohol and reaction conditions including reaction temperature and concentrations were
determined (Figure 2.2). Among several candidate alcohols as sacrificial reductants for
glycerol DODH, 3-octanol, a secondary alcohol, showed high activity and yield (Figure
2.2a). Primary alcohols and diols were not as effective. This is in agreement with ReOx NPs
acting as a dehydrogenation catalyst for alcohols and having the highest activity with
secondary alcohols as has been noted previously.*° The effect of 3-octanol versus glycerol
concentrations on the DODH reaction was investigated in the range of [glycerol] = 0.6-4.2
M (Figure 2.2b). It should be noted that since 3-octanol is a solvent as the concentration of
glycerol is increased, the concentration of 3-octanol is decreased. The optimal [glycerol] in
3-octanol was found to be 1.1 M. Higher concentration than 1.1 M led to a miscibility issue

between 3-octanol and glycerol, resulting in the lower reaction rate (Figure 2.2b).
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Figure 2.1 scheme of the reaction system. Temperature of oil bath is 170 °C. Heating band
was used to collect volatile products efficiently.

Table 2.1 DODH Reaction of various substrates with ReOyx NPs

Run? Substrate t(h)  conv.b (%) yield? (%)
19 glycerol 3 56°¢ allyl alcohol (40) + acrolein (0.7)
2d glycerol 10 89° allyl alcohol (76) + acrolein (1.4)
3¢ glycerol 3 40 allyl alcohol (22)
49 1,2-hexanediol 10 91 1-hexene (80)

1,3-butadiene (18)
5¢ meso-erithritol 3 72 + 2,5-dihydrofuran (2)

1,3-butadiene (34)
6° meso-erithritol 10 100 + 2,5-dihydrofuran (7)

1,3-butadiene (41)
7¢ cis-but-2-ene-1,4-diol 3 97 + 2,5-dihydrofuran (9)

aConditions: ReOx 1 wt % of substrate, 3-octanol/substrate 10/1 mole ratio, T = 170 °C.
bConversion and yield are calculated by 'H NMR °Conversion is calculated by HPLC.
dsubstrate 1 g, using distillation system. ésubstrate 0.5 g, using pressure glass vessel.
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Figure 2.2 Optimal DODH conditions. (a) sacrificial alcohol reductants (reductant/glycerol
is 10 equiv.), (b) concentration of glycerol (changing the amount of 3-octanol and fixing the
amount of glycerol and catalysts), and (c) reaction temperature
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Figure 2.3 (a) Reaction profile for glycerol heterogeneous DODH to allyl alcohol and
acrolein. Conditions: 1, 2, and 5 wt % ReOx NPs of glycerol, 170 °C, 10 equiv of 3-octanol
to glycerol, and air. The formation of allyl alcohol is fitted with pseudo-first-order kinetics
(solid line). (b) Effect of the amount of ReOx on glycerol DODH reaction.

At the optimized concentration and temperature (1.1 M glycerol and 170 °C), the time
profile for DODH catalyzed by unsupported ReOx NPs (1 wt% relative to glycerol) was
collected and displayed in Figure 2.3a. 76 % vyield of allyl alcohol was achieved and

separated over the course of 10 h. The rate of formation of allyl alcohol follows first-order
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kinetics in the limiting reagent [glycerol] with an observed rate constant of 6.8 x 10° stat 1
wt% ReOyx NPs. At different catalyst loadings the observed rate constant shows dependence
on ReOx NPs (Figure 2.3b). During DODH, 3-octanol was dehydrogenated resulting in 3-
octanone. The higher amount of 3-octanone (11.7 mmol) produced over the course reaction
versus that of allyl alcohol (8.4 mmol) is due to independent dehydrogenation of 3-octanol

by ReOx NPs.

The question of whether the active catalyst is a homogeneous rhenium complex resulting
from dissolution of the NPs was addressed through hot filtration test (Figure 2.4). During the
course of the reaction, the catalyst was filtered hot and the filtrate was followed showing no
further increase in yield of allyl alcohol with 4 % further conversion. It should be noted that
the small conversion in starting material was also observed in a control experiment without
catalyst, excluding the possibility of leaching of rhenium (Figure 2.4c). Furthermore, the
heterogeneous ReOx NPs were recycled seven times without showing significant loss of
activity (Figure 2.5). The stability of solid Re catalysts is highly dependent on the support
materials; ReOx/TiO2 showed high stability while a clear deactivation was detected for Re
catalysts on activated carbon, zirconia, and silica.?®>?> Unsupported ReOx nanoparticles
exhibited long-term stability without any effect of supporting materials.

In addition to glycerol, other substrates including 1,2-hexanediol, meso-erythritol, and cis-
but-2-ene-1,4-diol were investigated. The results are summarized in Table 2.1. The DODH
of 1,2-hexanediol catalyzed by ReOx NPs gave 1-hexene as the major product with moderate
yields (52 % in 10 h). As previously studied in other reports for homogeneous Re-based
catalysts,> ReOx NPs produce butadiene by DODH from erythritol and 2,5-dihydrofuran by
combination of DODH and dehydration. Recently, Toste and co-workers reported

oxorhenium complexes catalyze also 2-ene-1,4-diols (1,4-DODH) and 2,4-diene-1,6-diols
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(1,6-DODH).?° DODH of cis-but-2-ene-1,4-diol by ReOx NPs indicates that heterogeneous
Re catalysts are also capable of 1,4-DODH, which has not been shown before for

heterogeneous systems.
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Figure 2.4 Hot filtration test. (a) ReOx NPs (2 wt%) undergo glycerol DODH with 3-ocatnol
in pressure glass vessel for 3 h at 160 °C. ReOx NPs were removed by filtration at high
temperature and the filtrate without ReOx NPs was heated to 160 °C for additional 3 h. (b)
Glycerol conversion and yield of allyl alcohol for 6 h without removing ReOx NPs were
recorded at 3h and 6h for control test. (c) Glycerol conversion without catalysts was studied
for another control test.
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Figure 2.5 Recycling study for glycerol DODH by ReOx NPs Conditions: 5 wt% ReOx
NPs of glycerol, 170 °C, 1h, 10 equiv of 3-octanol to glycerol, and air. The used catalyst was
separated and washed for recycling.

2. Catalyst characterization and reaction mechanism

The general DODH mechanism for homogeneous Re catalysts has been suggested to
involve two electron redox cycles of ReV'/ReY 217 or ReV/Re"'.*® Heterogeneous DODH
driven by Hz with ReOx-Au/CeO> has been suggested to follow similar mechanistic steps but
via a different redox pair of ReV!/Re!V.?” In this chapter, the changes of unsupported ReOx

NPs as-prepared and after (spent) DODH reaction were investigated.

2.1 The catalyst as prepared

Figure 2.7 shows the unsupported ReOx nanoparticles as synthesized in this chapter.
Based on estimation with 100 particles in the TEM images, the average size of nanoparticles
prepared from NHsReO4 in 3-octanol is 1.8 nm. The X-ray diffractogram of the prepared
ReOx NPs has only the diffraction peaks of ammonium perrhenate (Figure 2.6a). However,
the quantitative analysis using internal standard method indicates that the prepared

nanoparticles are heterogeneous materials, composed of 90 wt% of amorphous rhenium
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oxides and 10 wt% of perrhenate structure (Figure 2.6b). Despite several washing steps,
both NH4* cations and 3-octanol are present in the prepared nanoparticles as shown by solid-
state. NMR (Figure 2.8). 3-octanol serves as a capping agent and it prevents the
nanoparticles from growing into larger clusters. ICP and CHN elemental analysis showed
that the approximate elemental composition is one ammonium (N) for every three Re atoms

and the ratio of Re:O is 1:3 (Table 2.2).
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Figure 2.6 XRD patterns of (a) as-prepared ReOx NP (b) a 1:1 mixture of ReOx NPs and
fully crystalline silicon as an internal standard. Rietveld refinement fits of ammonium
perrhenate (blue lines) and fully crystalline silicon (green lines) were overlaid on the
patterns.
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Figure 2.8 Solid-state *H MAS NMR spectra of ReOx NPs.

Table 2.2 Elemental analysis based on ICP and CHN analyzer

oP 0¢  OfRe

a b &
Sample Re? C H N O (3-octanol) (ReOx) (ReOx)

As-prepared Wt% 731 65 13 17 174

ReOy NPs 2.0 29.2 258

Atomic% 113 157 382 36 312

2 ICP analysis, ® C is from 3-octanol capping or in ReOx NPs, ¢ 100 - (Re+C+H+N) %,
d O(total) — O (3-octanol) %,
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2.2 In-situ and ex-situ XAS

XAS was employed to understand oxidation states and structural features of the ReOx NPs
under different treatment/reaction conditions. Figure 2.9a,b show the XANES spectra of as-
prepared (before reaction) and spent (after DODH reaction) ReOx NPs as well as the
spectrum collected under catalytic DODH conditions ([3-octanol]/[glycerol] = 3, 1 wt%
ReOx NP at 170 °C). All the edge energies are summarized in Table 2.3. The edge energy of
the as-prepared ReOx NPs (10538.65 eV) indicates an average Re oxidation state between
Re®* and Re™, based on the edge energies of different Re standards (Figure 2.9d). Under
reaction conditions (glycerol and 3-octanol), ReOx NPs were slightly reduced, showing an
average oxidation state between Re®* and Re®* (10538.13 eV). Two spent ReOx NP
catalysts, recovered after one and three catalytic cycles, showed an oxidation state between
Re®* and Re’, a value similar to that observed for the as-prepared ReOx NPs.

EXAFS spectra of the as-prepared and post catalysis ReOx NPs samples are shown in
Figure 2.9c, and the corresponding fitting results are listed in Table 2.3. The EXAFS
spectrum of the as-prepared ReOx NPs revealed three different scattering paths which
include two Re-O bond lengths of 1.73 + 0.01 A (consistent with Re=O double bond) and
2.02 + 0.01 A (consistent with Re-O single bond), and a Re-Re scattering at 2.57 + 0.01 A .
Based on the reported range of rhenium standards, the longer Re-O path and Re-Re
scattering might represent Re®* oxorhenium cluster,3* while the shorter Re-O bond length is
close to Re™* standards (i.e., 1.73 A).3935 |t is reported that EXAFS analysis of oxorhenium
(V) clusters in Re-Pd/C catalysts showed Re-O path and Re-Re path with bond lengths of
2.03 and 2.57 A 3! As the catalyst goes through more reaction cycles, the shorter Re-O path
(1.73-1.76 A) decreases in intensity while the longer Re-O scattering (2.02 A) increases in

amplitude. This is indicative of a possible phase change in the Re catalyst, with perrhenate
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type phases converting to ReOx (Re®*) type; this, coupled with the observed increase in
coordination number of the Re-Re scattering corroborates the increasing degree of Re
reduction after catalysis.

Reduction of ReOx NPs after DODH reaction shown in XAS results was elaborated by
FT-IR analysis. In the FT-IR spectra (Figure 2.10), the recycled ReOx NPs (1 cycle) has

reduced peaks between 800-1000 cm-t, which are frequencies of Re=O multiple bonds.

Table 2.3 XANES edge energies of ReOx NPs samples. EXAFS fitting results of Re-L3
edge are listed as N (coordination number), ss (Debye-Waller factor) and R (bond distance).?

Oxidation  Edge Energy
state (eV) Path N s (A) RE)

In-situ 5+ < X <6+ 10538.13 N/A N/A N/A N/A

Samples

As-prepared 6+ <X <7+ 10538.65 Re-O 1.7(2) 0.0024 1.73 (1)
Re-O 3.7(3) 0.0056 2.02 (1)
Re-Re 1.8(3) 0.0056 2.57 (1)
Post-catalysis 6+ <X <7+ 10538.55 Re-O 1.3(3) 0.0050 1.75 (2)
(1cycle)
Re-O 50(8) 0.0055 2.02 (1)
Re-Re 2.3(5) 0.0046 2.57 (1)
Post-catalysis 6+ <X <7+ 10538.43 Re-O 0.8(3) 0.0050 1.76 (2)
(3cycle)
Re-O 55(7) 0.0056 2.02 (1)

Re-Re  24(4) 00042  255(1)

ak-range: 3.3~3.4 < k < 15.5 A 1 (k2 weighting), r-range: 1.1~1.2 <R<3.1A,S:2=0.9

37



©

Normalized xpu(E) —

10525

—_
L

Ix(R)I (A®)

In-situ
(Glycerol/3-octanol)

Re (5+)

As-prepared

: Re (6+)

10530

10535

10540
Energy (eV)

Post-catalysis
(3 cycles)

10545 10550

Post-catalysis

As-prepared

(1 cycle)

1

2

3

4

5 6

Radial Distance (A)

.22

Normalized xp(E)

Post-catalysis
(3 cycles)

Re (7+)

Post-catalysis ff .-
(1 cycle) & .
(- Re (6+)

As-prepared &

10525 10530 10535 10540 10545 10550

(d)

Normalized xp(E)

Energy (eV)

Re oxide (7+)
NH,ReO, (7*)

Re (5+)

e (6+)

Re (3+)

10525 10530 10535 10540 10545 10550

Energy (eV)

Figure 2.9 Re-L3 edge XANES spectra of (a) as-prepared (red solid line), in-situ (black
solid line) and (b) post-catalysis ReOx NPs (Green and yellow solid lines). (c) EXAFS
spectra of as-prepared and post-catalysis ReOx NPs. (d) XANES spectra rhenium standards.
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Figure 2.10 FT-IR spectra of as-prepared and recycled ReOx NPs (1 cycle).
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2.3 XPS

The change in oxidation states of Re species during glycerol DODH reaction was also
investigated by ex-situ XPS. Figures 2.11a,b represent Re 4f spectra of before and after
DODH reaction and their curve-fitted results are shown in Table 2.4. The major contribution
of Re 4f doublets of as-prepared ReOx NPs at binding energy of 45.6 and 47.9 indicates Re’*
(68 %), followed by Re> (32 %) at binding energy of 42.8 and 45.2.3%3 After DODH
reaction, a large increase in the amount of Re®* concurrent with a decrease in the amount of
Re’* was observed. It is evident from the XPS data that the oxidation states of ReOx NPs
were reduced during DODH reaction, which is consistent with the XANES and EXAFS
results. However, the extent of reduction is more pronounced in the XPS data than XAS.
While XPS is a surface technique and it can be argued that XAS represents the bulk average,
given the small size of our ReOx NPs, it is expected that XPS penetrates enough to provide a
picture of the bulk material. Nevertheless, both techniques provide a consistent, emerging
picture of involvement of two oxidation states with EXAFS providing more detail on the
structure of oxorhenium sites.

