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Abstract

Conversion of Biomass into Chemicals

by

Mika Shiramizu

Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor F. Dean Toste, Chair

In order to conserve finite fossil fuels and reduce green house gas emission, the development of
sustainable energy is an inevitable challenge in the 21% century. Among the alternative energy
sources, cellulosic biomass (e.g. energy grasses such as miscanthus or agricultural waste such as
corn stover, bagasse, cereal straws, and wood chips) presents several unique advantages: (1) it
can produce liquid fuels or chemicals that substitute the existing petroleum-derived ones without
requiring significant modification of infrastructure, (2) it is renewable and potentially carbon-
neutral in overall life cycle, and (3) it is inexpensive, ubiquitous and faces less land use
competition with food compared to edible biomass (sugar, starch and oil). Aiming to contribute
to the development of biomass conversion technology, my Ph.D. study was conducted at the
Energy Biosciences Institute, a multidisciplinary joint initiative for biomass research between
UC Berkeley, Lawrence Berkeley National Laboratory, University of Illinois at Urbana-
Champaign, and BP. Specifically, my focus has been the downstream conversion of sugar/sugar
derivatives into chemicals, as described below.

Chapter 1: Polyethylene terephthalate (PET) is a plastic in large demand worldwide, due to its
utility in the manufacturing of a range of products from beverage containers to synthetic fibers.
The key monomer of PET, terephthalic acid, is currently produced by oxidizing p-xylene from
crude oil. In an effort to reduce our dependence on fossil fuel, we demonstrated a route to
synthesize solely biomass-derived p-xylene as a drop-in replacement. Namely, we explored the
feasibility of converting 2,5-dimethylfuran (derived from 5-(hydroxymethyl)furfural, a typical
by-product of cellulose hydrolysis) and acrolein (produced from glycerol, a side-product of fatty
acid methyl ester biodiesel production) into p-xylene. This synthesis consisted of a sequential
Diels-Alder reaction, oxidation, dehydration, and decarboxylation. In particular, the pivotal first
step, the Diels-Alder reaction to construct 7-oxabicyclo[2,2,1]hept-2-ene core structure, was
studied in detail to provide useful kinetic and thermodynamic data. The concept was realized and
the bio-derived p-xylene was obtained in 34 % overall yield over four steps.



Chapter 2: The deoxygenation reaction of sugar moieties is essential for the conversion of
cellulosic biomass to chemicals and fuels. While numerous reports focus on the pyrolysis,
hydrogenolysis and acid-catalyzed dehydration reaction of biomass, one much less developed
deoxygenation pathway is the deoxydehydration (DODH) reaction, which removes two adjacent
hydroxyl groups from vicinal diols to afford alkenes. We have developed an oxorhenium-
catalyzed DODH reaction using a sacrificial alcohol (e.g. 1-butanol, 3-pentanol) as a recyclable
and environmentally friendly solvent/reductant, and successfully applied it to sugars, sugar acids
and sugar alcohols. When combined with the alcohol reductant, oxorhenium compounds, namely
methyltrioxorhenium (MTO) and perrhenic acid (HReQ,4), showed much higher activity than
other precedented DODH systems and enabled the unstable polyol substrates to undergo clean
DODH reactions. Linear polyene products and aromatic compounds were obtained with
remarkable selectivity. Mechanistic insights were acquired by studying the isolated Re(V)
species as well as by examining the unprecedented modes of DODH on 2-ene-1,4-diol and 2,4-
diene-1,6-diol moieties.
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Prelude

Oxorhenium-Catalyzed Hydrolysis of Cellulose under Hydrogen

Introduction

The United States has been one of the world’s largest producers of biofuels since the oil
crises of the 1970s, supported by various federal and state policies such as Energy Tax Act in
1978 and Renewable Fuel Standard in 2005.!"! The key driving forces for the US alternative
energy development have been (1) conservation of finite fossil fuels, (2) energy security
(necessity to secure domestic oil supply) and (3) need for reducing the greenhouse gas emission.
The first-generation biofuels (until 1990s) mainly consisted of ethanol fermented from corn or
sugar cane (for gasoline engine) and fatty acid methyl esters trans-esterified from vegetable oils
(for diesel engine). In 2000s, however, the limitations of the fuels from edible sources were
becoming apparent; in addition to the criticism of food-fuel land use competition, various
analyses found their economic and environmental benefits to be questionable.!"! Lignocellulosic
biomass (e.g. energy grasses such as miscanthus, or agricultural waste such as corn stover,
bagasse, cereal straws and wood chips) thus started to attract attention as an inexpensive and
ubiquitous alternative energy source. The main components of lignocellulosics are cellulose
(polymer of glucose, 40-60 dry wt%), hemicellulose (oligomer of glucose, xylose and other
sugars, 20-40 dry wt%) and lignin (highly cross-linked aromatic polymer consisting of syringyl
and sinapyl units, 10-25 dry wt%).1*! Given the established sugar fermentation technology, much
of the earlier research on cellulosic biofuels (second-generation biofuels) aimed at the
substitution of sugar/starch feedstocks with cellulose/hemicellulose-derived sugars to produce
cellulosic ethanol.

In the process of cellulosic bioethanol production, one of the biggest challenges is the
cellulose hydrolysis. While starch is a polymer of glucose with a(1—4) linkages, cellulose is a
polymer of glucose with (1—4) linkages. This structural difference makes cellulose much more
recalcitrant than starch due to the 3-D network of hydrogen bonding.”) While the enzymatic
hydrolysis is mild, high-yielding (up to 95 %) and selective, it could be costly and generally
requires a long time (days) for completion./® *! Therefore, mineral acids (e.g. H,SO4) are more
commonly used in large scale processing to provide glucose (up to 90 %) in a relatively short
reaction time (minutes to several hours).”™ *  The concerns with this method are (1)
corrosiveness to the reactors, (2) difficulty in recovery of the acid catalyst, and (3) the waste
(salts, water) accumulation from the neutralization of the acid stream if the catalyst recovery is
impractical. Extensive research has been done in the development of recyclable solid acid
catalysts to address these issues.” ™ However, many face a fundamental problem that cellulose is
insoluble in most solvents and solid-solid interaction is limited. Therefore, such an approach
often requires an extensive pretreatment of cellulose such as ball-milling.
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Figure 1 The proposed mechanisms of protonic sites generation on metal oxides from molecular
hydrogen. '

With this background, my first project at Berkeley in 2008 was the development of a
“switchable” H, pressure-controlled acid catalyst for cellulose hydrolysis (i.e. acidic under H,
pressure, neutral when H; gas is released). The inspiration came from the report by Fukuoka and
Dhepe in 2006,[5’ "V in which cellulose was converted into C6 sugar alcohols over Pt/Al,O3
catalyst under H, (Scheme 1). They argued that H, undergoes heterolytic cleavage to produce
hydride-type hydrogen and proton-type hydrogen stabilized on the surface of the metal oxide
(AL,O3) either by direct absorption or by hydrogen spillover on the Pt surface!® (Figure 1); The
observation that glucose was produced only in <4 % yield when Al,O; was used alone
potentially implied that the support metal oxide itself is not particularly acidic. They
hypothesized that such a “H™ generated reversibly in-situ from H, is responsible for hydrolysis
of cellulose to glucose, the necessary step before the Pt-catalyzed fast hydrogenation occurs.
Although Hattori et al. has presented compelling evidence for the generation of H,-originated
protonic sites for other metal oxides such as Pt/SO42'—Zr02 and demonstrated their use in
Bronsted acid-catalyzed reactions such as cumene cracking'®, it must be noted that there was no
direct experimental evidence for this hypothesis by Fukuoka group. Because glucose is much



less thermally stable than sugar alcohols, the low glucose yield in the presence of Al,Os3 alone
does not exclude the possibility of glucose decomposition under the harsh conditions employed.
In fact, more recent relevant studies seem to indicate that such a mechanism is unlikely and the
cellulose hydrolysis occurs either thermally or on the intrinsic acidic sights of Al,Os3 at the
elevated temperature.”® Wang et al. measured the FT-IR of pyridine adsorbed on Ru/AL,Os and
observed no generation of Brensted acidic sites under H; pressure.[6b’ °1 Essayem et al. reported
hydrothermal cellulose dissolution in the absence of catalyst, which was enhanced by
Pt/ALOs.!"Y Also, as circumstantial evidences, Pt,'"! Ru'? and Ni"¥! catalysts on support
materials other than metal oxides (e.g. carbon black) have been reported to function in a similar
manner. Adding an external acid was found beneficial to promote hydrolysis in several cases (e.g.
Ru/C with heteropolyacids).!'* Nonetheless, the concept of using H formed from H, in the
cellulose hydrolysis was new and intrigued us because it would address the
recycling/neutralization problems of conventional mineral acids if H, cleavage is reversible and
controllable by temperature and H; pressure. Furthermore, assuming the metal oxide catalyst is
insoluble in water after the reaction, it would be easily recovered and reused. We wondered if
metal oxides other than Al,O; could indeed catalyze the cellulose hydrolysis by such a unique
mechanism. We therefore set out to explore the metal oxide-catalyzed hydrolysis of cellulose to
glucose under H,, because glucose is challengingly thermally unstable but more valuable than
hexitols as a feedstock for fermentative bioethanol production.

Results and Discussion

Table 1 Hydrolysis of cellobiose with metal oxide catalyst under H,.
OH OH

OH metal oxide cat. OH o 0
HO o) (50 mol%) o
HOL7~3 1o OH ~— 2% OH N \\@)LH
OH H,0, 190 °C o

. 5-(hydroxymethyl)furfural
OH  cellobiose Hz (200 psi) glucose (HMF), by-product

(water-soluble)

entry cat time glucose HMF conv.
' (h) yield (%) yield (%) (%)
1 ALO; (Acidic) 8 67 5 88
2 Al,O3 (Basic) 8 71 10 78
3 CuO 8 69 5 79
4 Ti,05 8 56 6 75
5 CeAlO;3 8 47 11 100
6 Sc,05 8 62 5 100
7 710, 8 51 9 71
8 HfO, 8 55 4 73
9 ReO; 8 66 4 100
10 ReO; 1 90 0 100
11 WO; 8 49 2 96
12 none 6 28 0 41
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Figure 2 The proposed formation of protonic sites from H, on oxorhenium species.

A set of metal oxide catalysts was first screened under H, pressure for the hydrolysis of
cellobiose (yield and conversion were determined by HPLC using a calibration curve prepared
with authentic samples). Cellobiose, the water-soluble glucose dimer with a B(1—4) linkage, is
commonly accepted as a model substrate for cellulose. It was soon realized that finding a general
optimum condition for this reaction is not trivial because the glucose yield was fairly time- and
temperature-sensitive. Nonetheless, several metal oxides gave significantly higher glucose yield
than no-catalyst conditions (Table 1). Among the catalysts which gave >60 % glucose yields in 8
hours (Al,0O3, CuO, Sc,0s, ReOs), ReO; particularly interested us because Re0,2.5H,0"! as
well as monomeric oxorhenium species such as CH3ReO; (methyltrioxorhenium, MTO) and
ReL,O5(PPhs),!'® were known to activate molecular hydrogen and catalyze the hydrogenation
reactions of alkenes, sulfoxides, and carbonyl, nitro and carboxyl moieties. It is not understood
whether H, is activated by [3+2] addition” or by [2+2] addition!"® on rhenium-oxo compounds,
but in either case we expected a resulting Re-OH bond to be highly acidic, in an analogy to the
strong (pK,= — 1.25) Brensted acid perrhenic acid HReO, (Figure 2).

Table 2 Comparison of hydrogen and inert gas for oxorhenium compounds.

[v)
cellobiose cat. (20 mol%) > glucose

H,0, gas (200 psi),190 °C, 1 h

H, Ar
entry  cat. yield (%) yield (%)™
1 ReO; 62 40
2 HReO, 71 58]
3 CH;3ReOs 541c] 13
4 none — <1

[IThe cellobiose conversion was correspondent to the glucose yield in all cases. ™85 % Glucose
yield after 4 h. 195 % Glucose yield after 4 h.

To clarify if there was indeed any enhancement of the acidity of ReO; due to H,, we
conducted the cellobiose hydrolysis under Ar and compared it with the results under H, (Table 2,
entry 1). HReO4 and MTO were also tested to examine whether an effect was observed for



homogeneous oxorhenium species (entries 2 and 3); MTO was known to catalyze reduction
reactions under Ho,"'® and we suspected HReO, might be formed from MTO under aqueous
reaction conditions. Although the system was clearly much more acidic in the presence of ReO;
(entry 1) compared with the no-catalyst conditions (entry 4), the results were somewhat
confusing as to what was responsible for the generated acidity. While there appeared to be a
difference between H, and Ar, the glucose yield was significant even under Ar. We therefore
hypothesized that Brensted acidic Re-OH bond is produced from ReOj; not only from H, addition
but also from H,O addition, as reported by Kimizuka et al.l"® Furthermore, the undefined species
HxReO; may also interact with Hy, to make the system more complex (Scheme 2).

(1+x) ReO3 + x HyO < =~ H,ReO;+ x Re(OH)O; (0<x<0.8)
(1) hydrolysis of ReOgy

H, “ H, (2) H, addition
Hy+2ReO3? HRe(OH),0, or Re(OH);0?
Scheme 2 Addition of H,O and H; to ReOs.

In order to investigate the plausibility of the activation of H, on ReO; in a more direct
manner than by measuring glucose yield from cellobiose hydrolysis, we tested the reduction of
diphenyl sulfoxide with a stoichiometric amount of ReOs and obtained diphenyl sulfide in 37 %
yield (Scheme 3). No reaction was observed in the absence of ReOs;. A peak of HOD was also
detected in “H NMR after the reaction'’, while in the absence of sulfoxide there was virtually no
difference in the amount of HOD with or without ReOs (Table 3). This result hinted that ReO;
may indeed interact with H,. (However, later in 2012, Fernandes et al. reported the
ReOC13(PPh3)2[2O]—catalyzed reduction of sulfoxides to sulfides without adding any reductant.*!
Thus retrospectively, it is possible that such a reaction played a role in our observation of ReOs-
mediated sulfoxide reduction shown in Scheme 3.)

o)

S+ = ppSSpp  + HOD
ph-Spn ReOs D, (200 psi) PhPh Y
15 | (1.5 mmol) H.O (5 mL 37 % yield 20 % yield
(1.5 mmol) 19% o((: ;n3)h (42 % conv.) (0.30 mmol)

Scheme 3 Reduction of diphenyl sulfoxide to diphenyl sulfide.

Table 3 HOD formation without diphenyl sulfoxide.

02 (; Efn?)f) gas (200 psi) 00
(278 mmol) 190 °C, 4 h
entry X gas HOD (mmol)
1 1.5 D, 0.055
2 0 D, 0.048
3 0 H, 0.041




However, we next studied the interaction of ReO; with H,O (Scheme 4) and found to our
disappointment that ReO; was irreversibly transformed into a different homogeneous acidic
species. After the reaction, the system stayed acidic (by pH measurement) under both H, and Ar
atmospheres, breaking the foremost promise of “reversible H' generation from H,”. When the
reaction mixture was filtered, ICP analysis of the filtrate indicated that nearly half of ReO;
remained dissolved in water. ESI-MS indicated that this homogeneous Re species was
predominantly ReO4 ion. However, some black material was also left in the solution and could
be recovered by filtration. According to Scheme 2, we suspected that it is a mixture of remaining
ReOs and the reduced Re species HxReOs. However, it was difficult for us to characterize this
compound. Powder X-ray diffraction data taken on this recovered material did not show any
significant change from ReOs; (standard, blue line) as reported for Hps7ReO3 by Majid et al.??!
(Figure 3).

ReO3 (20 mol%)

cellobiose O 10 mL 200 o0 glucose

Before heating 120 10 ™Mb 988 (200psh) s 79 50% Re soluble (ICP)
H=3.47 190°C, 1 h M= 0

P Ar: pH=2.85 38% Re soluble (ICP)

ReQO, detected in ESI-MS

) HReO4 (20 mol%)
cellobiose glucose

Before heating H20 10 mL, gas (200 psi) H,: pH=2.35
[¢]
pH=2.39 190°C, 1h Ar: pH=2.41

Scheme 4 The irreversible change occurred of ReO; under reaction conditions.

3500
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2500
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= ——Re03-Std
&
g —— MS4-25D2{dried)
=
1500 MS4-25 D2{not dried)
—M54-26-H2
w—— MISA-27-Ar
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" M
(1] 10 20 30 40 50

20 (degrees)

Figure 3 Powder X-ray diffraction of the solid material recovered from the aqueous cellobiose
hydrolysis reaction by ReO; under H;, Ar or D, (according to Scheme 4).



Conclusion

While the exact nature of the transformation occurring on ReOs under the high-temperature
aqueous reaction conditions remained unclear due to the complexity of the system, our results
indicated that ReOs could not provide the desired catalysis based on H,-controlled, reversibly
generated protonic sites as envisioned. We therefore decided to pursue a different project theme.
Herein, it is worth specific mention that the price of gasoline dropped dramatically from late
2008 to early 2009 (US$4.0/gallon in June-July 2008 to US$1.7-1.8/gallon in January 2009).
The biomass research community was significantly affected by this change and the target
products from biomass conversion rapidly became more diverse. Not only cellulosic ethanol for
gasoline-blending®" but also bio-derived chemicals/materials and unconventional fuel candidate
molecules, such as furfural and 5-(hydroxymethyl)furfural derivatives, began to attract much
attention as premium-priced products. Reflecting this trend, we started to investigate the
synthesis of biomass-derived terephthalic acid from 2,5-dimethylfuran using the Diels-Alder
reaction approach, which is described in Chapter 1. Nonetheless, we remained interested in the
diphenyl sulfoxide reduction (Scheme 3), because it showed some promise of the water-
insensitive H, activation by ReO; or by in situ-generated HReO,4. Therefore, in parallel to the
work on terephthalic acid project, we were seeking an application of the reductive reactivity of
oxorhenium catalysts in the context of biomass chemistry. It was at this time in October 2009
that the Abu-Omar group reported the MTO-catalyzed deoxydehydration (DODH) of diols to
alkenes using H, as a reductant.”””) While the first DODH reaction was described by Cook and
Andrews in 1996 using phosphine as a reductant,*® this was the first of the modern development
of DODH chemistry with a focus on practical application. We were inspired to develop this
reaction further because the DODH reactivity was relevant to our observation. Specifically,
because the substrate scope in Abu-Omar’s initial report was limited to simple diols (only 1,2-
hexanediol, cis-1,2-cyclohexanediol and 1,4-anhydroerythritol were investigated), we envisioned
the expansion of this methodology to polyol deoxygenation, which would be much more relevant
to the biomass deoxygenation. This is how we started to explore the oxorhenium-catalyzed
deoxydehydration of polyols, which is described in Chapter 2.
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Chapter 1

On the Diels-Alder Approach to Solely Biomass-Derived
Polyethylene Terephthalate(PET): Conversion of 2,5-Dimethylfuran
and Acrolein to p-Xylene

Portions of the work in this chapter have been published.:
M. Shiramizu, F. D. Toste, Chem. Eur. J. 2011, 17, 12452-12457.

Introduction

In response to the increasingly urgent issue of sustainability, lignocellulosic biomass has
attracted attention as a renewable and carbon-neutral energy source. However, the selective
acidic hydrolysis of cellulose to glucose, the feedstock for fermentative bioethanol production, is
difficult due to the recalcitrant crystalline structure of cellulose!'! and the instability of product
sugars.'”! Instead, 5-(hydroxymethyl)furfural (HMF), a dehydrated aromatic form of glucose or
fructose, is typically obtained as a major byproduct under harsh conditions® or even as the
predominant product in the presence of designed catalysts.

The utility of HMF warrants further exploration. Due to its low energy density and
instability, HMF is not a promising candidate as a liquid fuel, but rather it is a potential
intermediate for renewable chemicals.[*! One often proposed approach is the oxidation of HMF
to 2,5-furandicarboxylic acid (FDCA).’) FDCA has been suggested as a potential replacement
for terephthalic acid (TA).[ TA is an important raw material for the production of polyethylene
terephthalate (PET), a high-demand plastic with wide utility ranging from beverage containers to
synthetic fibers (total PET consumption in US: 5.01 million metric tons in 2007).1") Although the
direct substitution of FDCA for TA in polymer synthesis has been known since the 1970s,™ it
has not been successfully commercialized to date. This can be attributed not only to the
difference in chemical properties between FDCA and TA but also to the difficulty of introducing
new chemicals to an existing market."”’

Based on the background above, it is desirable to develop a novel route to convert HMF to
an established commodity chemical such as TA.'” The envisioned transformation of HMF to
TA requires the addition of a building block of at least two carbons, which ideally would also
come from renewable sources. When we started our HMF conversion project in 2009, the most
relevant work in this context was the conversion of 2,5-dimethylfuran (DMF), the hydrogenated
form of HMF, and ethylene gas to p-xylene via a one-pot Diels-Alder reaction and thermal
dehydrative aromatization. It was described by two individually published patents, !''! which
were followed by several publications in more recent years.'? This strategy is attractive because
it is atom-economical, the claimed p-xylene yield is high (up to 92 %) and ethylene can be
produced from bio-ethanol dehydration.!"*! ' Nonetheless, the process requires high pressure of
ethylene (claimed 1-105 atm) as well as high reaction temperature (claimed 100-300 °C). More
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importantly, the product is inherently limited to p-xylene and there is no opportunity in the
synthetic pathway to diverge the end products. We thus wondered if other biomass-derived
dienophiles can be also utilized in this DMF Diels-Alder approach to bio-aromatics. In this
regard, acrolein caught our attention as the most attractive target.!'>) Acrolein can be efficiently
prepared from the dehydration of glycerol,!"®!”! which is currently overproduced and rapidly
decreasing its price as a side-product of growing biodiesel production.'™ There is an urgent need
for developing the routes to convert glycerol/glycerol derivatives into bulk chemicals in order to
enhance the value of bio-refinery while decreasing the waste output. In addition, acrolein has one
excess carbon as an aldehyde, which can be easily removed as COM"! (or as CO, after
oxdation®) to prodce p-xylene once aromatized. We also envisioned that this carbon could
provide access to other products such as trimellitic acid (for plastics and trimellitate plasticizers)
or various substituted aromatic compounds via decarbonylative® or decarboxylative!?”
coupling (for speciality chemicals applications). It is already well established that ethylene
glycol, the ester condensation partner in the final polyester synthesis step, can be produced from
sugar-based feedstocks!®! or from cellulose!*" via hydrogenolysis. Therefore, this approach of
DMF-acrolein Diels-Alder reaction could provide a glycerol (biofuel waste product)-based
alternative route to a fully renewable, solely biomass-derived PET.

To realize this concept, our strategy consisted of the following five steps (Scheme 1): 1)
hydrogenation of HMF to DMF, 2) Diels-Alder reaction with acrolein to construct the 7-
oxabicyclo[2,2,1]hept-2-ene core structure 1, 3) aromatization and removal of aldehyde carbon
to obtain p-xylene, 4) oxidation of p-xylene to TA, and 5) condensation of TA and ethylene
glycol to furnish PET. Currently, PET is mass-produced by steps 4 and 5 using p-xylene
obtained from crude oil. Therefore, its replacement with bio-derived p-xylene would be easily
implementable because little change is required in the downstream infrastructure and operation.
As step 1 is precedented,'! this work focuses on the conversion of DMF and acrolein to p-
xylene (steps 2 and 3).
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Condition Optimization for Diels-Alder Reaction

When we started our investigation, there were only two reports on the Diels-Alder reaction
between DMF and acrolein.”® Burrell et al. used very high pressure (15 kbar) *”! while Laszlo et
al. used an Fe'-doped K-10 bentonite clay catalyst.*®! Although we initially expected that the
Diels-Alder reaction would proceed more smoothly for DMF and acrolein than for DMF and
ethylene based on the electron deficient nature of acrolein, reported yields were rather moderate
(ca. 40 %) in both methods. We thus decided to seek a more efficient simple Lewis acid catalyst
capable of mediating this transformation. However, the difficulty soon became apparent: the
initial screening of common Lewis acids such as AlICl;, Et,AICI, TiCls, SnCl,, BF3;*Et,0, ZnCl,
and Znl, at temperatures between 25 °C and —78 °C (1-3 eq. DMF) in various solvents showed
no promise, mainly due to the instability of acrolein. In most cases, we observed either no
reaction or immediate and complete decomposition of acrolein. Nonetheless, when we
specifically focused on group 3 and 4 metal (Sc, Y, Zr, Hf) species inspired by a reported HfCls-
catalyzed Diels-Alder reaction of DMF and benzyl acrylate,*”” we finally observed a trace
amount of 1 by "H NMR using 8 mol% Sc(OTf); (60 °C, 2 eq. DMF, CDCl5).1*"!

Table 1 Sc(OTf); and Hf(OTf); —catalyzed Diels-Alder reaction of DMF and acrolein with bidentate
ligands.

Sc(OT); or HE(OTH, (8 mol%) Q

o) :
j‘H ligand (x mol%) _ H
— -60 °C, CDCl5 (Acrolein 3.3 M)

1eq.

0)
\@/ +

2 eq.
1a (endo)/1b (exo)
entry cat. ligand (mol%)  drying agent  time (h) yield 1a+1b (%)

1  Sc(OTf);  Phen (20) MS4A powder 96 76
2 Sc(OTf);  Phen(15)  MS4A powder  20.5 46
3 Sc(OTf)s Phen (10) MS4A powder 20 12*
4 ScCl; Phen (20)  MS4A powder 20 N.R.
5 Hf(OTf)4 Phen (30) MS4A powder 66 45
6 Hf(OTf)y Phen(20) MS4A powder 69 82
7  Hf(OTf)4 Phen (20) Na,SO04 90.5 59
8  Hf(OTf)4 Phen (20) MgSO,4 90.5 46
9  Hf(OTf)4 Phen (20) none 24 10°
10 Hf(OTf);  Phen(10)  MS4A powder 1 N.D.
11 Hf(OTf);  Phen (0) MS4A powder 1 N.D.
12 HfCly Phen (20) MS4A powder 20 12
13 Sc(OTf);  Bipy (20)  MS4A powder 7.5 N.R.
14 Sc(OTf); Bipy (10) MS4A powder  18.5 15%
15 Hf(OTf)4 Bipy (20) MS4A powder 7.5 N.R.

“Significant decomposition of acrolein. DMF remained. °Immediate decomposition of acrolein.
DMF remained.
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We then started to optimize the reaction conditions. In this study, the yield of 1 was
determined by 'H NMR using an internal standard (SiEts). Because high concentrations are
generally preferrable for Diels-Alder reactions due to its negative reaction entropy, DMF was
used as a co-solvent: As a representative example, for 6 mmol of acrolein, 1.3 mL (12 mmol) of
DMF and 1.8 mL of CDCl; was used (the reaction shown in Table 1). In all cases, the product 1
was obtained as a mixture of 1a (endo product) and 1b (exo product) with a d.r. of 1a/1b = 1.0 to
1.4. However, envisioning the formation of the same product from both stereoisomers after the
subsequent aromatization step (see Scheme 1), we were not concerned with the low
diastereoselectivity. We first tried using a combination of Sc(OTf); or Hf(OTf)s; and a
phenenthroline or bipyridine ligand, hoping that the ligand pocket would facilitate the
preferential coordination of Lewis acid to the sterically accessible acrolein (dienophile) carbonyl
instead of DMF. To our delight, the addition of phenanthroline ligand dramatically increased the
yield, at a specific catalyst to ligand ratio (catalyst:Phen= 8 mol%:20 mol%; Table 1, entries 1
and 6). The use of drying agent, namely MS4A powder, was found beneficial (entries 6-9).
Chloride salts were less effective than triflate salts (entries 4 and 12).

Sc(OTf); (8 mol%) CHO

(0) (0] ,
+ H Phenanthroline (20 mol%) _ 1o
\@/ :>_ 60 °C, MS 4A powder G 1a/1b=1.1~1.4

CDClj3 (Acrolein 3.3 M)

100
90 g6
80 +—=81 % 84
76
70 68 67
2 60 cgb1
& 50 s 50 DMF:acrolein=1:1
— 43
- 40 —+40 36 DMF:acrolein=2:1
2
> 30 5 28 DMF:acrolein=5:1
20 —/ 20
10 Agn
0
0 20 40 60 80 100
Time (h)

Figure 1 Diels-Alder reaction reaction profile comparison at different DMF:acrolein molar ratio.