Spent ReOx NPs (after one cycle) were recovered and used with a fresh glycerol for a
second cycle which was stopped at 3 h. Figure 2.11c shows the XPS spectrum of the ReOx
NPs separated from the second cycle after 3 h of reaction. The overall picture of the Re
catalyst at 3 h was similar to that after cycle one. These results are consistent with
oxorhenium having two oxidation states and reduction to metallic rhenium or low oxidation

state rhenium is not observed.
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(a) As-prepared (b) Post catalysis Re 5+ (c) Snapshot
(1 cycle) during 2nd cycle
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Figure 2.11 Re 4f spectra of (a) As-prepared ReOx NPs (b) Post catalysis and recycled ReOx
(one cycle) (c) Further 3 h reaction with new a glycerol before completion and recycled
ReOx. The fitting line (brown solid line) was overlaid on the raw XPS data (red solid line).

Table2.4 The fractions of the different Re oxidation states obtained by the curve fitting of
the Re 4f spectra.

Samples Re5+% Re7+%
As-prepared 32 68
Post-catalysis (1 cycle) 81 19
3 h further reaction with 1 cycle 63 37

2.4 Kinetic isotope effect and activation parameters

The kinetic isotope effect (KIE) of glycerol was determined using
CH>(OD)CH(OD)CH2(OD) and CD2(OH)CD(OH)CD2(OH). For the homogeneous
methyltrioxorhenium (MTO) DODH catalyst with glycerol as both substrate and reductant,
the KIE of ds-glycerol-(OH)s was reported to be 2.4, indicating involvement of the C-H/D
bond of glycerol in the rate-determining step.!” Reduction of Re species in DODH reaction
in the presence of 3-octanol is associated with dehydrogenation of 3-octanol by ReOx NPs to
give 3-octanone.® In this chapter, glycerol-(OD)s in the presence of either 3-octanol or 3-
(OD)-octanol showed no kinetic isotope effect (Table 2.5). On the other hand, 3-d-3-octanol

gave a large KIE = 4.2. This is indicative that the reduction of ReOx NPs by 3-octanol via C-
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H bond activation is part of the catalytic rate-determining step(s). Also ds-glycerol-(OH)3
gave a modest KIE, indicating that a certain amount of glycerol was involved as reductant
like 3-octanol via the C-H/D activation (Table 2.5).Y7

Thermodynamic activation parameters were determined from observed rate constants at
different temperatures (150-180 °C). Least-squares fitting of data to the Eyring equation
gave the following activation parameters: AH* = 97 + 9 kJ mol, AS* =-111 + 5 J mol* K-,
and AG* = 145 + 11 kJ mol (Figure 2.12). The activation energy in this reaction is higher
than that observed for homogeneous glycerol DODH as estimated by DFT calculation.*® The

large and negative entropy of activation is consistent with a bimolecular reaction.

Table 2.5 DODH Reaction of various substrates with ReOyx NPs

k, rate constant

Run? glycerol 3-octanol (10%s2) KIEP
1 glycerol 3-octanol 1.1 -
2 glycerol-(OD)3 3-octanol 1.2 0.94
3 ds-glycerol-(OH)3 3-octanol 0.40 2.78
4 glycerol 2,2,4,4,-ds-3-octanol 0.92 1.19
5 glycerol-(OD)3 3-(OD)-octanol 0.89 1.24
6 glycerol 3-d-3-octanol 0.26 4.23

aConditions: ReOx 2 wt % of glycerol, 1g of glycerol, 3-octanol/glycerol 10/1 mole ratio,
T=170°C. kaunl/kRunx
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Figure 2.12 Least-squares fitting of data to the Eyring equation. Raw data (blue dot), fitting
lined (orange solid line).

3. Effect of oxidation state of rhenium on catalytic activity of ReOx NPs

First, the reduction behavior of ReOx NPs was probed by in-situ XAS experiments with a
3% Ho/He feed as a reducing agent. The as-prepared ReOx NPs were treated at three
different temperatures 100 °C, 200 °C and 300 °C, and multiple XANES spectra (average 60
scans/temperature) were collected until no change in the oxidation state of Re was observed.
The EXAFS spectra were collected at RT by cooling down the reactor after each treatment.
XANES and EXAFS fitting results are summarized in Table 2.6.

Hydrogen treatment at 100 °C showed negligible effect on the Re oxidation state based on
the edge energy (10538.69 eV) and EXAFS spectra features were identical to that of as-
prepared ReOx NPs (10538.65 eV). However, as the temperature was raised to 200 °C,
significant reduction of Re was observed, with a final oxidation state between Re*3 and Re**.

Further hydrogen treatment at 300 °C led to formation of metallic Re, evident by the
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observed increase in coordination number of Re-Re EXAFS feature. Upon exposure of the
reduced sample to air at RT for 30 min, no significant changes in the XANES and EXAFS

were observed, confirming the stability of reduced rhenium NPs under ambient atmosphere.

Table 2.6 XANES edge energies of ReOx NPs treated with hydrogen at different
temperatures of 100 °C,2 200 °C,° and 300 °C.c EXAFS fitting results of Re-L3 edge are
listed as N (coordination number), ss (Debye-Waller factor) and R (bond distance).

Samples Oxidation (i‘i%e Enerey  path N ss(d) R(A)
Hydrogen 100 °C 6+ <X <7+  10538.69 ReO  15(2 00017 173(1)
Re-O 37(5 00061 2.02(1)
Re-Re 18(4) 00057 2.58 (1)
Hydrogen 200 °C 3+ < X <5+  10536.96 Re-O 07(1) 00057 177 (2)
Re-O  33(4) 00058 2.02(1)
Re-Re 32(5) 00118 2.62 (1)
Hydrogen 300 °C  0<X <3+  10536.49 Re-O  03(1) 00050 1.73(2)

Re-O 21(8) 0.0134 2.03(1)
Re-Re 7.7(13) 0.0167 2.68 (1)

a k-range: 3.4 < k < 15.5 A1 (k2 weighting), r-range: 1 <R < 3.1 A, S¢? = 0.9 Pk-range:
3.3 <k <125 A~ (k2 weighting), r-range: 1 <R < 3.1 A, Se2 = 0.9 *k-range: 3.3 <k <
12.0 At (k2 weighting), r-range: 1 <R<3.6 A, S:2=0.9

(a) Oxidation 300 °C (b) Hydrogen 200 °C () Hydrogen 300°C

Re 5+

Intensity (a.u.)

L e e . A B S ey B | L e e N LA B m B s s e e e e
56 52 48 44 40 56 52 48 44 40

Binding Energy (eV)

Figure 2.13 Re 4f spectra of ReOx NPs treated with (a) Oxygen at 300 °C, (b) Hydrogen at
200 °C, and (c) Hydrogen at 300 °C
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Figure 2.14 Effect of mean oxidation state of ReOx NPs on reaction rate of heterogenous
glycerol DODH.

Based on reduction and oxidation behavior of ReOx NPs observed by XAS techniques,
catalysts with different oxidation states were prepared and investigated for glycerol DODH.
The chosen representatives were after reduction with H, at 200 and 300 °C as well as the
restored ReOx NPs after oxidation with O. at 300 °C. The oxidation states of each
representative are analyzed by XPS (Figure 2.13). ReOx NPs, oxidized with oxygen at 300
°C, showed quite similar oxidation states to as-prepared NPs; the major oxidation state is
Re’*. Reduction with Hz at 200 °C led to decrease in the amount of Re’* and increase in that
of Re®. Lower oxidation states including metallic rhenium were observed after reduction
with Hz at 300 °C. The DODH reaction was run for the first 3 hours under the standard
reaction conditions such as 1 wt% reduced or oxidized ReOx NPs, 170 °C, and 10
equivalents of 3-octanol to glycerol. When the rate of reaction as determined by initial rate
was plotted versus the average oxidation state (Figure 2.14), it is evident that lower rhenium
oxidation state in the ReOx NPs catalyst, the lower the activity. These findings are important

because they preclude metallic rhenium nanoparticles as the active species and are
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consistent with the observed XAS showing that oxorhenium in high oxidation state is the

prevalent catalytic species.

4. Reaction mechanism

The as-prepared (pre-catalyst) ReOx NPs display structural features similar to perrhenate
with approximately two Re=0 double bonds and three Re-O single bonds. Both XAS and
XPS demonstrate that under reaction conditions and after recycling oxorhenium centers in
the NPs show some reduction in oxidation state by roughly two oxidation units. Rate
dependences and KIE show the C-H bond on the secondary alcohol in 3-octanol is involved
in the RDS. The rate law can be expressed as

—d[glycerol]/dt = d[allyl alcohol]/dt = k [glycerol] [Re]r [3-octanol] = kobs [glycerol]

Based on all of these observations and building on the knowledge from the homogeneous
catalysts that rhenium(V) diolate is capable of undergoing alkene extrusion,?1317:21.36 the
mechanism is offered in Scheme 2.1 below. The pre-catalyst is perrhenate like species with
oxidation state ReV!". Glycerol dependence arises from its coordination to afford mono-oxo
rhenium(V11) diolate. Coordination of 3-octanol sets the stage for rhenium(V11) reduction to
rhenium(V) diolate and formation of 3-octanone; this irreversible step is part of the rate
determining states/steps. The C-H of 3-octanol undergoes what can be thought of
conceptually as hydride transfer to oxorhenium.!”® The resulting desoxo rhenium(V)
regenerates the dioxo rhenium(V11) species by extrusion of allyl alcohol; water elimination
from rhenium hydroxo and the proton of 3-octanol which likely resides on a p-oxo in the
ReOx NPs upon coordination of the alcohol sets the stage for another cycle with glycerol
coordination to rhenium(V1I). As previously reported in DFT studies,*®?! this breaking C-O
bonds and releasing olefin step is slow and possibly contributing to the rate-determining
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steps. The concurrent involvement of the reduction and the olefin extrusion in the rate-
determining step results in the prevalence of both oxidation state ReV and ReV! during
catalysis; this coexistence of two oxidation states is supported by the average oxidation state
under the reaction conditions shown in the in-situ XANES. The observed rate constant is a
combination of two steps and the binding of glycerol and 3-octanol in the preceding
reversible steps. At the end of the reaction, some desoxo rhenium (V) might remain and be
recovered without olefin extrusion. This notion is supported by the large amount of ReV
observed in XPS and the increased C-O-C peak around 1100 cmin FT-IR spectra (Figure
2.10). Some side reactions such as allyl alcohol further dehydrogenation of acrolein and 3-
octanol ‘non-productive’ dehydrogenation to 3-octanone take place but to a lesser extent
than the main pathway illustrated in Scheme 2.1. The proposed DODH mechanism with a
ReVI/ReV catalytic cycle is different from previous studies on heterogeneous DODH.
Palkovits and coworkers showed increase in Re'V content by pre-reduction of supported
ammonium perrhenate led to higher catalytic activity than ReV!", demonstrating Re'V as
active species.? Tomishige et al. prepared ReOx-Au/CeO- for heterogeneous DODH driven
by hydrogen and investigated change in oxidation states before and after reaction, proposing
a mechanism with ReV'/Re"v redox cycle.?” The differences in oxidation states of pre-

catalysts and types of reductant might contribute to different mechanisms and redox pairs.
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Scheme 2.1 Proposed mechanism for the heterogeneous DODH by ReOx NPs in the

presence of alcohol reductant.

D. Conclusion

Unsupported rhenium nanoparticles, efficient and reusable heterogeneous catalysts for
DODH, were investigated to obtain insights for heterogeneous DODH reaction. In a reactive
distillation system, the unsupported ReOx NPs produced allyl alcohol from glycerol via
DODH with yield of 76%. Hot filtration test demonstrated the heterogeneous nature of ReOy
NPs for DODH of polyols. This heterogeneous catalyst is recyclable up to seven consecutive
cycles without significant loss of its efficiency. DODH of cis-but-2-ene-1,4-diol showed
heterogeneous ReOx catalyzes 1,4-diols as well as vicinal diols. XAS and XPS were used to
characterize oxidation states and structures of ReOx NPs in heterogeneous DODH.
Combined with XRD analysis, three different scattering paths in EXAFS results indicated

the structure of as-prepared ReOx NPs is perrhenate like moieties with predominant
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oxidation state of ReV!l. The Re species on ReOx NPs undergo reduction during the DODH
reaction. A decrease in amplitude of Re=O bond and increase in intensity of Re-O were
observed after the catalytic cycle, consistent with reduced average oxidation state as
observed in the XANES spectra. XPS spectra and fitting results of ReOx NPs before and
after DODH reaction corroborate reduction of Re species and involvement of high-oxidation
state Re: ReV and ReV!". Under reaction conditions, the extent of reduction in oxidation
states during DODH is roughly two units, observed by in-situ XANES analysis. The larger
fraction of ReY and ReV!""on ReOx NPs showed higher activity for DODH, indicating the
relevant active species for DODH is not metallic rhenium but oxo-rhenium species. The
different KIE for reduction of ReOx NPs by 3-octanol, 3-(OD)-octanol, and 3-d-3-octanol
showed dissociation of C-H bond of 3-octanol during reduction as part of the rate-limiting
step. Based on all experimental observations and knowledge from homogeneous DODH
mechanism, a heterogeneous DODH reaction scheme is proposed, invoking the ReV!'/ReY
redox pair, dioxo rhenium(VI1I) as the active species, and desoxo rhenium(V) as alkene

extrusion species.
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CHAPTER IIl. A Heterogeneous Pt-ReOx/C Catalyst for Making

Renewable Adipates in One-Step from Sugar Acids

A. Introduction

Lignocellulosic biomass provides a renewable resource for sustainable routes to biofuels
and biochemicals.!? Adipic acid is a large volume, valuable chemical (1.8 €/kg) that can be
obtained from biomass.? Its primary use is in the production of nylon-6,6 with a global
market size of 3.7 million tons per annum.* The current manufacturing of adipic acid
depends on petroleum-derived chemicals and emits nitrous oxide (N20).°> One promising
route to renewable adipic acid is from biomass-derived C6 carbohydrates. Glucose can be
converted into cis,cis-muconic acid via biocatalysis, followed by direct hydrogenation over
Pt/C to give adipic acid.®” The conversion of glucose derivatives including glucaric acid®
and 2,5-furandicarboxylic acid®° through chemo-catalytic routes has also been studied.
However, these pathways are either low yielding (< 30%) or employ undesirable reaction
conditions such as requiring the use of corrosive halogens, high pressure of Hz (> 50 bar), or
acetic acid.