We next examined the DMF/acrolein molar ratio using Sc(OTf); (Figure 1). Decreasing the
DMF:acrolein ratio from 2:1 to 1:1 led to a partial decomposition of acrolein and low overall
yield. Increasing the ratio to 5:1, on the other hand, enhanced the reaction rate but the final yields
reached after 4 days were comparable. DMF/acrolein molar ratio could not be increased much
further from 5:1 because neat DMF starts to freeze at c.a. -60 °C (DMF m.p. —62 °C). In contrast,
ca. 1:1 (v/v) mixture of DMF and chloroform (m.p. -64 °C) did not freeze even at —78 °C due to
the freezing-point depression of the mixture. Therefore, we concluded that DMF:acrolein ratio of
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2:1 to 5:1 provided a good balance for a practical reaction and the concentration of 3.2 eq. DMF
and 3.3 M acrolein in CDCl;, which composed DMF:CDCls=ca. 1:1 (v/v), was employed as the
standard conditions to allow the investigation of lower temperature reactions.

Table 2 Effect of Sc(OTf); loading.

O

Sc(OTf)3 (x mol%)
\@/ HJ\H CDCl3, MS4A powder @ H

3.2 eq.

1a(endo)+ 1b(exo)

entry temp. [°C] x [mol%] time [h] yield [%] conversion[%] d.r. (1a/1b)

1 -60 1 6.5 18 58 1.1
2 -60 0.5 24 11 70 1.2
3 -60 0.1 24 70 75 1.1

44 80 80 1.2

68.5 83 84 1.2
4 -60 0.05 44 50 52 1.2
5 -60 0 44 0 0 —
6 0 0.1 24 22 22 1.2
7 0 0 5 0 0 —
8 25 0.1 24 6 17 1.0
9 25 0 5 4 6 1.2

24 7 7 1.1
10 -78 0.1 8 23 23 1.0

As described above, we identified conditions (Table 1, entries 1 and 6) which afforded 1 in
good yields using phenathroline ligand. However, the sharp sensitivity of the reaction to the
amount of phenanthroline led us to speculate that the catalysis was happening with the small
amount of ligand-free Sc or Hf catalyst, instead of the ligand-bound Lewis acid with a specific
steric environment as we originally envisioned. In other words, because the low ligand to metal
ratio caused the immediate decomposition of acrolein (Table 1, entries 3, 10 and 11), we
suspected that the ligand might have simply poisoned a certain portion of the Lewis acid catalyst,
thereby providing an optimum amount of Lewis acidity. In fact, when we examined the ligand-
free conditions using a much decreased loading of Sc(OTf)s;, we found 0.1 mol% Sc(OTf);
catalyzed the reaction as efficiently as the previously optimized Sc(OTf); 8 mol%-
phenanthroline 20 mol% system (Table 2, entry 3). The major problem with this reaction was
that it required a long time (in the order of a few days) to achieve a good total yield (up to 84 %).
However, it was difficult to accelerate it while retaining the high selectivity/cleanliness of the
system. Increasing the catalyst loading led to the decomposition of acrolein (entries 1 and 2) and
increasing the temperature led to the significant decrease in yield (entries 6 and 8) while the
reaction was too slow at —78 °C (entry 10). In the absence of catalyst, no reaction occured at <0
°C at least on a reasonable time scale (entries 5 and 7), but a thermal Diels-Alder reaction was
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observable at 25 °C (entry 9). To summarize, our optimized conditions (Table
shown in Scheme 2.

O
Sc(OTf)3 (0.1 mol%)
\@/ %H CDCl3, MS4A powder w H

32eq. -60°C, 68.5 h

1a(endo)+ 1b(exo)
84 % (1a/1b=1.2)

Scheme 2 Optimized conditions for the Diels-Alder reaction of DMF and acrolein.

2, entry 3) are
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Thermodvnamics of Diels-Alder Reaction

The significant temperature dependence of yield observed in the optimization process
implied that this Diels-Alder reaction was under thermodynamic control rather than kinetic
control. We thought that a more thorough understanding of the reaction mechanism and
thermodynamics could offer insights that might lead to further improvements in the yield and
efficiency of the reaction. To investigate, the reaction profile was compared at different
temperatures using the conditions in Scheme 2 (Figure 2). The diastereomeric ratio mostly stayed
constant (1a/1b=1.1-1.2). At a higher temperature, the reaction proceeded faster but the yield
plateaued at a lower level (e.g. 84 % in 3 days at -60 °C vs. 75 % in less than 24 h at —55 °C).
When the equilibrium constant Kcqiay=[1a)/[DMF][acrolein] and Keqany=[1b]/[DMF][acrolein]
was calculated using the converged values at each temperature (—60 °C to 25 °C) and In K¢q was
plotted against 1/T (T=temperature in K), a clear linear relationship was obtained (Figure 3). It
indicated that this reaction was indeed under thermodynamic control (i.e. the thermodynamic
equilibrium had been reached when it reached the yield plateau in Figure 2). Using the slope and
intercept values of Figure 2, based on the equation

InK —AG° AH® AS°

Mea ="RT T TRT TR
where R(ideal gas constant)=1.986x10" [kcal/Kemol], the standard enthalpy(AH®) and entropy
(AS®) for this reaction were experimentally determined to be AH°= —6.41 [kcal/mol], AS°=
—0.0304 [kcal/K*mol] for 1a and AH°= —6.39 [kcal/mol], AS°=—0.0307 [kcal/K*mol] for 1b.

100
90
80
§ 70 0oC
+
& 60 250C
% 50 —— -40 oC
Z 40 —#—-550C
)
§ 30 +—-60 oC
20 -78 oC
10 -78 0C(0.5mol% Cat)
.‘W
0 "A“ T T T T T T T T T T T T T T 1
0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75
Time (h)

Figure 2 Temperature dependence of DMF-acrolein Diels-Alder reaction.
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Figure 3 Linear relationship between InK., and 1/T (obtained from the data shown in Figure 2).

We were aware that it is more desirable if this Diels-Alder reaction could be performed at
ambient temperature because cooling is a cost- and energy-intensive operation. Unfortunately,
the AH® and AS° values indicated that the low temperature is inherently required regardless of the
catalysis conditions. Typically, when a Diels-Alder reaction is under thermodynamic control, a
method to increase the equilibrium yield without changing the temperature is to increase the
concentration of starting materials. In our case, this means increasing the amount of DMF
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because DMF is used as a co-solvent in near-neat condition (DMF:CDCls=ca. 1:1 (v/v)).
However, as shown in Figure 4, a model calculation indicated that it is impossible to go above ca.
16 % yield at 25 °C (for x>0, y<16). A similar calculation for —55 °C likewise suggested that it is
impossible to obtain >90 % yield with a reasonable amount of DMF as long as it is governed by
thermodynamics. This is in agreement with our empirical finding from the condition
optimization process that the yield was enhanced significantly when the DMF:acrolein ratio is
increased from 1:1 to 2:1, but not from 2:1 to 5:1 (Figure 1). Therefore, the approach to increase
the equilibrium yield was unfortunately found rather impractical and not pursued further. The
only possible method to obtain a high yield of 1 at room temperature would be to shift the
reaction mechanism to kinetic control, for example by constantly derivatizing 1 into another
compound. However, due to the system complexity, such an idea was left for future investigation.

x eqg. of DMF, 6 mmol scale as an example

DMF + arolein 1a + 1b
6x 6 0 o  (mmol)
6x-a-b 6-a-b a b (mmol)

total volume=(0.64x+2.31)mL 0.64 x: DMF volume based on the density and molecular weight.
2.31 mL: a total volume of acrolein 6 mmol (0.4 mL), CHCI3 (1.8
mL) and internal standard SiEt, (114 pL).

For 25 °C,

a
(0.64x +2.31)

K, (10,250) == ~6-ah =0.0110
(0.64x+2.31) (0.64x+2.31)
b
K, (16,25C) = (0.6dx+2.31) =0.00934

(6x—a—>b) . (6—a->)
(0.64x+2.31) (0.64x+2.31)
K, (1a,25C) q

=2 118 a=1.18b
K, (16,25C) b
» = Theoretica | Yield[%] = 2 x 100
b=0.0263y,a+b=0.060y

2 J—
0.0263y(0.64x+2.31) _ oo 0.00167y* ~3.18y
(6x—0.06)(6—0.06) y—16.7

Likewise for —55 °C,
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a
(0.64x+2.31)

K,y (1a,-55C) = 8 “e-an) =0.586
(0.64x+2.31)  (0.64x+2.31)
b
K, (1b,-55C) = (0.64x+2.31) = 0.491

(6x—a-—>b) . (6—a->b)
(0.64x+2.31) (0.64x+2.31)
K, (1a,25C) a

= —= 1,19 S.a =119b
K, (1625C) b

a+b 100

y = Theoretical Yield[%] =

b=0.0274y,a+b=0.060y

0.0274 y(0.64x +2.31) _ ~0.00909 y* —1.24y

=0.491,.". x
(6x—0.06y)(6—0.06y) 1-90.9
20
*
15
| |
¢
10
< [ |
<
- g 5
[
s 4 s mmE g
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Figure 4 Calculated relationship between the equivalent of DMF and yield.
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Retro Diels-Alder Reaction

Although the low temperature required for the Diels-Alder reaction step presented an
economical concern for scale-up, given the good yield and product selectivity achieved, we
decided to proceed to the downstream conversion of 1 to aromatics (namely, p-xylene: Scheme 1,
Step 3). While all optimization and thermodynamics studies in the previous sections were carried
out using 'H NMR analysis, we started investigating the isolation of 1. It was not trivial because
1 was highly subjective to the retro Diels-Alder reaction, as the measured AH® and AS° values
suggest. Most importantly, to retain a good yield of 1, it was essential to quench the catalyst at
low temperature after the completion of the forward Diels-Alder reaction. When Sc(OTf); was
unquenched, 1 underwent a retro Diels-Alder reaction extremely rapidly when allowed to warm.
In Figure 5, after achieving the equilibrium yield (83 %) at — 60 °C in the forward Sc(OTf);-
catalyzed Diels-Alder reaction, the reaction mixture was as is brought to 0 °C (yellow) or 25 °C
(blue) at time=0 h. The new equilibrium states (20 % yield at 0 °C and 8 % yield at 25 °C), which
were identical to the states obtained from the forward Diels-Alder reaction at those temperatures
(see Figure 2), were reached by Sc(OTf);-catalyzed retro Diels-Alder reaction in less than 10
min.

o}

H
O
0 0) Sc(OTf)3 (0.1 mol%) m H
+ H——————>
\U/ j CDCl3, MS4A temperature changed from 1a (endo)+1b (exo)

-60 °C, 3 days -60°C to 0 °C or 25 °C (t=0). X % yield remaining
Diels-Alder reation \1a (endo)+1b (exo) retro Diels-Alder reation, +
(forward) 83 % yield Sc(OTf-catalyzed o) Q
RS
correspondent amount produced
from retro Diels-Alder reaction,
+remaining starting materials
100
90
80
= 70 -
by
o 60 -
-
T 50 -
Q2 < 0 C
\z' 40 -
< —o—25C
x 30 -
20 &
10 1 R=—— * =5
0
0 1 2 3 4 5 6
time (h)

Figure 5 Retro Diels-Alder reaction in the presence of unquenched Sc(OTf); catalyst.
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Moreover, at 25 °C, the retro Diels-Alder reaction of 1 was fast even after quenching the
catalyst.®" This raised a fundamental technical problem because the common
isolation/purification techniques could not be applied to 1 at room temperature. As shown in
Figure 6, after the catalyst was quenched by 100-fold dilution at — 60 °C (method A, blue), retro
Diels-Alder reaction at 25 °C was still very significant, although it was much slower with half-
life (t;2) of more than 2 hours (Figure 6, method A) when compared with the unquenched
conditions (t;,<10 min in the presence of 0.1 mol% Sc(OT¥);, Figure 5). To ascertain that there
was no residual Sc(OTf); catalyzing this retro Diels-Alder reaction, another portion of the diluted
solution was washed with a weak aqueous base (NaHCOj saturated solution) (Figure 6, method
B, orange) and then the decay of 1 was monitored by 'H NMR (25 °C). No significant difference
in the half-life was observed between two methods, confirming that the 100-fold dilution was
enough to quench the catalyst. The exponential decay of Figure 6 indicated that the retro Diels-
Alder reaction was in first-order to [1], as logically expected. Therefore, we plotted In(1) (mmol)
against time (h) and obtained a linear relationship (Figure 7, quenching method B was used).
Different solvents were also examined for dilution in hopes of retarding the retro Diels-Alder
reaction by changing the polarity, but only minor effects were observed. The slope of this linear
plot represents the rate constant k . Following the equation

In[la] = -kt +1n[lal, ., In[16] = —k¢ +In[1b], ., (t=time)

Because the volume was constant (the same NMR sample was monitored at different time
points), the concentration factors of [1a] and [1b] can be rewritten as

In(la, mmol) = —kt + const.,In(1b, mmol) = —kt + const. (t=time)

Using the k values, based on the Eyring equation (kz=Boltzman constant, #=Plank constant,
T=temperature)

k. T AG™
k =—L2—exp(-
P p( RT)
as well as the half-life definition
;o E ~0.693
bk k

Gibbs free energy of activation (AG*) and half-life (t,) for this thermal retro Diels-Alder
reaction at 25 °C were experimentally determined as in Table 3. Combining the AG* value with
AH® and AS° values determined in the previous section, the experimentally determined energy
diagram for the thermal Diels-Alder reaction of DMF and acrolein is shown in Figure 8.

The AG* values provided ample information. In particular, they suggested that thermal retro
Diels-Alder reaction of 1, which was problematic at 25 °C, could be prevented at < 0 °C. Based
on the general expression AG” = AH” —TAS”, because AS” is positive for retro Diels-Alder
reaction, AG* value increases as the temperature decreases. When AGizsc values in Table 3 were
used, the half-lives (t;2) for 1a and 1b at 0 °C in chloroform were calculated to be 85 h and 95 h,
respectively. Because the actual t;, at 0 °C must be longer than these values given AGIOC>AG125C,
it suggested that 1 was stable toward a retro Diels-Alder reaction at < 0 °C in the laboratory time
scale. Indeed, when the solution of 1 was monitored by 'H NMR at 0 °C after catalyst quench (i.e.
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in the experiment shown in Figure 6, temperature was brought to 0 °C and monitored by 'H
NMR at 0 °C instead of 25 °C), essentially no reaction was observed over a period of 10 h in
CDCl;, CDyCl,, CDsCN, or toluene-dg. Therefore, this kinetic study of the retro Diels-Alder
reaction overall told us that in order to isolate the maximum yield of 1, it is necessary to a) after
conducting the Lewis acid-catalyzed Diels-Alder reaction at low temperature, quench the catalyst
at the same low temperature avoiding warming as much as possible, and b) handle 1 at < 0 °C,

not at room temperature.

dilute with CDCl3 (x 100) (NaHCO3 aq. wash
0 at-60°C of CDClj; layer)
0,
0 . o) ! Sc(OTf)3 (0.1 mol /02 @ H l
\@/ j CDCl3, MS4A Lewis acid temperature
-60°C, 3 days quench  brought to 25 °C
Diels-Alder reation 1a (endo) 2.5 mmol
(forward) +1b (exo) 2.1 mmol
(0]
0 (0]
- ([ O
monitor the decay of 1a, 1b by —
"H NMR (25 °C) correspondent amount produced
thermal retro Diels-Alder ~1a (endo) x mmol remaining from retro Diels-Alder reaction,
reation +1b (exo) y mmol remaining +remaining starting materials
3.00 2.50
250 2.0
© i ©
£ 2.00 £
£ £ 1.50
‘; 1.50 :;
2 o ¢A = 1.00 *A
= 1. o)
3 mB 32 mB
0.50 0.50
0.00 0.00
0O 1 2 3 4 5 6 O 1 2 3 4 5 6
Time (h) Time (h)

Figure 6 Retro Diels-Alder reaction at 25 °C after quenching Sc(OTf); catalyst. (Quenching method A
(blue): aliquot of reaction mixture was diluted with CDCIl; (x100) at -60 °C. Quenching method B
(orange): aliquot of reaction mixture was diluted with CDCl; (x100) at -60 °C, and further washed with

sat. NaHCOj; aq. for aqueous basic quench.)
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1a (endo), 1b (exo0)

3 -
28 1 y=0.1919x + 1.1088
g |Y=02795x +10905 R?=09976 y=0.1364x + 1.0701
© 71" "Re=0.9994 R2= 0.9987
I 24
22
-In(1a)/ mmol 2 - ECDCI3
i8] ACD2CI2
16 1 Sy =00694x + 1.1676 * CD3CN
- R2=0.9792 XToluene-d8
14 -
12 3

1+

0123 456 7 8 91011213

Time (h)
47 y=0.1946x + 1.1948
3.8 7 R2= 0.9995
3.6
34
32 y=0.2129x + 1
T 3 1y=0.3103x + 1.2256 R2=0,
28 R2=0.9989
-In(1b)/ mmol 2'2 ] ECDCI3
ol ACD2CI2
25 1 +CD3CN
18 XToluene-d8
: y=0.0801x +1.2764
16 R?= 0.9827
14 1
1.2
1 T T T T T T T T T T T T T 1
01234586 7 8 910111213
Time (h)
Figure 7 Kinetics of thermal retro Diels-Alder reaction at 25 °C.
Table 3 Thermal retro Diels-Alder reaction at 25 °C.
1a (endo) 1b (exo0)
Solvent k AG* tin  k AGF ti2
(] [keal/mol] [h] [h']  [kcal/mol] [h]
CDCl; 0.2795 23.04 248 03103 2298 2.23
CD,Cl, 0.1919 23.27 3.61 0.2129 23.21 3.26
CDs;CN 0.1364 23.47 5.08 0.1946 23.26 3.56
Toluene-dg 0.0594 23.87 9.99 0.0801 23.78 8.65
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Acrolein+DMF Diels-Alder Reaction
(Thermal)
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Figure 8 Energy diagram for the thermal Diels-Alder reaction of DMF and acrolein (top) and a close-up
of the starting material/product thermodynamics (bottom) in chloroform.
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Conversion of Compound 1 to p-Xvlene

Based on the knowledge garnered from the mechanistic investigation, the best approach to
isolate the Diels-Alder product 1 appeared to be a three-step sequence consisting of a Diels-
Alder reaction at -60 to -55 °C, quenching the catalyst at the same low temperature, and
derivatization of 1 to a more stable compound at < 0 °C. Regarding the derivatization methods,
initially we investigated two approaches to straightforwardly advance toward the desired end-
product p-xylene: a) Rh-catalyzed decarbonylation,'” and b) base or acid-catalyzed
aromatizaton of 1 to 2, 5-dimethyl-benzaldehyde. However, in our hands these reactions were
not directly applicable to 1 because 1 was subject to rapid retro Diels-Alder reaction and
decomposition upon any harsh treatment. Therefore, we sought to first derivatize 1 to a more
stable compound under mild conditions. The oxidation of aldehyde 1 to the carboxylic acid 2
appeared to be suitable for this purpose. In particular, we chose Pinnick oxidation using H,O; as
a mild, green and economical oxidant®® and successfully devised an operationally
straightforward, one-pot Diels-Alder/Pinnick oxidation protocol (Scheme 3).”*! After confirming
ca. 75 % conversion of acrolein to 1 by 'H NMR, the catalyst was quenched by adding an aq.
NaH,PO4/CH;CN mixture at -55 °C. The reaction mixture was allowed to warm to 0 °C, and
H,0, and NaClO, were added. The oxidation was complete in 5 hours, giving 2 in good yield
(near-quantitative yield for oxidation step, 77 % from DMF and acrolein). Notably, the excess
reagents and byproducts are all removed by simple aqueous workup and evaporation under
reduced pressure, leaving 2 in nearly pure form without further purification. Carboxylic acid 2
was much less prone to a retro Diels-Alder reaction than 1 and could be stored for a few hours at
RT and for several months at -20 °C.*¥

O (0]
o NaClO, (1.4 eq.)
o %H Sc(OTf)3 (0.1 mol%) @ H H,0, (5 eq.) ﬁ OH
Ry MS 4A, CDCly NaH,PO,
32eq. -55°C,25h H,0/CH5CN
1a (endo) + 1b (exo) 0°C,5h  2a(endo) + 2b (exo)
1a/1b=1.2 2a/2b=1.2
(Not isolated) 77 % 2steps overall

Scheme 3 One-pot Diels-Alder/Pinnick oxidation sequence.

With isolated 2 in hand, we studied its conversion to p-xylene. Although 2 was much more
stable than 1, it still underwent decomposition when heated. Because decarboxylation generally
required high temperature conditions,*”! we needed to proceed in the order of aromatization
followed by decarboxylation. The reported dehydrative aromatization reactions of similar 7-
oxabicyclo[2,2,1Thept-2-ene structures mostly used strongly acidic conditions.”” Among the
various acids tested, the highest yield (48 %) of 2,5-dimethyl benzoic acid (3) was obtained
when we treated the crude 2a/2b mixture with conc. H,SO4 (Scheme 4, first step). Base-
catalyzed dehydration using KHMDS or other reagents”® was unsuccessful, presumably due to
the unprotected COOH group. Direct pyrolysis®°” also led only to decomposition. We are
currently seeking a more efficient aromatization method. The Cu,O-catalyzed
protodecarboxylation of aromatic carboxylic acids has been reported by GooBen et al.””) When 3
was subjected to this system, p-xylene was obtained in 91 % yield without optimization (Scheme
4, second step). Combined with the two steps described in Scheme 3, this route from DMF and
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acrolein to p-xylene gave 34 % overall yield over four steps, thereby realizing the concept of
biomass-derived PET synthesis (Scheme 1).

0 COoH Cu,0 (10 mol%)
w OH conc. H,SO, Bathophenanthroline(20 mol%)
0°C, 15 min NMP/quinoline=3/1
-H,0 210°C,4h
2a + 2b 3 -CO, 91 %
(2a/2b=1.2) 48 %

Scheme 4 Conversion of 2 to p-xylene.

27



Conclusion

In conclusion, we have developed a route to convert DMF and acrolein into p-xylene for
bio-renewable PET production, with an aim to produce a renewable biomass-derived drop-in
replacement for currently fossil fuel-derived commodity chemicals. One particular feature of our
strategy is that both raw materials (DMF, acrolein) are derived from waste products (HMF,
glycerol) of biofuel production. Our scheme consists of a Diels-Alder reaction, oxidation,
dehydrative aromatization and decarboxylation. It was designed to achieve high atom-economy
and avoid toxic by-products. Unfortunately, the immediate practicality of the process shown in
this study is limited due to the low temperature conditions in the Diels-Alder reaction step and
the moderate yield in the aromatization step. However, the detailed thermodynamic and kinetic
studies of the pivotal Diels-Alder reaction step provided ample information about the
mechanistic nature of this reaction, and the data obtained in this work would contribute to the
development of other analogous reactions. We believe our solely bio-renewable p-xylene
synthesis, 34 % overall yield over 4 steps, serves as a valuable demonstration of sustainable
chemistry in the field of biomass utilization.
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Experimental

1. General

Commercial materials and solvents were reagent grade and used as received. 'H, *C NMR
spectra were recorded with Bruker AVB-400, AVQ-400, DRX-500, and AV-600 spectrometers;
chemical shifts are reported in ppm. HRMS data were obtained via the Micro-Mass/Analytical
Facility operated by the College of Chemistry, University of California, Berkeley. LCMS
analysis was carried out using a Agilent 1200 series liquid chromatograph coupled to Thermo
LTQ XL ion trap mass spectrometer. GC analysis was carried out using a Varian CP-3800 gas
chromatograph equipped with a flame ionization detector coupled to a Varian 320-MS mass
spectrometer using a FactoFour capillary column (VF-5 ms, 30 m length, 0.25 mm diameter)
coated with a 0.25 mm thick stationary phase (5% phenyl and 95% dimethylpolysiloxane). Thin-
layer chromatography (TLC) analysis was performed using Merck silica gel 60 F254 TLC plates,
and visualized by staining with phosphomolyibdic acid or bromocresol green. Flash column
chromatography was carried out on Merck 60 silica gel (32—63 pm).

2. Conversion of DMF and maleic anhydride to p-xylene

The first 3 steps were conducted according to the literature procedures and the yields reasonably
matched the reported values.*** ** The 4™ step, copper-catalyzed protodecarboxylation of 3,6-
dimethylphthalic acid, followed the procedure used for 2,5-dimethylbenzoic acid (3) based on
the report by GooPen et al.*” See Experimental Section 4-g).

0] 0] 0
(0] | @ conc. HySO4 COOH
O —— O —— -
\@/+ Dry Et,0 0°C,2h O | KOH aq.
RT S -H,0 Y, 2. HClaq. COOH
Overnight
9 70 % 63 % 86 %

Cu,0 (20 mol%)
Bathphenanthroline (40 mol%)

NMP/Quinoline=3/1
210°C,8h
-2 CO, 69 % (GC Yield)
(26 % overall yield over 4 steps)
3. Conversion of DMF and 2,2,2-trifluoroethyl acrylate to p-xylene.

a) Diels-Alder reaction of DMF and 2,2,2-trifluoroethyl acrylate.

o)

o Sc(OTf)3 (4 mol%)
\@/ + ﬁOACFg cocl, @ OCH,CF3

MS4A powder
-60°C, 18 h

4a (endo) + 4b (exo)
64 %
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A flame-dried 50 mL flask was charged with Sc(OTf); (196 mg, 0.398 mmol), activated
powdered 4A molecular sieves (250 mg) and a magnetic stir bar. The flask was purged with
nitrogen by vacuum/N; cycles (4 times). CHCI; (1.5 mL) was added and the mixture was cooled
to -60 °C. DMF (961 mg, 10.0 mmol) and 2,2,2-trifluoroethyl acrylate (1.54 g, 10.0 mmol) were
added and the mixture was stirred at the same temperature for 20 h. Water (5 mL) was added and
the reaction mixture was kept in contact with the frozen layer for 10 min at -60 °C, then allowed
to warm to RT. The mixture was extracted with CHCl; (3 x 60 mL) and the combined organic
phase was washed with brine (60 mL), dried over Na,SQy, filtered, and concentrated in vacuo. 1,
4-dimethyl-7-oxa-bicyclo[2. 2. 1]hept-5-ene-2-carboxylic acid 2,2,2-trifluoroethyl ester (4) was
obtained as a mixture of diastereomers (2.61 g, 4a(endo)/4b(ex0)=6.1). Diastereoselectivity
(endo-exo ratio) was determined by 'H NMR analysis : 83.00 (dd, J= 9.0, 3.9 Hz, 1 H, 4a, endo
major), 2.65 (dd, J=7.8, 4.2 Hz, 1 H, 4b, exo minor). The residue was purified by flash column
chlomatography on silica gel (CH,Cl, 100 %) to give 4a (colorless oil, 1.21 g, 4.84 mmol, 48 %)
as the first to elute (TLC: R=0.35, 100 % CH,Cl,) and 4b (colorless oil, 84.2 mg, 0.337 mmol,
3 %) as the second to elute (TLC: R=0.25, 100 % CH,Cl,). 328 mg (1.31 mmol, 13 %) of 4a/4b
mixture (colorless oil, 4a/4b=0.96) was also collected between those fractions.

Following the same procedure, when HfCly and ZrCly (4 mol%) were used instead of Sc(OTf);,
similar yields were obtained with somewhat lower diastereoselectivity (4a/4b=4.3 and 4.7 in
crude mixture, respectively).

4a:'"H NMR and "*C NMR spectra of 4a were correspondent to those reported in the literature.”*”’
'H NMR (300 MHz, CDCls) & 6.27(d, J= 5.7 Hz), 1 H), 6.04(d, J= 5.7 Hz, 1 H), 4.56(dq, J=12.6,
8.4 Hz, 1 H), 4.31(dq, J= 12.6, 8.4 Hz, 1 H), 3.00 (dd, /=9.0, 3.9 Hz, 1 H), 2.01(dd, J=11.7, 9.0
Hz, 1 H), 1.86(dd, J=11.7, 3.9 Hz, 1 H), 1.74(s, 3 H), 1.60(s, 3 H);?C NMR(125 MHz, CDCls)
5 170.7, 140.6, 136.0, 122.8(q, 1C, J= 277 Hz), 87.4, 86.2, 60.1(q, 1C, J= 37 Hz), 50.9, 38.2,
18.6, 18.5.

4b: 'H NMR (600 MHz, CDCly) § 6.24(d, J= 5.4 Hz, 1 H), 6.16(d, J= 5.4 Hz, 1 H), 4.60(dq, J=
12.6, 8.4 Hz, 1 H), 4.41(dq, J= 12.6, 8.4 Hz, 1 H), 2.65 (dd, J=7.8, 4.2 Hz, 1 H), 2.03(dd, J= 11.4,
42 Hz, 1 H), 1.75(dd, J= 11.4, 7.8 Hz, 1 H), 1.66(s, 3 H), 1.55(s, 3 H);"*C NMR(150 MHz,
CDCly) § 172.0, 140.9, 138.8, 123.0(q, 1C, J= 277 Hz), 88.2, 85.9, 60.3(q, 1C, J= 36 Hz), 49.3,
38.7, 18.3, 16.2. HRMS (ESI) calc for [C;H305F;**Na]™: m/z 273.0709, found 273.0709.

b) Hydrolysis of 4a to 2a.

1. LiOH (20 eq.)

/O THF/H,0=2/1, RT, 2 h /0
-'\‘(OCH oF. 2-HCl W
2CFs -CF4CH,OH OH
4a (endo, racemic) 2a (endo, racemic)

quant.

To a solution of LiOH (954 mg, 40.0 mmol) in THF (3.2 mL) and H,O (1.6 mL), 4a (505 mg,
2.02 mmol) was added and stirred at RT for 2 h. The mixture was washed with Et,0 (30 mL),
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then the aqueous layer was acidified with 1 N HCI aq. to pH=2 and extracted with EtOAc (3 X
40 mL). The combined EtOAc layers were dried over Na,SOy, filtered, and concentrated in
vacuo. 1,4-dimethyl-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (endo) 2a was obtained as
white powder (339 mg, 2.02 mmol, >99 %).

2a: '"H NMR (500 MHz, CDCl3) § 10-12.5 (br, 1H), 6.30(d, J= 5.5 Hz), 1 H), 6.16(d, J= 5.5 Hz,
1 H), 2.99 (dd, J= 9.5, 3.5 Hz, 1 H), 2.03(dd, J=11.5, 9.5 Hz, 1 H), 1.86(dd, J=11.5, 3.5 Hz, 1 H),
1.79(s, 3 H), 1.63(s, 3 H);">*C NMR(125 MHz, CDCls) & 178.5, 140.4, 136.3, 87.3, 86.2, 51.1,
38.1, 18.7, 18.5. HRMS (ESI) calc for [CoH;05] : m/z 167.0714, found 167.0714.

When 4a/4b mixture was subjected to the same conditions, 2a/2b mixture was obtained with the
retention of diastereomeric ratio. Diastereoselectivity (endo-exo ratio) was determined by 'H
NMR analysis using the peaks at 63.00 (dd, J= 9.0, 3.5 Hz, 1 H, 2a, endo), 2.62 (dd, J=8.0, 3.5
Hz, 1 H, 2b, exo0). LCMS found two peaks for [CoH;;03] (endo and exo): m/z calc. 167.1, found
167.1.

c) Aromatization of 2a to 2,5-dimethylbenzoic acid (5).

(0]
M/( conc. H,SO,
@ OH " poc, 30 min

- H,0

COOH

2a (endo, racemic) 5
63 %

To conc. HySO4 (1 mL), 2a (76.4 mg, 0.454 mmol) was added at 0 °C. The resultant thick brown
mixture was stirred at the same temperature for 30 min, then poured onto ice. 10 N KOH was
added to basify the mixture to pH=12, and aqueous layer was washed with Et,0O (3 x 50 mL) .
The aqueous layer was then acidified to pH=2 with SN HCI and extracted with EtOAc (3 x 50
mL). The combined EtOAc layers were washed with brine (50 mL), dried over Na,SOs, filtered,
and concentrated in vacuo to yield 5 (42.7 mg, 0.284 mmol, 63 %). The 'H and *C NMR spectra
of 5 corresponded to those of an authentic sample.

4. Conversion of DMF and acrolein to p-xylene.
a) A representative procedure for Diels-Alder reaction of DMF and acrolein (Table 1, Table 2,

Figure 1, Figure 2).
O

Sc(OTf)3 (0.1 mol%)
\@/ HJ\ H  CDCls, MS4A powder " :

o}
3.2 eq. -55°C,24h

1a(endo)+ 1b(exo)
A 20 mL vial fitted with a PTFE septum screw cap was charged with a magnetic stirbar,
Sc(OTf); (3.0 mg, 0.0060 mmol) and activated molecular sieves 4A powder (300 mg) and
purged with nitrogen by vacuum/N; cycle (4 times). Tetraethylsilane (115 pl, 90.9 mg, 0.630
mmol) and CDCI; (1.8 mL) were added and the mixture was cooled to —55 °C. DMF (1.93 mL,
19.0 mmol) and acrolein (400 pl, 5.90 mmol) were subsequently added over a few minutes. The
initial reaction mixture was analyzed to determine the amount of DMF and acrolein originally
present in the system, before Diels-Alder reaction proceeded to the significant extent. After
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stirring at —55 °C for 24 h, 75 % 'H NMR yield (against SiEt, internal standard) of 1 (1a=2.4
mmol, 1b=2.0 mmol, 1a/1b=1.2) was obtained (remaining DMF=13 mmol, acrolein=1.4 mmol).

Sampling/yield determination procedure (catalyst quench by simple dilution): A small
aliquot (ca. 10 pL) of the reaction mixture was taken by syringe and immediately diluted in
CDCl; (ca. 1.0 mL) pre-cooled to —55 °C. The sample was quickly filtered through a Pasteur
pipette filled with Na,SO, to a NMR tube and 'H NMR spectrum was corrected at RT. Thus
prepared NMR sample was kept frozen at —78 °C (acetone/dry ice bath) when immediate 'H
NMR analysis was not possible. The yield and conversion were determined using the peak of
tetracthylsilane as an internal standard. The peaks used for yield/conversion calculation were as
follows: tetraethylsilane & 0.51 (q, J/=8.0 Hz, 8H), DMF 6 5.86 (s, 2H), acrolein 6 6.52 (dd,
J=9.5, 1.0 Hz, 1H) or 9.59 (d,7.2 Hz, 1H), 1a 6 6.12 (d, J=5.6 Hz, 2H) or 9.36 (d, J/=3.2 Hz, 1H),
1b & 6.16 (d, J=5.6 Hz, 2H) or 9.55 (d, J=5.6 Hz, 1H). Relative stereochemistry of 1a and 1b
were determined using & 2.84-2.88 (m, 1H) and 6 2.39-2.34 (m, 1H). Because the exo-hydrogen
of 2a, 4a has a more downfield reasonance than the endo-hydrogen of 2b, 4b, analogously the
former was assigned as 1a (endo, major) and the latter was assigned as 1b (exo, minor).

b) Sc(OTf)s-catalyzed retro Diels-Alder reaction (Figure 5).
o

H
0]
c(OTf); (O 1 mol%) m H
\Q/ j CDCl3, MS4A temperature changed from 1a (endo)+1b (exo)

-60°C, 3 days -60°C to 0 °C or 25 °C (t=0) x % yield remaining
Diels-Alder reation \1a (endo)+1b (exo) retro Diels-Alder reation,
(forward) 83 % yield Sc(OTf s-catalyzed

e} O
RV
correspondent amount produced

from retro Diels-Alder reaction,
+remaining starting materials

Diels-Alder reaction was conducted following the procedure described in 4-a). A 20 mL vial
fitted with a PTFE septum screw cap was charged with a magnetic stirbar, Sc(OTf); (3.0 mg,
0.0060 mmol) and activated molecular sieves 4A powder (298 mg) and purged with nitrogen by
vacuum/N; cycle (4 times). Tetraethylsilane (114 pl, 90.2 mg, 0.625 mmol) and CDCIl; (1.8 mL)
were added and the mixture was cooled to —60 °C. DMF (1.96 mL, 17.6 mmol) and acrolein (400
ul, 5.40 mmol) were subsequently added over a few minutes. After stirring at —60 °C for 24 h,
83 % 'H NMR yield (against SiEt, internal standard) of 1 (1a=2.5 mmol, 1b=2.0 mmol,
1a/1b=1.2) was obtained (remaining DMF=13 mmol, acrolein=0.87 mmol).

The retro Diels-Alder reaction in the presence of Sc(OTf); was monitored as follows: A portion
(0.5 mL) of the reaction mixture above (containing 1a 2.5 mmol and 1b 2.0 mmol, kept at — 60
°C) was drawn and quickly transferred to another vial at 25 °C and left at this temperature with
stirring. After a given time (10 min to 6 h), an aliquot (10 puL) was taken from this warmed
mixture and diluted with CDCl; (1 mL, 25 °C) and immediately analyzed by 'H NMR to
calculate the remaining amount of 1a and 1b (x, %yield) against SiEt4 internal standard. The plot
of Figure 5 (25 °C) was thus obtained. For retro Diels-Alder reaction at 0 °C, similarly, another
portion (0.5 mL) of the same reaction mixture (containing 1a 2.5 mmol and 1b 2.0 mmol, kept at
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— 60 °C) was quickly transferred to another vial at 0 °C and left at this temperature with stirring.
An aliquot (10 pL) was taken and diluted with CDCl; (1 mL, 0 °C) and immediately analyzed by
'"H NMR while cold.

c) Thermal retro Diels-Alder reaction (Figure 6, 7).

dilute with CDCl; (x 100) (NaHCO3 aq. wash
0 at-60°C of CDClj; layer)

0 0 Sc(OTf)3 (0.1 mol%) H l
+ H
\@/ j CDCl3, MS4A 0 Lewis acid temperature
-60 °C, 3 days quench  brought to 25 °C

Diels-Alder reation 1a (endo) 2.5 mmol
(forward) +1b (exo0) 2.1 mmol

0]

o) (0]
Coe O
monitor the decay of 1a, 1b by —

H NMR (25 °C) correspondent amount produced

thermal retro Diels-Alder 1a (endo) x mmol remaining from retro Diels-Alder reaction,
reation +1b (exo) y mmol remaining +remaining starting materials

Diels-Alder reaction was conducted to obtain 1a 2.5 mmol and 1b 2.0 mmol at — 60 °C: See the
above section 4-b). For dilution quenching method (quenching method A), A portion (10 uL) of
this reaction mixture (kept at — 60 °C) was taken and diluted in cold (=60 °C) CDClI; (1 mL). The
solution was brought to RT, filtered through a Pasteur pipette filled with Na,SO,4 to a NMR tube
and analyzed by '"H NMR at RT. The remaining amount of 1a, 1b (x and y, mmol) were
determined based on the SiEt, internal standard. The first measurement was regarded as time=0 h
in Figure 6. This NMR sample was kept at 25 °C and re-analyzed by 'H NMR at different time
points to obtain the data shown in Figure 6, A. For aqueous base quenching method (quenching
method B), to the sample diluted in cold (—60 °C) CDCI; (1 mL) as above, 1 mL of sat. NaHCO;
aq. was added and kept at -60 °C for 5 minutes. The bi-phase mixture (aqueous phase frozen)
was allowed to warm to RT, and the organic layer was filtered through a Pasteur pipette filled
with Na,SO, to a NMR tube and analyzed by '"H NMR. The remaining amount of 1a, 1b (x and y,
mmol) were determined based on the SiEts internal standard. The first measurement was
regarded as time=0 h in Figure 6. This NMR sample was kept at 25 °C and re-analyzed by 'H
NMR at different time points to obtain the data shown in Figure 6, B.

Both quenching methods (A, B) gave virtually the same AG* values for the thermal decay of 1.
(Figure 6; quenching method A, AG*s5¢c =23.05 keal/mol (1a), 22.98 kcal/mol (1b) in CDCls.
Quenching method B, shown in Table 3, AG*y5c =23.04 kecal/mol (1a), 22.98 kcal/mol (1b) in
CDCl;.) The half-life of this retro Diels-Alder reaction also did not significantly change when
IN HCI aq., water, or CDClj; solution of bipyridine was used instead of sat. NaHCOs3 aq. to
quench the reaction. The data shown in Figure 7 was obtained using quenching method B, except
the CD3CN solution which was quickly filtered through a short silica gel column.
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d) Representative 'H NMR spectra of crude reaction mixture (DMF, acrolein, 1a, 1b, SiEts in

CDCly).
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e) One-pot Pinnick oxidation of 1 to 2

0 0
0o . NaClO, (1.4 eq.)
o HLH Sc(OTf)3 (0.1 mol%) ') H H,0, (5 eq.) 'a OH
YA MS 4A, CDCl NaH,PO,
3.2 eq. -55°C,25h H,O/CH5CN
1a (endo) + 1b (exo) 0°C,5h  2a(endo) + 2b (exo)
1a/1b=1.2 2a/2b=1.2
(Not isolated) 77 % 2steps overall

Following the procedure described in 4-a), a Diels-Alder reaction of DMF and acrolein was
conducted in a septum-capped 100 mL flask in 14.3 mmol scale (=55 °C). After 25 h, a mixture
of CH;CN (14 mL), NaH,PO4*H,0 (1.11 g, 8.00 mmol) and H,O (6 mL) pre-cooled to 0 °C was
slowly added to this mixture at —55 °C. The mixture became frozen and it was kept at =55 °C for
10 min, then 34 % H,0; aq. (7.0 mL, 70 mmol, pre-cooled to 0 °C) was added. The mixture was
allowed to warm to 0 °C, and 80 % NaClO, (1.77 g, 20.0 mmol) in H,O (20 mL, pre-cooled to 0
°C) was added in small portions over 3 h. The reaction progress was monitored by 'H NMR
(sampling procedure is described in 4-a)) and TLC. Upon complete consumption of 1 in
additional 5 h, the molecular sieves were filtered off and organic solvents were removed in vacuo
without heating. The mixture was extracted with CH,Cl, (3 x 40 mL), dried over MgSOQy,, filtered,
and concentrated in vacuo (crude 1). The aqueous layer was then acidified with 0.1 N HCI aq. to
pH=3 and extracted with CH,Cl, (3 x 40 mL), dried over MgSQy, filtered, and concentrated in
vacuo (crude 2). Both crude products gave sufficiently pure 2a/2b mixture. Diastereoselectivity
(endo-exo ratio) was determined by 'H NMR analysis :63.00 (dd, J=9.0, 3.5 Hz, 1 H, 2a, endo
major), 2.62 (dd, J=8.0, 3.5 Hz, 1 H, 2b, exo minor).Crude 1: thick pale-yellow oil, 1.62 g (9.70
mmol, 2a/2b=1.2), crude 2: thick colorless oil, 0.238 g (1.40 mmol, 2a/2b=1.5), Overall: 1.86 g
(11.1 mmol, 2a/2b=1.2), 77 % yield over 2 steps from DMF and acrolein. LCMS found two
peaks for [CoH;;03] (endo and exo): m/z calc. 167.1, found 167.1. Retention times matched
with those obtained from a Diels-Alder reaction of DMF and 2,2,2-trifluoroethyl acrylate
followed by hydrolysis (see 3-b)).

f) Aromatization of 2 to 2,5-dimethylbenzoic acid (5).

)
conc. Hy,SOy4 COOH
" OH " goc, 15 min
- H,O

2a+2b 5
49 %

Aromatization of 2a/2b mixture in conc. H,SO4 was conducted following the procedure
described in 3-c).
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g) Decarboxylation of 5 to p-xylene.

Cu,0 (10 mol%)
COOH  Bathophenanthroline (20 mol%)

NMP/Quinoline=3/1, 210 °C, 4 h
-CO,

5 91 % (GC Yield)

Decarboxylation of 2,5-dimethylbenzoic acid (5) was conducted following the procedure
reported by Goopen et al.*") as follows: 5 (authentic material, 300 mg, 2.00 mmol), Cu,O (28.9
mg, 0.200 mmol), bathophenanthroline (133 mg, 0.400 mmol), degassed solvents (NMP 3.0
mL/quinoline 1.0 mL) and a stirring bar were added to a stainless steel pressure vessel. The
vessel was purged with N, and the mixture was stirred at 210 °C for 4 h. After cooling to RT, the
mixture was transferred to a flask, and the vessel was washed with Et,O and combined. The
resultant organic phase was washed with 5 N HCl aq (3 x 20 mL) and brine (20 mL), then dried
over Na;SOq.Tetraethylsilane (66.4 mg, 0.460 mmol) was added as a GC internal standard,
thoroughly mixed and the aliquot of sample was diluted with Et,O and analyzed by GC. The
retention time and GC-MS spectra of the product matched with those of an authentic sample.
Yield of p-xylene calculated by GC-FID using a separately prepared calibration curve : 91 %.
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Chapter 2

Oxorhenium-Catalyzed Deoxydehydration of Polyols Using Alcohol
Solvent as a Reductant

Portions of the work in this chapter have been published.:

M. Shiramizu, F. D. Toste, Angew. Chem. Int. Ed. 2012, 51, 8082-8086.

Introduction

With the growing demand for sustainability, cellulosic biomass has attracted much attention
as a renewable, carbon-neutral and inexpensive feedstock for chemicals and fuels. However, the
conversion of biomass faces a fundamental challenge that saccharides and their polyol
derivatives, the most basic platform chemicals accessible from cellulose, are too oxygen-rich to
be compatible with the current petroleum-based infrastructure. Current biomass deoxygenation
methods are dominated by high-temperature pyrolysis,'"! acid-catalyzed dehydration®! and
hydrogenolysis reactions™ but they often suffer from poor product selectivity and the loss of
carbon as humin or CO,. In search of a more efficient process, interest is rapidly growing in the
catalytic deoxydehydration (DODH) reaction to remove two adjacent hydroxyl groups from
vicinal diols to afford alkenes" (Scheme 1).

HO OH R? R*
R2'){"R* +Red ——>  )=X_ +RedO + H,0
R RS R' R®

Scheme 1 A general scheme for DODH reaction.

While preliminary studies on ruthenium,” vanadium'® and molybdenum catalysts'”) have

been reported, most precedents on DODH employ high-valent oxorhenium catalysts in
conjunction with various reductants such as phosphines™, H,'”! and NaSO;!'%". The Nicholas and
Jentoft groups recently reported carbon-supported perrhenate as the first heterogeneous DODH
catalyst.!"!) Fernandes et al. reported the oxorhenium-catalyzed reductant-free deoxygenation of
aromatic epoxides to alkenes,"'> but this reaction does not seem applicable to aliphatic diols (see
Appendix). In 2010, the Bergman and Ellman groups demonstrated a hydrogen transfer-type
DODH reaction catalyzed by Re;(CO);p and BrRe(CO)s, using 5-nonanol, 3-octanol and 2-
octanol as solvent/reductant."”) As noted by many groups, one particular feature of the DODH
reaction is that the vicinal diol needs to accommodate the cis-diol structure: For example, while
cis-1,2-cyclohexanediol is reactive, trans-1,2-cyclohexanediol is not. The stereospecificity is
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also depicted in Scheme 1. This is explained by the metal diolate intermediate, analogous to the
reverse reaction of OsOy-catalyzed cis-dihydroxylation of olefins.!'¥

Although these methods are effective for simple vicinal diols and appear to lay solid
foundations in the context of biomass deoxygenation, as of 2011, no DODH system had been
reported to have a general efficiency on biomass-derived polyol substrates. Most reactions were
developed based on model substrates (e.g. styrenediol, 1,2-octanediol) which are generally more
hydrophobic (soluble in common organic solvents) and thermally stable. The only polyol
example described was erythritol (C4 sugar alcohol) and product yields were moderate (21-
62 %) after long reaction times (12-100 h).1% 19 B3] There was no report of DODH reaction of
higher carbon number polyols such as C5-C6 sugar alcohols, which can be readily obtained by
hydrogenation of naturally abundant sugars (e.g. xylose and arabinose, the major components of
hemicellulose, and glucose, the component of cellulose). The substrate scope of DODH was also
largely unexplored: no substrates bearing functionality other than hydroxyl and ether groups had
been investigated, while sugar acids (carboxylic acids), obtained by mere oxidation of sugars,
comprise another important group of saccharide derivatives. Moreover, the direct DODH
reaction of saccharides was unprecedented, although they are clearly the most direct potential
polyol feedstock from biomass.

Based on this background, we sought an efficient DODH protocol applicable to the
challenging polyol substrates and developed a sacrificial alcohol (reductant/solvent)-based
DODH reaction catalyzed by oxorhenium species!'”! instead of rhenium carbonyl compounds.
This particular catalyst-reductant combination showed remarkably higher efficiency than any
other precedents and smoothly converted sugar alcohols, sugar acids and sugars into linear
alkene products and aromatics with high product selectivity. We demonstrated the application of
DODH in commodity chemicals syntheses, shed light on the reaction mechanism by isolating the
potential intermediate Re" species and discovering novel modes of DODH reaction on 2-ene-1,4-
diols and 2,4-diene-1,6-diols. Other research groups followed this study with DFT
calculations!'® as well as kinetic experiments,'' ! although the mechanistic details still remain the
topic of active discussion. As the variants of this alcohol transfer hydrogenation-type strategy,
Abu-Omar et al. independently reported the MTO-catalyzed deoxygenation of glycerol to a
mixture of volatile compounds using neat glycerol itself as a reductant'™ and the Nicholas group
more recently reported the use of only one equivalent of benzyl alcohol as a reductant in
aromatic solvents.!'”) We believe this work constitutes a significant contribution in broadening
the range of value-added chemicals accessible from renewable biomass.
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Optimization of Reaction Conditions

We embarked on the development of oxorhenium-catalyzed, sacrificial alcohol-driven
DODH reaction intrigued by the work of Bergman and Ellman using rhenium carbonyl
compounds (Re,(CO);o, BrRe(CO)s) as catalyst and alcohol (5-nonanol, 3-octanol, 2-octanol) as
reductant.!"”) The use of alcohol reductant was attractive to us in that the oxidized reductant
(ketone) is experimentally easily traceable (unlike H, or NaSOs), in addition to the fact that it
can be easily hydrogenated if the reductant recycling is necessary (unlike PRj;). While the
reported DODH results were promising, we thought there was room for significant improvement
as we noted that those catalysts required air and high temperature for activation. We postulated
that the actual active catalyst may be an oxidized rhenium species, and consequently oxorhenium
compounds could constitute superior catalysts for this reaction. In addition to the precedented
examples of oxorhenium-catayzed DODH using different reductants,’® * ' % our group had
previously developed silane-based reduction reactions using oxorhenium catalysts.*”! With that
expertise and a library of Re catalyst candidate compounds in hand, we were confident that we
could identify an active oxorhenium catalyst capable of the alcohol-driven DODH. Furthermore,
we also noticed that only large secondary alcohols have been investigated as DODH reductants
in the original report. Thus as a secondary goal, we were interested in examining the use of other
inexpensive/bio-derived alcohols including primary alcohols to make the process more practical
and greener.

Table 1. Comparison of rhenium catalysts.

© Re catalyst 2.5 mol% _ O
alcohol (0.3 M) L_?

HO OH i
1 air 2

entry catalyst temp. (°C) time (h) alcohol yield (%) conv. (%)

1 Re»(CO)yo 170 1.5 3-octanol 91 100
2 CH;ReO; 170 1.5 3-octanol 92 100
3 Re,(CO) o 155 3.5 3-octanol >99 100
4 CH;ReO; 155 3.5 3-octanol 97 100
5 Re,x(CO) o 125 5.5 3-octanol 0 0
6 CH;3ReO5 125 5.5 3-octanol 21 29
7 Rex(CO) o 170 1.5 1-butanol 0 0
8 CH;ReO5 170 1 1-butanol 70 100
9 RelO,(PPhs), 170 1 1-butanol 68 100
10 HReO, 170 1 1-butanol 66 100
11 ReO(PPh;),Cl; 170 1.5 1-butanol 20 54
12 NH;ReO, 170 1.5 1-butanol 25 62

In the initial experiments evaluating the viability of oxorhenium compounds, 1,4-
anhydroerythritol (1) was used as a model substrate (Table 1). With 2.5 mol% Re,(CO);o, 2,5-
dihydrofuran (2) was obtained in 91 % yield in 3-octanol at 170 °C (entry 1). Using these
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conditions, we screened a variety of oxorhenium catalysts and soon found that the rather simple,
commercially available CH3;ReO; (methyltrioxorhenium, MTO) furnished 2 in excellent yield
(entry 2). Both Rey(CO)jpand MTO catalyzed the reaction efficiently at a temperature as low as
ca. 155 °C (entries 3 and 4), but not at a temperature significantly lower than this threshold. The
higher activity of MTO compared with Re,(CO);o was notable at 125 °C (entries 5 and 6), but it
became even clearer when the alcohol was changed to 1-butanol, a typical biomass-derived
alcohol.! At 170 °C, while no reaction was observed with Re,(CO);o (entry 7), MTO delivered
2 in 70 % yield (entry 8). After the more extensive re-screening of oxorhenium catalysts using 1-
butanol, RelO,(PPhs), and perrhenic acid HReO4 were also found to be promising, affording 2 in
similar yields (ca. 70 %, entries 9 and 10) while ReO(PPh3),Cl; and NH4ReO4 showed moderate
reactivity (entries 11, 12). We thus selected MTO as our first catalyst of choice at this point
based on its ligand-free simple structure and its ease of handling as a crystalline solid, as
opposed to the aqueous solution, the commercial form of HReO,.

Table 2. The effect of alcohols on MTO-catalyzed DODH reaction.

(@) CH3R€O3 2.5 mol% (@)

5—_2 alcohol (0.3 M), air L_?
2

HO oH  conditions I: 170 °C, 1 h

1 conditions II: 155°C, 3.5 h
entry alcohol conditions yield (%) conv.(%)
1 ethanol I 0 0
2 1-propanol I 28 N.D.
3 2-propanol I 0 0
4™ 1-butanol I 70 100
5 2-butanol I 0 0
6 1-butanol II trace 16
7 1-pentanol II 51 100
8 isopentanol II 61 100
9 2-methyl-1-butanol II 57 100
10 2,2-dimethyl-1-propanol 11 42 89
11 3-pentanol I 91 100
12 2-pentanol II 78 100
13 3-methyl-2-butanol II 62 85
14 2,4-dimethyl-3-pentanol 11 >99 100
15 3-gctanol II 97 100

[a] Duplicate entry from Table 1.
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0 CH;3Re03 2.5 mol% 0

5__2 alcohol, air (:7

HO1oH 2

alcohol side-products
OH

\)\/\/\M’

secondary alcohol

(0]
\/\/O
./\/\OH SO~ Y\/ O@:
primary alcohol O~ 0

1-butoxybutane 1,1-dibutoxybutane (3) 4

Scheme 2 Side-products from the alcohol-driven DODH reaction.

The difference among various alcohols was further evaluated using MTO (Table 2),
including ethanol (entry 1) and amyl alcohols (entries 6-12) which can be produced by
fermentation of glucose.”) The reactivity was dependent on both size and structure of the
alcohol. For size, unfortunately small alcohols such as ethanol and propanols were ineffective
even at high temperature (entries 1-3). In contrast, various larger (carbon number>5) alcohols
could be used, affording 2 in > 40 % yield without condition optimization in all cases (entries 7-
15). This may be because the less hindered alcohols have stronger coordination ability and
prevent the substrate diol binding to the catalyst, or because the smaller alcohols have poorer
reducing ability."'® Because the use of anhydrous ethanol under N, gave the same results as in
entry 1, it is unlikely that the water contaminant in the more hydrophilic small alcohols is the
main cause of this dramatic difference.””! For structure, secondary alcohols generally gave better
yields of 2 than primary alcohols. One reason might be the difference in dehydrated side-
products formed along with the direct reaction products (2 and aldehyde or ketone), as shown in
Scheme 2. Dehydration could be somewhat suppressed when (1) reaction temperature was lower,
(2) reaction time was shorter, or (3) the alcohol was sterically hindered, but never totally
eliminated. From secondary alcohols, alkenes were formed from solvent™ but they did not seem
to interfere with the desired DODH reaction. In contrast, from primary alcohols, besides the
alcohol dimerization and acetalization of aldehyde (e.g. 1,1-dibutoxybutane 3) the more
concerning masked diol (e.g. 4) was detected. Therefore, while the use of bio-derived alcohol (1-
butanol) was demonstrated, we concluded that large (carbon number>5) secondary alcohols such
as 3-pentanol, 2,4-dimethyl-3-pentanol and 3-octanol (entries 11, 14 and 15) are generally more
favorable than primary alcohols for MTO, and mainly used them for further investigations.
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Sugar Alcohols

CH3ReO3 2.5 mol%
HO OH X
M 3-octanol (0.3 M), air N"SoH

OH
170°C, 2.5h 90 % yield

Scheme 3 DODH reaction of glycerol.