A combination of catalytic deoxydehydration (DODH) and hydrogenation offers an
efficient and green route to adipates from mucic acid. Mucic acid (also known as galactaric
acid) is an aldaric acid that can be produced by the oxidation of galactose.*! Rhenium-
catalyzed DODH reaction enables the selective conversion of vicinal diols to alkenes in the
presence of reductants such as PPhs, Na2;SOa, Ha, and alcohols.’?>13 High oxidation state
rhenium catalysts and alcohol reductants have been widely studied for DODH of various
substrates including sugar alcohols and acids. Homogeneous oxorhenium (VII) catalysts

with n-butanol as solvent and reductant convert mucic acid to muconate through DODH
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(Scheme 3.1a). The following hydrogenation of muconate over Pd/C yields 62% adipates,
reported by Toste’s group.t* Higher yield (99%) of adipates can be obtained by Zhang’s
group through two steps: 1) DODH by methyltrioxorhenium (MTQO) and esterification over
an acid co-catalyst and 2) catalytic transfer hydrogenation (CTH) over Pt/C.1t In 2017,
Toste’s group reported that the mixture of KReO4, Pd/C, and phosphoric acid in
combination with H, as a reductant yielded 86% adipates.> Despite the high yield, the
reaction system (homogeneous Re + heterogeneous Pt or Pd catalysts) presents challenging
and likely costly separation and recycling problems. Due to the high cost of rhenium,
employing a recyclable solid rhenium catalyst for DODH is desirable.'> Recently, solid
ReOy/ZrO; catalyst with n-butanol as a reductant to convert D-glucaric acid-1,4-lactone to
muconate with a yield of 41% and another DODH product with a five-membered ring.®
When further processing the product stream via three different steps, including
hydrogenation over Pd/C and ring-opening, adipates were produced at 82% yield. While the
yield of adipate is promising, the multi-step process requires the isolation of intermediates
and the use of different reaction conditions and catalysts.

In this chapter, a bifunctional heterogeneous catalyst is designed to effectively catalyze
both DODH and CTH, converting mucic acid to adipates in one step. High oxidation state
rhenium oxide on activated carbon (ReOx/C) is chosen as a DODH catalyst. In order to
catalyze CTH reaction of C-C unsaturated bonds produced by DODH reaction, metallic
platinum is employed to the ReOx/C, making Pt-ReOy/C catalyst. In the Pt-ReO,/C catalyst,
ReOx and Pt are active sites for DODH and CTH, respectively. The role of Re in previously
reported Pt-Re bimetallic catalysts was explained as a promoter for Pt catalysts.!” For
example, in hydrocarbon reforming reactions over bimetallic Pt-Re catalysts, the addition of

Re to Pt catalysts modified the electronic structure of Pt. This resulted in preventing carbon
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fouling and extending the lifetime of the catalyst.*®-?° Furthermore, Pt-Re catalysts have
shown increased activity for aqueous phase reforming of biomass-derived polyols compared
to monometallic Pt catalysts. It is attributed that Re promotion of Pt catalysts decreased the
binding energy of CO to the bimetallic surface and/or increased the number of acid sites.? 23

In addition to the separation and recycling problems, the aforementioned reaction systems
(homogeneous + heterogeneous catalysts) require the use of acid additives and expensive
alcohol reductants (C4 or higher) to achieve good yields of adipates. C4-C8 alcohols have
been proven as effective reductants and solvents for DODH reaction.!324 Isopropanol is an
attractive reductant for DODH because it is a cheap, green, and good solvent for reactants
and products relative to the C4-C8 alcohols. For example, the ability of isopropanol as a
reductant and solvent for DODH was demonstrated for 1,2-hexanediol with ammonium
heptamolybdate (AMT) catalyst at high reaction temperature (240 - 250 °C).?> However,
MTO-catalyzed DODH didn’t proceed in isopropanol at 170 °C.?6 Moreover, the higher
polarity of isopropanol relative to 3-octanol reduced the leaching problem of ReOx/support
catalyst during DODH. Re-diolate species, intermediate catalyst forms in DODH cycle, are
less soluble in more polar solvents. In addition to the advantages in DODH, isopropanol is a
good hydrogen donor for CTH reaction. CTH reactions using isopropanol as a hydrogen
donor have garnered much attention as an alternative to direct hydrogenation because the
hydrogen donor is easy to handle and environmentally friendly, minimizing possible
hazards.?”-2° While CTH reactions have been mostly accomplished using noble metal
complexes, several effective heterogeneous catalysts for CTH of ketone, imines, and
polarized alkenes have been reported.30-22

Herein, the Pt-ReO,/C catalyst is reported for one-step tandem catalysis of DODH and

CTH (Scheme 3.1b). 85% yield of adipates from mucic acid is achieved without an acid
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additive. Isopropanol is an effective solvent and hydrogen donor for both reactions DODH
and CTH. Based on the reactivity, spectroscopic analysis, and isotope labeling experiments,
a bifunctional mechanism of the tandem reaction is proposed. Catalyst recycling and

regeneration are described.

A) Previous Work:
Oxorhenium
complexes
O OH OH Pd/C or Pt/C
: OH Acid cocatalyst
HOM 3-pentanol
- H, or 3-pentanol
OH OH O or 1-butanol 2005P
mucic acid adipate
B) This Work: o) v’ One step by one catalyst
OR
RO)J\/\/\H/

o v Recyclable heterogeneous catalyst

(0] OH OH

; OH t-Reox\ Q 5 v’ No additives
R

HO Y RO)J\/\/\H/

OH OH O o v Cheap hydrogen donor

mucic acid i-PrOH adipate

Scheme 3.1 DODH and hydrogenation of mucic acid by A) a combination of homogeneous
Re and heterogeneous Pd or Pt catalysts in multiple steps; B) one-step and recyclable
catalyst.

B. Experimental details

1. Synthesis

All commercial materials were used as received. Ammonium perrhenate(VII) (Strem
Chemicals) was purchased from Strem Chemicals. Hexachloroplatinic(IV) acid solution,
Nickel(I) nitrate, tetraamminepalladium(ll) nitrate, Iridium(lIl) chloride, activated carbon

(Darco 100 mesh), D-sorbitol, D-glucaric acid-1,4-lactone were purchased from Sigma-
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Aldrich. Tris-(ethylenediamine)rhodium(l1l) chloride, methanol, ethanol, isopropanol, 1-
butanol, 3-pentanol, glycerol, D-sorbitol, mucic acid, and L-(+)-tartaric acid were purchased
from Alfa Aesar. Diisopropyl L-(+)-tartarate, diisopropyl fumarate, and diisopropyl
succinate were purchased from TCI Chemicals. Isopropanol-2-d was purchased from
Cambridge Isotope Laboratory.

ReO,/C catalyst was prepared by wet impregnation of ammonium perrhenate aqueous
solution. 72 mg of ammonium perrhenate was dissolved in 4 mL of distilled water. 1 g of
activated carbon was mixed vigorously with the perrhenate solution overnight. After
evaporating water in a preheated 80 °C oil bath for 1.5 h and drying in a 120 °C oven
overnight, the catalyst was dehydrated at 480 °C for 4 h (heating rate of 8 °C/min) under
flowing N2. The bifunctional catalysts (M-ReOx/C, M = Ni, Pd, Ru, Rh, Ir, Pt) were
synthesized by impregnating metal precursor solution with the prepared ReO,/C. The molar
ratio of M/Re was fixed to 0.4. For Pt-ReOx/C, 500 mg of the synthesized ReOx/C was
mixed with 263 mg of 8 wt% hexachloroplatinic(IV) acid solution and 2 mL of distilled
water. The Pt-ReOy/C catalyst was used after removing water in an oil bath at 80 °C, drying
at 120 °C overnight, and dehydration (N2/480°C/2h) steps. The monometallic Pt/C catalyst
was prepared by the same impregnation method with hexachloroplatinic acid. All catalysts

were used and characterized without the treatment of reduction unless otherwise noted.

2. Characterization

High-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM) images were collected at 200 kV using a Thermo Scientific Talos equipped with a
Super-X detector system. The samples were diluted in ethanol and deposited on a carbon
film copper grid. In order to explore the distribution of ReOx and Pt, energy-dispersive X-
ray spectroscopy (EDX) mapping was performed on the distribution of Re, Pt, O elements.
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The averaged particle size of Pt-ReOx/C was calculated from the STEM images.
Transmission electron microscope (TEM) images of ReOx/C were obtained on FEI Tecnai
G2Microscope.

X-ray photoelectron spectroscopy (XPS) analysis was acquired on a ThermoFisher Escalab
Xi+ with a monochromatic Al Ka x-ray source. High-resolution spectra (20 eV) of the Re
4f, Pt 4f, C 1s, and O 1s and the survey spectra (100 eV) were recorded. All the spectra were
calibrated by setting the binding energy of the peak of C 1s to 284.5 eV. CasaXPS software
was utilized to deconvolute the spectra. The Pt-ReOx/C catalyst prepared by the method
described above was analyzed without further treatment. The samples after the reaction,
reduction, and regeneration were transferred to a glovebox filled with N2, avoiding exposure
to air. The samples were mounted on a transfer vessel in the glovebox and transferred to the
XPS chamber without air exposure.

X-ray diffraction (XRD) patterns were collected from 20 range of 5° to 80° on a
PANalytical Empyrean X-ray diffractometer using Cu Ka radiation. Inductively coupled
plasma (ICP) analysis was carried out to quantify the amount of metal using a Thermo iCAP
6300. For the sample preparation, 20 mg of catalyst was digested with 2.5 mL of aqua regia
by refluxing at 150 °C for 6 h. The solution was cooled down to room temperature, filtered,
diluted, and used for ICP analysis. Because the catalysts after reaction contain organic
deposits, they were regenerated under 5% H> in Ar at 230 °C for 4 h before the acid
digestion.

The CO chemisorption studies were carried out using a Micromeritics AutoChem |11 2920.
The as-prepared catalysts were pretreated under Ar flow at 450 °C for 2 h, and CO
adsorption was performed at 35 °C. The adsorption stoichiometry between CO and surface

Pt sites was assumed to be 1:1. The catalysts after the reaction were pretreated under Ar or
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H> flow and used for CO chemisorption. Temperature-programmed reduction (TPR) was
carried out using a Micromeritics AutoChem Il 2920. Before TPR, samples were pretreated
under Ar flow at 400 °C for 4 h. A TPR run was carried out in a flow of 10% H2/Ar mixture
gas at a flow rate of 50 mL min-* with a temperature ramp of 10 °C min-*. The consumption
of hydrogen was monitored as a function of temperature using the TCD.

Infrared spectra of catalysts were recorded with a Thermo Scientific Nicolet iS10 Fourier
transform infrared spectroscopy (FTIR) spectrometer with a mercury cadmium telluride
detector cooled by liquid nitrogen. Catalysts were diluted with KBr. Before characterization,
catalysts were in-situ pretreated under Ar flow at 400 °C for 4 h. After pretreatment, the
catalysts were cooled to room temperature under Ar, and then a baseline spectrum was taken
before pyridine introduction. Pyridine was introduced to the catalyst by flowing Ar through
a pyridine bubbler and then purged with 100 sccm Ar for 10 min to remove physisorbed
pyridine. For all measurements, spectra were obtained by averaging 64 sequentially

collected scans at a resolution of 4 cm™.

3. General catalytic procedure

The Pt-ReO,/C catalyst (150 mg), mucic acid (1 mmol, 210 mg), and isopropanol (40 mL)
were placed into a Parr vessel. The vessel was pressurized with nitrogen to 15 bar and
heated to 170 °C. After 6 h reaction, the reactor was cooled down and the gases were
collected in a gas sample bag. The used catalyst was filtered, washed with pure isopropanol
(30 mL), and dried in the oven at 120 °C overnight for recycling test. The reaction solution
was concentrated under the reduced pressure and the products were dissolved in de-DMSO
and analyzed by NMR with benzaldehyde as an internal standard. *H NMR and *C NMR
spectra were collected on an Agilent Technologies 400 MHz, 400-MR DD?2 spectroscopy.
The gas phase was analyzed by GC-TCD (Shimadzu GC-9AIT with a Shincarbon ST
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column) and GC-MS (Shimadzu GC-2010 with a DB-1 capillary column coupled to a
QP2010 MS). For acid hydrolysis, after removal of the solvent, the concentrated product
mixture was refluxed at 110 °C overnight in 10 mL of 2N aqueous HCI. The reaction
mixture was evaporated and the resulting solid was washed with 5mL of ice-cold water. The
white solid was vacuum dried at 60 °C, yielding adipic acid. The recycling test of the Pt-
ReOy/C for the 6 h DODH-CTH reaction was conducted with or without regeneration under
H>. For regeneration, the used and recovered catalyst was treated at 230 °C for 4 h in a flow
of Hz (5%) in Ar and re-oxidized in a 120 °C oven for 1 h. During the recovery step, a slight
loss less than 10 wt% was observed. Thus, the amount of mucic acid and isopropanol in

each reuse experiment was determined based on the amount of the recycled catalyst.

4. Stability test

Diisopropyl L-(+)-tartarate and diisopropyl fumarate were used as substrates for the
stability tests due to their good solubility in isopropanol. DODH of diisopropyl L-(+)-
tartarate gave diisopropyl fumarate and CTH of diisopropyl fumarate produced diisopropyl
succinate. These diester compounds in the product solution were analyzed with GC-FID
(Agilent Technologies 6890N with a DB-5 capillary column) with mesitylene as an internal
standard. 4 mmol of the substrate, 100 mg of Pt-ReO,/C catalyst, 200 mg of activated
carbon, and 40 mL of isopropanol were loaded into the reaction vessel and the vessel was
pressurized with 15 bar of N2. The reaction starts once the temperature reaches 170 °C. After
20 min, the reaction was stopped and quenched in an ice/water bath. The used catalysts were
separated and washed with 30 mL of isopropanol and dried overnight in a 120 °C oven. The
amount of mucic acid and isopropanol in each reuse experiment was determined based on
the amount of the recycled catalyst. The regeneration step (5%H2/230°C/4h) including
reoxidation was employed after deactivation was observed.
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C. Results and discussion

1. DODH reaction

The heterogeneous oxorhenium catalyzed DODH reaction, as an alternative to
homogeneous DODH, has attracted much attention due to process advantages.'®33-3
Oxorhenium supported on activated carbon (ReOx/C) is an active catalyst for DODH with 3-
octanol as a reductant.3® Recently, this catalyst also promoted the CTH reaction with
isopropanol for C-O cleavage of lignin model compounds.® In this chapter, the ability of
isopropanol to act as a reductant and solvent for both DODH and CTH catalyzed by a
heterogeneous ReOx/C catalyst was investigated. The ReOx/C catalyst with 4.5 wt % of Re
was prepared by wet impregnation method with ammonium perrhenate as a precursor. The

ReOx nanoparticle size ranges from 1 to 4 nm (Figure 3.1).

Figure 3.2 TEM image of ReOx/C. The average particle size calculated from TEM images
is2.2+ 0.4 nm.
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In a batch reaction system, ReOx/C with isopropanol converted 77% of mucic acid (1) to
muconic acid and its esters (2) with high selectivity of 86% in 6 h (run 1 in Table 3.1),
showing high DODH ability of ReOx/C and isopropanol. After 12 h, conversion reached
94%, producing not only 2 but also hydrogenated products (3, 4, and 5). CTH proceeded to
some extent (14% selectivity of 3/4 and 5), even with ReOx/C alone (run 4). DODH in 3-
pentanol also displayed high selectivity for 2, but further hydrogenation was not observed
(run 8). Lower selectivity for 2 was obtained in methanol and ethanol (run 6 and 7). Thus,
among the tested C1-C5 secondary alcohols, isopropanol was found to be the most effective
hydrogen donor for DODH and CTH over ReO,/C.

The heterogeneous catalyst ReOx/C with isopropanol did not require an acid additive and
showed higher DODH turnover frequency per Re atom (3.1 h't) than MTO and para-toluene
sulfonic acid with 3-pentanol (1.7 h'). It was previously reported that the addition of a
Bragnsted acid promotes the esterification of 1, resulting in the enhanced solubility of mucic
acid.!? In the absence of para-toluene sulfonic acid, turnover frequency per Re atom in the
homogeneously catalyzed system decreased to 0.9 h't. While the addition of a Brgnsted acid
to ReOy/C increased the number of ester groups, it did not increase conversion or selectivity
of 2 (run 2 in Table 3.1). This indicates that the reactant solubility has little impact on the
rate of DODH with the solid ReOy/C catalyst. Weak Lewis acid sites in ReOx/C were
detected by pyridine probe-molecule FT-IR (Figure 3.2). However, addition of exogenous
Lewis acids such as ZnCl, had no effect on conversion or selectivity, indicating negligible

involvement of the Lewis acid sites of ReOx/C in the DODH reaction (run 3 in Table 3.1).
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Table 3.1 DODH and CTH tandem reaction of 1 over ReO,/C.2

R = H or isopropyl

f oo, ReOMC i P @ 0 0
HOM ROM N RO)MOR N ROM/YOR N ROMOR
OH OH O reductant o) o A g
3 4 5

N2

1 2

Product % Selectivity®
Run  Reductant T (°C) t(h) Conv.’ (%)

2 3&4 5 Others
1  isopropanol 170 6 77 86 2 0 12
2°  isopropanol 170 6 76 57 6 0 37
39 isopropanol 170 6 70 82 3 0 15
4 isopropanol 170 12 94 75 13 1 11
5 isopropanol 230 24 100 0 19 35 46
6 methanol 170 12 88 60 13 0 27
7 ethanol 170 12 94 66 14 0 20
8 3-pentanol 170 12 83 87 0 0 13

4Reaction conditions: ReOx/C (150 mg, 4.5 wt % Re), 1 (1 mmol), i-PrOH (40 mL), and N>
(15 bar). "Calculated by 'H NMR. TsOH (5 mol%). 9ZnCI2 (5 mol%)

Pyridine IR
1.00E-01
——ReOx/AC_Pyridine

ReOX/AC_Ar H-Py H-Py 8.00E-02

6.00E-02

4.00E-02

Absorbance

2.00E-02

PN WP S P ! ~— 0.00E+00
1700.00 1650.00 1600.00 1550.00 1500.00 1450.00 1400.00

-2.00E-02

Wavenumber (cm-1)

Figure 3.2 FT-IR spectra of pyridine adsorbed on ReOy/C. The bands at 1436 and 1586 cm-
1 were assigned to hydrogen-bonded pyridine (H-Py). The bands at 1446, 1574, and 1606
cmt represent Lewis bound pyridine (L-Py).
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Despite the high rate and selectivity of DODH over ReOx/C with isopropanol, CTH was
quite slow at 170 °C (Table 3.1, run 4). Four different temperatures from 170 °C to 230 °C
were investigated to convert trans,trans-muconic acid (2-diacid) to 5 through CTH (Figure
3.3). The highest yield of 5 (43%) was obtained at 230 °C. However, the elevated
temperature also resulted in 35-50% byproducts including oxepane (6), alkylated adipates
(7), and other unidentified products. As a result, the higher temperature conversion of 1 led

to moderate yield of 5 (35%) and several other products (run 3 in Table 3.1).
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Figure 3.3 Transfer hydrogenation of trans,trans-muconic acid (2-diacid) by ReOy/C at
different reaction temperature and time. Reaction conditions: batch reaction, ReOx/C (150
mg, 4.5 wt % Re), 2-diacid (142 mg, 1 mmol), N2 (15 bar), and i-PrOH (40 mL).

2. Bifunctional catalysis

A bifunctional catalyst provides two different catalytic sites for a consecutive reaction

(A—B—C).%*4% To realize high efficiency for both DODH and CTH, several bimetallic
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catalysts (M-ReOx/C) were prepared by sequential impregnation method and evaluated for
mucic acid conversion (Figure 3.4). Among them, Pt-ReO,/C showed the highest conversion
(79%) and selectivity for adipates (82%, run 1 in Table 3.2). The bimetallic catalysts
containing Ni and Pd did not promote the CTH reaction. Some hydrogenated products (3/4
and 5) were obtained by adding Ru, Ir, and Rh to ReOx/C, but reactant conversion was low.
The addition of Pt to ReOx/C significantly enhanced the rate of CTH while maintaining the
excellent DODH ability of ReOx/C (Figure 3.4).

Monometallic Pt/C by itself was inactive for DODH (run 6 in Table 3.2), but with 2-
diacid as substrate, quantitative conversion to 5 was observed (99% yield). The rate of CTH
was sensitive to Pt loading (run 7). Higher Pt loading (4.5 wt %) was detrimental because
ReOy active sites were blocked, lowering conversion of 1 (run 8). 1.8 wt % Pt loading along
4.5 wt % ReOx was identified as an optimal composition for DODH and CTH. CTH over Pt-

ReO,/C in isopropanol was observed to be superior to that in 3-pentanol (run 9).
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Figure 3.4 Conversion of 1 over several bimetallic catalysts. Reaction conditions: 1 (1
mmol), M-ReOy/C (150 mg), isopropanol (40 mL), N2 (15 bar), 170 °C, 6 h.
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Table 3.2 DODH-CTH tandem reaction of 1 over Pt-ReO,/C.2

R = H or isopropyl

O OH OH Pt-Re0,/C o o o o
Ho*(;\(‘;'ﬁo(OH — ROMOR n ROMOR + ROMOR ¥ ROWOR
1 N2 2 3 4 5

U S Re/z:,t a(r)zc))unt S Products/ % Selectivity®
2 3&4 5 Others
1 Pt-ReO,/C 45/1.8 79 0 7 82 11
2¢ 2" cycle 64 1 50 40 9
3d 34 cycle 77 0 10 82 8
4d 4t cycle 72 0 19 77 4
5e 5t cycle 81 0 6 83 11
6 Pt/C 0/18 No reaction
7 Pt-ReO,/C 45/0.9 78 42 44 5 9
8 Pt-ReO,/C 45/45 44 0 9 71 20
of Pt-ReO,/C 45/1.8 73 90 7 0 3
10¢ ReO,/C + Pt/C 45/1.8 78 0 3 83 14
11¢ 2 cycle 48 0 4 85 11
12¢ 3 cycle 53 0 18 68 14

aReaction conditions: 170 °C, 6h, 1 (1 mmol), catalyst (150 mg), i-PrOH (40 mL), N2 (15 bar).
bConversion and selectivity are calculated by H NMR. ‘Without regeneration. YRegeneration
conditions: H,/230°C/2h. ¢Regeneration conditions: H,/230°C/4h. f3-pentanol (40 mL). 91.8 wt %
Pt/C (150 mg) + 4.5 wt % ReO,/C (150 mg).

The carbon balance after 6 h DODH-CTH reaction over Pt-ReO/C catalyst is described in
Table 3.3. The sum of C6 reactant and products (1-5) exhibited 92% carbon balance and the
rest of 8% could be explained by organic deposits which are discussed in the later section.
Isopropanol offered hydrogen for both DODH and CTH, producing acetone. The higher
amount of acetone (5.1 mmol) was produced than the theoretically required amount of H»

(2.8 mmol), indicating independent dehydrogenation of isopropanol by Pt-ReOy/C. 1.2
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mmol of molecular hydrogen was detected by GC-TCD analysis of the gas-phase.
Dehydration of isopropanol also occurred, making some amount of propene and diisopropyl
ether in the reaction solution (Table 3.3). Propene, propane, and isopropanol in the gas phase
were detected by GC-MS. In addition to the conversion of isopropanol to the C3
compounds, solvent gasification during reaction and loss during separation and

concentration steps could explain the 8% loss in the C3 carbon balance.

Table 3.3 DODH-CTH tandem reaction of 1 over Pt-ReO/C.2

170°C, 6h R = H or isopropyl
O OH OH Catalyst N o] o) o o
HOmOH 2 ROMOR + ROMOR + ROMOR n RO)K/\/TOR
1 OH o 2 3 4 5
A PN
(1mmol) 541 mmol)
L
C6 yield (mmol)
C6 carbon
! 2 3 4 > balance (%)°
0.21 0 0.05 0.01 0.65 92

Pt'Rer/C

C3yield (mmol)
OH 0 )\ J\ C3 carbon
)\ )J\ A 0 Balance (%)¢
494 51 0.22 0.12 92

4Reaction conditions: batch reaction, 170 °C, 6 h, catalyst (150mg, Re 3.6 mol %, Pt 1.4 mol %) 1 (210 mg), i-
PrOH (40 mL), and N, (15 bar). ®Yield is calculated by *H NMR. ¢(yield of 1+2+3+4+5)*100 Y(yield of

OH 0]

)\+A+/A/+*o*)/541*100

The time profile of the DODH-CTH reaction over Pt-ReO,/C is shown in Figure 3.5. It

follows a sequential kinetic scheme of DODH followed by two steps of CTH: 1 — 2 — 3/4
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— 5. It is notable that both intermediates 2 and 3/4 were observed along the path of the
reaction, indicating that CTH proceeded at similar rates as DODH. After 24 h, 85% overall
yield of 5 was attained. 5 contains adipic acid (30%), isopropyl monoester (40%), and

isopropyl diester (30%), quantified by *H and *C NMR (Figure 3.6). Acid hydrolysis of the

products gave isolated adipic acid in 77% yield.

100

90
9|85 %

80

% vyield

Reaction time (h)

Figure 3.5 Reaction profile of DODH-CTH tandem reaction of 1 over Pt-ReOx/C. Reaction

conditions: 1 (1 mmol), Pt-ReOx/C (150 mg), isopropanol (40 mL), N2 (15 bar), 170 °C. The
solid lines are to guide the eye.
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Figure 3.6 The composition of products was quantified based on B-C peaks in the
quantitative 13C NMR.