Table 3. DODH reaction of erythritol.

HO oH CH3ReO32.5 mol% “~ (0)
3-octanol (0.3 M) N 4 Q
HO OH 6 2

5

entry atmosphere temp(°C) time(h) yield 6 (%) yield 2 (%)

1 N; 170 1.5 89 11
2 air 170 1.5 72 15
3 N, 155 2.5 79 6
48 N, 155 5.5 73 7
[a] HReOy (77 % solution in water) was used instead of MTO.
0)
HO_\_(OH CHsReO325mol% N + (_Z
H(f OH 3-octanol (0.3 M) Hd OH
7 (racemic) 170°C, 1.5 h, N, 6 8 (racemic)

81 % yield 13 % yield

Scheme 4 DODH reaction of DL-threitol.

We began our investigation of polyol DODH by applying the MTO-alcohol system to
glycerol, which is a by-product of biodiesel (fatty acid methyl esters) production from oil-based
feedstocks and considered an important platform chemical for bio-based materials.””> To our
delight, allyl alcohol was obtained in excellent yield (Scheme 3). Encouraged by this result, we
then tested erythritol (5), a C4 sugar alcohol which can be obtained by the fermentation of
glucose® or by the decarbonylation of pentoses®” (Table 3). 1,3-Butadiene (6), an industrially
important rubber precursor, was obtained in 89 % yield, with 2,5-dihydrofuran (2) as a minor
product (11 %) under N, (entry 1). The reaction could be conducted in air, albeit producing 6 in
slightly lower yield (entry 2). A higher temperature (170 °C) and shorter reaction time was
preferred over lower temperature (155 °C) and longer reaction time, due to the decomposition of
6 (entry 3). We also tested HReO, as a catalyst to examine whether Bronsted acidity increased
the yield of 2.1 but it behaved in the same manner as MTO (entry 4). When DL-threitol (7) was
subjected to the conditions identical to entry 1, 6 was obtained in a similar yield (81 %) and the
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minor product (13 %) was 1,4-anhydroethreitol (8) instead of 2 (Scheme 4), suggesting that the
diol substrate needs to accommodate the cis-conformation (assuming 2 is produced via 1) to
undergo DODH.

via

@,

OH NG~
CH3ReO3 2.5 mol% Xy o~ )

HO H © OH

3-pentanol (0.05 M) 9
OH OH 170°C, 3 h, air
OH QH OH
_ _HO OH HO™ > "y “oH HOWOH

starting material - - :
OH OH OH OH OH OH

xylitol D-arabinitol ribitol

yield 61 % 43 % 33 %

Scheme 5 DODH reaction of C5 sugar alcohols.

3-octanol (0.3 M)
155 °C, air, 2.5 h

OH CH5ReO3 2.5 mol% j\/\/\
W - WO
10

51 % yield, 100 % conv.

Scheme 6 Formation of (E)-3-(penta-2,4-dienyloxy)octane from penta-1,4-dien-3-ol.

OH OH CH3Re03 2.5 mol%
OH \/\/\
HO 3-pentanol (0.05 M)
0,
OH OH 200 °C, N, 11
1-15h
OH OH OH OH
OH ~ OH
starting material HO B HO B
OH OH OH OH
D-sorbitol D-mannitol
yield 54 % 54 %

Scheme 7 DODH reaction of C6 sugar alcohols.

We were then able to demonstrate the first DODH reaction of C5 and C6 polyols. When we
investigated xylitol, we initially struggled to obtain high yields: under previously employed
conditions, (E)-5-penta-1,3-diene ethers (e.g. 9 with 3-pentanol; 3-octanol and 2,4-dimethyl-3-
pentanol gave similar results) were obtained in 10-20 % yields. These ether products were
isolated by flash column chromatography for characterization (see Experimental Section).
Although the high boiling solvents (3-octanol and 2,4-dimethyl-3-pentanol) were difficult to
remove by a standard laboratory measure (rotary evaporator), because the polarity of the product
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was much lower than that of alcohol, the crude mixture was separable on small scale without
concentration. Considering that three equivalents of alcohol are required for this transformation,
lowering the concentration of xylitol significantly improved the yield to 61% (Scheme 5).
Interestingly, D-arabinitol and ribitol also gave the same (E)-isomer 9 in respectable yields. The
presumed cis-diol stereochemical requirement of the DODH reaction suggests that an E-Z
isomerization process is involved. We propose the Lewis acid-catalyzed formation of a
pentadienyl cation and its trapping by solvent alcohol, favoring the more stable (E)-conformation.
When penta-1,4-dien-3-0l was heated in 3-octanol with 2.5 mol% MTO, (E)-3-(penta-2.4-
dienyloxy)octane (10) was indeed obtained, supporting this hypothesis (Scheme 6). Gratifyingly,
D-sorbitol and D-mannitol, C6 sugar alcohols derived from glucose and fructose, also underwent
clean DODH reaction. (E)-hexatriene (11), an interesting polymer precursor,*® was obtained in
54 % "H NMR yield from both substrates when high temperature-short reaction time conditions
were employed (Scheme 7). (E)-hexatriene was isolated for characterization by conducting the
DODH reaction at 155 °C in 3-octanol (b.p. 175 °C) and constantly distilling the product as it
forms (see Experimental Section).

Inositols
OH oH
HO OH  cH,Re0; 2.5 mol% © . ©/
3-pentanol (0.05 M)
HO OH -20H x 2
-20Hx 3 X
OH 200°C, Ny, 0.5 h -1H,0
OH OH OH OH
HO,,, OH HO,, OH HO,, WOH HO,,, WOH
starting material HO . IO HO ; “IOH HO “oH HO® ; oH
OH OH OH OH
allo-inositol® D-chiro-inositol muco-inositol myo-inositol
benzene yield / phenol yield 46 % /14 % 52 % /37 % 64 %132 % 17 % 1 7%

[a] 3-octanol was used instead of 3-pentanol.

Scheme 8 Deoxygenation of inositols to aromatics.

To further diversify the scope of biomass-derived chemicals accessible via DODH, we
applied our reaction to inositols, a class of natural carbohydrate. On one hand, one can imagine
the formation of benzene by three consecutive DODH reactions, given the appropriate
stereochemistry or fast isomerization. On the other hand, based on the knowledge garnered from
xylitol DODH reactions, a cationic species may readily form after two DODH events. Driven by
aromatization, the net loss of water would yield a phenol moiety."*”) As both benzene and phenol
are stable, high-volume chemicals conventionally produced only from petroleum source, their
bio-derived alternatives would be highly attractive. When different inositol isomers were
examined, benzene and phenol were indeed obtained as a mixture, in the total yields of 24-96 %
(Scheme 8).°% High yields of benzene were obtained not only from allo-inositol but also from
D-chiro-inositol and muco-inositol. In contrast, myo-inositol, bearing only one cis-diol group,
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gave low yields for both benzene and phenol. This implies that there is an efficient isomerization
process to afford a cis-1,2-diol intermediate at the third DODH step, which could proceed via an
oxygen transfer from oxorhenium catalyst (Figure 1) or via the rhenium-catalyzed 1,3-OH shift
of allylic alcohol® or simply via the isomerization of pentadienol under the Lewis acidic
conditions.

OH

\)OJ\;HZO ~

H
CH3R602 j
HO OH ——
oH Q | CHiReOs

O0—Re=0 )
HO Re=0 1 DODH

2 DODH CH3ReO, o s
HO OH H
— " HO) j

OH HO trans \Q
E | CH3Re02 /

-H0 cis
Y

=y

Figure 1 A proposed mechanism for diol isomerization of inositols.
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Reaction Mechanism
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Figure 2 A proposed catalytic cycle for MTQO-catalyzed alcohol-driven DODH reaction.
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+ + — O’ ||
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Scheme 9 The reduction of MTO by 3-pentanol.
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Scheme 10 The diol binding to 12.



> 12 90 % vyield
3-pentanol (0.3 M) — 100 % conv.

1 165°C, 3.5 h, air 2  CHzReO3 91 % yield

100 % conv.

0]
;_Z catalyst (2.5 mol%) o) catalyst

HO

Scheme 11 Rhenium complex 12 as a DODH catalyst.

A plausible catalytic cycle for our DODH reaction is shown in Figure 2. Although the kinetic
studies of Abu-Omar et al. suggested that Re diolate exists in equilibrium with its dinuclear
form,"'” we depicted only the monomer for the sake of simplicity. We propose it consists of (1)
the reduction of Re"" to Re" by alcohol, (2) diol coordination to Re" and (3) olefin extrusion
(cycloreversion), based on the Cp*ReO; and Tp*ReO; system previously studied by Gable et
al.’? The works of Gable focused on the cycloreversion mechanism (concerted [3+2] vs.
stepwise [2+2]) and concluded it as “significantly asynchronous but concerted transition state”
after rigorous mechanistic studies and calculations. We aimed to obtain more direct evidence for
our particular system in each step of the catalytic cycle. We thus combined the reductant alcohol
(3-pentanol), MTO and 3-hexyne ligand (Scheme 9). A known, stable Re' compound 12!
along with 3-pentanone was obtained after heating at 155 °C for 5 hours, ensuring that 3-
pentanol is capable of reducing Re"" to Re". Notably, this reduction appears too slow to be
appreciable at lower temperature (cf. Table 1, entries 2, 4 and 6): Only a trace amount of 12 (5 %
yield) was obtained at 125 °C after 1 h and no reaction was observed at room temperature. Also,
the use of excess 3-pentanol was essential to facilitate the reaction: When only 1 eq. of 3-
pentanol and 1 eq. of 3-hexyne was used, the conversion after 5 h was 51 %. 3-Hexyne was
needed because the ligand-free methyldioxorhenium is unstable. A black insoluble material
(presumably the oligomer of methyldioxorhenium!**!) resulted when MTO and 3-pentanol alone
were heated at 155 °C in the absence of 3-hexyne, leaving 3-pentanone in the organic phase ('H
and °C NMR analysis).

The binding of diol 1 to 12 occurred immediately at RT to afford Re" complex 13, indicating
it is a facile step in the catalytic cycle (Scheme 10a, first step). Although our efforts to obtain a
crystal of 13 to carry out an X-ray diffraction study were unsuccessful, NMR analysis provided
ample information about the structure of this compound, including that 13 is asymmetric (see
Experimental Section). On the other hand, extrusion of olefin 2 from 13 required heating at 155
°C for 0.5 h (Scheme 10a, second step) and no reaction was observed in VT-NMR between RT
and 100 °C."**! Although the effect of the 3-hexyne ligand cannot be ignored, our results implied
that the alkene extrusion is another relatively slow step. The extent of diol binding to 12 varied
depending on the diol structure. While trans-hexanediol showed no evidence of binding (Scheme
10b), as shown in Scheme 10c, combining meso-2,3-butanediol 14 (1.2 eq.) and 12 in C¢Ds at
RT produced 15 but only in 56 % conversion (i.e. the mixture of mol ratio 12 : 14 : 15 =0.8 :
1.1 : 1.0 resulted). When the amount of 14 was increased (up to 6 eq.) in a separate experiment,
the conversion (i.e. ratio of 15/12) increased, but not to the extent of complete conversion.
However, when 1 (1.2 eq.) was subsequently added to the above-mentioned mixture of 12 : 14 :
15=0.8 : 1.1 : 1.0, all rhenium compounds (12 and 15) were exclusively converted into 13,
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resulting in a solution of 13, 14 and the excess 1 (observed mol ratio 13 : 14 : 1=1.0: 1.2 : 0.2).
The diol exchange from 15 to 13 indicates that this binding is reversible and that diol and Re
diolate are in the fast equilibrium. Moreover, rhenium complex 12 exhibited the DODH catalytic
activity virtually identical to MTO (Scheme 11), overall supporting that methyldioxorhenium(V)
is the catalytically viable species. To summarize, although this work did not investigate the
alternative catalytic cycle based on Re-Re" recently proposed by Abu-Omar et al.,*® the
plausibility of each step of the catalytic cycle (Figure 2) was confirmed. We postulate that the
rate-determining step is either the reduction of Re or the alkene extrusion (the recent DFT study
by Z.-X. Wang et al. supports that the former is the rate-determining step''®) and the product
selectivity is dictated by the difference in coordination ability of each diol.
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1.4- and 1,6-DODH

CH3ReO3 2.5 mol% (0]
HO OH 3 3 \/\ .
(@) 3-octanol \7/
HO 5 OH 6 2
Not Observed:
O
HO— _ /—OH \\_(OH > <
16 17 OH HO ; OH
OH OH OH
(b) HO, OH HO,, OH HO, \OH OH
CH3ReO3 2.5 mol%
or or +
\\ “y “y \\ “y 3_ t |
HO Y OH HO Y OH HO OH pentano _20Hx3 -20Hx2
OH OH OH -1H,0
allo-inositol® D-chiro-inositol muco-inositol
a3-octanol was used instead of 3-pentanol.
Not Observed:
HO HO,,.
o Dot vy Y
HO HO
18-cis 18-trans 19-cis 19-trans

Scheme 12 The product selectivity toward complete DODH over partial DODH (See Table 3 and
Scheme 8 for full reaction details).

As described in the previous section, we generally observed only the complete DODH
products and not the partial DODH products in the MTO-catalyzed DODH of sugar alcohols.
This made us interested in elucidating the mechanistic basis of polyol DODH. The reactions of
erythritol (5) and inositols are shown in Scheme 12 as representative examples. The complete
DODH products butadiene (6) and benzene were obtained in good yields and partially
deoxygenated diol intermediates 1, 16, 17, 18, 19 were not observed. Although it is likely that
the DODH reaction occurs too rapidly to observe 1, 17 and 19-cis on this timescale, all other
intermediates must remain as the final products if DODH is possible only on cis-vicinal diols. In
the case of erythritol, while four OH groups are seemingly similar, it is possible that the terminal
primary OH groups have higher reactivity than internal ones and 1 and 17 are formed
preferentially over 16. However, in the case of D-chiro- and muco-inositols bearing only two sets
of cis-diol, the formation of 18 or 19-frans appears inevitable according to the present
mechanistic hypothesis. Nonetheless, they showed as high benzene yield as allo-inositol, which
bears three sets of cis-diol. This led us to speculate that not only cis-vicinal diols (1, 17 and 19-
cis), which are capable of direct coordination to Re catalyst, but also moieties such as 16, 18 and
19-trans are reactive toward DODH by oxorhenium-catalyzed isomerization of allylic
alcohol.l*!
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Table 4. DODH reactions of 2-ene-1,4-diol and 2,4-diene-1,6-diol moieties.

CH3Re03 2.5 mol%

diol >
3-pentanol deoxygenated product

170°C, N,, 0.5 h

entry diol DODH product dehydration product
O
1l HOUOH A O ( 7
6 _
0/ vi 2
16 70 % yield 6 % yield
2[a] HO‘\:\> \/\
6
20 —OH 70 % yield
A EN
H M =
3[a] O_\=/_O e 6
21 0% yiel_d'
decomposition
HO N O H
4 =
n-CgHi7 OH n-CgH47 n-CgHyz”
22 18 % yield 45 % yield
e O 0O
5 HO o
23a: cis-diol 23a: 36 % yield 17 % yield
23b: trans-diol (racemic) 23b: 58 % yield 14 % yield
g oo ) e
24a: cis-diol 24a: 35 % yield 5 % yield trace

24b: trans-diol (racemic) 24b: 23 % yield 12 % yield 12 % yield

Ul HO— =\ NN
— OH 1
25 31 % yield
OH 1-naphthol
gle] “_\\OH 73 % yield
+
O‘ - 2-naphthol
26 9 % yield 10 % yield
\OH
9l Q @
OH 0 % yield
27 no reaction

[a] 3-octanol was used instead of 3-pentanol. [b] 5 mol% catalyst loading. [c] It was not determined whether
benzene was formed via dehydration of substrate or via oxidation of 1,3-cyclohexadiene. [d] Reaction
temperature was 200 °C. [e] Reaction time was 1 h.

In order to examine this hypothesis and gain insights on the origin of the observed exquisite
selectivity in polyol DODH reactions, we tested a series of 2-ene-1,4-diol (analogous to 16, 18)
and 2,4-diene-1,6-diol (analogous to 19-frans) substrates and indeed observed the unprecedented
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“1,4-DODH” and “1,6-DODH” (Table 4). Both cis- and trans- 2-butene-1,4-diol (16 and 20)
were reactive, excluding the possibility of the direct coordination of 1,4-diols to Re forming a 7-
membered ring Re diolate (entries 1 and 2). Because no butadiene (6) was produced from (Z)-4-
methoxy 2-buten-1-ol (21) under the same conditions, it appears that two OH groups are
necessary (entry 3). Tri-substituted alkene 22 preferred a dehydration pathway rather than
DODH, possibly because the electron-donating alkyl group stabilizes the allylic carbocation
intermediate (entry 4). No significant reactivity difference was observed between cis- and trans-
cyclic diols (entries 5 and 6), suggesting that either 1,3-OH shift is in a fast equilibrium or the
shift of C-O bond position and Re diolate formation occur in one consecutive step (see Figure 1).
Furthermore, DODH reaction was also applicable to cis, cis-muconic alcohol 25 to afford (E)-
hexatriene (entry 7). Although aromatization to napthtols was inevitable, a small amount of
naphthalene was also obtained from 26 (entry 8), in marked contrast to the non-conjugated trans-
diol 27 which produced no trace of cyclohexene (entry 9).

Based on these observations, a plausible catalytic cycle of polyol DODH is shown in Figure
3, depicting erythritol (5) as a representative substrate. Note that the order of diol isomerization,
Re diolate formation and reduction of Re has not been conclusively clarified. We assume that the
1,4- and 1,6-DODH reactions still ultimately proceed via a five-membered ring Re" diolate
intermediate before the olefin extrusion, identical to the last step of 1,2-DODH from cis-vicinal
diols. This indicates that the DODH reaction is particularly useful for total deoxygenation of
polyols by merging the several different intermediates into one product and thereby increasing
the final product selectivity. We believe it also shows that our approach of using alcohol solvent
as reductant is exceptionally suited for polyol DODH compared to other reductant systems!®” not
merely because the substrates have better solubility but because the enhanced proton transfer!'®
maximizes this benefit of auto-selectivity increase.

6 internal HO 5 OH
DODH
HO OH
U terminal
16 \ 0 DODH
M- | oRé—0

isomerization /.. \ O
(equilibrium) / "5:pZ" o
]

oy
o

or with H,O

HO 17

Figure 3 A proposed catalytic cycle for DODH reaction of polyols.
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Sugar Acids

O
HO nylon 6-6
Red,.-~” OH ---

>[ adipate plasticizers }

OH OH 0 °
- D N OH = Ho o~~~y - .

sacrificial  aldehyde
C2|;|\2\*\ Q o . polyethylene
orCHy 4 oH terephthalate (PET)

28 alcohol  or ketone
Scheme 13 Mucic acid to muconic acid: an example of sugar acid conversion towards commodity
chemicals.

OH OH O
(a) HO\”/\/k(u\ CH3ReOs (5 mol%) \”/\/\)J\ \”/\/\)J\
155 °C, 15 h, air
OH OH
28 3-pentanol 43 % vyield
N
OH OH O Q
HReO, ( 7 mol% g
\”/\/KHJ\ 604(n mol%) “O\”/Wj\onsu
IS 170 C, "BuOH 31
28 /j\ |) air, 15 h : 62 % yield
/\/\OH O/\/\ i) No, 7.5 h : 71 % yield

30-60 % yield

OH o @ HReO4 (5 mol% n i
© ”BUOM €0y (5 mol%) BUO\H/WJ\O”BU
170 °C, 6 h, N,

(0]
O OH OH h 31
52 BuOH 94 % yield
OH OH © 10 wit% Pd/C D

\H/\/k‘/ux HReOy4 (7 mol%) (2 mol% as Pd) B“O\H/\/\)J\onBu

OH OH 170 :C, 15 h, air H2R(_1I_02 Esi) (0] 33

28 N BuOH ] 62 % vyield from 28

Y
one-pot

Scheme 14 DODH of mucic acid (28) and mucic acid dibutyl ester (32).

Ensuring the efficiency of polyol DODH reaction, we then turned to applying our system to
the production of commodity chemicals from biomass. Realizing that carboxylic acids, esters and
amides are prevalent in the chemical industry, sugar acids caught our attention in this regard.
Particularly, C6 aldaric acids, obtained by the oxidation of C6 sugars, appeared an exciting target
because the expected product muconic acid (trans, trans-muconic acid is shown as 29) has wide
utility as a precursor to adipic acid (for nylon 6-6 and adipate plasticizers),’”! terephthalic acid
(for polyethylene terephthalate)®™ and 1,6-hexanediol (for polyesters’®® and lubricants!”).
While the biocatalytic route to produce cis,cis-muconic acid from glucose has been reported,*!
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the chemical conversion would have a significant advantage for scale-up. C6 aldaric acids have
four internal hydroxyl groups, but based on our finding of 1,4-DODH, we anticipated muconic
acid as a single final product regardless of whether the first DODH takes place at the a,B-position
or at the B,y-position. In addition, as we noted that dehydration is a major competing reaction
(see Table 4), which may account for the loss of mass balance in some sugar alcohol reactions
(dehydrative decomposition of polyol), we thought the electron withdrawing carboxylic acid
group might suppress this pathway by disfavouring the formation of allylic carbocation
intermediate.

We therefore tested mucic acid (28), the oxidized form of galactose, because the stable trans,
trans-stereochemistry of the product (29) was expected both from fB,y-/a,6- DODH (sterics) and
from a,B-/y,0- DODH (based on the cis-diol stereospecificity of DODH reaction). In the initial
experiment using MTO and 3-pentanol (reductant/solvent), we obtained 29 in 43 % yield,
exclusively in trans,trans-stereochemistry (Scheme 14a). However, because MTO is Lewis
acidic and the sacrificial alcohol was used in large excess, the diester 30 (14 % yield) was also
produced.'*”) Since 30 was easier to manipulate and purify than 29, which has low solubility in
common organic solvents as well as in neutral water, we sought to shift the selectivity toward the
ester product. We thus envisioned replacing MTO with perrhenic acid (HReOy). Previously, we
identified HReOy4 as a promising DODH catalyst (see Table 1) but did not fully investigate this
species because the reactivity was virtually identical to MTO for sugar alcohol substrates (see
Table 3). For sugar acids, however, we thought the Bronsted acidity of HReO4 may conveniently
catalyze both DODH and the in situ acid-catalyzed esterification reaction. Gratifyingly, by using
a slightly higher temperature and the sterically accessible primary alcohol 1-butanol instead of a
secondary alcohol, we indeed obtained trans, trans-dibutyl muconate 31 in 62 % yield under air
and in 71 % yield under an inert atmosphere (Scheme 14 b).!**! The DODH reactivity of HReO,-
1-butanol appeared higher than MTO-1-butanol: While the combination of MTO-1-butanol was
totally ineffective at 155 °C (cf. Table 2 entry 6), when the reaction shown in Scheme 14b was
carried out at 155 °C under air for 15 h, 31 was obtained in 28 % yield. This could be because the
majority of the oxidized alcohol (1-butanal) was trapped as acetal (1,1,-dibutoxybutane, 3) under
these conditions, masking the reactive aldehyde species (cf. Scheme 2). The marked difference
between MTO and HReOy also indicated that they are two distinct species, and it is unlikely that
MTO is converted to HReO4 by water in situ to the significant extent. When mucic acid was pre-
esterified in refluxing 1-butanol/HCI, thus prepared mucic acid dibutyl ester 32 was converted to
31 in near-quantitative yield, confirming the efficiency of DODH reaction step (Scheme 14 ¢). In
order to emphasize the utility of 29 and 31 in commodity chemical synthesis, we also
demonstrated the one-pot two-step conversion of 28 to dibuyl adipate 33, confirming there is no
interference from the Re catalyst during the Pd/C-catalyzed hydrogenation step (Scheme 14d).

Despite our best efforts, we were not able to convert 32 into 31 or 33 using H, as the sole
reductant in the absence of alcohol, according to the system developed by Abu-Omar et al.””’
This could be either because the reducing ability of H, was lower than alcohols, or because the
competing hydrogenation eliminated the 1,4-DODH pathway, or because oligomerization /
polymerization took place via Re-catalyzed ether cleavage (e.g. THF ring opening) and its
nucleophilic attack to carboxylic acid / ester ** in cases where ethereal solvents (described as
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optimal by Abu-Omar et al.) were used. Regarding other C6 aldaric acids, glucaric acid, the
oxidized form of glucose, was also investigated but it was not handled as easily as mucic acid.
Glucaric acid is commercially available only in its salt form (Na, Ca, K) but these salts were
themselves totally unreactive toward DODH. Monopotassium glucarate could be -easily
derivatized into N,N'-dibenzyl-D-glucaramide (72 % yield)*”, but this amide also gave no
appreciable products. Glucosaminic acid was also unreactive, thus it is possible that nitrogen or
any other basic functionality is harmful to the catalysis.**) When monopotassium glucarate was
pre-acidifed with cation exchange resin, dibutyl muconate was obtained in 25 % yield, with
diastreoselectivity of trans, trans:cis, trans=7:18 (see Appendix for details).

HO

0
~N
How CH3ReO5 (5 mol%) %\/\)‘i ((?\/\)OL
-~ OH N0 + N0

- 155°C,7.5 h, N, _
OH OH 3-pentanol 35 50 % yield 36 10 % yield
34 35a(2E, 42): 35b(2E, 4E)=24:26 36a(2F, 42): 36b(2E, 4E)=3:7

Scheme 15 DODH of gluconic acid with 3-pentanol.

OH OH O )
\/'\/:\)J\ HReO4 (7 mol%)
HO OH ”BuO\/WJ\OnB
EH oM 170 °C,15 h, air 37 u
n
34 BuOH 47 % yield
Scheme 16 DODH of gluconic acid with 1-butanol.
CH3ReO3 Pd/C o 7
0, ,
(@) ciS”OH (5 mol%) (i} (3mol% Pd) O o H% e (P)
/ 3-pentanol 39 H, (250 psi) 40 NH; .
OH  Ar, 155°C, 2.5h , RT, 6h . 2-pyrrolidone .
’ ! 57 % yield 9 :
38 %o yie 55 % yield N
0] O
o CH3ReO3 (5 mol%) o
(b) 1OH /
HO / 3-pentanol HO
oH N, 155 °C, 2 h 42
41 69 % yield

Scheme 17 Conversion of D-erythronolactone and D(+)-ribono-1,4-lactone.