The reaction concentration increased from 0.025 to 0.1 to 0.25 M (run 1-3 in Table 3.4). In
DODH-CTH with the higher concentration solution, the selectivity of 5 decreased mainly
due to the side reactions and byproducts. The most probable side reaction was
intramolecular dehydration of 1 to cyclic compounds and following DODH-CTH could
make cyclic byproducts shown in Scheme 3.2. The side reactions could be suppressed by
using diisopropyl mucate (13) as a substrate, showing high selectivity of 5 (83%) even in the

higher concentration solution of 0.25 M (run 4 in Table 3.4).
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Table 3.4 The effect of concentration of reaction solution 2

O OH OH )
- OH R = H or isopropyl
HO

OH OH O Pt-Re0,/C

1 § PrOH M M M M
AAA N o ™ 2

OH OH ©
13

Products/ % Selectivity®
Run  Substrate Conc.(M) Conv.? (%)

2 3&4 5 Others
1c 1 0.025 95 0 0 89 11
2 1 0.1 100 0 2 77 21
3 1 0.25 100 0 5 65 30
4d 13 0.25 90 0 0 83 17

8Reaction conditions: 170 °C, 24 h, Pt-ReO./C (3.6 mol% Re and 1.4 mol% Pt relative to substrate),
i-PrOH (10 mL), N2 (15 bar). PConversion and selectivity are calculated by *H NMR. €i-PrOH (40
mL). 912 h reaction
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Scheme 3.2 Possible side reactions and byproducts
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3. Catalyst characterization

Pt-ReOx/C was characterized by microscopy and spectroscopy based methods. STEM
combined with EDX analysis showed that Pt and Re existed on the same particles (Figure
3.7). The average particle size of Pt-ReOx/C calculated from STEM images is 3.2 £ 1.5 nm,
which is larger than that of ReOx/C (2.2 £ 0.4 nm, Figure 3.1). This indicates the formation
of larger particles when Pt is added to ReOx/C.

H>-TPR profiles of monometallic and bimetallic catalysts were analyzed to investigate the
interaction between Re and Pt (Figure 3.7e). The peak at high temperature around 600 °C is
due to methanation of carbon support with H2.44? The TPR result of Pt/C exhibits a uniform
reduction peak at 303 °C, which is assigned to the reduction of Pt" species shown in XPS
results of Pt/C below. Two different peaks at 335 and 417 °C observed in the profile of
ReO,/C indicate the heterogeneous nature of Re on carbon support. The addition of Pt to
ReO,/C resulted in the shift of the first reduction peak to 275 °C in the profile of Pt-ReOx/C.
This shift can be attributed to the hydrogen spillover from metallic Pt to Re.*>*3 Moreover,
the reduction behavior of Pt-ReOy/C catalyst starts at a lower temperature (125 °C)
compared to ReO,/C (200 °C). Both shifts in the reduction peak and the reduction starting
temperature exhibit the close interaction between Pt and Re in Pt-ReOx/C catalyst, which is
consistent with STEM and EDX analysis.

The as-prepared Pt-ReO,/C has both high valent Re and metallic Pt as evident by XPS
(Figure 3.8a,b). In the curve fitted results of Re 4f spectrum, the major oxidation states at
binding energy of 44.7 and 47.1 represent ReV!" (72%), followed by Re'V (27%) and a very
small amount of metallic Re® (1%). Pt consists of 85% metallic Pt® with a 4f7, peak at 71.8
and 15% Pt". The reported binding energy for Pt 4f;, peak of bulk metallic Pt ranged

between 71.0-71.3 eV.* The shift towards higher binding energy indicates smaller size and
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high dispersity of Pt particles.*44> The thermal treatment step under N2 at 480 °C during
synthesis results in PtV precursor reduction to metallic Pt° due to the reductive properties of
the carbon support.*® Similar oxidation states of Pt and Re were observed in monometallic
Pt/C and ReOx/C samples.

XRD patterns of bare activated carbon, ReOx/C, Pt/C, and Pt-ReOx/C are shown in Figure
3.7f. Pt9 and ReV", major species detected by XPS analysis, did not appear in the XRD
patterns, suggesting high dispersion of particles in Pt/C and Pt-ReOy/C. This is consistent
with XPS analysis: the higher Pt® 47, peak position of the catalysts than that of bulk Pt.
While the particles are small and well-dispersed, ReO> peaks in the pattern of ReOx/C and

Pt-ReOy/C suggest the existence of larger particles containing ReO> phase.
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Figure 3.7 Characterization of as-prepared Pt-ReO,/C catalyst (a) STEM high-angle annular
dark-field (HAADF). (b) Line scan elemental analysis on a particle in (a). (c) EDX mapping
of Pt. (d) EDX mapping of Re. (e) TPR profiles for Pt/C, ReOy/C, and as-prepared Pt-
ReOx/C (f) XRD diffractograms of activated carbon, Pt/C, ReOx/C, and as-prepared Pt-
ReO,/C. Peaks with blue circle at 26, 37, and 54° represent ReOo.
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Figure 3.8 Changes in XPS spectra of (a) Pt 4f and (b) Re 4f in Pt-ReOy/C over reaction and
regeneration. In-situ 30 min and 6 h samples under the general reaction conditions for mucic
acid (1) conversion were prepared without air exposure. After 6h reaction, the catalyst was
separated and washed under atmospheric conditions, followed by drying overnight at 120 °C
(spent sample). The spent sample was regenerated at 230 °C under H; and transferred to a
glovebox without air exposure (in-situ regenerated sample). This in-situ sample was exposed
to air and reoxidized at 120 °C (regenerated sample). (c) Activity test of as-prepared, spent,
in-situ regenerated, and regenerated samples using diisopropyl L-(+)-tartarate (8) as a
substrate. Reaction conditions: 8 (0.5 mmol), catalyst (20 mg), isopropanol (10 mL), N2 (15
bar), 170 °C, 20 min. The reaction with the in-situ regenerated sample was carried out under
inert conditions.

4. Proposed reaction mechanism

As discussed in bifunctional catalysis section, ReOx/C was active for DODH but inactive
for CTH at 170 °C. The addition of Pt to ReO«/C showed significant increase in CTH.
These, combined with no activity of Pt/C for DODH, suggest a bifunctional mechanism;
DODH occurs on ReOx and CTH on Pt in the Pt-ReOy/C catalyst. The similar reactivity of a
physical mixture of ReOx/C and Pt/C for DODH-CTH reaction as Pt-ReOx/C supports the

bifunctional mechanism (run 10 in Table 3.2).
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To identify active species of DODH and CTH, the changes in oxidation states of Re and Pt
during the reaction were investigated. Under the general reaction conditions for mucic acid
conversion, oxidation states of Re and Pt were gradually reduced over the course of the
reaction in Figure 3.8. To avoid oxidation of Re during the preparation of samples for XPS,
the catalyst after 30 min or 6 h reaction was separated and transferred to the XPS chamber
without exposure to ambient atmosphere. In 30 min, a significant amount of ReV" in the as-
prepared sample was reduced with the appearance of ReV' (4f; peak at 43.3) and Re!' (4f7/
peak at 41.2). Re in the in-situ 30 min sample consisted of ReV!" (31 %), ReV! (16 %), Re!V
(28 %), and Re"" (25 %). Further reduction of Re proceeded during 6 h, making ReV' (42 %),
Re'v (23 %), and metallic Re® (35 %). The reaction profile in Figure 3.5 shows that the
catalysts with the reduced Re oxidation states also converted mucic acid through DODH. It
should be noted that DODH of the in-situ regenerated sample containing metallic Re® and
Re'' as dominant species is shown to be inactive later in this chapter (Figure 3.8c). These
observations indicate that high oxidation states of ReOx (ReV", Re!V, and Re'V) are involved
species for DODH reaction. This is consistent with previously suggested DODH
mechanisms including ReV"/ReV or ReV!/Re!V redox couples over heterogeneous ReOx based
catalysts.333536:47.48 Similarly, the reduction of Pt under the reaction conditions resulted in 96
% of metallic Pt° and a small amount of Pt'' (4 %) after 6 h reaction, indicating metallic Pt°
as active species for CTH.

The reported DODH mechanism involves three steps: formation of Re-diolate, reduction of
Re species, and extrusion of olefin,14.11.26:33.36.49-51 | the literature on heterogeneous DODH
catalysts, oxorhenium species in nanocluster can be active species for DODH,333% while
other authors demonstrated isolated ReOx as active species.*”*® Hot filtration experiments

were performed to investigate the contribution of molecular species to the DODH reaction
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(Figure 3.11a). After hot filtration at approximately 30% conversion at 170 °C, the

additional reaction with the filtrate without solid catalyst showed a negligible increase in the

conversion. This suggests that DODH proceeds mostly on the heterogeneous surface,

precluding the involvement of the molecular species.33®> ReV!' and ReV!, designated as the

active species of DODH in the solid Pt-ReO,/C catalyst, form Re-diolate by coordinating to

1 (Scheme 3.3). Isopropanol reduces the rhenium diolato complex, affording acetone as a

byproduct. The reduced oxorhenium diolate releases an alkene (the reverse of a 3+2

dihydroxylation), closing the catalytic cycle on rhenium. After the DODH cycle, the reduced

Re goes back to ReV!" or ReV!. Two DODH cycles afford 2 from 1.
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Scheme 3.3 Proposed bifunctional mechanism for DODH-CTH tandem reaction of 1. B:

basic site.
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Concerning the mechanism of CTH over Pt, the isotope labeling experiments were
conducted. Previously, both a “monohydride mechanism” and “dihydride mechanism” have
been proposed for transition metal-catalyzed CTH.52%3 Deuterium labeling experiment of
acetophenone (11) using deuterated isopropanol is a widely used method to distinguish
between the two possible CTH mechanisms.>*% Pt-ReO«/C catalyzed-CTH of 11 with
isopropanol-2-d; showed 80% incorporation of deuterium at the a-C (Scheme 3.4A and
Figure 3.9). This is indicative of a monohydride mechanism. Only the a-H of the donor
forms Pt-H and this hydride is transferred to the a-C of acetophenone exclusively while the

O-H hydrogen ends up on the carbonyl oxygen.5¢

OH

A) i Pt-Re0,/C
©)K I~ 80%D
(CH3),CDOH ~_

N
acetophenone 2 1-phenylethanol-2-d4
(11) (12)
B) 0 Pt-ReO,/C 0 b o
HOMOH HOMOH + HOMOH
S (CH3),CDOH o b o
N2 48% 52%

trans,trans-muconic acid
(2-diacid)

Scheme 3.4 The isotope labeling experiments for CTH of A) acetophenone (11) and B)
trans,trans-muconic acid (2-diacid) with isopropanol-2-d;. Reaction conditions: substrate
(0.5 mmol), Pt-ReOx/C (15mg, 4.5 wt% Re, 1.8wt% Pt), i-PrOH-2-d1 (1 mL), N2 (15 bar),
150 °C, 6h.
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Figure 3.9 'H and 2H NMR results of the deuteration test. Reaction conditions: 11 (0.5
(r)ré:mg:]) Pt-ReOy/C (15 mg, 4.5 wt % Re, 1.8 wt % Pt), i-PrOH-2-d1 (1 mL), N2 (15 bar), 150

However, CTH of 2-diacid with isopropanol-2-d: resulted in the incorporation of
deuterium both at a-C and at B-C of the molecule (Scheme 3.4B and Figure 3.10). This
indicates that the hydride (Pt-H) generated by the monohydride mechanism can be
transferred to both o-C and B-C of 2-diacid (Scheme 3.3). Similarly, incorporation of metal
monohydride to o-C and B-C without regioselectivity was observed in the literature on the
hydrogenation of a,B-unsaturated carboxylic acid.>”°® Moreover, it has been shown that
noble metal heterogeneous catalysts with a base additive transfer hydrogen from isopropanol
to ketone or olefin through a monohydride mechanism.?5% In Pt-ReOx/C, base sites of the
catalyst would act as the base additive, transferring O-H hydrogen in isopropanol to the
olefin (Scheme 3.3). The possible basic sites include basic sites of activated carbon support
and different Pt species.®° It is reported that basic sites of support material play a similar role

to base additives in CTH reaction.5!
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Figure 3.10 'H NMR results of the deuteration test. Reaction conditions: 2-diacid (0.5

mmol), Pt-ReOx/C (15 mg, 4.5 wt % Re, 1.8 wt % Pt), i-PrOH-2-d; (1 mL), N2 (15 bar), 150
°C, 6h.

5. Catalyst recycling and regeneration

One of the main advantages of heterogeneous catalysts is the possibility of their reuse.5?
While supported ReOx catalysts tend to deactivate due to leaching under DODH reaction
conditions,*>34 some stable and reusable solid ReOx catalysts have been reported.'%333° The
reusability of the Pt-ReO,/C catalyst was investigated. The recovered catalyst was tested
with new substrate 1 and isopropanol. Lower conversion and selectivity of 5 were observed
(run 2 in Table 3.2). However, ICP analysis of catalyst after 1 cycle showed small leaching
of Re (4% of the original amount of Re added) and no leaching of Pt (Figure 3.11c). Thus,
active site loss into solution during reaction did not make a major contribution to the loss of
activity and selectivity of 5. This, as well as hot filtration experiments, is a significant point
in demonstrating that the active catalyst is indeed heterogeneous and not homogeneous from
leaching. According to CO chemisorption data, strongly reduced CO adsorption on the spent

sample (2% dispersion) was observed compared to the value of the as-prepared catalyst
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(25% dispersion, Figure 3.11b). These observations suggest that organic deposits during the
reaction result in deactivation and lower activity and selectivity. 5-15% of unidentified
byproducts might be responsible for the organic deposits. It is not uncommon for heavy by-
products to form a carbonaceous deposit on the surface of the catalysts in the reaction of
organic compound.®3

To recover reactivity, the spent catalyst was regenerated under Hz atmosphere.®*
Regeneration temperature was chosen to remove the organic deposits on the catalysts and to
minimize methanation of the support. With regeneration at 230 °C, the dispersion of Pt-
ReO./C was restored to 20%, which is a clear indication of removal of organic deposits from
the surfaces of the spent catalyst (Figure 3.11b). Lower temperature H» treatment (200 °C)
did not remove organic deposits effectively. The changes in the oxidation states and the
activity of Pt-ReOx/C over the regeneration step were analyzed in Figure 3.8. Diisopropyl L-
(+)-tartarate (8) was used as a substrate to study the activity of the catalysts for DODH.
While the spent catalyst exhibited similar oxidation states to the as-prepared Pt-ReOx/C
catalyst, it showed the reduced conversion of 8 due to the organic deposits. During the
regeneration step at 230 °C, high oxidation states of ReOx in the spent sample were reduced
to metallic Re® and Re", measured by in-situ sampling and analysis without exposure to air
(in-situ regenerated sample). This is consistent with the low reduction starting temperature
(125 °C) in TPR spectra of Pt-ReOx/C (Figure 3.7e) and XPS results of the reduced Pt-Re
bimetallic catalysts in previous reports.?22® The negligible activity of the in-situ regenerated
sample indicates that the low oxidation states of Re are not active for DODH, agreeing with
previous observations.3347 The in-situ regenerated sample was re-oxidized by exposure to air
and drying at 120 °C for 1 h (regenerated sample). The regenerated sample showed similar

oxidation states and activity for DODH to the as-prepared catalyst, confirming that the
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regeneration at 230 °C effectively removes the organic deposits. It should be also
highlighted that the re-oxidation step is necessary after the regeneration to recover high
oxidation states of Re and reactivity for DODH.