Encouraged by the efficient DODH reaction of mucic acid to muconic/adipic acid with the
tunability between carboxylic acid and ester products, we also investigated other sugar acids.
Considering that adipic acid is the feedstock for nylon 6-6, we first sought to obtain e-
caprolactone from C6 aldonic acid for the production of nylon 6. When D-gluconic acid 34
(obtained by the oxidation of D-glucose, supplied as 50 wt % solution in water) was examined,
the attempt to preserve the terminal OH group by using the secondary alcohol-CH3;ReO;
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conditions afforded alcohols 35a/35b in 50 % total yield, with ethers 36a/36b being the minor
products (Scheme 15). In contrast, by using the acidic HReOy catalyst, the products converged to
(2E, 4E)-ether 37 (Scheme 16). We were delighted to obtain 35-37, the promising precursor
compounds to e-caprolactone: Our preliminary studies, however, found neither forming a seven-
membered ring lactone after the hydrogenation of 35a/35b nor cleaving the ether bond of 37 to
be a trivial task. Thus, while our efforts on these downstream conversions are underway, we
demonstrated the one-pot two-step conversion of D-erythronolactone (38), C4 aldonic acid
lactone derivative, to y-butyrolactone (40) via y-crotonolactone (39) (Scheme 17a). Just as e-
caprolactone, it is known that treatment of 40 with NH; furnishes 2-pyrrolidone,*®! which can be
converted into nylon 4.7} 2-Pyrrolidone is also a valuable precursor to N-methylpyrrolidone
(NMP), polyvinylpyrrolidone (PVP) and polyvinylpolypyrrolidone (PVPP).**! Additionally, D-
(+)-ribono-1,4-lactone (41), a C5 aldonic acid lactone derivative, was also converted to 42 in
good yield without optimization (Scheme 17b), confirming that the five-membered ring lactone
is relatively rigid (stable toward alcoholysis) and that the ethers obtained in Scheme 15 and 16
were presumably formed via a pentadienyl cation-type intermediate instead of the dehydrative
ether formation of the primary alcohol, analogously to C5 sugar alcohols (see Scheme 5). We are
currently also exploring the utility of this product 42 in fine chemical applications.

| ROH=

Q Q | HO\/(/\/
OR OR E HO/\/\
OR OR E HO

0]

e} |
phthalates cyclohexane-1,2- ! HO etc.
dicarboxylic acid esters !

Figure 4 The common plasticizer structures.

(@)
\“ 0
HOOC COOH 170°C, N,, 3.5h O
1-butanol Y 43
L-(+)-tartaric acid 8 el

Scheme 18 DODH of L-(+)-tartaric acid with 1-butanol.
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Table 5 The condition optimization for Diels-Alder reaction.

o) o)
07T HReO, (y mol%) 0
_ . N (%) PPN
O 6 1-butanol (0.1 M) 2 ro
© (xeq.) 0 4
43

entry temp. (°C) time (h) x(eq.) y(mol%) 44 yield 43 conv. (%)

1 170 4.5 2.5 5 17 22
2 155 45 2.5 5 14 27
3 130 13.5 2.5 5 68 68
4 110 13.5 2.5 5 75 93
5 110 13.5 2.5 10 85 89
6 110 13.5 3.2 5 78 92
7 110 13.5 1.5 5 67 82
gl 110 4.5 2.5 5 20 20
glal 110 4.5 2.5 0 17 31
10 80 17 2.5 5 39 46
11 RT 17 2.5 5 0 0

[a] In toluene instead of 1-butanol.

Finally, in order to demonstrate the further utility of the DODH reaction in the synthesis of
biomass-derived commodity chemicals, we sought to combine a DODH reaction with other
reactions, given the unique capability of HReOj, to act as a DODH/acid dual-catalyst. Noting that
plasticizers have a large market in industry and they consist mostly of phthalates and more
recently of cyclohexane-1,2-dicarboxylic acid esters (claimed lower toxicity than phthalates)*”
shown in Figure 4, we aimed to construct the 4-cyclohexene-1,2-dicarboxylic acid ester structure
(e.g. 44) from L-(+)-tartaric acid (naturally abundant C4 aldaric acid) and erythritol (5) by
combining DODH, esterification and Diels-Alder reaction. The alkene functionality of this
compound would serve as a good manipulation handle to either oxidize or disproportionate to
phthalates,”® or to hydrogenate to cyclohexane-1,2-dicarboxylic acid esters. As the conversion
of erythritol to butadiene was established previously (Table 3), we first confirmed the efficiency
of L-(+)-tartaric acid DODH. As expected, dibutyl fumarate 43 was isolated in good yield (88 %,
Scheme 18). When meso-tartaric acid was used instead, dibutyl maleate was isolated in 75 %
yield. However, it was soon realized that the Diels-Alder reaction of 43 and butadiene 6 is
inefficient at the temperature where DODH is operative (155-170 °C) (Table 5, entries 1 and 2).
The decomposition of butadiene prevailed at this temperature after extended reaction times. The
optimum temperature was found to be ca. 110 °C (entry 4). Changing the catalyst loading or the
amount of butadiene affected the yield of 44 only slightly (entries 5-7) and it was furthermore
found that the thermal Diels-Alder reaction also takes place at a similar rate to 5 mol% HReOs-
catalyzed conditions (entries 8 and 9). Therefore, despite the initial inspiration of using HReO4
as the esterification/DODH/Diels-Alder tri-purpose catalyst, it appears the HReOs is not
significantly accelerating the Diels-Alder reaction step. Considering the length of the required
reaction time, we think that the high steric hindrance around the double bond of moiety 43 is
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limiting the reaction rate, while 43 is electronically active enough to undergo the addition to
butadiene and to prevent the retro Diels-Alder reaction at this temperature.

N

o) 6 (2eq) %

HO  OH HReO, (5 mol%) o © R TN
Rl Sl _ +

(@) X 170°C. No. 3 h 110°C, 16.5 h 0, 07NN

HOOC  COOH N2, ~~_O ' "

. . 1-butanol o)
L-(+)-tartaric acid o
43 44

K 84 % "H NMR yield J 81 % yield from tartacic acid

one-pot
1 .
HO OH  HReO, (5 mol%) HNMR: o)
— O — (e}
3 170°C, N,, 1 h — ﬁ/\
HOOC COOH G
(+)2-methyl-1-butanol \)VOH o/\l/\
L-(+)-tartaric acid o 45 DY . 0
0.21 mmol ) 110°C ,,‘(
0.21 mmol (quant. yield ) 375h
(b) ' © 4
86 % yield from tartacic acid
OH "H NMR: o
H HReO,4 (5 mol%
O\/k;/\OH 4 ( o) 7+ () \)\/ o OJ\/
OH 170°C, Ny, 3 h 6 ) L
erythritol (5)  (¥)2-methyl-1-butanol \ 4 45 g 0.08 mmol :
0.81 mmol (4 eq.) (49 % yield) (10 % yield) 47
0.61 mmol Isolated
HO OH 0
— o/\l/\
HOOC COOH .
. : H NMR: 0 /—( ,‘ rO/W/\
L-(+)-tartaric acid HReO, (12 mol% o (0] o
0.3 mmol : . 46
to tartaric acid) 45
© * ()2-methyl-1-butanol P 120°C 0:21mmol
OH - Y O 0.26 mmol 70 % yield from tartacic acid
170°C, Ny, 4 h 425h

o)

HO\/k,/\OH

& . ANF . — 0._0O

| S-S )
erythritol () 0.25 mmol 0.057 mmol *

0.9 mmol (3 eq.)

one-pot

47
0.42 mmol isolated

Scheme 19 Conversion of L-(+)-tartaric acid and erythritol to plasticizer precursor 44, 46.

The investigation above directed us to the two-step process consisting of (1) DODH reaction
at 155-170 °C and (2) Diels-Alder reaction at ca. 110 °C. First, in a one-pot two-step process
using butadiene, 44 was isolated in 81 % yield (Scheme 19a). When we subsequently studied the
substitution of butadiene with erythritol, we changed the alcohol to 2-methyl-1-butanol, because
it features the branched aliphatic chain commonly used in plasticizers. In a two-pot two-step
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procedure converting L-(+)-tartaric acid to 45 and erythritol to butadiene separately before
combining two streams, 46 was isolated in 86 % yield (Scheme 19b). Finally, in the most
operationally straightforward one-pot two-step procedure, DODH of the mixture of L-(+)-tartaric
acid and erythritol followed by the Diels-Alder reaction furnished 46 in 70 % yield (Scheme
19¢). This reaction combines the total deoxygenation of the sugar alcohol to unsaturated
hydrocarbons and the selective deoxygenation of the sugar acid preserving the ester group, and
exemplifies the capability of the DODH reaction to construct the structures with very specific
functionality from biomass-derived polyols. It also underscores the advantage of the DODH
reaction over conventional biomass deoxygenation methods such as hydrogenation and
hydrogenolysis, in that the product alkenes are deoxygenated but still synthetically versatile.
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Sugars

‘3‘ 0, on _ CHsReO3 2.5 mol% | 0
HO 2 3-octanol (0.05 M) O
OH 155°C, Ny,1.25 h
0} O
QMOH Q“OH
starting material  HO"™ - HO"
H OH
D-erythrose L-threose
yield 60 % 47 %

Scheme 20 Deoxygenation of tetroses.

HO' HO

T 2 OH T-z OH

(o) HO H HO HO H 0

[ o 1) L\(OH 7\8:0 . [(xOH

HO® HO W % HO" HO" HO"

OH OH 0 OH OH

erythrulose
-2 OH

| O] 0

Figure 5 Possible pathways of tetrose DODH.

We are currently investigating the application of this methodology to sugars, the most direct
feedstock from biomass but arguably the most challenging substrate due to their thermal
instability as well as the complexity associated with the equilibrium between multiple isomeric
forms (furanose/pyranose, aldose/ketose, a-isomer/B-isomer); a critical consideration given the
cis-diol specificity of oxorhenium-catalyzed DODH reaction. When we first examined tetroses to
assess the effect of aldose functionality, both D-erythrose and L-threose afforded furan (via
DODH reaction followed by dehydration) in comparable yields (Scheme 20). The high reactivity
of threose in our DODH process can have two plausible explanations; (1) DODH of the C-1 and
C-2 hydroxyl groups, and (2) the epimerization of the C-2 hydroxyl group via erythrulose
(Figure 5). The DODH of internal diol (C2 and C3 hydroxyl groups) in the open-chain form is
unlikely because threose would then yield (E)-4-hydroxybut-2-enal, which cannot re-cyclize due
to the trans geometry. While this experiment alone could not specify which pathway was
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operative, it suggested that the cis-stereochemistry requirement of DODH is not necessarily
stringent for sugars when the epimerization on C-1 and C-2 hydroxyl groups can provide access
for the substrate to funnel through to the stable, deoxygenated product. Similar to the inositol
case, once the first DODH reaction occurs, the resulting alkene directs the dehydration reaction
to produce a stable compound (in this case furan) given the appropriate structure. This appears a
very effective strategy to achieve a good selectivity in the DODH-based sugar deoxygenation
reaction. We also examined HReOy as catalyst for sugar substrates, with the hope of promoting
the equilibriation between isomers as well as the subsequent dehydration by acidity. However,
sugars were extremely acid-sensitive at elevated temperatures and the immediate complete
decomposition occurred even at a much reduced catalyst loading.

HO 0 o CHiReO; 2.5 mol%
HO 3-octanol (0.05 M) 0 | O

OH 155°C, 2 h, N, J
48
O .OMe
starting material t}‘ i)‘ OH HO@OH
’ OH
49
D- rlbose L- Iyxose L- arablnose -xylose B-L-arabinopyranoside
yield 17 % 15 % 7% trace trace
Scheme 21 Deoxygenation of pentoses.
HO
R) |
HO o) CH3ReO; (2.5 mol%) o) o
¥
OH 3-pentanol (0.05 M) |/ E/)
HO bH 155 °C, 3 h, N, 50
HO HO HO HOj
; 0 HO 0 HO 0 HO™ " —0
starting HO
material %OH l“L%OH OH L)MOH
HO HO' z HO * HO B
OH OH OH OH
D-mannose D-allose D-glucose D-galactose
yield 50 (%) 9 13 9 8
yield furan (%) 21 27 16 24

Scheme 22 Deoxygenation of hexoses.

The combination of DODH and aromatization-driven dehydration reaction was also
applicable to pentoses and hexoses and our preliminary results are rather promising. For pentoses,
the predominant product obtained was ether 48 (Scheme 21). The furfuryl alcohol ethers are
relatively stable and high energy content potential biodiesel candidates.”!! Moieties like 48 are
thus conventionally produced via the dehydration of xylose/arabinose to furfural, followed by
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hydrogenation and etherification with alcohol.”® Although the yields are currently low, it is
interesting that the same class of compound was obtained in one-pot from sugars based on the
different mechanism, without the addition of external hydrogen. It is reasonable to expect that 48
is derived from furanose form, while the majority of pentoses exist in pyranose form in solutions.
The fact that D-ribose and L-lycose, which possess the cis-diol structure on C-2/C-3, were more
reactive than L-arabinose and D-xylose does not contradict this hypothesis. It is uncertain
whether the pyranose isomer underwent DODH or not. Although 2H-pyran or related structure
was not detected, it is possible that the decomposition occurred to those moieties under reaction
conditions due to their limited stability compared to 48. When the isomerization of L-arabinose
was prevented by methoxy protection on C-1 position, no appreciable products were obtained
from methyl B-L-arabinopyranoside 49, supporting this hypothesis. However, because the overall
efficiency of pentose DODH is still very low, it is safer to wait the detailed discussion on the
reactivity until the yields are optimized. Finally, applying the same strategy to hexoses, 2-
vinylfuran (50), another interesting chemical candidate for material application,””*! was obtained
(Scheme 22). Interestingly, it was accompanied by the significant formation of furan. We
propose the retro-aldol reaction of the common intermeriate (Figure 6), but due to the volatility,
acetaldehyde was not quantified.

HO HO
(0]
HO OH == HO OH
=0 -2 OH
HO =6
HO =
OH
OH
+ Hzo

H

DODH retro-aldol
\J
| HO.
(0] 0 H
| ) HO OH = Q OH |+ /Eo
HO
1) H OH
DODH
y
-H,0
\J

)

Figure 6 Retro-aldol reaction as a possible mechanism for formation of furan from hexoses.
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Conclusion

In summary, we have developed an oxorhenium-catalyzed DODH reaction using alcohol as a
reductant and successfully achieved the deoxygenation of biomass-derived polyols, namely,
sugar alcohols, sugar acids and sugars. CH3ReO3; and HReO, showed much higher activity than
the previously reported rhenium-carbonyl catalysts and enabled the DODH reaction to be applied
to those substrates which are challenging in terms of selectivity and thermal stability. We
observed a remarkable product selectivity toward total DODH products over partial DODH
products; i.e. in most cases only one single product was obtained from the polyol DODH in
appreciable yields. Besides the cis-diol stereospecificity, one plausible explanation was provided
by our finding of the novel modes of DODH on 2-ene-1,4-diols (1,4-DODH) and on 2,4-diene-
1,6-diols (1,6-DODH) in addition to the conventional vicinal diol DODH (1,2-DODH). Insights
on the DODH mechanism were garnered by studying the proposed catalytic cycle step-wise (1.
the reduction of Re""" to Re" by alohol, 2. Diol coordination to Re" and 3. olefin extrusion) using
the isolated Re" species. The viability of the use of bio-derived alcohols such as 1-butanol in the
DODH reaction was also established, especially for HReO, catalyst. Sugar alcohols yielded
linear polyene products, possible feedstock for polyolefin materials and fuels. Sugar acids were
converted into correspondent unsaturated acids/esters/lactones, the high-potential building blocks
for various commodity chemicals. A benchmark example from this work is the production of
adipic acid (for nylon 6,6) from mucic acid (from galactose). Combining DODH with subsequent
dehydration reaction, sugars were converted into furan moieties. Despite the currently moderate
yields, these are the first examples of direct DODH reaction of sugars and consist a major
advantage in the development of DODH-based biomass conversion methodologies. Future work
will include increasing the efficiency of sugar DODH, exploring the utility of 1,4- and 1,6-
DODH, further substrate scope expansion and investigation on functional group tolerance,
application to oligo/polysaccharides and other biomass-based feedstock,
immobilization/recycling of the catalyst and designing the suitable continuous flow reactor
system.
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Appendix
1. Control experiment with no reductant

In 2011, Fernandes et al. reported that the aryl epoxides can be deoxygenated to alkenes with no
reductant in the presence of rhenium catalysts. As they proposed the diol resulting from the
hydrolytic epoxide ring opening (e.g. 1-phenyl-1,2-ethanediol from stylene oxide) as an
intermediate,''”) we examined if such a reductant-free deoxygenation is indeed responsible for
our diol DODH reaction in alcohols. As shown in Table 3, we tested the DODH of 1 without
alcohol reductant using DODH-active oxorhenium catalysts (cf. Table 1). When MTO was used
as catalyst, 2 was not formed; 1 was unreactive in dioxane or chloroform (entries 1-2) and
unknown decomposition occurred in toluene (entries 3 and 4). PPh; ligands on RelO»(PPhs),
appeared to act as a stoichiometric reducing agent, affording 2 in up to 10 % yield (entries 5 and
6). Also, when 1,2-dodecanediol was heated in refluxing toluene with 10 mol% RelO,(PPhs),, no
I-dodecene was detected after 80 min. We thus concluded that the reductant-free DODH does
not occur for aliphatic diols.

Table 3 Control experimets without reducing reagents.

O Re catalyst (5 mol%) O
j__Z air, 170 °C, 1.5h Q
HO OH non-oxidizable solvent 0
1
entry Re catalyst solvent  yield (%) conv. (%)
1 CH;3ReO; dioxane 0 4
2 CH;ReOs CDCL, trace 23
3 CH;3ReO5 toluene-dg 1 91
4t CH;ReO;  toluene-dg 0 85
5 RelO,(PPhs), toluene-dg 10 45
6  RelOy(PPhj), THF 8 18
[a]110 °C, 3 h.

2. Monopotassium D-glucarate (S1) to di"butyl muconate (31 and S2)

(0]
"BuO
u MOnBU
(6]
31

OH OH O .
HO f Amberlyst-15 fijtration HReO4 (8 mol%) 7 % yield
coL K "BuOH n
O OH OH o BuOH 3 +
S 75°C,1.5h 170 °C, air, 15 h “Buom
NN O"Bu
S2
18 % yield

E. Kiely et al. has described that the acidification of D-saccharic acid potassium salt (S1) with
cation exchange resin Rexyn 101 or HCI in methanol at room temperature furnishes the mixture
of dimethyl D-glucarate, methyl D-glucarate 1,4-lactone and methyl D-glucarate 6,3-lactone.*”
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Using the similar protocol, monopotassium D-glucarate (S1) 249 mg (1.0 mmol), Amberlyst-15
(503 mg, 200 wt%), 1-butanol (2 mL) were charged in a flask equipped with a stir bar, and
heated at 75 °CP* with magnetic stirring for 1.5 h. During this time, the white suspension above
Amberlyst-15 became a clear solution. This mixture was cooled to room temperature and filtered
into a Parr stainless-steel reactor vessel (50 mL). The filtered Amberlyst was washed with 18 mL
of 1-butanol and combined. HReO4 (76.5 % in H,O solution 26.6 mg, 0.080 mmol) was added,
the vessel was sealed and heated at 170 °C with mechanical stirring for 15 h. After cooling to
room temperature, the dark brown mixture was transferred to a flask, concentrated and purified
by flash column chromatography (Hexanes: EtOAc = 40:1 to 17:1) to afford a mixture of 31 and
S2 (64.4 mg, 25 % yield total, 31:52=7:18 by 'H NMR) as well as 1,1-dibutoxybutane 3 (87.4
mg, 0.43 mmol, 22 % yield).

S2 was characterized after second flash column chromatography (Hexanes: CH,Cl, = 2:1 to 1:2)
to separate S2 from 31. "H NMR of the alkene region was similar to that of the known rans, cis-
muconic acid dimethyl ester.”> "H NMR (CDCls;, 600 MHz): 88.37 (Hc, dd, 1H, J=11.4, 15.6
Hz), 6.63 (Hb, dd (apparent t), 1H, 11.4, 11.4 Hz), 6.10 (Hd, d, 1H, J=15.6 Hz), 5.96 (Ha, d, 1H,
J=11.4 Hz), 4.183 (t, 2H, J=6.6 Hz), 4.181 (t, 2H, J=6.6 Hz), 1.63-1.70 (m, 4H), 1.36-1.45 (m,
4H), 0.953 (t, 3H, J=7.2 Hz), 0.946 (t, 3H, J=7.2 Hz). *C NMR (CDCl;, 150 MHz): 8166.12,
165.41, 140.31(b), 138.47(c), 128.99(d), 124.67(a), 64.62, 64.53, 30.64, 30.58, 19.14, 19.10,
13.67, 13.65. (The proton and carbon assignments of double bond region are based on COSY
and HSQC analysis.) EI-HRMS (EI"): C14H,04 (IM]") calc’d 254.1518, found 254.1518.

In a separate batch, D-saccharic acid potassium salt (S1) 500 mg (2.0 mmol), Amberlyst-15 (1.0
g, 200 wt%), 1-butanol (4 mL) were charged in a flask equipped with a stir bar, and heated at 75
°C with magnetic stirring for 3 h. This mixture was cooled to room temperature and filtered into
a flask. The filtered Amberlyst was washed with 1-butanol and combined. The filtrate was
concentrated under reduced pressure to yield 194.2 mg of pale-brown thick liquid. Its '"H NMR
spectra is shown in Figure 7. Using Dowex 50W-X8 instead of Amberlyst-15 provided the
virtually identical result.
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J

Figure 7 '"H NMR spectra of monopotassium D-glucarate (S1) acidified in 1-butanol (DMSO-dg, 600

MHz).
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3. 1,4-DODH of dimethyl (2R,5S,E)-2,5-dihydroxyhex-3-enedioate (S3)

0] (:)H HReO4 (5 mol%) 0]
\O)MO\ /\/\O/U\/\/\H/OW
OH o 1-butanol 31
s3 170°C, 6 h, N, ©
o] OH CH3ReO3 (5 mol%) O
OH o 3-pentanol o
s3 155 °C, 6 h, N,

Scheme 23 Attempted 1,4-DODH reactions of S3.

During the investigation of 1,4-DODH, we realized that the dehydration is a competing pathway
(Table 4). In an attempt to avoid this side-reaction, we investigated S3 as a 2-ene-1,4-diol
bearing electron withdrawing groups. However, despite our expectation, no diene products were
observed by 'H NMR under the standard conditions while the starting material (S3) was all
consumed. We were unable to identify the specific decomposition products. We do not have a
clear explanation of the inferior reactivity of S3 to other 1,4-diols, because S3 is the substrate
most relevant to mucic acid DODH which was indeed very successful (Scheme 14). It is possible
that S3 is too reactive and the milder conditions were needed. The transesterification on both
sides also seems to add another layer of complexity. No further studies were conducted on this
substrate.

4. X-ray crystal structure of dimethyl (2R,5S,E)-2,5-dihydroxyhex-3-enedioate (S3)
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Table Al. Crystal data and structure refinement for S3.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Largest diff. peak and hole

shelxI

C8 H12 06

204.18

100(2) K

1.54178 A

Monoclinic

P2(1)/c

a=7.8708(7) A o= 90°.
b=4.0736(3) A
c=14.4856(12) A v = 90°.
461.06(7) A3

2

1.471 Mg/m3

1.107 mm-!

216

0.10 x 0.05 x 0.05 mm3

5.66 to 68.56°.

-9<=h<=9, -4<=k<=4, -17<=1<=17
6452

839 [R(int) = 0.0178]

99.8 %

Multi_scan

0.9467 and 0.8974

Full-matrix least-squares on F2
839/0/66

1.087

R1=0.0283, wR2=0.0773
R1=0.0286, wR2 =0.0776

0.284 and -0.191 e.A-3

B=96.925(3)°.
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Table A2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x
103) for S3. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.

X y z U(eq)
0(2) 7674(1) 844(2) 2970(1) 23(1)
0(3) 4354(1) -180(2) 3268(1) 20(1)
C(1) 10351(1) -2161(3) 3886(1) 24(1)
C(2) 7399(1) -1045(3) 3576(1) 17(1)
C@3) 5625(1) -1871(3) 3844(1) 17(1)
C4) 5567(1) -1014(3) 4857(1) 16(1)
O(1) 8615(1) -2679(2) 4104(1) 20(1)

Table A3. Bond lengths [A] and angles [°] for S3.

0(2)-C(2) 1.2055(13)
0(3)-C(3) 1.4042(13)
0(3)-H(3A) 0.8400
C(1)-0(1) 1.4538(13)
C(1)-H(1A) 0.9800
C(1)-H(1B) 0.9800
C(1)-H(1C) 0.9800
C(2)-0(1) 1.3294(13)
C(2)-C(3) 1.5317(14)
C(3)-C(4) 1.5134(14)
C(3)-H(3) 1.0000
C(4)-C(4)#1 1.319(2)
C(4)-H(4) 0.9500
C(3)-0(3)-H(3A) 109.5
O(1)-C(1)-H(1A) 109.5
O(1)-C(1)-H(1B) 109.5
H(1A)-C(1)-H(1B) 109.5

O(1)-C(1)-H(1C) 109.5



H(1A)-C(1)-H(1C)
H(1B)-C(1)-H(1C)
0(2)-C(2)-0(1)
0(2)-C(2)-C(3)
O(1)-C(2)-C(3)
0(3)-C(3)-C(4)
0(3)-C(3)-C(2)
C(4)-C(3)-C(2)
0(3)-C(3)-H(3)
C(4)-C(3)-H(3)
C(2)-C(3)-H(3)
C(4)#1-C(4)-C(3)
C(4)#1-C(4)-H(4)
C(3)-C(4)-H(4)
C(2)-0(1)-C(1)

109.5
109.5
123.93(10)
125.02(10)
111.05(9)
111.13(9)
110.31(9)
109.28(8)
108.7
108.7
108.7
123.37(12)
118.3
118.3
115.65(8)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1
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Table A4. Anisotropic displacement parameters (A2x 103)for S3. The anisotropic
displacement factor exponent takes the form: -2 « 2[h2a*2Ull +  +2hka*b*Ul2]

ull U22 U33 U23 ul3 ul2
0(2) 20(1) 29(1) 19(1) 6(1) 5(1) 0(1)
0@3) 18(1) 25(1) 15(1) -2(1) -1(1) 0(1)
C(1) 16(1) 32(1) 25(1) 1(1) 5(1) 3(1)
C(12) 20(1) 18(1) 12(1) -3(1) 2(1) 0(1)
C3) 17(1) 19(1) 14(1) 0(1) 2(1) 0(1)
CH4) 16(1) 19(1) 14(1) 2(1) 2(1) -3(1)
o(1) 17(1) 26(1) 19(1) 3(1) 4(1) 3(1)

Table A5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 103)
for S3.

X y z U(eq)
H(3A) 3886 -1463 2860 29
H(1A) 10470 -3106 3275 36
H(1B) 11161 -3228 4359 36
H(1C) 10592 198 3877 36
H(3) 5425 -4283 3762 20

H(4) 6390 -1985 5309 19




Experimental

1. General information

Commercial materials and solvents were reagent grade and used as received. 'H, °C NMR
spectra were recorded with Bruker AV-300, AVB-400, AVQ-400, DRX-500, and AV-600
spectrometers; chemical shifts are reported in ppm. The proton and carbon assignments were
based on COSY, HSQC, splitting patterns and the chemical shifts. EI and ESI MS data were
obtained in the QB3 Analytical Facility operated by the College of Chemistry, University of
California, Berkeley. GC analysis was carried out using a Varian CP-3800 gas chromatograph
equipped with a flame ionization detector coupled to a Varian 320-MS mass spectrometer using a
FactoFour capillary column (VF-5 ms, 30 m length, 0.25 mm diameter) coated with a 0.25 mm
thick stationary phase (5% phenyl and 95% dimethylpolysiloxane). Thin-layer chromatography
(TLC) analysis was performed using Merck silica gel 60 F254 TLC plates, and visualized by
UV(254/365 nm) or by staining with p-anisaldehyde, cerium ammonium molybdate,
phosphomolybdic acid or potassium permanganate. Flash column chromatography was carried
out on Merck 60 silica gel (32—63 um). The reactions under auto-generated pressure (i.e. reaction
temperature higher than the boiling point of solvent or product) were carried out either in a
Parr4560 mini-reactor (with monitoring and control of the internal temperature and mechanical
stirring) or in a Biotage microwave vials (10-20mL, 2-5 mL or 0.5-2 mL) equipped with a
magnetic stir bar and fitted with a septum cap.

2. DODH reactions
I. Sugar alcohols, inositols and sugars
a) Representative procedure A: DODH of sorbitol

D-sorbitol (36.4 mg, 0.20 mmol) and CH3;ReO; (1.2 mg, 0.0050 mmol) was charged in a Biotage
microwave vial (10-20mL) equipped with a magnetic stir bar. The vial was purged with N;
(vacuum/N, cycles, 3 times) and sealed with a cap with septum. 3-pentanol (4 mL) was added
through the septum and the vial was immersed in an oil bath pre-heated to 200 °C. The reaction
mixture was stirred at the same temperature for 1 h, during which the suspension became a
homogeneous solution. The vial was quickly cooled with an ice bath, mesitylene (16.2 mg, 0.13
mmol) was added as an internal standard and mixed well. An aliquot (~0.1 mL) of sample was
taken, diluted with CDCl; (~0.8 mL) and analyzed by 'H NMR. The product peaks of olefin
were used for yield calculation. In some cases, mesitylene was added initially to the reaction
mixture before heating starts. Same results were obtained from both procedures.

b) Representative procedure B: DODH of inositols

Inositol (9.0 mg, 0.050 mmol) was charged in a Biotage microwave vial (0.5-2 mL) equipped
with a magnetic stir bar. The vial was purged with N, and sealed. CH;ReO; was added as a 3-
pentanol solution (0.00125 mmol/ml, 1 mL). The reaction mixture was immersed to the pre-
heated oil bath and heated with magnetic stirring. Upon cooling, mesitylene (internal standard)
was added as a 3-pentanol solution (100 pL of 40 mg/ml solution). An aliquot of sample was
diluted with CDCl; and analyzed by 'H NMR, GC-FID and GC-MS.
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¢) Product identification

NMR and other compound characterization data are listed below. The product peaks in the olefin
region of 'H NMR spectra were used for yield calculation. '"H NMR peak of internal standard
(mesitylene) (500 MHz, CDCls): 6 6.78 (s, 3 H, used for calculation), 2.28 (s, 9H).

Note that the '"H NMR peaks of phenol were shifted in the reaction mixture from the ones in pure
CDCl; due to the significant (~10 %) presence of solvent/reductant alcohol. The same shift was
observed when a commercial authentic sample of phenol was analyzed by 'H NMR in the
identical solvent mixture (i.e. 10 % 3-octanol or 3-pentanol in CDCls).

Table 4 Identification data for DODH products.

entry | product structure NMR data Other
Identification
1 2,5- @ 'H NMR (CDCl;, 500 |A),B)
dihydrofuran = MHz): 65.87 (s, 2H), 4.62
2 (s, 4H), >C NMR (toluene-
ds, 150 MHz): 6126.08,
74.86.
2 allyl alcohol A~OH 'H NMR (CDCl;, 400 | A),B)
MHz): 85.99 (m, 1H), 5.27
(d, 1H, J=17.2 Hz), 5.13 (d,
1H, J=10.4 Hz), 4.14 (d,
2H, J=4.8 Hz)
3 1,3-butadiene | A7 'H NMR (CDCl;, 500 |A),B)
6 MHz): §6.36 (m, 2H), 5.24
(d, 2H, J=12.4 Hz), 5.12 (d,
2H, J=7.2 Hz)

4 1,4- 0 'H NMR (CDCl;, 500 | B)
anhydrothreitol HOLZOH MHz): 64.24 (s, 2H), 4.08
(racemic) 8 (racemic) (dd, 2H, J=9.8, 3.8 Hz),

3.75 (d, 2H, J=10.0 Hz)
5 (E)-5-(pentan- 'H NMR (CDCl;, 500 | D)
ANG~O
3-yloxy)penta- ~ MHz): 06.38 (dt, 1H,
9

1,3-diene

J=17.0, 10.5 Hz), 6.28 (dd,
1H, J=15.0, 10.3 Hz), 5.83
dt, 1H, J=15.0, 6.0 Hz),
523 (d, 1H, J=17.0 Hz),
511 (d, 1H, J=10.0 Hz),
405 (d, 2H, J=6.0 Hz),

HRMS (EI) calc’d

for  [CioHs0]"
154.1358, found:
154.1363.
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3.26-3.12 (m, 1H), 1.58-
1.46 (m, 4H), 0.93 (t, 6H,
J=17.5 Hz)

BC NMR (CDCls, 125
MHz): §136.56, 132.48,
131.16, 117.15, 81.44,
68.98, 25.96, 9.63

(E)-3-(penta-
2,4-
dienyloxy)octa
ne

'H NMR (CDCl;, 500
MHz): 06.40 (dt, 1H,
J=17.0, 10.5 Hz), 6.30 (dd,
1H, J=15.0, 10.5 Hz), 5.84
(dt, 1H, J=10.0 Hz), 5.25
(d, 1H, J=16.5 Hz), 5.13 (d,
1H, J=10.0 Hz), 4.07 (fused
multiplet, br, 2H), 3.28
(quintet, 1H, J=6.0 Hz),
1.6-1.2 (m, 12H), 0.95 (t,
3H, J=7.5 Hz), 0.94 (t, 3H,
J=7.0 Hz)

BC NMR (CDClL;, 150
MHz): 8136.51, 132.39,
131.13, 117.02.  80.24,
68.90, 33.40, 32.03, 26.37,
25.05,22.62, 14.03,9.51

D)

HRMS (EI) calc’d
for [C13H240]"
196.1827, found:
196.1828.

(E)-5-(2,4-
dimethylpentan
-3-yloxy)penta-
1,3-diene

'H NMR (CDCL, 500
MHz):  86.36 (dt, 1H,
J=16.5, 10.5 Hz), 6.27 (dd,
1H, J=15.0, 11.0 Hz), 5.83
(dt, 1H, J=15.0, 6.0 Hz),
521 (d, 1H, J=16.5 Hz),
5.09 (d, 1H, J=9.5 Hz), 4.12
(d, 2H, J=5.5 Hz), 2.72 (t,
1H, J=5.5 Hz), 1.83 (dq,
2H, J=26.3, 6.5 Hz), 0.94 (t,
12H, J=6.5 Hz)

BC NMR (CDCl;, 100
MHz): §136.66, 132.14,
131.09, 117.04,  90.69,

73.91, 30.81, 20.33, 17.79

D)

HRMS (EI) calc’d
for  [C12Hx0]"
182.1671, found:
182.1669.
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(E)-hexatriene

'H NMR (CDCl, 500
MHz): §6.36-6.44 (2H, m),
6.27 (2H, dd, J=7.0, 3.0
Hz), 5.27 (2H, dd, J=16.7,
1.5 Hz), 5.15 (2H, dd,
J=10.0, 1.5 Hz)

BC NMR (CDCl;, 125
MHz): §136.80, 133.72,
117.85

E)

benzene

'H NMR (CDCl;, 500

MHz): 7.37 (s, 6H)

A), B), F)

10

phenol

®
©—OH

'H NMR (CDCl, 500
MHz): §7.22 (t, 2H, J=7.8
Hz), 6.87 (t, 1H, J=7.0 Hz)
and 6.84 (d, 2H, J=8.5 Hz)
fused (3H total)

A), ), F)

11

furan

'H NMR (CDCL, 500
MHz): 87.41 (s, 2H), 6.36
(s, 2H)

A), B)

12

2-((octan-3-
yloxy)methyl)f
uran

'H NMR (CDCl;, 400
MHz): 67.41 (fused d
(apparent s), 1H), 6.34 (dd,
1H, J=3.2, 2.0 Hz), 6.30 (d,
1H, J=3.2 Hz), 4.47 (d, 2H,
J=1.6 Hz), 3.32 (quintet,
1H, J=6.0 Hz), 1.7-1.1 (m,
10 H), 1.1-0.7 (m, 6H)

G)

13

2-vinylfuran

O
N

50

'H NMR (CDCl, 600
MHz): 87.31 (s, 1H), 6.46
(dd, 1H, J=17.7, 11.4 Hz),
6.32 (apparent s, 1H), 6.21
(d, 1H, J=2.4 Hz), 5.61 (d,
1H, J=18.0 Hz), 5.11 (d,
1H, J=11.4 Hz)

Authentic sample
was prepared
according to the
literature.

A), B)

A) GC MS and GC FID analysis (retention time, spectra) matched with the authentic sample.

B) The product peaks in "H NMR spectra of the reaction mixture were in agreement with the 'H
NMR spectra of the authentic sample taken in CDClI; (literature value or sample prepared).
C) "H NMR spectra of the authentic sample in the identical (~10 % 3-octanol or 3-pentanol in
CDCl;) solvent matched with the product peaks in 'H NMR spectra of the reaction mixture.
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D) Product was somewhat volatile but could be isolated by flash column chromatography on

E)

F)

silica gel. (Column packed with hexanes 100%, eluted with hexanes:CH,Cl,= 15:1 to 8:1). It
was difficult to separate the product from solvent alcohol on column chromatography and
thus often required the second column chromatography purification.

While the closed-system high-temperature reaction gave higher yields (see main text), for the
characterization purpose the product was isolated by direct distillative separation from the
reaction mixture. The DODH reaction of sorbitol (2.0 mmol scale) was carried out in a 100
mL round-bottom flask equipped with a short-path distillation apparatus at 155 °C in 3-
octanol (0.05 M, MTO 2.5 mol %, air). The receiving flask was cooled with acetone/dry ice
bath. After 5.5 h, the mixture of octenes and (E)-hexatriene (10:1 mol ratio) was collected in
the receiving flask (515 mg). The second distillation of this mixture at 90 °C afforded pure
(E)-hexatriene (8.9 mg, 0.11 mmol). 'H and °C NMR was correspondent to the literature
values.

GC (FID) yield based on the standard curve (internal standard: mesitylene) method matched
with the '"H NMR yield.
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G) Isolation of the product was attempted by flash column chromatography on silica gel
(column packed with hexanes 100%, eluted with hexanes:CH,Cl, = 50:1 to 10:1), but it was
difficult to totally separate the product from 3-octanol in our hands. GC-MS analysis
indicated the ether structure shown, and by TLC and GC-MS analysis comparisons with the
authentic sample, furfuryl alcohol was not detected.

GCMS spectra
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II. Sugar acids and lactones

a) mucic acid (28) to trans,trans-muconic acid (29)

OH OH O CH3ReO3 (5 mol%)
R X
HOMOH 155 °C, 15 h, air M kﬂ
= 3-pentanol
O OH OH
28 /\ 14 % yleld
OH 43 % yleld

\)\/ \)J\/ O

, HOYN%

(not isolated)

A Parr stainless-steel reactor vessel (50 mL) was charged with mucic acid (28) (209 mg, 1.0
mmol), CH3ReO; (12.4 mg, 0.050 mmol) and 3-pentanol (10 mL) and sealed. The vessel was
heated at 155 °C with mechanical stirring for 15 h and cooled to room temperature. The
content (brown-grey suspension) was transferred to a flask and concentrated under the
reduced pressure. The mixture was basified with 1 N NaOH aq. (10 mL) and extracted with
CH,Cl; (10 mL x 2). The combined organic phases were dried over MgSQO,, filtered,
concentrated and purified by flash column chromatography (hexanes:EtOAc=20:1) to give 30
(39.3 mg, 0.14 mmol, 14 % yield). The aqueous phase was acidified with 1.5 N HCI to pH=0.
The formation of white precipitate was observed. After leaving at 5 °C for 3 h, it was filtered
to recover the white solid 29 (60.5 mg, 0.43 mmol, 43 % yield).

29 'H and >C NMR spectra were identical to those of the authentic sample. 'H NMR
(CD;OD, 600 MHz): 87.35 (dd, 2H, J=7.8, 21.6 Hz), 6.24 (dd, 2H, J=8.4, 21.6 Hz). °C
NMR (CDsOD, 150 MHz):6167.79, 141.09. 128.36.

30 The alkene part of the 'H NMR spectra corresponded to that of ¢rans, trans-muconic acid
as well as to that of the known frans, trans-muconic acid dimethyl ester.”® (cis, cis-1"
isomer has distinctly different chemical shifts.) '"H NMR (CD,Cl,, 600 MHz): 87.32 (dd, 2H,
J=9.0, 21.9 Hz), 6.22 (dd, 2H, J=9.0, 22.2 Hz), 4.83 (fused pentet, 2H, J=5.4 Hz), 1.55-1.70
(m, 8H), 0.902 (t, 12H, J=7.2 Hz). °C NMR (CD,CL,, 150 MHz):58165.61, 140.41, 128.65,
77.15, 26.38, 9.28. EI-MS found 253 ([M- CH,CH;]"), 195 ([M-CH3;CH,C(H)CH,CH;]").

b) mucic acid (28) to trans,trans- dibutyl muconate (31)
OH OH O o

HOMJ\OH HReO, (7 mol%) /\/\O\H/WJ\O/\/\
ht 0, _l
o) OH OH 170 °C, 7.5 h, 1-butanol, N,

o) 31
28 /\/\/\‘ /j\ 71 % yield
OH /\/\O O/\/\
3
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To a Biotage uW vial (10-20 mL capacity) equipped with a stir bar, mucic acid (28) (63.0mg,
0.30 mmol) was added. The vial was purged with N, sealed, a solution of HReO4 (76.5 % in
H,O solution, 6.6 mg, 0.020 mmol) in 1-butanol (6 mL) was added through the septum cap.
The vial was immersed in a pre-heated oil bath (170 °C), heated at 170 °C with magnetic
stirring for 7.5 h and cooled in an ice bath. The resulting pale-yellow clear solution was
transferred to a flask and concentrated, and the workup as in a) was conducted. No
precipitate was formed from the aqueous phase. The organic layer was purified by flash
column chromatography (hexanes:CH,Cl,=2:1 to 1:1) to afford 31 (54.3 mg, 0.21 mmol,
71 % yield).

31 The alkene part of the '"H NMR spectra corresponded to that of the authentic sample of
trans, trans-muconic acid as well as to that of the known trans, trans-muconic acid dimethyl
ester.°% (cis, cis-" isomer has distinctly different chemical shifts.) 'H NMR (CDCls, 500
MHz): 67.33 (2H, dd, J=3.0, 11.5 Hz), 6.22 (2H, dd, J=3.5, 11.5 Hz), 4.21 (4H, t, J=7.0 Hz),
1.69 (4H, apparent pentet, J=6.5 Hz), 1.43 (4H, apparent sextet, J=7.5 Hz), 0.97 (6H, t,
J=7.5 Hz). °C NMR (CDCl;, 125 MHz): §166.07, 140.80, 128.43, 64.82, 30.65, 19.16,
13.74. ESI-HRMS (EI"): C14H»04 (IM])) calc’d 254.1518, found 254.1523.

Co-product 3 was always isolated in variable but yet significant amount (30-60 % yield,
assuming two butanal molecules are produced from the deoxygenation of one 28) from the
very non-polar fractions of flash column chromatography when the DODH reactions were
conducted using the combination of HReO4 and 1-butanol.

3 'H NMR (CDCls, 500 MHz): 84.50 (t, 1H, J=6.0 Hz), 3.60 (dt, 2H, J=6.5, 9.0 Hz), 3.43 (dt,
2H, J=6.5, 9.0 Hz), 1.53-1.64 (m, 6H), 1.35-1.45 (m, 6H), 0.95 (t, 9H, J=7.5 Hz). >C NMR
(CDCl3, 125 MHz): 5102.93, 65.14, 35.60, 32.03, 19.48, 18.15, 14.02, 13.96. ESI-HRMS
(EI): C12H,50, ([M-H]") cale’d 201.1855, found 201.1853.

¢) mucic acid di"butyl ester (32) to trans, trans- dibutyl muconate (31)

oH QR 9 HReO4 (5 mol%) "~ i
E e mo
S0 . O/\/\ i - O\H/WJ\O/\/\
O OH OH 170°C,6h, N, o) 31
1-butanol
32 94 % yield

To a Biotage pW vial (10-20 mL capacity) equipped with a stir bar, mucic acid dibutyl ester
(32) (97.8 mg, 0.30 mmol) were added. The vial was purged with N, sealed, and a solution
of HReO4 (76.5 % in H,O solution, 4.8 mg, 0.015 mmol) in 1-butanol (6 mL) was added
through the septum cap. The vial was immersed in a pre-heated oil bath (170 °C), heated at
170 °C with magnetic stirring for 6h and cooled in an ice bath. The resulting brown solution
was transferred to a flask and concentrated, and purified by flash column chromatography
(hexanes:CH,Cl,=4:1 to 2:1) to afford 71.4 mg of 31 as a pale-yellow crystalline solid (0.28
mmol, 94 % yield).
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d) mucic acid (28) to dibutyl adipate (33)

O
OH OH O 10 wt% Pd/C
ho. HReO,4 (7 mol%) (2 mol% as Pd) /\/\OMO/\/\
Y OH . .
& 6 oH 170 °C, 15 h, air H2|_\$_1|_0(‘J1 ﬁSI) @) 33
28 1-butanol ' 62 % yield from 28
/\/\/Oj\o/\/\

3

28 % yield

A Parr stainless-steel reactor vessel (50 mL) was charged with mucic acid (28) (210 mg, 1.0
mmol), HReOy4 (76.5 % in H,O solution, 23.2 mg, 0.07 mmol) and 1-butanol (20 mL) and
sealed. The vessel was heated at 170 °C with mechanical stirring for 15 h and cooled to room
temperature. The vessel was opened. (At this point, an aliquot of mixture was taken, diluted
with DMSO-dg and analyzed by 'H NMR, confirming the formation of 31 and the total
consumption of 28.) To this mixture, palladium on carbon (Aldrich, 10 wt % Pd, 22.4 mg,
0.020 mmol Pd) was added. The vessel was re-sealed, pressurized with H, (100 psi) and
mechanically stirred at room temperature for 4 h. The mixture was filtered to a flask (solid
was washed with CH,Cl, and combined), concentrated, then filtered through silica (eluted
with EtOAc), and concentrated to afford 271 mg of colorless oil. To this oil, mesitylene (29.1
mg, 0.24 mmol, internal standard) and CDCl; (3 mL) were added and mixed well. An aliquot
was drawn, diluted with CDCl; and analyzed by "H NMR to find this oil to be the mixture of
33 and 3 (mol ratio mesitylene: 33 : 3=1: 2.51:2.20). 'H NMR yield 33 (0.60 mmol, 60 %), 3
(0.53 mmol, 26 %); isolated yield (calculated) 33 (160 mg, 0.62 mmol, 62 %), 3 (111 mg,
0.55 mmol, 28 %). GC analysis (retention times and MS spectra) also matched the authentic
sample of 33 and the previously isolated 3. GC yield based on the standard curve method
(internal standard=mesitylene): 33 56 % yield.

e) gluconic acid (34) to 35, 36

HOL/\)(J)\ i
HO_ s~

NN

OH OH O X % ©

O CH3ReO5 (5 mol%)
Ho. I A on 35a 24 % yield 35b 26 % yield

z z 155°C,7.5h, N,
OH OH r(
e (@]
i r(o\/wj\
PN o (@)

3-pentanol
34
36a 3 % yield 36b 7 % yield

To a Biotage pW vial (10-20 mL capacity) equipped with a stir bar, D-gluconic acid (34)
(50 % in H,O, 118 mg, 0.30 mmol) and CH3;ReO; (3.4 mg, 0.014 mmol) were added. The
vial was purged with N, sealed, and 3-pentanol (6 mL) was added through the septum cap.
The vial was immersed in a pre-heated oil bath (155 °C), heated at the same temperature with
magnetic stirring for 7.5 h and cooled in an ice bath. The resulting pale-yellow clear solution
was transferred to a flask (the vial was washed with CH,Cl, and combined) and concentrated
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to give a red-brown solution. The TLC of this mixture showed three UV spots, Rf
(hexanes:EtOAc=1:1) 0.89 (spot a), 0.51 (spot b), and 0.40 (spot ¢). The purification by flash
column chromatography (hexanes:EtOAc=30:1 to 5:1) afforded three product fractions:

The first fraction (spot a, 7.9 mg, clear colorless liquid) was a mixture of 36a and 36b (mol
ratio 36a:36b=0.38:1).

The second fraction (spot b, 10.2 mg, clear colorless liquid) was exclusively 35a.

The third fraction (spot b and c co-eluted, 20.5 mg, clear colorless liquid) was a mixture of
35a and 35b (mol ratio 35a:35b=0.39:1).

Thus, in total, 35a (0.072 mmol, 24 % yield), 35b (0.078 mmol, 26 % yield), 36a (0.01 mmol,
3 % yield), 36b (0.02 mmol, 7 % yield) were obtained.

35a
h
HO.; o g
[+
A X <
b ¢ 10 9
35a h

'H NMR (CD,Cl,, 500 MHz): 87.59 (dd, 1H, Hc, J=11.5, 14.8 Hz), 6.25 (dd, 1H, Hb,
J=11.0, 11.0 Hz), 5.95-6.02 (m, 2H, Ha and Hd), 4.84 (pentet, 1H, He, J=5.5 Hz), 4.45 (bs,
2H, Hf), 1.61-1.68 (m, 4H, Hg), 0.92 (t, 6H, Hh, J=7.5 Hz). >C NMR (CD,Cl,, 150 MHz):
3166.43 (i), 137.93 (c), 137.89 (a), 127.48 (b), 123.61 (d), 76.63 (), 58.75 (f), 26.45 (g), 9.31
(h). The (2E, 4Z) geometry was assigned based on the coupling constants (14.8 Hz between
Hc and Hd, 11.0 Hz between Ha and Hb) as well as the observation of NOE between Hc and
Hf and lack thereof between Hc and Ha.

35b
h
o) 9
HOLASN AL A
F b 9 10
35b h

'H NMR (CD,Cl,, 500 MHz): 87.31 (dd, 1H, Hc, J=11.0, 15.3 Hz), 6.45 (dd, 1H, Hb,
J=11.0 Hz, 13.3 Hz), 6.24-6.29 (m, 1H, Ha), 5.93 (d, 1H, Hd, J=15.0 Hz), 4.80-4.85 (m, 1H,
He), 4.29 (d, 2H, Hf, J=4.0 Hz), 1.56-1.67 (m, 4H, Hg), 0.91 (t, 6H, Hh, J=7.5 Hz). °C
NMR (CDyCl,, 125 MHz): 8166.67 (i), 143.31 (c), 141.25(a), 127.45 (b), 121.76 (d), 76.52
(e), 62.52 (1), 26.41(g), 9.39 (h). The (2E, 4E)geometry was assigned based on the coupling
constants (15.0 Hz between Hc and Hd, 13.3 Hz between Ha and Hb) as well as the
observation of NOE between Hc and Ha and lack thereof between He and Hf.
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'H NMR spectra of 36a, 36b were very similar to those of 35a, 35b.

36b

o h
o ¢
O AN A
¢ f b a1 0 g
CANS 36b h

'"H NMR (CD,Cl,, 500 MHz): §7.30 (dd, 1H, Hc, J=11.0, 15.5 Hz), 6.45 (dd, 1H, Hb,
J=11.0, 13.2 Hz), 6.18-6.25 (m, 1H, Ha), 5.91 (d, 1H, Hd, J=15.5 Hz), 4.82 (pentet, 1H, He,
J=5.5 Hz), 4.11 (d, 2H, Hf, J=4.0 Hz), 3.21 (pentet, 1H, He’, J=5.5 Hz), 1.51-1.64 (m, 8H,
Hg and Hg’), 0.90-0.97 (m, 12H, Hh and Hh’). >*C NMR (CD,Cl,, 150 MHz): §166.60(i),
143.47(c), 139.86(a), 128.13(b), 121.45 (d), 81.77 (e’), 76.37 (e), 68.20 (1), 26.45, 25.81 (g
and g’), 9.31, 9.24 (h and h’). The (2E, 4E) geometry was assigned based on the coupling
constants (15.5 Hz between Hc and Hd, 13.2 Hz between Ha and Hb) and by analogy to 35b.

It was difficult to fully characterize the NMR spectra of 36a due to the overlap with 36b, but
several characteristic peaks which resemble 35a were identified and used for the ratio
calculation, such as 'H NMR (CD,Cl,, 500 MHz): 67.61 (dd, 1H, J=12.5, 15.0 Hz) and 4.27
(d, 2H, J=6.5 Hz).
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Figure 9 "HNMR spectra of fraction 1 (CD,Cl,, 600 MHz).
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In our preliminary attempt to apply the 1-pot 2-step hydrogenation reaction on 34 using the
above DODH conditions, no g-caprolactone was observed and the main products appeared
the cyclized ester compounds by GC MS/FID analysis. It suggested that the more forcing
hydrogenation catalyst/conditions are necessary.

O le) ‘>_\ (0]
Y Q_)L or OAO
10 wt % Pd/C sS4 S5

CH3R603 5 mol%) (5 mol%)
z : 155°C,7.5h, N Hz (250 psi), RT
&H OH 2 2 (250 psi) o o
3-pentanol HOM O\/\/\)'L
34 (e} (6]
S6 s7

GC (FID) area ratio S4:85:56:87=7:71:15:7

OH OH O
HO. -

f) gluconic acid (34) to 37

OH OH O o)

HO\/k/\)J\ HReO, (7 mol%) O\/\/\)J\
. - OH o ] N N O/\/\
z z 170 °C,15 h, air
OH OH 1-butanol 37
34 -butano 47 % yield

A Parr stainless-steel reactor vessel (50 mL) was charged with gluconic acid (34) (50 % in
H,0, 361 mg, 0.92 mmol), HReO4 (76.5 % in H,O solution, 22.5 mg, 0.070 mmol) and 1-
butanol (20 mL). The vessel was heated at 170 °C with mechanical stirring for 15 h and
cooled to room temperature. The mixture (amber solution) was transferred to a flask and
concentrated under the reduced pressure. The purification by flash column chromatography
(hexanes:EtOAc=40:1) gave 104.1 mg of 37 (yellow oil, 0.43 mmol, 47 % yield) as well as 3
(yellow oil, 185 mg, 0.92 mmol, 50 % yield).

37
d b f
\/\/O A O/\/\
g e (¢ a
37

The (2E, 4E) geometry was assigned based on the coupling constants (15.0 Hz between Hc
and Hd, 15.5 Hz between Ha and Hb) as well as the observation of NOE between He and Ha,
Hc and He, Hb and Hd. "H NMR (CD,Cl,, 500 MHz): §7.30 (dd, Hb, 1H, J=11.5, 15.3 Hz),
6.43 (dd, He, 1H, J=11.5, 15.0 Hz), 6.20 (dt, Hd, 1H, J=5.5, 15.0 Hz), 591 (d, Ha, 1H,
J=15.5 Hz), 4.15 (t, Hf, 2H, J=6.5 Hz), 4.09 (d, 2H, He, J=5.0 Hz), 3.47 (t, 2H, Hg, J=6.5
Hz), 1.36-1.71 (m, 12H), 0.93-1.00 (m, 6H). >C NMR (CD,Cl,, 125 MHz): & 166.80, 143.64,
139.50, 128.40, 121.20, 70.55, 70.11, 64.13, 31.82, 30.75, 19.34, 19.18, 13.69, 13.52. ESI-
HRMS (EI'): C14H240; ([IM]") calc’d 240.1725, found 240.1730.
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g) D-erythronolactone (38) to y-butyrolactone (40), via y-crotonolactone (39)
O

0 0
O\:g...OH CH3ReO; (5 mol%) (i} PdIC (3 mol% Pd) _ C\)\J§

3-pentanol H, (250 psi)

OH Ar, 155 °C, 2.5h 39 RT, 6h 40
38 57 % vyield 55 % vyield

A Parr stainless-steel reactor vessel (20 mL) was charged with D-erythronolactone (38) (89.2
mg, 0.75 mmol), CH3;ReOs (9.3 mg, 0.038 mmol) and 3-pentanol (7.5 mL). The vessel was
purged with Ar, sealed and heated at 155 °C with mechanical stirring for 2.5 h and cooled to
room temperature. The vessel was opened, palladium on carbon (Aldrich, 10 wt % Pd, 25.0
mg, 0.023 mmol Pd) was added and the vessel was re-sealed. The vessel was pressurized
with Hy (250 psi) and mechanically stirred at room temperature for 6 h. The mixture was
filtered to a flask (solid was washed with CH,Cl, and combined) and concentrated to afford
359 mg of clear colorless liquid. Mestylene (12.2 mg, 0.10 mmol) was added as a NMR
internal standard and mixed well. An aliquot of sample was diluted with CDCl; and analyzed
by 'H NMR. 'H NMR vyield of 40: 55 % yield.

40 'H NMR (CDCls, 500 MHz): 84.38 (t, 2H, J=7.0 Hz), 2.52 (t, 2H, J=8.0 Hz), 2.29 (tt,
apparent pentet, 2H, J=7.5 Hz).