The regeneration and reoxidation were employed to the catalyst after the second run in
Table 3.2. After regeneration at 230 °C for 2 h and re-oxidation, the reactivity of Pt-ReO./C
for the conversion of 1 was regained in subsequent third and fourth runs (run 3 and 4 in
Table 3.2). Longer regeneration time (4 h) under H> at 230 °C resulted in a similar
performance of the as-prepared catalyst (Table 3.2, run 5). Over the course of five sequential
reactions with the same catalyst sample, some amount of Re and Pt was leached out,
however, not affecting yield of 5 at high conversion (Figure 3.11c). It has been addressed
that the recycling test with a single measurement at high conversion in a batch reaction
system might not fully reflect the deactivation of the catalyst.5%% Thus, the catalyst stability
should be tested at kinetically controlled conversion, which is shown later in this chapter.
Based on XPS and XRD analysis, the Pt-ReOx/C catalyst maintained its oxidation states and
was still well-dispersed after multiple recycling tests (Figure 3.11d). After 5 consecutive
cycles, ReO, peaks disappeared, possibly due to the phase change to amorphous over
multiple reactions and regenerations.

Interestingly, in comparison to the bifunctional bimetallic Pt-ReO,/C catalyst, the physical
mixture of Pt/C and ReOx/C could not be regenerated. Much lower conversions in the 2"
and 3" cycles were observed (run 11 and 12 in Table 3.2). The recycled physical mixture
after regeneration exhibited similar oxidation states and metal amount, but lower CO
adsorption compared to as-prepared catalysts (Table 3.5). Thus, the lower conversion is
attributed to organic deposits on ReOy/C that were not removed during regeneration. In the

physical mixture, ReOx alone might not uptake enough hydrogen to eliminate organic
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deposits. In contrast in Pt-ReOx/C, hydrogen spillover from Pt enhances regeneration of

ReOy sites.4367-69 Thus, while the Pt-ReOy interface was not critical for the bifunctional

DODH/CTH reaction, it was critical for effective regeneration of the catalyst.
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Figure 3.11 (a) Hot filtration test of Pt-ReOx/C catalyst. For the control test, two samples
were collected at 20 min and 60 min. For the hot filtration test, the reaction solution was
extracted from a pressure reactor equipped with a ceramic filtration system at 170 °C after
20 min reaction. The filtrate was submitted to the same reaction conditions for an additional
40 min. Reaction conditions: 8 (4 mmol), Pt-ReO,/C (100 mg), isopropanol (40 mL), N2 (15
bar), 170 °C, 20 min. (b) Dispersion, calculated by CO chemisorption analysis, of as-
prepared and spent (1 cycle) Pt-ReOx/C with different pretreatment conditions. (c) ICP
analysis and (d) XRD spectra of Pt-ReOy/C over the recycling test.
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Table 3.5 CO adsorption, ICP, and XPS analysis of as-prepared and recycled physical
mixture.

C Dispersion ICP (wt%) XPS (%)
atalyst 0
) Re Pt Pto pt!! Re? Relv ReV!l
As-prepared b
physical mixture 37 4.5 18 84 16 0 25 75
Recycled physical 17 43 17 84 16 o ’1 0

mixture?

aAfter regeneration (H2/230°C/4h). PPretreatment condition (Ar/450°C/2h).

6. Stability test

The stability of Pt-ReO/C was studied by observing changes in its activity for DODH and
CTH at low conversion levels over multiple consecutive runs. The first run for the
conversion of 8 with Pt-ReOx/C showed 33% conversion after 20 min reaction at 170 °C,
producing 9 as a major product through DODH (Figure 3.12a). The conversion gradually
decreased until the 6™ cycle where the conversion was 12%. This deactivation was attributed
to both organic deposits on ReOx and active sites leaching. The regeneration including re-
oxidation increased the conversion up to 28% in the 7t cycle, indicating organic deposits as
a major contribution of the observed deactivation in the first 6 cycles. The 4% difference
between the 15t and 7t cycle can be explained by the leaching of Re over the multiple runs.
ICP analysis of the catalyst after 8 cycles showed some leaching of Re, attributing to the
slightly reduced conversion of the regenerated catalyst compared to the as-prepared catalyst
(Figure 3.12c). While ReOx in Pt-ReOy/C catalyst can be deactivated by both fouling and
leaching during DODH-CTH reaction, the amount of Re leached out from the catalyst is
small (Figure 3.11c and 3.12c). As result, the catalyst could be reusable several times after

regeneration without significantly reduced reactivity.
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Interestingly, the activity of Pt sites for CTH did not change much (Figure 3.12b). Over 12
consecutive runs, the conversion of 9 was slightly reduced from 40% to 30% and maintained
around 30% even with regeneration. The results indicate that deactivation by organic
deposits on Pt sites is negligible and small leaching of Pt sites could be a reason for the
reduced conversion (Figure 3.12c). Loss of Re over the 12 runs in Figure 3.12b is more
pronounced than that over 8 runs in Figure 3.12a. This is probably because the organic

deposits on ReOy in Figure 3.12a inhibit the leaching of Re.
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Figure 3.12 Stability of Pt-ReO,/C for (a) DODH (8 to 9) and (b) CTH (9 to 10). Reaction
conditions: substrate (4 mmol), Pt-ReOx/C (100 mg), activated carbon (200 mg),
isopropanol (40 mL), N2 (15 bar), 170 °C, 20 min. (c) ICP analysis of as-prepared Pt-
ReQO¢/C, spent sample after 8 cycles in (a), and 12 cycles in (b). Regeneration conditions:
5% H> in Ar, 230 °C, and 4 h.
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7. Substrate scope

To explore the substrate scope for Pt-ReOx/C, various diols were studied (Table 3.6).
Diisopropyl mucate (13) was converted to 5-diester in high yield (90%). This indicates that
the rate of conversion of 1 is hampered by competition between DODH and esterification.
D-glucaric acid lactone can be used as a substrate to produce 5.5 Conversion of D-
glucaric-1,4-lactone (14) through DODH-CTH over Pt-ReOy/C gave 41% of 15 and 15% of
5. Ring-opening of 15 is required to increase yields of 5. In addition to C6 sugar acids, the
bifunctional catalyst successfully converted L-(+)- tartaric acid (16), a C4 sugar acid to 98%
yield of succinic acid and its esters (17). The same reaction was also applied to sugar
alcohols. Glycerol (18) was converted to 1-propanol (19) in 87% vyield. D-sorbitol (20)

contains six OH groups, thus three DODH-CTH cycles produced n-hexane (22).

83



Table 3.6 Substrate scope of DODH-CTH tandem reaction of sugar acids and alcohols over

Pt-ReO«/C.2
OH DODH CTH
R4 R, > R1\/\R2 —_— R1\/\R2
OH
Reaction T
Run Substrate ol Product (% yield)
OH QH o} (0]
HO ~on 170 °C ROMOR
1 O OH OH o
24 h
1 5 (85%)
(0]
o T A Y
Y ; 170 °C OMO
2 O OH OH \f I
6h
-di 0,
13 5-diester (90%)
o (0]
o IS
O,
HO OH 24 h RO\H/\/\/U\OR
(0]
14
15 (41%) 5 (15%)
OH O (@]
HO OH 170 °C RONOR
4 O OH o
6h
16 17 (98%)
OH
Ho._L_oH 170 °C A~ _OH
5
18 6h 19 (87%)
OH OH
HO 200 °C 4
6 ~ OH Ho ko~ A
OH OH
20 24h 21 (18%) 22 (19%)

aReaction conditions: Pt-ReO,/C (150 mg, 4.5 wt % Re, 1.8 wt % Pt), substrate (1.0
mmol), i-PrOH (40 mL), and N (15 bar). PCalculated by *H NMR. ¢substrate (0.5 mmol).

dCalculated by GC-FID.
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D. Conclusion

Bifunctional Pt-ReOy/C catalysts were prepared and shown to produce adipate 5 from the
sugar diacid 1 through tandem DODH-CTH reactions in high yield (77% isolated adipic
acid). Evidence was provided that the oxorhenium(VI and VII) sites are responsible for
DODH. The metallic Pt° sites in Pt-ReOx/C enhanced significantly the rate of CTH without
impacting DODH, as long as the Pt loading was maintained at or below 1.8 wt %.
Isopropanol is an effective and cheap hydrogen donor as well as solvent for both DODH and
CTH relative to previously used C4-C8 alcohols. Reusability and stability tests of the Pt-
ReO,/C catalyst indicate catalyst deactivation mostly due to organic material deposition that
can be removed by regeneration with H,. Because metal leaching during DODH-CTH
reaction is not remarkable (2-4% of the original amount of metal added per cycle of 6 h
reaction), the Pt-ReO,/C catalyst can be regenerated and reusable multiple times without
significantly reduced performance. Furthermore, the bimetallic catalyst is effective for
various sugar acids and alcohols. A bifunctional mechanism was proposed on the basis of
the reactivity with various substrates, spectroscopic analysis, and isotope labeling

experiments.
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CHAPTER 1V. Preparation of Bimetallic Catalyst with Reduced Metal
Contents for Deoxydehydration and Catalytic Transfer Hydrogenation

Tandem Reaction

A. Introduction

In Chapter 3, heterogeneous bifunctional Pt-ReO,/C catalyst is introduced to prepare
adipates from mucic acid through a one-step DODH-CTH reaction. Although the tandem
catalysis over Pt-ReOx/C produced a high yield of adipates, the high cost of both rhenium
and platinum remains a challenge to be practical in industry. To solve this challenge,
molybdenum and vanadium based catalysts have been developed for DODH reaction as
alternatives of rhenium-based catalysts as described in Chapter 1.4 However, the yield of
olefins was much lower than the yield of rhenium-catalyzed DODH.%® In the literature of a
combination of DODH and hydrogenation including the studies in Chapter 3, the amount of
hydrogenation or CTH metal is between 0.8 — 2 mol% of the substrate.”® In this chapter, Ir-
ReOy catalyst is studied for DODH-CTH reaction of mucic acid, reducing the amount of

CTH metal to 0.04 mol% of the substrate.

B. Experimental details

1. Synthesis

Monometallic 5 wt% ReO,/C catalyst was prepared by wet impregnation of activated
carbon (Sigma-Aldrich) with ammonium perrhenate (NHsReO4) (Strem Chemicals) aqueous
solution. 1 g of activated carbon (Darco, 100 mesh) was added to 4 ml of ammonium

perrhenate aqueous solution (50 mg of Re) and stirred for 3 h. Water was evaporated in a
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preheated 80 °C oil for 1.5 h, followed by further dehydration in 120 °C oven overnight. The
catalyst was pretreated at 480 or 530 °C with N2 flow (40 ccm) for 4h. 0.05 wt% Ir/C
catalyst was prepared by the same procedure with an aqueous solution of iridium chloride
(IrCl3). Bimetallic M—ReOx/C (0.05 wit% M and 5 wt% of Re, M = Ni, Pd, Pt, and Ir)
catalysts were synthesized by coimpregnating activated carbon with an appropriate amount
of aqueous solution of both ammonium perrhenate and M precursor. Hexachloroplatinic(1V)
acid, Nickel(Il) nitrate, tetraaminepalladium(ll) nitrate, and Iridium(l1l) chloride (Sigma-
Aldrich) were used as metal precursors. After evaporating water in the oil bath and the oven,
dehydration of the catalysts was conducted at the same condition above (N2/480°C or

530°C/4h).

2. General catalytic procedure

Deoxydehydration and catalytic transfer hydrogenation of mucic acid were conducted in a
batch Parr reactor. The Ir-ReOx/C (150mg, 4.5 wt% Re and 0.05 wt% Ir) was mixed with
mucic acid (1 mmol, 210 mg) and isopropanol (40 mL) in the Parr vessel. The vessel was
pressurized with 15 bar of N2 and heated to the reaction temperature. After the reaction, the
spent catalyst was filtered, washed with isopropanol, and dried in the 120 °C oven overnight.
The solvent in the reaction solution was removed under the reduced pressure. The
concentrated products were dissolved in De-DMSO and analyzed by NMR with
benzaldehyde as an internal standard. 'H NMR and 3C NMR spectra were acquired on an

Agilent Technologies 400 MHz, 400-MR DD?2 spectroscopy.
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C. Results and discussion

1. DODH-CTH reaction by M-ReO./C

In chapter3, the Pt-ReOx/C, a bimetallic bifunctional catalyst, converted 1 to 5 through a
one-step DODH-CTH tandem reaction (run 2 in Table 4.1). CTH reaction proceeds slowly
with ReOx/C alone (run 1 in Table 4.1), but the addition of Pt significantly increased the rate
of CTH reaction. The Pt-ReOy/C catalyst contains 4.5 wt% of Re and 1.8 wt% Pt. With
aiming for the preparation of a cheaper catalyst, the amount of Pt was reduced. Under the
same reaction conditions, the half amount of Pt in the catalyst (4.5 wt% Re and 0.9 wt% Pt)
resulted in a lower yield of 5 and a higher yield of unsaturated products (run 3). Further
decrease in the Pt metal content (4.5 wt% Re and 0.05 wt% Pt) produced a negligible
amount of hydrogenated products (3/4 and 5) in run 4. This is indicative of the high
dependence of CTH reaction on the amount of Pt. It should be noted that the changes in Pt
amount did not affect conversion, proving DODH reaction over ReOx instead of Pt as
described in the previous chapter. A decrease in the Pt content reduced CTH ability and
yield of 5, which are not desirable.

In order to achieve higher selectivity of 5 even with a small amount of CTH metal, several
different metals were employed. The bimetallic catalysts containing Ni and Pd did not
promote the CTH reaction, yielding 2 as a major product (run 5 and 6 in Table 4.1). Pd-
ReO,/C catalyst exhibited less conversion, indicating the negative impact of Pd on ReOx-
catalyzed DODH. Interestingly, Ir-ReOx/C (4.5 wt% Re and 0.05 wt% Ir) made some
partially hydrogenated and fully hydrogenated products under the same conditions (run 7).
This catalyst showed much better CTH ability with isopropanol as a hydrogen donor than
other tested bimetallic catalysts. Iridium-based complexes have attracted much attention for

the CTH reaction due to their high activity. Various types of iridium complexes have been
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used for CTH.X® However, few heterogeneous iridium catalysts for CTH were studied.
Hermans et al. synthesized CeO> supported iridium oxide catalyst for CTH of cyclohexanol
with 1203 as active species.!! Crabtree and Hintermair et al. synthesized metallic Ir°
nanoparticles and showed its high activity in the CTH of acetophenone to with KOH

additive.12

Table 4.3 DODH-CTH tandem reaction of 1 by M-ReOx/C.

R = H or isopropyl

O OH OH M-ReO,/C o 0 o o
HO >~ o — ROMOR + ROMOR + ROMOR + ROMOR
OH OH O i-PrOH 0 o o 0
1 L 2 3 4 5
Metal amount Conv.[b] Products/ % yield®!
Run Catalyst
(Wt%) (%) 2 3&4 5
1 ReOx/C Re(4.5) 78 66 2 1
2 Pt-ReOJC  Re(4.5)Pt(1.8) 83 - 4 70
3 Pt-ReOJ/C  Re(4.5) Pt(0.9) 79 33 34 4
4 Pt-ReOJ/C  Re(4.5) Pt(0.05) 85 71 2 -
5  Ni-ReO/C  Re(4.5) Ni(0.05) 73 65 2 -
6 Pd-ReO/C  Re(4.5) Pd(0.05) 38 28 - -
7 Ir-ReOJC  Re(4.5) Ir(0.05) 83 24 40 3

4Reaction conditions: batch reaction, 180 °C, 6h, M-ReO,/C (150mg), 1 (210 mg), i-PrOH
(40 mL), and N2 (15 bar). °Conversion and yield are calculated by *H NMR.

2. DODH-CTH by Ir-ReOx/C: reaction temperature

The DODH-CTH of 1 by the 0.05Ir-ReO«/C (0.05 wt% Ir and 4.5 wt% Re) was

investigated at different temperatures (180 — 220 °C) shown in Figure 4.1. At 180 °C, 1 was
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selectively converted to 2 in 1 h with 60% completion. After 12 h, 96% of 1 was converted
and partial hydrogenation of 2 gave 3/4. Additional 12 h reaction rarely converted 3/4 to 5,
indicating the slow rate of the second hydrogenation step (3/4 to 5) than that of the first
hydrogenation (2 to 3/4). This might be due to competition between the second
hydrogenation and isomerization (3 to 4 or cis-3). A small amount of cis-3 was observed in
NMR. In addition to the isomerization, deactivation of the catalyst led to the slow rate of the
second hydrogenation. To investigate if the catalyst was deactivated during the reaction, the
used catalyst after 12 h reaction was replaced with new catalyst, followed by 12 h further
reaction (12h+12h in Figure 4.1a). Compared to 24 h reaction without interruption,
replacement with new catalyst at 12 h produced more 5, showing catalytic deactivation
which will be discussed below. The rate of transfer hydrogenation was facilitated at the
higher temperature, yielding higher selectivity of 5. The highest yield of 5 (63 %) was
obtained at 200 °C after 48 h. At 220 °C, all hydrogenation steps were completed within 24h,
giving 5 with a yield of 59 %. The reaction pathway is DODH of 1 to 2, followed by two
sequential hydrogenation steps to 5 over the course of the reaction for 24 h at 220 °C. In
addition to DODH and CTH, several side reactions gave some byproducts. Cyclization of 5,
followed by hydrogenation, produces oxepane-2-one and oxepane. Terminal CH3 peaks in
Figure 4.5 (6 = 0.7-0.9 ppm) are assigned to byproducts including isopropyl hexanoate and
2-propyl malonate. In the reaction, there are 10-15 wt% carbon loss. Based on the TGA
results of activated carbon, as-prepared, and spent 0.05Ir-ReO,/C catalysts show about 6
wt% of mass loss that is attributed to the organic deposits generated during catalysis (Figure

4.2).
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Figure 4.1 DODH-CTH by Ir-ReOyx/C at different temperatures. Reaction conditions: batch
reaction, Ir-ReOx/C (150 mg, 4.5 wt% Re and 0.045 wt% Ir), 1 (210 mg, 1 mmol), N2 (15
bar), isopropanol (40 mL), (a) After 12h reaction, the catalyst was filtered and new catalyst
was added. Another 12 h reaction was conducted with the fresh catalyst.
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Figure 4.2 TGA results of activated carbon, fresh 0.05Ir-ReOx/C, and spent 0.051r-ReOx/C.
Spent sample was prepared from 220°C/6h reaction of 1.
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3. DODH-CTH by Ir-ReO/C: pretreatment temperature

In order to reuse catalysts, stability of the catalyst is an important issue. The stability of Ir-
ReO,/C catalyst was tested by measuring metal content before and after reaction. Based on
ICP analysis, the catalyst consists of 4.5 wt% of Re and 0.046 wt% Ir. After 6 h reaction at
220 °C, both the amount of Re and Ir decreased to 3.75 wt% and 0.038 wt%, respectively
(Figure 4.3b). This shows the leaching of both Re and Ir at high temperature (< 200 °C). To
alleviate the leaching problem, the pretreatment temperature during the catalyst synthesis
increased, resulting in the stronger affinity between metal and support. The catalysts
dehydrated at 530 °C and 580 °C showed a negligible decrease in the amount of Re and Ir
between fresh and spent catalyst (Figure 4.3). Thus, higher pretreatment temperature shows
stronger affinity, avoiding the leaching problem. Despite the higher stability of the catalysts
dehydrated at the higher temperature, the conversion of 1 was reduced (Figure 4.3a). This
might be because higher pretreatment temperature led to a larger particle size of ReOx,
reducing DODH ability. Otherwise, the selectivity of 5 increased with the catalyst prepared
at the higher temperature.

Figure 4.4 shows the time profile of the conversion of 1 with 0.05Ir-ReO/C-530 catalyst.
In 6 h at 220 °C, 34% vyield of 5 and 21% of partially hydrogenated products (3/4) were
gained. The second hydrogenation proceeded and is completed within 24h, producing 50%
yield of 5. To be industrially practical, the concentration of the substrate increased from
0.025M to 0.1M (Figure 4.4 (a)). In the higher concentration solution, the yield of 5

remained (52%).
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Figure 4.3 (a) The conversion of 1 with catalysts prepared at different pretreatment
temperature. Reaction conditions: catalyst (150 mg), 1 (210 mg, 1 mmol), N2 (15 bar),
isopropanol (40 mL) 220 °C, and 6 h. (b) ICP results of the as-prepared catalyst and spent
catalysts from (a).
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Figure 4.4 DODH-CTH reaction of 1 with 0.051r-ReOx/C prepared at 530 °C. Reaction
conditions: catalyst (150 mg), 1 (210 mg, 1 mmol), N2 (15 bar), isopropanol (40 mL), 220
°C. (a) High concentration of substrate. Reaction conditions: catalyst (750 mg), 1 (1050 mg,
5 mmol), isopropanol (40 mL), N2 (15 bar), isopropanol (40 mL), 220 °C.
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Figure 4.5 'H and 3C NMR spectra of reaction solution. Reaction conditions: 0.05Ir-
ReO,/C-530 (750 mg), 1 (1050 mg, 5 mmol), isopropanol (40 mL), N2 (15 bar), isopropanol

(40 mL), 220 °C, and 24 h.

D. Conclusion

In this chapter, one step DODH-CTH reaction of mucic acid to adipates by using a reduced
amount of metal is studied. Bimetallic Ir-ReOx/C catalyst with 0.05 wt% Ir content could
catalyze both DODH and CTH reaction with isopropanol as a hydrogen donor. Under the
optimized conditions, 63% yield of adipates was produced from mucic acid. An increase in

the pretreatment temperature during catalyst synthesis reduced metal leaching of rhenium

and iridium, probably due to the higher affinity between carbon support and metals.
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CHAPTER V. Deoxydehydration and Catalytic Transfer Hydrogenation:
New Strategy to Valorize Tartaric Acid and Succinic Acid to vy-

Butyrolactone and Tetrahydrofuran

A. Introduction

Biomass is one of the promising renewable energy resources to provide sustainable routes
to biofuels and chemicals.! High valued fine chemicals can be produced from biomass-
derived building-block chemicals.? In 2004, the U.S. Department of Energy selected
succinic acid (SA), a C4-dicarboxylic acid, as one of the bio-based key platform chemicals.?
The renewable SA can replace maleic anhydride to synthesize many valuable chemicals
including y-butyrolactone (GBL), tetrahydrofuran (THF), and 1,4-butanediol (BDO).*”’
GBL has been used as a starting material for the production of N-methyl-2-pyrrolidone and
other pyrrolidone derivatives. THF is a monomer of poly(tetramethylene ether) glycol
(PTMEG). Both GBL and THF are also utilized as a reaction solvent. The demand for GBL
and THF is increasing annually and the global market size of GBL and THF in 2018 was
approximately 0.6 and 3.2 billion USD, respectively.®® Thus, the preparation of renewable
SA and its transformation into GBL and THF are getting much attention.

Several methods to synthesize SA from biomass-derived materials have been studied.
Renewable SA has been typically prepared through the bio-fermentation of glucose.l%!
While recent breakthroughs in the biological process, costly separation and large quantity of
wastes make it difficult to realize industrial production of renewable SA.'> SA was
synthesized from furfural through thermochemical processes.**'> However, the C5 starting
material forms C1 byproducts such as CO. and formic acid. Tartaric acid (TA), a C4 sugar

acid, has been proposed as an alternative resource to prepare SA without carbon loss.
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Tartaric acid is a naturally occurred organic acid and is generated in large quantities as a
byproduct of wine-making.61” MoOx-catalyzed hydrodeoxygenation converted TA to SA,
but it required the harsh conditions such as corrosive halogen, high pressure of H,, and
acetic acid.'® Moreover, the transformation of TA to SA was achieved through a
combination of deoxydehydration (DODH) and hydrogenation in two steps.t® DODH is an
attractive deoxygenation reaction to prepare alkenes from vicinal diols.?°?? DODH with
oxorhenium complexes converts TA to maleic acid (MA) and the resulting MA is
hydrogenated over Pt/C catalyst, yielding SA.1°

In Chapter 2, unsupported ReOx nanoparticles (ReOx NPs) were used as an active and
reusable heterogeneous catalyst for DODH of polyols with a secondary alcohol reductant.
High oxidation states of Re (Re>* and Re’*) in the nanoparticles are involved in DODH
reaction.?? It has been found that the ReOx NPs are not only active for DODH but also for
CTH at high reaction temperature (> 200 °C) with isopropanol as a hydrogen donor. The
sequential reaction of DODH-CTH over the ReOx NPs can transform TA into SA and its
esters in one step without the harsh conditions. In addition, the ReOx NPs further convert the
prepared SA and its esters to GBL and THF through cyclization and CTH. The formation of
GBL or THF from SA has been achieved using direct hydrogenation over various
monometallic or bimetallic catalysts including palladium, ruthenium, and rhenium based
catalysts.2> 722 CTH reactions using isopropanol as a hydrogen donor is a promising
alternative to direct hydrogenation because the hydrogen donor is easy to handle and
environmentally friendly, preventing possible hazards.?*2¢ However, CTH has not been
employed to prepare GBL or THF from SA. Herein, new reaction pathways to prepare GBL

and THF from renewable substrates over the ReOx NPs are reported. First, the conversion of

103



SA to GBL or THF through cyclization and CTH with ReOx NPs is tested. Furthermore, a

combination of DODH, CTH, and cyclization produces GBL or THF from TA in one step.

B. Experimental details

1. Synthesis

Unsupported ReOx NPs were prepared from ammonium perrhenate (NH4ReOs, Strem
Chemicals) in the presence of 3-octanol (Sigma-Aldrich), as described in Chapter 2 and
elsewhere.?? A mixture of ammonium perrhenate (268 mg, 1 mmol) and 3-octanol (20 mL,
126 mmol) was placed in a 100 mL round bottom flask and heated at 180 °C in a pre-heated
oil bath. Black ReOx nanoparticles were synthesized after 12 h reflux in air and isolated by
centrifugation (11 000 rpm for 1.5 h). Unreacted ammonium perrhenate was removed by
washing repeatedly with ethanol and hexane solution (1:1 wt %) and further centrifugation.