The conversion of 38 to y-crotonolactone (39) was confirmed by performing the first DODH
step in a separate batch (0.3 mmol scale, Biotage W vial (2-5 mL capacity), N, instead of
Ar). After the reaction, the crude mixture was concentrated and purified by flash column
chromatography (hexanes: CH,Cl,=2:1 to CH,Cl, 100 %) to afford 14.3 mg (0.17 mmol,
57 % yield) of 39.

39 '"H NMR (CDCls, 400 MHz): §7.59 (dt, 1H, J=1.6, 6.0 Hz), 6.18 (dt, 1H, J=2.0, 6.0 Hz),
4.92 (dd, 2H, J=1.6, 2.0 Hz). >C NMR (CDCls, 125 MHz): §173.70, 152.74, 121.69, 72.13.

h) D-(+)-ribono-1,4-lactone (41) to 42

@) @)
0] CH3ReO3 (5 mol%) 0
.|IOH > /
HO / 3-pentanol HO
OH Ny, 155 °C, 2 h 42
41 69 % yield

To a Biotage W vial (2-5 mL capacity) equipped with a stir bar, D-(+)-ribono-1,4-lactone
(41) (44.5 mg, 0.30 mmol), CHsReOs (4.0 mg, 0.016 mmol) were added. The vial was
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purged with N,, sealed, and 3-petanol (3 mL) was added through the septum cap. The vial
was immersed in a pre-heated oil bath (155 °C), heated at the same temperature with
magnetic stirring for 2h and cooled in an ice bath. The resulting black mixture was filtered
through celite into a flask. The celite was washed with CH,Cl, and combined. The filtrate
(colorless clear solution) was concentrated to give 42 (23.5 mg, 0.21 mmol, 69 % yield) as a
clear colorless oil.

42 "H NMR (CDCl;, 500 MHz): $7.49 (dd, 1H, J=1.5, 5.7 Hz), 6.25 (dd, 1H, J=2.0, 5.5 Hz),
5.18 (m, 1H), 4.03 (dd, 1H, J=3.5, 12.3 Hz), 3.82 (dd, 1H, J=5.0, 12.0 Hz). °C NMR
(CDCls, 125 MHz): 6173.46, 153.87, 122.96, 84.26, 62.23. GC-MS spectra matched with the
authentic spectra (found m/z=114.0, 83.9, 54.9).

III. 1,4- and 1,6-DODH reactions

A representative procedure: cis-but-2-ene-1,4-diol (16) to butadiene (6) and 2,5-dihydrofuran
)

CH3ReO3 2.5 mol% O
HO OH PN Q
_\:/_ 3-octanol ~ <
16 170 C, N5, 0.5 h 6 2
70 % yield 6 % yield

cis-But-2-ene-1,4-diol (16) 26.6 mg (0.30 mmol) was charged in a Biotage pW vial (2-5 mL
capacity) equipped with a stir bar. The vial was sealed under N,. A solution of CH3ReOs (1.8
mg, 0.0075 mmol) in 3-octanol (3 mL) and mesitylene (internal standard, 14.4 mg, 0.12
mmol) was added through the septum cap. The vial was immersed in a pre-heated oil bath
(170 °C), heated at 170 °C with magnetic stirring for 0.5 h and cooled in an ice bath. The
aliquot (ca. 25 pL) of the resulting dark-colored mixture was taken, diluted with CDCl; (ca.
0.7 mL) and analyzed by 'H NMR. The total consumption of the starting material was
observed, and the product peaks matched with those of the authentic sample. GCMS further
confirmed the product identification. The yields were determined by 'H NMR using
mesitylene as an internal standard, due to the volatility of the products.

For the conversion of 22, after determining the 'H NMR yields using the characteristic
alkene and aldehyde peak, the reaction mixture was concentrated and purified by flash
column chromatography (hexanes:EtOAc=1:1 to 1:4) for further characterization. Note S8
was still volatile and evaporated when left under the high-vacuum overnight, and S9 was
rather unstable and decomposed over time when stored at room temperature.

Os_H
X
n-CgHy7 n-CgHqy7”
S8 S9
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S8 'H NMR (CDCls, 500 MHz): §6.40 (dd, 1H, J=11.0, 18.5 Hz), 5.25 (d, 1H, J=18.0 Hz),
5.07 (d, 1H, J=11.0 Hz), 5.02 (s, 1H), 5.01 (s, 1H), 2.22 (t, 2H, J=7.5 Hz), 1.51 (pentet, 2H,
J=17.5 Hz), 1.30 (broad m, 10H), 0.91 (t, 3H, J=7.0 Hz). °C NMR (CDCl;, 125 MHz):
8146.66, 139.06, 115.48, 113.06, 31.92, 31.36, 29.66, 29.53, 29.33, 28.18, 22.70, 14.14.

S9 '"H NMR (CDCls, 500 MHz): §9.39 (s, 1H), 6.58 (q, 1H, J=7.0 Hz), 2.26 (t, 2H, J=7.5
Hz), 2.01 (d, 3H, J=7.0 Hz), 1.29 (broad s, 12H), 0.90 (t, 3H, J=7.0 Hz). The (Z) geometry
was assigned based on the observation of NOE between aldehyde H (9.39 ppm) and alkene H
(6.58 ppm) and the lack thereof between aldehyde H (9.39 ppm) and the doublet CH; (2.01

ppm).
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3. Conversion of L-(+)-tartaric acid and erythritol to 4-cyclohexene-1,2-dicarboxylic acid ester

a) L-(+)-tartaric acid and butadiene in one-pot two-step
NF (2eq) 0

o)
HO  OH HReO, ( 5 mol%) 0T y ) o "
—_— J— Ly
~o~O0

3 0 0 ) NN
HOOC COOH 170°C, N, 3 h 110°C, 16.5h .,,‘TO
. ) 1-butanol o
L-(+)-tartaric acid O 44
43
84 % "H NMR yield 81 % yield from
tartacic acid

To a Biotage pW vial (10-20 mL capacity) equipped with a stir bar, L-(+)-tartaric acid (44.5
mg, 0.30 mmol) was added. The vial was purged with Ny, sealed, and a solution of HReO4
(76.5 % in H,O solution, 4.9 mg, 0.015 mmol) in 1-butanol (6 mL) was added through the
septum cap. The vial was immersed in a pre-heated oil bath (170 °C), heated at 170 °C with
magnetic stirring for 3 h and cooled in an ice bath. Mesitylene 16.2 mg (0.13 mmol) was
added as an internal standard and mixed well. An aliquot of this mixture was taken, diluted
with CDCl; and analyzed by "H NMR. "H NMR vyield of 43: 0.25 mmol, 84 % yield.

Butadiene (20 wt% solution in toluene 157 mg, 0.58 mmol) was then added under N, through
the septum cap and the mixture was stirred at 110 °C. The reaction progress was monitored
by occasional 'H NMR analysis of an aliquot diluted with CDCls. After 16.5 h, the mixture
was concentrated under the reduced pressure and purified by flash column chromatography
(hexanes: CH,Cl,=6:1 to 1:2) to afford 68.7 mg of 44 (81 % yield from L-(+)-tartaric acid,
96 % for Diels-Alder reaction step) as clear colorless oil.

44 '"H NMR (CDCls, 400 MHz): 85.70 (d, 2H, J=3.0 Hz), 4.04-4.15 (m, 4H), 2.85-2.87 (m,
2H), 2.41 and 2.46 (two overlapping bs, 2H), 2.14-2.21 (m, 2H), 1.57-1.65 (m, 4H), 1.34-
1.43 (m, 4H, or apparent sextet at 1.38 ppm, J=7.2 Hz), 0.93 (t, 6H, J=7.2 Hz). BC NMR
(CDCl3, 100 MHz):0174.89, 124.95, 64.46, 41.26, 30.59, 27.98, 19.06, 13.69.

In a separate batch, the reaction was stopped after the first DODH step and the mixture was
concentrated and purified by flash column chromatography (hexanes: CH,Cl,=4:1 to 2:1) to
yield 59.9 mg (0.26 mmol, 88 % yield) of 43 as colorless oil.

43 NMR spectra matched with the authentic sample. "H NMR (CDCls, 500 MHz): 86.87 (s,
2H), 4.23 (t, 4H, J=7.0 Hz), 1.69 (apparent pentet, 4H, J=7.0 Hz), 1.43 (apparent hextet, 4H,
J=7.5 Hz), 0.97 (t, 6H, J=7.5 Hz). °’C NMR (CDCl;, 125 MHz): §165.15, 133.64, 65.25,
30.53,19.12, 13.71.
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Figure 12 '"H NMR spectra of dieser 44 (CDCl;, 400 MHz).



b) L-(+)-tartaric acid and erythritol in two-pot two-step

1 .
HO OH  HReO, (5 mol%) HNMR:

o}
— 170°C, N, 1 h oﬁ/\ ] 0
HOOC  COOH 2 —
(2)2-methyl-1-butanol \)VO o/%
L-(+)-tartaric acid 45 > _ o
0.21 mmol 0 110°C “w
’ 0.21 mmol (quant. yield ) (‘)

37.5h
46

86 % yield from

OH TH NMR: o tartacic acid
HReO4 (5 mol%
HO\/'\;/\ on 4 ( 6) F . L} _ \)V o OJ\/
OH 170°C, Ny, 3 h 6 2 .
erythritol (+)2-methyl-1-butanol 0.40 mmol 0.08 mmol
0.81 mmol (4 eq.) (49 % yield) (10 % yield) 47
0.61 mmol
Isolated

To a Biotage pW vial (2-5 mL capacity) equipped with a stir bar, L-(+)-tartaric acid (30.8 mg,
0.21 mmol) was added. The vial was purged with Ny, sealed, a solution of HReO4 (76.5 % in
H,O solution 3.7 mg, 0.011 mmol) in (£)2-methyl-1-butanol (2 mL) and mesitylene (internal
standard, 15.5 mg, 0.13 mmol) were added through the septum cap. The vial was immersed
in a pre-heated oil bath (170 °C), heated at 170 °C with magnetic stirring for 1 h and cooled
in an ice bath. An aliquot of this mixture was drawn, diluted with CDCl; and analyzed by 'H
NMR. 'H NMR vyield of 45: 0.21 mmol, quantitative yield.

In a separate Biotage pW vial (10-20 mL capacity) equipped with a stir bar, erythritol (98.8
mg, 0.81 mmol) was added. The vial was purged with N», sealed, a solution of HReO4
(76.5 % in H,O solution, 13.9 mg, 0.042 mmol) in (£)2-methyl-1-butanol (3 mL) and
mesitylene (internal standard, 12.6 mg, 0.11 mmol) were added through the septum cap. The
vial was immersed in a pre-heated oil bath (170 °C), heated at 170 °C with magnetic stirring
for 3 h and cooled in an ice bath. An aliquot of this mixture was drawn, diluted with CDCl;
and analyzed by '"H NMR. '"H NMR yield of butadiene: 0.40 mmol, 49 % yield. The
dehydration+tDODH product 2,5-dihydrofuran 0.081 mmol (10 % yield) was also observed.

This mixture containing butadiene was cooled to -78 °C, and the mixture containing 45 was
added through the septum cap. The vial was washed with 1 mL of (+)2-methyl-1-butanol and
combined. The combined mixture was heated at 110 °C with magnetic stirring. The reaction
progress was monitored by occasional '"H NMR analysis of an aliquot diluted with CDCl;.
After 37.5 h, "H NMR analysis using mesitylene (12.6 mg + 15.5 mg=28.1 mg=0.23 mmol,
the sample loss due to the '"H NMR monitoring was ignored) indicated that the mixture
contained 45 0.037 mmol (18 % yield), butadiene 0.18 mmol, 2,5-dihydrofuran 0.072 mmol,
and 46 0.17 mmol (83 % yield). At this point, the mixture was concentrated under the
reduced pressure and purified by flash column chromatography (hexanes: CH,Cl,=5:1 to 3:1)
to afford 46 as clear colorless oil (54.6 mg, 0.18 mmol, 86 % yield). 47 was also isolated
from the non-polar fractions (clear colorless oil, 149 mg, 0.61 mmol).
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Based on the well-established Diels-Alder reaction mechanism, the product 46 should have
an anti stereochemistry for the two ester groups. The endo isomer and the exo isomer would
be a pair of enantiomers if a nonchiral alcohol was used (e.g. 44). However, because racemic
2-methyl-1-butanol was used in this case, 46 consists of four diastreomers due to the two
stereocenters of the alkyl chain. Likewise, 46 consists of multiple diastereomers due to three
stereocenters. However, they were not separable by chromatography and we did not
distinguish those isomers for the purpose of this study.

46 EI-HRMS (EI"): CsH3004 (IM]") calc’d 310.2144, found 310.2142.
47 EI-HRMS (EI"): C;5H3,0, ([M-H]") calc’d 243.2324, found 243.2320.
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Figure 13 '"H NMR spectra of compound 46 (CDCl;, 500 MHz).
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Figure 14 BCNMR spectra of compound 46 (CDCl;, 125 MHz).
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Figure 15 "H NMR spectra of compound 47 (CDCl;, 500 MHz).
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Figure 16 BC NMR spectra of compound 47 (CDCl;, 125 MHz).



In a separate batch, the DODH reaction of L-(+)-tartaric acid in (x)2-methyl-1-butanol was
conducted in 0.3 mmol scale following the procedure described above. The reaction mixture
was concentrated and purified by flash column chromatography (hexanes: CH,Cl,=4:1 to
3:1). 72.4 mg (0.28 mmol, 94 % yield) of 45 was isolated as clear colorless oil. The two
isomers due to the two stereocenters of alkyl chain were not distinguishable.

45 "H NMR (CDCl;3, 500 MHz): 36.88 (s, 2H), 4.11 (dd, 2H, J=6.0, 10.5 Hz), 4.03 (dd, 2H,
J=6.5, 10.8 Hz), 1.76-1.83 (m, 2H), 1.44-1.52 (m, 2H), 1.21-1.29 (m, 2H), 0.97 (d, 6H,
J=6.5 Hz), 0.95 (t, 6H, J=7.5 Hz). >C NMR (CDCl;, 125 MHz): §165.18, 133.62, 69.97,
34.10, 25.99, 16.37, 11.22. EI-HRMS (EI'): C14H,504 ([M+H]") calc’d 257.1753, found
257.1758.
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c) L-(+)-tartaric acid and erythritol in one-pot two-step

o}
HO OH
— o/\y\
HOOC COOH .
. ) 1H NMR: 1) /_( '”\(O/W/\
L-(+)-tartaric acid HReO, (12 mol% s o 0
0.3 mmol ) ; 46
to tartaric acid) o
. 0 45 120 °C 0.21 mmol
oH (i)2—me:hyl—1—butanol 4>—/ O 0.26 mmol oy 70 % yield from tartacic acid
170 °C, Ny, 4 h :
H O,
O\/'\/\OH =
6H + /\/ " _ (@) O
erythritol (5) 0 256 ] 0 0572 I + )\/\/
0.9 mmol (3 eq.) 2o mmo oefmmo

47
0.42 mmol isolated

N J
e

one-pot

In a Biotage uW vial (10-20 mL capacity) equipped with a stir bar, erythritol (110 mg, 0.90
mmol) and L-(+)-tartaric acid (45.0 mg, 0.30 mmol) were added. The vial was purged with
N, sealed, a solution of HReO4 (76.5 % in H,O solution, 12.3 mg, 0.037 mmol) in (£)2-
methyl-1-butanol (9 mL) and mesitylene (internal standard, 12.7 mg, 0.11 mmol) were added
through the septum cap. The vial was immersed in a pre-heated oil bath (170 °C), heated at
170 °C with magnetic stirring for 4 h and cooled in an ice bath. An aliquot of this mixture
was drawn, diluted with CDCl; and analyzed by "H NMR. '"H NMR showed the presence of
45: 0.26 mmol (87 % yield), butadiene (6): 0.25 mmol, 2,5-dihydrofuran (2)
(dehydration+DODH product) 0.057 mmol. This mixture was then heated at 120 °C with
stirring. The reaction progress was monitored by occasional 'H NMR analysis of an aliquot.
After 42.5 h, "H NMR analysis using mesitylene as internal standard (the sample loss due to
the '"H NMR monitoring was ignored) indicated that the mixture contained 45 0.083 mmol
(28 % yield), butadiene 0.060 mmol, 2,5-dihydrofuran 0.049 mmol, and 46 0.21 mmol (70 %
yield). At this point, the mixture was concentrated under the reduced pressure and purified by
flash column chromatography (hexanes: CH,Cl,=5:1 to 2:1) to afford 46 as clear colorless oil
(65.6 mg, 0.21 mmol, 70 % yield). 47 was also isolated from the non-polar fractions (clear
colorless oil, 102 mg, 0.42 mmol).
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4. Synthesis

a)

b)

(Z)-4-methoxy-but-2-en-1-o0l (21)[58]

HO—\:/—OH HO—\:/—OMe

16 NaH, then Mel 21
THF, 0 °C to RT 59 % yield
N

To a 250 mL round-bottom flask equipped with a stir bar under N,, NaH (dry, 316 mg, 13
mmol) and 40 mL of anhydrous THF were added. cis-Butene-1,4-diol (16, 2.65 g, 30
mmol) was slowly added while stirring the solution at 0 °C. The reaction mixture was
warmed to room temperature and stirred for 0.5 h. The mixture was cooled to 0 °C again
and Mel (0.81 mL, 13 mmol) was slowly added over 10 min. The mixture was stirred for
2.5 h at 0 °C, and then for 6 h at room temperature. The resulting yellow homogeneous
solution was quenched with saturated NH4Cl aq. (40 mL), extracted with EtOAc x3, the
combined organic phase was dried over Na;SO,4 and concentrated under reduced pressure
to afford yellow oil. The product (21) was well separated on TLC from the remaining 16
(21: Rf=0.34, 16: Rf=0.11, hexanes:EtOAc=1:1). The crude product was purified by flash
column chromatography (hexanes: EtOAc=2:1 to 1:1) and 778 mg of 21 was obtained as
yellow oil (7.62 mmol, 59 % yield).

e d f
HO—C\_/—OMe
a_b

21

21 '"H NMR (CDCls, 500 MHz): §5.83-5.88 (m, 1H, Ha), 5.70-5.75 (m, 1H, Hb), 4.24 (bs,
2H, Hc), 4.04 (d, 2H, Hd, J=6.0 Hz), 3.38 (s, 3H, Hf), 1.88 (bs, 1H, He). *C NMR
(CDCl;, 125 MHz): 6132.28, 128.35, 68.20, 58.86, 58.24. NOE was observed between
Hb and Ha but not between Hb and Hc.

(E)-2-octylbut-2-ene-1,4-diol (22)"”

HO HO
— NN
\T\ + MgBr _>:L
OH deq. dry THF/Et,0 n-CgH;; —OH
N, reflux, 3 h 22
60 % vyield

Octylmagnesium mromide (2M in Et,0) 12 mL (24 mmol) was placed in a N-purged 3-
neck 250 mL round-bottom flask equipped with a stir bar and a reflux condenser.
Additional anhydrous Et,O (90 mL) was added. While stirring, a solution of 2-butyne-
1,4-diol (517.3 mg, 6.0 mmol) in anhydrous THF (12.3 mL) was added dropwise over 15
min. The reaction mixture was stirred at room temperature for 0.5 h, and then refluxed for
3 h. After cooling to 0 °C, it was quenched with saturated NH4Cl aq. (70 mL) and the
organic layer was separated. Aqueous layer was washed with Et,O (x2), and the
combined organic layer was washed with brine (x1), dried over Na,SO4 and concentrated
under reduced pressure.  This crude mixture was purified by flash column
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chromatography (hexanes: EtOAc=4:1 to 1:1. TLC: Rf=0.29 at hexanes:EtOAc=1:1) and
719 mg of 22 was obtained as white powder (3.6 mmol, 60 % yield).

22 'H NMR (CDCls, 500 MHz): §5.69 (t, 1H, J=6.5 Hz), 4.25 (t, 2H, J=6.0 Hz), 4.11 (d,
2H, J=6.5 Hz), 2.13 (t, 2H, J=7.5 Hz), 1.30 (bs, 12H), 0.90 (t, 3H, J=7.0 Hz). ’C NMR
(CDCLs, 125 MHz): §142.54, 123.70, 65.86, 58.71, 31.88, 29.74, 29.46, 29.29, 28.99,
28.28, 22.66, 14.10.

cis-cyclohept-2-ene-1,4-diol (23a), trans-cyclohept-2-ene-1,4-diol (racemic) (23b), cis-
cyclohex-2-ene-1,4-diol (24a), trans-cyclohex-2-ene-1,4-diol (racemic) (24b)

] Pd(OAC), (5-10 mol%) .
p-benzoquinone/MnO, AcO OAc
LiOAc/LICI
. AcOH S10a: (n=2)cis-1,4-diacetoxy-2-cycloheptene
2 (1,3-cyclooctadiene) S$10b: (n=2) trans-1,4-diacetoxy-2-cycloheptene (racemic)
1 (1,3-cyclohexadiene) S11a: (n=1) :cis-1,4-diacetoxy-2-cyclohexene
S11b: (n=1) trans-1,4-diacetoxy-2-cyclohexene(racemic)

MeOH/2N NaOH aq.
reflux, 20 min

n
HO OH

23a: (n=2)cis-cyclohept-2-ene-1,4-diol
23b: (n=2) trans-cyclohept-2-ene-1,4-diol
24a: (n=1) :cis-cyclohex-2-ene-1,4-diol
24b: (n=1) trans-cyclohex-2-ene-1,4-diol

1,4-diacetoxy-2-cycloheptene (S10a, S10b) and 1,4-diacetoxy-2-cyclohexene (Sl1la,
S11b) were prepared according to the literature!®’. The reactions were conducted under
inert atmosphere.

S10a

To a mixture of Li,PdCl4 (50.3 mg, 0.192 mmol), LiOAc*2H,0 (1.60 g, 15.7 mmol) and
p-benzoquinone (482 mg, 4.4 mmol) in AcOH (8 mL). 1,3-cycloheptadiene (199 mg,
2.11 mmol) was added over 2 h at room temperature. After stirring at room temperature
for another 25 h, the mixture was filtered, diluted with brine, extracted with CH,Cl, (x2).
The combined organic phases was washed with water (x1), 2N NaOH (x3), brine (x1),
dried over Na,SOy, filtered and concentrated. The crude mixture was purified by flash
column chromatography (hexanes:EtOAc=6:1 to 4:1) to afford 264.5 mg of white powder.
1.25 mmol, 59 % yield, exclusively cis (S10a).
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S10b

To a mixture of Pd(OAc), (73.6 mg, 0.328 mmol) and p-benzoquinone (689 mg, 6.38
mmol) in AcOH (10.6 mL). 1,3-cycloheptadiene (278 mg, 2.95 mmol) was added over 1
h at room temperature. After stirring at 40 °C for another 23.5 h, the mixture was filtered,
diluted with brine, extracted with CH,Cl, (x2). The combined organic phases was washed
with water (x1), 2N NaOH (x3), brine (x1), dried over Na,SOy, filtered and concentrated.
The crude mixture was purified by flash column chromatography (hexanes:EtOAc=8:1 to
6:1) to afford 483 mg of yellow oil. 2.27 mmol, 77 % total yield, a mixture of
S10a/S10b; 42 % cis (S10a), 58% trans (S10b).

S1la

To a mixture of Pd(OAc), (140 mg, 0.625 mmol), LiCl (106 mg, 2.50 mmol),
LiOAc*2H,0 (4.31 g, 42.2 mmol) and p-benzoquinone (327.1 mg, 3 mmol) in AcOH (20
mL), MnO, (1.30 g, 15.0 mmol) was added while stirring. The solution of 1,3-
cyclohexadiene (1.10 mg, 13.7 mmol) in pentane (40 mL) was then added and the
resulting bi-phase mixture was stirred at room temperature for 18 h. The pentane phase
was separated. The AcOH phase was diluted with brine, filtered, extracted with Et,O (x3).
The combined organic phase was washed with water (x1), 2N NaOH (x3), brine (x1),
dried over Na,;SO,, filtered and concentrated. The crude mixture was purified by flash
column chromatography (hexanes:EtOAc=8:1) to afford 1.66 g of yellow oil. 8.38 mmol,
61 % total yield, a mixture of S11a/S11b; 90 % cis (S11a), 10 % trans (S11b).

S11b

To a mixture of Pd(OAc), (141 mg, 0.628 mmol), LiOAc*2H,0 (1.35 g, 13.4 mmol) and
p-benzoquinone (380 mg, 3.50 mmol) in AcOH (20 mL), MnO, (1.31 g, 15.0 mmol) was
added while stirring. The solution of 1,3-cyclohexadiene (1.01 mg, 12.6 mmol) in
pentane (40 mL) was then added and the resulting biphasic mixture was stirred at room
temperature for 16.5 h. The pentane phase was separated. The AcOH phase was diluted
with brine, filtered, extracted with Et,O (x3). The combined organic phase was washed
with water (x1), 2N NaOH (x3), brine (x1), dried over Na,SOy, filtered and concentrated.
The crude mixture was purified by flash column chromatography (hexanes:EtOAc=8:1 to
6:1) to afford 1.48 g of white powder. 7.5 mmol, 59 % total yield, a mixture of
S11a/S11b; 10 % cis (S11a), 90 % trans (S11b).

A representative procedure for the hydrolysis of S10, S11 to 23, 24 was as follows:

To a solution of a mixture of S11a/S11b (S11a:S11b=90:10) (493 mg, 2.5 mmol) in
methanol (12 mL), 2N NaOH aq. (3 mL) was added. The mixture was stirred at reflux for
20 min. After cooling to room temperature, it was concentrated under the reduced
pressure and extracted with EtOAc (x3). The combined organic layer was dried over
Na,SO,, filtered and concentrated under the reduced pressure. The crude product was
purified and isomers were separated by flash column chromatography (Unlike the
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d)

diacetoxy derivative, the diol isomers were separable on flash column chromatography)
to isolate 24a.

23a White powder. Quantitative yield for the hydrolysis step from S10a. 'H NMR
(CDCl3, 500 MHz): 85.75 (s, 2H), 4.30 (d, 2H, J=8.0 Hz), 2.02-2.08 (m, 1H), 1.78-1.83
(m, 2H), 1.75 (br, 1H), 1.56-1.72 (m, 4H). °C NMR (CDCls, 125 MHz): §135.72, 71.44,
36.05, 23.09. EI-HRMS (EI'): C;H;,0, ([M-H]") calc’d 127.0759, found 127.0760. TLC:
Rf=0.44 (EtOAc 100 %, visualized by PMA)

23b Colorless oil. 14 % yield for the hydrolysis step from the S10a/S10b mixture
(S10a:S10b=42:58). The significant loss of yield was due to the co-elusion of 23a and
23b in the flash column chromatography purification. 'H NMR (CDCl3, 600 MHz): §5.79
(s, 2H), 4.43 (broad d, 2H, J=4.4 Hz), 1.70-1.89 (m, 6H), 1.47 (bs, 2H). *C NMR
(CDCl;, 125 MHz): 8135.51, 69.47, 35.31, 19.49. TLC: Rf=0.34 (EtOAc 100 %,
visualized by PMA)

24a Colorless crystalline solid. 73 % yield for the hydrolysis step from the S11a/S11b
mixture (S11a:S11b=90:10). 'H NMR (DMSO-ds, 500 MHz): 85.63 (s, alkene H, 2H),
4.69 (d, 2H, -OH, J=5.0 Hz), 3.90 (bs, CH(OH), 2H), 1.56-1.62 (broad m, 4H). '>*C NMR
(DMSO-dg, 125 MHz): §132.62, 64.08, 28.55.

24b White powder. 59 % yield for the hydrolysis step from the S11a/S11b mixture
(S11a:S11b=10:90). 'H NMR (DMSO-ds, 500 MHz): 55.58 (s, alkene H, 2H), 4.71 (d,
2H, -OH, J=4.5 Hz), 4.01 (bs, CH(OH), 2H), 1.85-1.94 (m, 2H), 1.26-1.35 (m, 2H). °C
NMR (DMSO-ds, 125 MHz): §133.21, 65.49, 31.31.

mucic acid di"butyl ester (32)!°"!

(@] OH OH O OH (:)H
z HCI/"BuOH =
OH OH O
OH OH O reflux, 8 h
32
47 % yield

Mucic acid (4.21 g, 20.0 mmol) was added to mixture of 1-butanol (100 mL) and conc.
HCI (4 mL) and refluxed while stirring. After 8 h, the mixture was filtered while hot. The
filtrate was left for 2 days at room temperature. 32 precipitated as white crystalline solid
and it was recovered by filtration, washed with THF (25 mL) and air-dried. 32 3.02 g
(47 % yield).

32 '"H NMR spectra was similar to that of the known mucic acid dimethyl ester.®"! 'H
NMR (DMSO-dg, 500 MHz): 64.86 (dd, 2H, J=8.0, 15.5 Hz), 4.73-4.80 (m, 2H), 4.30 (d,
2H, J=7.5 Hz), 4.03-4.11 (m, 4H), 3.78 (br, 2H), 1.57 (apparent pentet, 4H, J=7.5 Hz),
1.34 (apparent sextet, 4H, J=7.5 Hz), 0.90 (t, 6H, J=7.5 Hz). >C NMR (DMSO-dg, 125
MHz): 6174.19, 71.79, 70.62, 64.24, 30.74, 19.05, 14.07.
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e) 2-vinylfuran (50): preparation of the authentic sample[62]

o 0 o o o

+ M MgCl T~ Q—\

WH 5 THEERO s IMHCIaq, L/
0°CIoRT stz CDCL RT g

6.0 mmol of TMSCH,;MgCl (1.3 M solution in THF, commercial, 4.6 mL) was placed in
a dry 100 mL round-buttom flask equipped with a stir bar under N,. While stirring at 0 °C,
the solution of furfural (503 mg, 5.2 mmol) in dry Et,O (5.2 mL) was added over 10 min.
The mixture was stirred at 0 °C for 8 h, gradually warmed to room temperature and
stirred overnight (11 h). The reaction was quenched with sat. NH4Cl aq. (5 mL) at 0 °C,

extracted with Et;0O (30 mL x 3). The combined organic phases were washed with sat.

NaHCOs; aq. (30 mL) and with brine (30mL), dried over Na,SO,4 and concentrated under
reduced pressure. Sufficiently pure 1-(2-furyl)-2-(trimethylsilyl)-ethanol (S12) was
obtained (699 mg, 3.8 mmol, 73 % yield).

S$12: 'H NMR (CDCls, 400 MHz):5 7.36 (s, 1H), 6.32 (s, 1H), 6.21 (d, 1H, J=2.8 Hz),
4.85 (t, 1H, J=8.0 Hz), 1.89 (bs, 1H), 1.30 (dd, 2H, J=18.2, 8.4 Hz), -0.05 (s, 9H); '*C
NMR (CDCls, 100 MHz):5157.68, 141.65, 110.11, 105.47, 65.63, 24.73, -1.41.

50.0 mg (0.27 mmol) of S12 was dissolved in CDCI; (1 mL) in a 4 mL screw-top vial
equipped with a stir bar. 1 N HCI (1 mL) was added and the biphasic mixture was stirred
at RT overnight. The organic phase contained 2-vinylfuran (50) as a major product after 9
h. (The minor by-products were bis-trimethylsilyl ether and the Diels-Alder reaction
product trimethyl(phenoxy)silane, detected by GC-MS. 50 was not isolated from the
CDCl; solution due to the volatility.)

50: '"H NMR (CDCls, 500 MHz):67.38 (d, 1H, J=1.5 Hz), 6.54 (dd, 1H, J=17.5, 11.0 Hz),
6.40 (dd, 1H, J=3.2, 1.5 Hz), 6.29 (d, 1H, J=3.0 Hz), 5.69 (dd, 1H, J=17.5, 0.5 Hz), 5.19
(dd, 1H, J=11.0, 1.0 Hz), 5.19 (dd, 1H, J=11.0, 1.0 Hz). *C NMR (CDCls;, 100
MHz):6153.21, 141.98, 125.04, 112.22, 111.21, 107.97.

f) dimethyl (2R,5S,E)-2,5-dihydroxyhex-3-enedioate (S3)

O Grubbs 2nd generation o OH
catalyst (2 mol%
OH dry CH2C|2 N2 5h
/ \astereomenc resolution
ﬁYW M

S3'
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100 mg (0.120 mmol) of the commercial Grubbs 2™ generation catalyst was added to a
50 mL 3-neck round bottom flask equipped with a stir bar and a reflux condenser and
purged with N,. A solution of methyl DL-2-hydroxy-3-butenoate (693 mg, 6.00 mmol) in
dry CH,Cl, (8 mL) was added to the flask and the resulting brown solution was refluxed
for 5 h. The solvent was evaporated and the crude mixture was purified by flash column
chromatography (hexanes:EtOAc=2:1 to 1:4, TLC: visualized by KMnQO,, Rf=0.48 with
EtOAc 100 %, Rf=0.16 with hexanes:EsOAc=1:1) to afford 583 mg (2.9 mmol, 48 %
yield) of white powder. 'H and >*C NMR indicated that this was the approximately 1:1
mixture of two isomers, which were tentatively called S3 and S3°. It was realized that S3’
was much more soluble in EtOAc than S3. Therefore, when small amount of EtOAc was
added to the above 1:1 mixture, white powder was left at the bottom of the yellow
solution. It was decanted, each phase was dried and analyzed by 'H and °C NMR. The
white solid portion (P1) was S3:S3’=0.74 : 0.26 and the solution phase (P2) was
S3:83°=0.22: 0.78. 229.2 mg of dried P1 was washed again with 2 mL of EtOAc and
filtered. The recovered white solid (P3) was a pure isomer S3 (158 mg, 0.77 mmol).

S3 was further recrystalized from EtOAc. X-ray crystallography data confirmed that this
is an (E)-alkene, and the diol stereochemistry is (2R, 5S) (see Appendix section). Based
on the extreme similarity of 'H and >C NMR spectra as well as the known general
selectivity of Grubbs catalyst to prefer (E)-alkenes over (Z)-alkenes, we assume S3’ to be
an (E)-alkene bearing (2R, 5R) and (2S, 5S) diol stereochemisty. We attempted the
second diastreomeric resolution of P2 using EtOAc to obtain pure S3’: that is, P2 was
concentrated to give a brown powder, and a small amount of EtOAc was added to this
powder. The insoluble white powder was filtered and filtrate was concentrated to give
brown solid (P4). However, this could not totally remove S3 and P4 was S3:S3°=0.12:
0.88. Thus, it was difficult to obtain pure S3’ with this strategy and S3’ was not isolated
in pure form to confirm the absolute stereochemistry by X-ray crystal structure.

S3: 'H NMR (CDCls, 500 MHz):5 6.10 (d, J=2.0 Hz), 4.75 (bs, 2H), 3.84 (s, 3H), 2.99
(br, 2H). ">C NMR (CDCl;, 125 MHz):8 164.56, 128.30, 70.36, 53.11. HR-ESI (ESI"):
CgH206Na ([M+Na]") calc’d 227.0526, found 227.0524.

S3°: 'TH NMR (CDCls, 500 MHz):8 6.08 (d, 2H, J=2.0 Hz), 4.77 (bs, 2H), 3.84 (s, 6H),
2.99 (br, 2H). *C NMR (CDCls;, 125 MHz):5 164.56, 128.44, 70.40, 53.11. HR-ESI
(ESI"): CgH,06Na ([M+Na]") calc’d 227.0526, found 227.0524.
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5. Study of Re(V) compound

a) Synthesis of rhenium(V) compound 12!

b L AT
- J pr— o
oy o \)\/ CHCl5 (0.1 M) 0 \\ +\)J\/ + H0
5 eq. 2 eq. 155°C, 5 h 12
MS 4A 97 % yield
(isolated)

CH3ReO; (37.8 mg, 0.15 mmol) and MS 4A powder (118 mg) were charged in a heavy-wall
glass vial (Biotage microwave vial, 2-5 mL) equipped with a magnetic stir bar. The vial was
purged with N, and sealed. A solution of 3-pentanol (64.8 mg, 0.74 mmol) and 3-hexyne (25.0
mg, 0.30 mmol) in CHCI; (1.5 mL) was added by syringe, and the mixture was stirred at 155 °C
in a oil bath for 5 h. Upon cooling, an aliquot of sample was taken, diluted with CDCl;, filtered
and analyzed by 'H NMR. The complete consumption of CH;ReOs was confirmed (3-pentanol:
3-hexyne: 3-pentanone: CH;ReO3 = 4.22 : 0.68 : 0.95 : 1, by 'H NMR). The mixture was filtered
through celite and all volatiles were removed under reduced pressure. 12 was obtained as yellow
solid, 45.7 mg (0.15 mmol, 97 % yield).

For the larger scale synthesis, the reaction was conducted on 0.50 mmol scale under air using a
Biotage microwave vial (10-20 mL). Yield of 12: 84 %.

12: '"H NMR (CDCls, 500 MHz):8 3.25 (q, 2H, J=7.5 Hz), 3.06 (q, 2H, J=7.5 Hz), 2.53 (s, 3H),
1.46 (t, 3H, J=7.5 Hz), 1.40 (t, 3H, J=7.5 Hz). *C NMR (CDCls, 100 MHz):5140.99, 136.25,
21.96, 18.24, 14.00, 13.74, 4.20.

The NMR peaks shifted depending on the solvent. 'H NMR (C¢Ds, 400 MHz):52.55 (q, 2H,
J=7.6 Hz), 2.22 (q, 2H, J=7.6 Hz), 2.19 (s, 3H), 0.92 (t, 3H, J=7.6 Hz), 0.85 (t, 3H, J=7.6 Hz).
C NMR (C¢Ds, 150 MHz):8140.54, 135.25,21.27, 17.62, 13.32, 13.26, 2.16.

HRMS (EI) calc’d for [C7H 30,Re]” 314.0445 (‘Re) and 316.0473 ('*’Re), found: 314.0444
and 316.0477.

IR (neat, cm™) 968, 928.
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b) Complexation of diol to rhenium(V) compound 12

The diol (1.0-1.2 eq.) was placed in a 4 mL screw-top vial. The solution of 12 (0.025-0.050
mmol) in C¢Dg or toluene-dg (0.6 mL) was added and mixed well at room temperature. The
solution was then transferred to a NMR tube and analyzed by 'H and °C NMR. Assignment was
given based on COSY and HSQC analyses.

1) anhydroerythritol (1)
© |
V OI
) Rl //\ |
o~ X T CsDe
\\ HO OH RT
1(1.2eq.) -HYO 13 100 % conv.
Proton assignment Carbon assignment
Hc/
W' Re HbI } O’I/ C
O‘\ 3 C“) o )
Hd He

Although the attempt to crystallize 13 was not successful in our hand, a proposed structure
consistent with the NMR analyses is shown above. In solution, 13 was not Cs symmetric based
on 'H and °C NMR spectra. NOE experiments suggested that 3-hexyne is tilted so that one ethyl
group (g, 1) is closer to CH3-Re than the other (h, j). The diol side may be also tilted, but it was
difficult to obtain its evidence by NMR methods due to the overlap of correspondent 'H NMR
peaks. Because NOE was observed between H,, Hy, and CHs-Re, these hydrogens seem to face
the same side as CHs-Re, presumably to avoid the steric interaction between CHj3-Re and the
THF ring.

In NOE experiments, some negative peaks were observed at ppm different from the irradiated
proton peak. Also, 'H NMR peaks at 5.16 and 4.15 ppm were broad at room temperature, but
sharpened when the solution of 13 in toluene-dg was heated (up to 100 °C). These observations
are likely due to the equilibrium between two closely related isomers such as conformers (e.g.
different tilt angle for anhydroerythritol), or the fast exchange of diol stereochemistry as shown
below.

L Nl TN
/|| '\_ o I

13: HRMS (EI) calc’d for [C1H004Re]” 400.0813 (***Re) and 402.0841 (**'Re), found:
400.0805 and 402.0837. IR (neat, cm™) 1112, 1063, 1035, 992, 932, 907, 851.
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"H NMR (C¢Ds, 500 MHz)
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3C NMR (C¢Ds, 100 MHz)
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2D gCOSY (magnitude-mode)
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500.2322510 Mz

GRADIENT CHANNEI
SIHE

35.128010 Hz
8,989 ppm

QF

2048
500.2300155 MHz

SINE

o
0.00 Hz
]

4.40

2048

QoF
500,2300158 MHz

SINE

o
0.00 Hz
o

0.00 H

Hz
Hz
e

uses
usec

£

sac
#ac
sec
#ec
gec

usec
usec
dB

=

MHz

L]
usec

Wiz
Hz
ppm
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1D-NOE

NAME MS11-161
. : EXPNO 11
active gNOESY starting parameters (on deoxytrehalos PROCNO 1
(01=2569.3 as measured from utilities, ol) o N
o wem o emzzo mEmTEooo INSTRUM AV-500
=5 alEls 8 oS omn cEneceas PROJD 5 ma TBI 10/31
R b PUL2ROG salnogp
N TS -~ NN NN A A A A AHOO ™D 65536
SOLVENT C6D6
NS 120
DS 8
SHH 8250.825 Hz
FIDRES 0.125898 Hz
A 3.9715316 sec
RG 256
oW 50.600 usec
DE 6.00 usec
TE 293.3 ¥
D1 4.00300000 sec
DE 1.29399995 sec
D16 0.00220000 sec
D20 0.64380002 sec
DO 15
CHANNEL £1
7.30 usec
14,60 uaee
50200.00 usec
120.00 dB
0.00 dB
1 0.00100000 W
12.55343203 W
500.2313535 MHz
62.98 dB
omwe o
mMNOa o
dEm o
NN~ ™
r T T T T T T T T T T T 1
5::5 Bl 4.5 30 35 310 25 2.0 25 o] 0.5 ppm
™) r~ o3 i~ =4 e fal ol |©
= ™| < =4 et il w| v
- oo > = | [m o| |~
= oo o = ~| o o| |lo
= T —1 - I
o~
| 2.4 ppm
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selective gNOESY starting parameters

(on deoxytreh

(01=2569.3 as measured from utilities, ol)
NAME MS11-162
EXPNO 2 = 4O Mmoo oo oo MowA~mom
PROCNG 7 ® N Moo o o maoama SO @O oM
Date 20120427 i LR B R St e eum
Tima 17.05 - MMM nm e HHHAHO OO
INSTRUM AV-500 | W ‘ \\V// \\V \//
PROBHD 5 mm TBI 1H/31 Ie
PULPROG selnogp
D 65536
SOLVENT C6D6
NS 63
DS 8
SWH 8250.825 Hz
FIDRES 0.125898 Hz
AQ 3.9715922 sec
RG 114
DW 60.600 usec
DE 6.00 usec
TE 293.1 K
D1 3.00000000 sec
D8 3.02399993 sec
D16 0.00020000 sec "
D20 1.51080000 se: i . i
F50 15 ‘ Llaan s I iliapaity i
CHANNEL fl ==
1H
7.55 usec
15.10 usec
80000.00 usec
120.00 dB
0.00 dB
PLOW 0.00000000 W
PL1W 12,.55943203 W
SFQL 500.2325892 MHz
5P2 «17 dB
SPNAMZ  Gausl_180r.1000
SPOAL2 0.500
SPOFFS2 0.00 Hz
====== GRADIENT CHANNEL
GPNAM1 SINE.100
GPNAM2 SINE.100
GPz1l 15.00 %
GP22 40.00 %
P16 1000.00 usg ; T . ; ! T
ST 32768
SF 500.2300000 MHz . e ol e o = i i P
WDW EM
SSB 0
LB 0.30 Hz o| o[ | ©
GB 0 b 9l 2 £
Ec 1.50 = a =
=
1
selective gNOESY starting parameters (on deoxytreh
(01=2569.3 as measured from utilities, o¢l)
- DM DA How oW o WD
~ wInmao o Smadoma o®mk-o o~
- [N e N ol ) MM - Do
w mmemmm NN e AAmaoco
W 7% N W
'
NAME M511-162
EXPNO 14
PROCNO 1
. i, Date_ 20120428
i G u T Time 19.34
INSTRUM AV-500
PROBHD 5 mm TBI 1H/31
PULPROG selnogp
TD 65536
SOLVENT CED6
NS 120
DS 8
SWH 8250.825 Hz
FIDRES 0.125898 Hz
AQ 3.9715922 sec
RG 181
oW 60.600 use
DE 6.00 use
TE 293.7 K
Dl 8.00000000 sec
D3 2.88000011 sec
D16 0.00020000 sec
D20 1.43879998 sec
TDO
= CHANNEL f1
r T T T T T T T T 1 Pé 15
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.0 PPM  p12 20000
PLO 120
PL1 0.00 dB
= & i & PLOW 0.00000000 W
o =] . o PLIW 12.55943203 W
& 5 5 el SFO1 500.2314917 MHz
b =1 ] SP2 66.77 dB
T‘
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selective gNOESY starting parameters

(on deoxytrsh

(01=2569.3 as measured from utilities, ol)
PROBHD 5 mm - - T~
PULPROG & o omr~oa®
s 0 = EERER: R
SOLVENT B o Adadoco
NS Koli Lo
DS \‘n" W
SWH
FIDRES
AQ
RG
DW
DE
TE 293.7 K
D1 5.00000000 sec
D8 2.16000009 sec
D16 0.00020000 sec
D20 1.07879996 sec
D0 15
= ===== CHANNEL fl =====
1H
Te
15.10
80000.00
120.00
0.00
0.00000000 ¥
12.55943203 ¥
500.2312100
sP2 .77 dB
SPNAM2  Gausl_180r.1000
SPOALZ 0.500
SPOFFS2 0.00 Hz
GRADIENT CHANNEL I |
1 SINE.100 ki)
SINE.100 \ r’_‘h
15.00 & |
40.00 %
1000.00 usec
32768
500.2300000 MHz
EM
0
0.30 Hz
0
P 4.00
|
T T T T T T T T T
6.0 5.5 §.0 4.5 4.0 3.5 3.0 2.5 2 1.0 Pl
in of |m T
- sl |~ | =
0 ol |o S| |m
o ]
=
]

o)

Toluene-dg

12 HO oH  RT

1(1eq)  ~HO

13 100 % conv.
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i1) trans-cyclohexanediol

v i OH O |
v
oRep  + _ — x Re

I
O ‘OH  CgDs, RT o 0 \
- H20
12 (1eq.) No Reaction
'H NMR (C¢Ds. 600 MHz)
V] / 4 :

0. 10000

(=]
L
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ii1) meso-2,3-butanediol

Re\/\ HOJ\/ |v/ mixture obtained
o ’ * 0606 RT " "\ 12:14:15=0.8:1.1:1

12eq

Proton assignment Carbon assignment

\‘ || \
i\( h \

Even when the equivalent of 14 was increased (up to 5 eq.), the conversion did not reach 100 %
and a mixture of 12, 14 and 15 was always obtained. 15 was not Cs symmetric and NOE
experiments suggested the tilt of 3-hexyne, similar to 13. However, because no NOE was
observed between CHj3-Re and H,, Hy, H., Hg, the stereochemistry on carbon a, b was not

determined.

15: HRMS (EI) observed [M-H]" and [M+H]" peaks superimposed due to two Re isotopes (‘*’Re
and '*'Re). Calc’d for [C;H03'*Re]” (IM-H]") 385.0942, found 385.0945. Calc’d for

[C11H205""Re]" (IM+H]") 389.1127, found 389.1136.
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"H NMR (C¢Ds, 400 MHz)
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MS11-153

NAME

EXPNO

Revised 7/22/03 RN

7/16/03.

AVQ-400 ONP Proton starting parameters.

1
1

20120418

PROCNO
Date

vLe”
88¢-
Loe”
S¢E”

eLE"

9z1° €
Sv1° Eﬁ\M
FOT €~
98T €—
903'{?

vee €

L0E E—
ore " €—
EGE €

CLS era
sgs e—

FE9 €

899'€\
TLO“f—=
Z69° €—
IIL'E?

6L €

ECE ==

19.26
AVQ-400
zg30
65536
C6D6

5 mm QNP 1H/13

INSTRUM
PROBHD
PULPROG

TD
SOLVENT

Time
NS
DS

¢ —
z—
77—
z—

8
1]

8012.820 Hz
0.122266 Hz
4.08948966 sec

SWH

1H
12.80 usec
0.00 dB

6.00 usec
9.54516888 W

293.7 K

161.3
62.400 usec

FIDRES

2Q
RG
Dw
DE
TE
D1
TDO

ppm

T

=

5

400.1324700 MHz

f

000'T

-

LET" T

B

SP0° T

169°T

65536
400.1300142 MHz
EM
1]
0.30 Hz
0

2.00

9L8"
Z68”
£T6°
ZEb"
1S6°
166"
800~
8e¢0"
890"
L8O~
SOT*
0€ET"”
691"
891"
981,
8ze-’
eLe”
Tec’
otTe”
ToHE.
59:¢
08e”
ger”

1eS"

LpS’
§9§°
€86°
909°
YE9"
£v9-
¢99"

069°

zi
8_
Z_.—_
E_
Z__—.
Z_
ZA._._A
Z_

BOLc= ¢

EOB'Z/

ppm

ppm

0.9

il

.65 3 2.55 ppm

ﬁ

%
:

£

LSQEE

eSO T

SOT"E

¢9L’6

669" €

ﬁ

ZTeg’' 0T

TRk e

- IETE

The broadening of H,, Hy, H, Hq peaks of 15 is likely due to the equilibrium between two

isomers similar to the case of 13.
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3C NMR (C¢Dg, 150 MHz)
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NAME #811-153

EXFRO 1 HS Q . doﬁ-&
—_——

Date_ 20120418

Time 15.26

INSTEUM AVG-400

PROBED 5 mm QNP 1H/13

PULPRDC 2g3ld

™ 65536

SOLVENT CED6

ns [

ng o

SWH 8012.830 Hz

FIDRES 0.122366 Hz

a0 4.0805586 @ac

FLIN 9. 5A516B88 W
sFol 400.1324700 MKz
5L E8E36

SF 400.1300142 MMz
Wow B
EEB a

LB 0.30 Hz
oB o

B 2.00

27.6

1.5

235 [ ®.4
I T T T T G T T
5.0 4.5 4.0 3.5 Fich 2.0 5
a = ;r S o Pl m |3e|S
& [ A E e 9 RS

AV-500 new TBI(HXP) probe

2D (1H,13C) HSQC (starting parameters)
128 exp., 4 scans each (total time 1lmin)

J set to 145
edte 300K (at 1070 1/h)

)

"
i &
. o

- am s 8 © iy
i ou :*n . :
\ z
; 4 : .

T T T T T T T T T
5.0 4.5 4.0 a5 3.0 25 20 15 1.0
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COSY

2D gCO0SY (magnitude-mode)
total acg time 5 min 30 sec
###firemember to use GPRO (or c

on your sample; then enter it as pl under ASED)####

128 exp., 1 scan each,

alibrate 90deg 1H pulse

ppm

L=
= o

0.5

-1.0

1.5

-2.0

2.5

-3.0

3.5

-4.0

4.5

5.0

5.5

T
6.0 5.

T T
5.0 4.

T T T T T T T
5 40 35 30 25 20 15 10 05

PPmM

NAME M511-156-COSY
EXFMO 1
PROCND 1
Date_ 20120420
Time 16.1;
INSTRUM AV-500
PROEHD 5 =m TBI 1H/31
PULERDG cosygpgi
™ 2048
SOLVENT CHDE
NS 1
bs 16
SWH 4496.403 Hz
FIDEES 2.195509 Mz
AQ 76 sec
RG 181
oW 111.200 usec
DE 6.00 usec
E 295.2
nd 0.00000300 sec
™ 2.00000000 sec
013 0.00000400 sec
D16 0.00020000 sec
Ino 0.00022240 sec
=== CHAMNEL f1 = ===
18
B0 7.36 usec
Pl 7.36 usec
PL1 0.00 4B
ELLW 12.55043203 W
sFO1 500.2322510 MHz
GRADIENT CHANNEL =====
SIME.100
10.00 %
1000.00 usec
1
8
500.2323 MHz
35.128010 Hzx
8.989 ppm
OF
2048
SF 500.2300155 MHz
Wi SINE
SE8 [
LE 0.00 Hz
GB L
PC 4.00
81 2048
NC2 QF
8F 500.2500158 MHz
Wi SINE
SEB [
LB 0.00 Hz
GB o
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1D-NOE

selective gNOESY starting parameters

(on deoxytrehaloses)

(01=2569.3 as measured from utilities, ol)
=
S
NAME MS11-166 = o w
EXPNO 2 oo 53
PROCNO 1 L »
Date_ 20120501 Lo k) e
Time 19.52 \/
INSTRUM AV-500 [
PROBHD 5 mm TBI 1H/31
PULPROG selnogp
TD 65536
SOLVENT C6D6
NS 120
Ds 2]
SWH 8250.825 Hz
FIDRES 0.125898 Hz
AQ 3.9715922 sec T T T T T
RG 645.1 1.2 1.1 1.0 0.9 ppm
DW 60.600 usec
DE 6.00 usec
TE 293.5 K
D1 3.00000000 sec o
D8 1.29999995 sec -
D16 0.00020000 sec &
D20 0.64880002 sec JL
~ ki L,
"
dB
dB
PLOW 0.00000000 W
PLIW 12.55943203 W
SFOL 500.2313676 MHz
SP2 66.83 dB
T T T T T T T T T 1
L) 5.0 4.5 4.0 2 B 3.0 205 2. 1.5 1.0 ppm
o w o~
o I o~
o o
i
1
selective gNOESY starting parameters (on deoxytreh
(01=2569.3 as measured from utilities, ol)
NAME MS11-166
cwo ~ amoawo © ~ cowo =
SRocto H g S ANS aREls 3 masls
22:‘:— 2”12352} - - M mnmm o « A
INSTRUM AV-500 \|/ | \\/// ‘ \‘/ I
PROBHD 5 mm TBI 1H/31
PULPROG selnogp
D 65536
SOLVENT C6D6
NS 120
DS 8
SWH 8250.825 Hz
FIDRES 0.125898 Hz
AQ 3.8715922 sec
RG 322.5
DW 60.600 usec
DE 6.00 usec
TE 293.5 K T T T T T T
D1 6.80000019 sec 13 Sared Mg a0 ppm
08 2.88000011 sec
D16 0.00020000 sec
D20 1.43879998 sec
TDO L]
- CHANNEL f1
2 o FOPTREIE PRSI} ettt bl
So‘l’gg-gg u et b o i e s
0.00 dB oMo
0.00000000 W m NS Q-0
PL1W 12.55943203 W n eSS
SFOl 500.2318032 MHz m memam i, o
sP2 66.83 dB I | ‘ ‘ [ I
SPNAM2  Gausl_180r.1000
SPOAL2 0.500
SPOFFS2 0.00 Hz
- == GRADIENT CHANNEL
GPNAML SINE.100
GPNAM2 SINE.100
GPZ1 15.00 &
GPZ2 40.00 %
Plé6 1000.00 usec
ST 32768
SF 500.2300000 MHz ; - : -
WDW EM T T T T 1
S5B 0 2.6 2.5 ppm
o Godoie 3.15  3.10 3.05 ppm
GB 0 r T T T T T T T T T
PC 3.00 5.0 4.5 4.0 3.5 3.0 2.5 2.0 a1 AL 100 Bi
= N 4 w©
=l < ™ @)
70 I~ o o
= — i
—~
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iv) Diol exchange from meso-2,3-butanediol to anhydroerythritol

To the mixture described in iii) (mol ratio 12:14:15=0.8 : 1.1 : 1), 1 (1.2 eq.) was added and
mixed well at room temperature. 'H and *C NMR (see below) indicated that both 12 and 15
disappeared and the solution contained only 13, 14 and 1 (excess amount). (13:14: 1=1: 1.2 : 0.2).

|y |v |y o
\; / I_ V/O
O”I // + HO I .. e I / || R:Ie\OI_CO * HO
CGDG RT S
-H,0 O OH
12 14 (1.2 eq ) Le 13 14 (1.2 eq.)
HO
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"H NMR (600 MHz, C¢D¢)
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3C NMR (150 MHz, C¢Dg)
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