The ReOx NPs were dried in 120 °C oven overnight and kept in powder form for future use.

2. General catalytic procedure

All activity tests were performed in a Parr batch vessel. The prepared unsupported ReOx
nanoparticles (10 mg) was mixed with TA (1 mmol, 150 mg) and isopropanol (10 mL) in the
vessel. The vessel was pressurized with 15 bar of N2 and heated to the reaction temperature
for a certain amount of time. The spent catalyst was separated from reaction solution. The
product solution was analyzed by NMR and GC with mesitylene as an internal standard. The
yield of TA, MA, SA, and their esters was calculated by *H NMR measured on an Agilent
Technologies 400 MHz, 400-MR DD?2 spectroscopy. The yield of GBL and THF were

quantified by gas chromatography with a flame ionized detector (Agilent Technologies
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6890N with a DB-5 capillary column). The conversion of different substrates including MA

and SA (Alfa Aesar) was conducted under the same conditions.

c i FTA (%) = mole of TAreacted % 100 )
onversion o (%) = mole of TA supplied '
Vield £ duct (%) = mole of product formed 100 (2)
teldtorproduct CA) = — le of TA supplied % '

3. Characterization

The physical and chemical properties of ReOx NPs were characterized using various
characterization methods, which are presented in Chapter 2.22 In order to identify the acid
type of catalyst samples, infrared spectra of catalysts were obtained with a Thermo
Scientific Nicolet iS10 Fourier transform infrared spectroscopy (FT-IR) spectrometer. The
catalysts were diluted with KBr, and then a baseline spectrum was obtained before pyridine
introduction. Pyridine was introduced to the sample by flowing Ar through a pyridine

bubbler for 10 min. To remove physisorbed pyridine, 100 sccm Ar was purged for 30 min.

C. Results and discussion

1. Conversion of succinic acid (SA)

CTH reaction of succinic acid over ReOx NPs with isopropanol as a hydrogen donor was
investigated at different reaction temperatures (170 — 250 °C). At lower temperatures (< 200
°C), esterification of SA gave succinic acid monoisopropyl ester (SA-ME) as a major
product and a small quantity of succinic acid diisopropyl ester (SA-DE) in 1 h (Figure 5.1a).
The CH; peak in *H NMR spectra of SA (8 = 2.43 ppm) in DMSO-ds were shifted to the

downfield by 0.02 ppm (SA-ME) and 0.05 ppm (SA-DE) after esterification (Figure 5.2a).
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At 210 °C, SA conversion over ReOx produced not only ester compounds (SA-ME and SA-
DE) but also GBL. Higher GBL yields of 16% and 43% were obtained in 1 h at 230 °C and
250 °C, respectively (Figure 5.1a). Previously, GBL was synthesized from SA aqueous
solution with molecular H2. The proposed mechanisms include dehydration of SA to
succinic anhydride (SAN) over acid sites of the catalysts, followed by hydrogenation to
GBL over metal sites.”?® ReOyx NPs converted SAN to 47% yield of GBL and 40% of SA-
ME/DE at 250 °C and 1 h (Figure 5.1d). This indicates SAN as a possible intermediate in the
conversion of SA to GBL while it was not detected. At 250 °C, SAN in isopropanol is
susceptible to be alcoholized to SA-ME which is further esterified to SA-DE (Scheme 5.1).
The alcoholization and further esterification also occurred without catalyst, but no GBL was
synthesized (Figure 5.1d). This indicates that CTH of SAN to GBL was catalyzed by ReOx
NPs. SAN can be formed by dehydration of SA or dealcoholization of SA-ME and the
resulting SAN is hydrogenated through CTH with isopropanol over ReOx NPs (Scheme 5.1).
Pyridine probe FT-IR shows that ReOx NPs have both Brgnsted and Lewis acid sites that
can catalyze dehydration and dealcoholization (Figure 5.3). The bands at 1450, 1487, and
1608 cm™ represent Lewis bond pyridine. The bands at 1487, 1538, and 1631 cm™ were
assigned to Bregnsted bond pyridine. The control test without catalyst under the same
conditions (250 °C, 1 h) yielded ester compounds (Figure 5.1a). Even though esterification
occurs at 250 °C without catalyst, ReOx NPs facilitate esterification, yielding the higher SA-
DE/SA-ME ratio.

The time profile of the conversion of SA over ReOx/C is shown in Figure 5.1b. In half-hour
at 250 °C, all SA were converted to SA-ME/DE or GBL. Over the course of the first 6 h
reaction, SA-ME disappeared, yielding more SA-DE, GBL, and THF. THF can be made by

the further CTH of the synthesized GBL, evident by the observation of THF from GBL as a
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starting material (Figure 5.1e). The reaction between 6 and 12 h indicates that SA-DE was
also transformed into GBL while the CTH rate of SA-DE is slower compared to the rate of
transformation of SA. This is in agreement with Figure 5.1c that shows GBL is slowly
produced from SA-DE as a starting material. To investigate if the slow conversion of SA-
DE is not due to catalyst deactivation, the used catalyst after 6 h reaction was replaced with
new catalyst, followed by 6 h further reaction (6h+6h in Figure 5.1b). The composition of
6h+6h reaction is similar to 12 h reaction without interruption, excluding the possibility of
the catalyst deactivation. A higher temperature was required to facilitate the conversion of
SA-DE to GBL. At the elevated temperature of 270 °C, more GBL (50% yield) was
produced from SA in 1 h. The 3 h reaction yielded 60% GBL and 9% THF with 22% of
remaining SA-DE. Most of the SA-DE were converted in 6 h and CTH of GBL also
proceeded, making more THF (28% yield). Unsupported ReOx NPs successfully catalyzed
simultaneous CTH and dehydration of SA, preparing GBL and THF.

Isopropanol offered hydrogen for CTH, producing acetone. The amount of the produced
acetone after 250°C/1h reaction (5.5 mmol) is much higher than the theoretically required
amount of Hz (0.9 mmol) to produce 0.43 mmol of GBL and 0.02 mmol of THF. This
indicates independent dehydrogenation of isopropanol over ReOx NPs and the possibility of
the conversion of SA to GBL by direct hydrogenation with the produced H: from
isopropanol. To test this possibility, direct hydrogenation of SA was tested in dioxane with
15 bar of Hz which is approximately 39 mmol H. calculated using the ideal gas law (Figure
5.1f). After 1 h at 250 °C, the amount of the synthesized GBL (16% yield) was much lower
than that in the reaction with isopropanol as a reductant (43% yield). This demonstrates that

the major pathway of the formation of GBL from SA is CTH reaction. In the presence of
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both isopropanol and molecular Hy, higher amount GBL (55% yield) was gained through

both CTH and direct hydrogenation.
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Figure 5.1 Conversion of SA, SAN, and SA-DE over ReOy/C in isopropanol. (a)-
(e) Reaction conditions: batch reaction, ReOx NPs (10 mg, 4 mol% Re relative to
substrate), substrate (1 mmol), i-PrOH (10 mL), and N2 (15 bar). (f) H2 (15 bar) and
solvent (10 mL). Conversion and yield are calculated by *H NMR and GC-FID.
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Figure 5.3 FT-IR spectra of pyridine adsorbed on ReOx NPs after pyridine
adsorption and desorption of physisorbed pyridine. L: Lewis bond pyridine. B:
Brensted bond pyridine.
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2. Conversion of maleic acid (MA)

MA is another versatile 1,4-dicarboxylic acid because it includes an unsaturated bond.
Figure 5.4 shows the conversion of MA with ReOx NPs in isopropanol at different reaction
temperatures. At all tested temperatures from 170 to 270 °C, esterification on ReOx NPs
converts MA to maleic acid monoisopropyl ester (MA-ME) or maleic acid diisopropyl ester
(MA-DE). Under the reaction conditions, MA and its esters were partially isomerized to
fumaric acid (FA) and its esters (FA-ME and FA-DE). The resulting double bond
compounds including MA, FA, and their esters were hydrogenated to SA, SA-ME, or SA-
DE through CTH reaction with isopropanol as a hydrogen donor. At 170 °C, 13% yield of
SA and its esters was obtained after 3 h reaction. At the elevated temperature of 250 °C, SA,
SA-ME, and SA-DE are major products with a yield of 69% in 3 h. Similarly, it was
recently reported that CTH of MA to SA with noble metal catalysts and formic acid as a
reductant.?’ While CTH of C-C double bonds occurred without catalyst, ReOx NPs

facilitated CTH reaction and yielded a higher yield of C-C single bond compounds. Further
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conversion of SA and SA-ME/DE to GBL, as discussed in the previous section, produced

some amount of GBL with yields of 15% and 29% at 250 °C and 270 °C, respectively.
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Figure 5.4 Conversion of MA over ReO,/C in isopropanol. Reaction conditions:
batch reaction, ReOx NPs (10 mg, 4 mol% Re relative to substrate), MA (1 mmol),
i-PrOH (10 mL), and N2 (15 bar). Conversion and yield are calculated by *H NMR
and GC-FID.

111



3. Conversion of tartaric acid (TA)

Unsupported ReOx NPs and isopropanol directly convert SA and MA, affording GBL and
THF. We previously proved that the ReOx NPs efficiently catalyzed DODH reaction of
glycerol with secondary alcohol as a reductant at 170 °C.?> The possibility that DODH,
combined with CTH and dehydration/dealcoholization, converts TA to GBL or THF in one-
step was investigated. First, the transformation of TA to FA and its esters occurs on ReOx
through DODH and esterification at 170 and 210 °C (run 1 and 2 in Table 5.1). MA and its
esters were not detected, indicating that trans-alkene is the more favored DODH product
from (2R,3R)-tartric acid. It was reported that MTO-catalyzed DODH converts (R,R)-1,2-
diphenyl-1,2-ethandiol to trans-stiloene while cis-stilbene was formed from (R,S)-1,2-
diphenyl-1,2-ethandiol.?® At the reaction temperature above 250 °C, CTH reaction also
proceeded as well as DODH, making SA and its esters (run 3 and 4). In addition to the
saturated products, GBL was also formed by further simultaneous CTH and
dehydration/dealcoholization with a yield of 20% at 270 °C. In order to get a higher yield of
GBL, the reaction was performed at 290 °C. After 12 h reaction, 34% vyield of GBL was
produced from tartaric acid and 18 h reaction gave more GBL with a yield of 43%. Over the
course of the reaction from tartaric acid, only a small amount of THF was formed (< 2%
yield) in run 5 and 6. A control experiment without catalyst showed small conversion,

proving that the conversion of TA was catalyzed by ReOx NPs (run 7).
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Table 5.1 Conversion of tartaric acid over ReOx NPs.2

H
HO)?\;/?\”/OH R?OX NPs Roj\/\ﬂ/OR + RO)OJ\/\H/OR + @40
OH O l-P,:jOH 4 3
TA 2 FA (R=H,H) SA (R=H,H) GBL
FA-ME (R=H,iPr) SA-ME (R=H,iPr)
FA-DE (R=iPr,iPr) SA-DE (R=/Pr,Pr)

Product % yield®
Conv.?

Run Catalyst T (°C) t(h) (%) FA and SA and
FA-ME,DE SA-ME

SA-DE GBL

1 ReOxNPs 170 12 72 65 0 0 0
2 ReOxNPs 210 12 87 75 1 2 0
3 ReOxNPs 250 12 88 0 30 17 18
4 ReOxNPs 270 12 91 0 18 20 20
5 ReOxNPs 290 12 95 0 10 6 34
6 ReOxNPs 290 18 100 0 0 1.5 43
7 - 250 12 8 4 0 2 0

8Reaction conditions: batch reaction, ReOx NPs (10 mg, 4 mol% Re relative to substrate),
TA (150 mg, 1 mmol), i-PrOH (10 mL), N2 (15 bar). 2Conversion and yield are calculated
by 'H NMR and GC-FID.

4. Reaction pathway

Based on the results of the conversion of SA, MA, and TA with unsupported ReOx NPs,
the possible reaction scheme is illustrated in scheme 5.2. TA is converted to FA through
DODH, removing hydroxyl groups and making a trans-double bond. Hydrogen is provided
from isopropanol and is transferred for DODH reaction. This step produces acetone as a by-
product. In isopropanol, the carboxylic acid group in FA is esterified, making FA-ME or
FA-DE. CTH reaction over ReOx in isopropanol saturates the resulting double bond in FA,
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FA-ME, and FA-DE to SA, SA-ME, and SA-DE, respectively. SA undergoes intramolecular
dehydration and CTH, affording GBL. Dealcoholization and CTH also form GBL from SA-
ME/DE. Further CTH of GBL yields THF. MA, another starting material, is isomerized to
FA. Both MA and FA can be hydrogenated to SA via CTH with isopropanol as a hydrogen

donor. The resulting SA and SA-ME/DE follow the same pathway, resulting in GBL and

THF.
00
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“_ _OH - H0 i
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Scheme 5.2 Possible reaction pathway for the conversion of TA.

D. Conclusion

In this chapter, valuable C4 chemicals including GBL and THF were synthesized from SA,
MA, and TA through ReOx-catalyzed DODH, CTH, and cyclization reactions. Isopropanol
offered hydrogen for both DODH and CTH reactions without using H> gas. GBL was

produced from SA at a temperature above 200 °C with a possible intermediate of SAN.
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Intramolecular dehydration or dealcoholization was catalyzed by acidic sites on ReOkx.

Further CTH of GBL yielded THF. The highest yield of GBL from SA was 60% with 9%

yield of THF at 270 °C. SA and its esters can be prepared from MA by CTH of C-C double

bond and from TA by DODH-CTH of a diol. Under the optimized conditions, ReOx NPs

afforded 43% GBL from TA with isopropanol as a hydrogen donor in a one-step reaction.
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